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ABSTRACT

The interplanetary s paadtlee,ionoSpherd forrd a singla g n e t
system driven by the Sun or Solar activities. Variations in solar activities cause
variations in the ionospheric plasma and its parameters (electron & ion temperature,

density, and ionic compositipatc).

Since the beginng of the space era in the 1950s, space weather has become a hot
topic, and the ionosphere which is consideteemost dynamic and complex region

of the Earthds atmosphere plays an ut mo:¢
conditions on the Sun, im@anetary space, magnetospher@nd ionosphere
influences the performance and reliability of sphoen technological systems such
as satellite communication and navigation systems, grbasdd technological

systems as power outage and can eévelangeastronautshuman livesor health.

In the present thesis, the effects of solar activities on ionospheric plasma have been
studied mainly with the help of ROCSAT and SROSE?2 satellitesThe dataset is
analyzed for the diurnal, seasgraaid annual behaw of ion density and temperature

of especially the F2 layer of the ionosphere over the equatorial and low latitude

region.

The behavior of total ion density (Ni) and ion temperature (Ti) as measured by
SROSSSC? satellite at an average altitude of abs® km have been analyzed and
compared with estimations dhe IRI-2012 model during low solar activity year
(LSA-1995) and high solar activity year (HS8000). Ni is found to increase by a
factor of 1@ with the increase of solar activity. The Ni valudsained from SROSS

C2 and IR42012 show asymmetrical behavior during both kwvd high solar activity
years The relative variation of Ti between SROE8 and IR12012 values is
observed in good agreement with each other during low and high solar activity years,
exceptfor an asymmetry during nighttime in the year 1995. The relationship between
Ni and Ti itselfshows a weak/poor e@lation. The correlation factor is weakettlre

low solar activity year as compared to the high solar activity year.

The behavior of Ni and Ti has also been analyzed with the help of ROQSAT
satellite and then a comparison has bemde with the estimations the IRI-2016

model, during different phases of solar activity years (123E8).

Vi



During all the considered years (192003), IRF2016 model overestimates Ni data,
specifically in the nighttime angbre-sunrise hours. On the antrary, the model

underestimates Ni during the daytime. Also, th® model predicts evening

enhancements in Ni which are not observed in ROG3$Aieasurements.

The annual diurnal analysis of Ti (measured by ROCSAT) shows that Ti exhibits a
morning peak rhorning overshoot, ~07:00 LT), a daytime troughd a secondary
peak (evening enhancement) followed by nighttime minima amdnanum before

the sunrise. According to ROCSAIT measurements, secondary peakdiadre of
higher magnitude (~1500K) for yea28002002 as compared to tlyeais 1999 and

2003 (~1400K ). On the contrary, the {Rbdel cannot model the Ti secondary peaks
measured by ROCSAT.

The lonosphere gets perturbed due to solar phenomena aspeggh solar winds,

solar flares, and coronatass ejectionstc. The magnetic field associated with solar
phenomenawhen enters sidetheEar t hés magnetic field it
field and produces a storm known as a geomagnetic storm. Heraseak (30 July

1999) and anoderatg(13 November 1999) geomagnetic storm (GS) at low latitude
Indian region (535° geog N and 695° geog E)the behaviour ofionospheric
parametersion densities (O and H) and ion temperature (Ti) has been analyzed
using ROCSAT-1 satellite measuremen#d estimated values of HRD16 model.

The ionospheric plasma parameters show anomalous behaviour during disturbed days
compared to quiet daygor the weak GS, both the averagedadd H density have

been increased by a factor of around 1.8 during disturbed and quiet days respectively
as calculated bROCSAT-1. For the moderate GS, the averagea@d H density has

been increased by a factor of around 2.7 and 6.3 respectively durindpelistand

qguiet days respectively, as calculated RQCSAT-1. And the least or negligible
variation has been observed in Ti for both measured and modelled values during weak

and moderate GS.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 THE ATMOSPHERE OF THE EARTH

Our Earth is the only planet in the solar system that can sustain life because of the
existence of an atmosphere. The huge blankejasfencircling the entire Earth is

called its Atmosphere. This atmosphere contains breathable gas and keeps the Earth
warm by day and cold at night. Also, it protects nagnf solar radiations and blasts of

heat emanating from the sun.

The Eart h o ssgavdrmad sy phb 8un es sblar radiations are absorbed
various latitudes which lead to heating and dissociation of various atmospheric
constituents. Hence, the atmosphere is categobaseéd ornvariations inaltitude,
latitude, temperature composition and homogeneityOn the basis of altitude, the
atmosphere idivided as lower atmosphebzlow 15 kmmiddle atmospherd5 t090

km, and upper atmospherabove 90 kmBased upothe latitudinal extent, the region
between +£30° is known as 'low latitudegtween £30° and +60° as matitude, and

as 'highlatitude’ for the region lying above +60°. The atmosphere consists of various
gas patrticles out of which molecular nitrogen)(lnd molecular oxygen @pexists

abundantly with smaller amounts of wat@paur and some tracgaseg1].

The absorption of solar radiation is the major source of heating in different regions of
the Earth's atmosphere and hence, forms the thermal structure of the atmosphere.
Depending upon thiemperaturevariation, h e  E aatmbsphi&re is divided into five

main layers, ash®wn infigure 1.1. Starting from the bottom, these layers are the
troposphere, the stratosphere, the mesosphere, the thermopgpldetiee exosphere.
Although there is no distinct boundary between theoaphere and space, an
imaginary line at around 100 km from the surface, knowrthaskarman line is

considered the boundary whehe atmosphere encounters the outer space.

The troposphere is the I-thgregionwherewlwvest t o
in. Most of the weather phenomena sucltlasdformation rain, snowetc occurin
the troposphere, which extends up to abokin7at the poles and around Bm atthe

equator. In this region, at a rate 06.3 C per kn, the temperature decreases



continuouslywith the height abovéhe earth The upper boundary of the troposphere
is the tropopause which is an inversion layer, where the air temperature ceases to

decrease with height and remains constant through its thickjess

The next layer abovthe tropospheree x t endi ng up to around 50
surface is called the stratosphere. Ozone is found abundantly here which protects us
from harmful UV radiations of the sun. The temperature gradient is reverse in the
stratosphere. The temperature increaseth &n increase in height due to the
absorption of ultraviolet (UV) radiation. This increase in temperature with height
results in strong thermodynamic stability with little or restricted turbulence and
vertical mixing (mixing of the atmosphere). Due to thereased temperature, the air

here is very dry and thinner with an almost cldrg volume. This is why jet aircraft

and weather balloons fly in this region.

The upper boundary of the stratosphere is known as stratopause.

The third layer of the atmospte directly above the stratosphere is the mesosphere. It
starts from about 50 km above the ground and goes up to 85 km high. Here, the
temperature again decreases with increasing height and reaches a minimum of about
172 K at the boundary of the mesosphdémnown as mesopause. This is the highest
layer of the atmosphere up till which the gases are thoroughly mixed by turbulence in
the atmosphere. The mesosphere has been accessed only through sounding rockets,
which provide mesospheric measurements for anmf@wites per mission. This is why

the mesosphere is poorly studied relative to other layers and hence is alsoasamed

G gnorospherebo

Above the mesopause, the layer of the atmosphere is the thermosphere which extends
from about 90 km to between 500 andd@®&m. The emperature in the thermosphere
again increases with height because of the absorption of energetic UV-Bag X
radiations and it ranges from about 500 K to 2000 K. The thermosphere is the region

where space shuttles and the International sgiatien orbit the Earth.

The part of the thermosphere where charged particles are found in ateiglan
known agheionosphere. Solar UV radiations cause photoionization of molecules and

results inthe formation of ions in the ionosphere. The ionospheran electrically



conducting regiorthat enablesthe reflection of radio waves and thus allows leng

distance radio communication possible.

The last known layer of the atmosphere is the exosphere which begins at about 600
km from the Earthds surface and then gr ac
extremely thin and is composed of widely dispersed gaseous particles, mainly

hydrogen ad helium.

Neutral gas lonized gas

Thermosphera
1000 1000 +
F Region
E 100 } Mesosphere g 100 +
@
2 5
= Stratosphere =
10 | 10 +
Troposphers
— Day
1t 14 oo Nt
0 400 800 1200 1600 107 10* 105 108
Temperature (K) Plasma density (cm™2)

Figurel.1l: The neutral atmosphere temperature (left) and ionospheric plasma density
(right), M.C. Kelley, 2009.

1.2 FORMATION OF THE IONOSPHERE AND ITS LAYERS

In 1839,C. F. Gaussa Germanmathematicianand physicist hypothesideabout an
electrically conducting layeof the atmosphereaccountabldor varying gemagnetic

field. Then in December 190Guglielmo Marconisurprised the world by making
transatlantic communicatigmossible forthe very first time,from Cornwall, England

to Newfoundland, Canada. In 19(ritish scientists Heaviside and Kenelly in the

United States suggested the existence of the ionosphere. They concluded that the
waves had to follow the curvature of the eartimglelectrically conductive layers in

the upper atmosphere. So they @awmpawsed a
for radio waves with avelength & >& 20

electrical properties of the upper atmosphere. About 25 yatar (1925), the actual



existence of the ionosphere could experimentally be proved by Appleton and Barnett
and Brut and Tufe. Thewferred that at different heights three ionized layers viz. E,
Fland F2 exists, with their ionization maxima. LateD-yer was discovered from

the sudden ionospheric disturbance (S.1.D) phenomenon in 1931 by Mogel. Prof.
Chapman was the first who gave the classical theory on the production of ionization

and the formation of different ionized layers in the upper atmesgph

The ionosphere is that part of thémosphere which contam sufficient amount of

atoms and molecules and various ionized species to affect the radio wave propagation.

It lies approximately 5 000 km above tThesondsSghericlayéos s ur f ¢
plasmais formed primarily due to the photoionization of neutral atmospheric
constituents by solar extreme ultraviolet (EUV) andaX radiation[1, 3]. Cosmic

rays and solar wind particles considered as secondary ionizing factors also play a role

in causing iontation, but their effect is of lesser importance when compared to that

due to radiation.

The activitiesof the ionosphere are controlled throudginamic chemical and
energy processashich involve conservation laws of mass, momentand energy.
The production of ions and their loss comes unclemical processes, whereas
i oni zat i oniéadymmiy grouesdihe chemical reactions prevail the
bottom side ionosphegndthe dynamic processes dominate in the upipaospheric
region. The F2 layer is the regidhat lies at a level of transition between the

chemical and dynamic procd4g.

Production of lonization processes in the ionosphere

(a) Photoionization Whenthe incoming solar radiation or a photon interacts with
a neutral atom or molecule, enough energy is absorbed by the atom so that in
result an electron knocks out leaving a positively chargedTiois. process of
removal of an electron from an atom anddarcing a positively charged ion is

known as photoionizatiof].

The ionization rate (q) depends upon the intensity ofr#uiation (i) and
concentratiorof the neutral gas (n). At high altitudes, thou@his large, 'q'
will be small becausén) is small. Whenradiation entes deeper insid¢he

atmosphergits intensity degradedue to absorption, but the gas concentration



increases. Below a certain height 'hthe radiation is very weai sucha
way that its rate of lodgs greater than the ratd increase of gas concertican.
Thus there is a definiteeight h, where the rate of production of ions reaches

utmost.

(b) Corpuscular lonizationCorpuscular radiation (cosmic rays with energy above
109 eV) from the sun also contributes to the productdnionization
especially at low altitudes. Corpuscular radiation is responsible for the
production of D region and part of E region of the ionosphere by ionizing

triatomic molecules.

Loss of lonization processes in the ionosphé® there isthe productian of
ionizationin the ionospherats destruction is also obviou$he various loss
mechanismsn the ionosphere are broadly classified inteemical reactions

and transporphenomena such akffusion, neutrawinds, and electric fields

The various phatchemical reactions are described below wh¢rand Y
denote either an atom or a molecule, asterisks indicate that the atoms are in an
excited state and M denotes a neutral partibkt exchanges energy and

momentum, but does not take part in the chermezdtion.
a. lon-ion recombination X+ Y'Y X + Y
b. Electronion recombination
1. ThreebodyX +e+ M Y X + M
2. Radiative X+eY X' Y X + hv
3. Dissociative XY+e'Y X' + Y
c. lon-atominterchange®+ Y Z *W#ZXY
d. Collisional detachmentX¥ M Y "XM+ e
e. Associative and dissociative attachmentX # XY + e
" Photodetachment and radiative attachment Xv# X + €
The most significant chemical loss reactions are radiative and dissociative

recombination reaction3he radiative recombination reaction is important for

the loss of O, the chief ion in the upper region of the ionosphere. Whereas,



the dissociative recombination is imperative for the loss ¢f, NO™and Q"

ions, which are the crucial ions in the lower regionthefionosphere.

The chief ion O is created through photoionization the O atom and is lost
generally through rearrangement with &hd Q and the resulting molecular
ions are simply lost through dissociative recombination reaction. Therefore,

the strength of the ionosphere depends on the;@htll O/ Q ratios.

Stratification of the ionosphereThe construction of the ionosphere is not
plain everywhereDue to the presence of different molecules and atoms in the
atmosphere and their different rates of absorption, a series of distinct regions
or layers of electron density exgsfThese are denoted as D, E, F1, and F2 and
usually are colletively referred to as the bottom side of the ionosphere. The
part of the ionosphere between the F2 layer and the upper boundary of the

ionosphere is termeakthe topside of the ionosphere.
The different regions of the ionosphere can be understoodasdol
1.2.1 D Layer

The D layer extends from about 60 to 90 km in height and is present only during day
time and affects the radio waves noticealblye major ion species of the D region are
NO*" and Q". In addition to that different clusters of positive and negative ions are
also observed in the D region. The presence of different categories of positive and
negative ions makes the D region the most complex part of the ionosphere from the
chemical poinf view. In general, the recombination rate of molecular ions is large.
On the other hand, the cluster ions possaasich higher recombination rate than the
simple molecular ions such as NQb]. Hence, a a resultof fast dissociative
recombination ratethe plasma densityn the D region vanishes after sunset. Only a
feeble ionization produced by galactic cosmic rays remains in the D region throughout
the night. A peak electron density of the order of 3 XelOcn? occurs at about 80

km by noon.In 70-85 km range, the electrons are chiefly generated by the ionization
of traces of NO gas present in the atmosphere-hyrHlana (a strong spectral line of

1216 A°); Solar Xrays interacting wittmolecular Oxygerand molecular Nitrogen
alsocontributeto theionization. Below 70 km corpuscular ionization by Cosmic rays

dominates. This layer disappears by the night because the source of ionization is
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removed and the electrons get attached to atoms and molecules to form negative ions.
However, by the day, due tinteraction with solar radiation, the electrons detach

themselves from the iorcawusing the D layer electrons teappeai6].
1.2.2 E Layer

The E layer above the D layer stretches from about 90 km to 150 km above the
ground and is also known #w Kennelly-Heaviside layer after its prediction by A.D
Kennelly and Oliver Heaviside independently and simultaneously in 190&ars a
maximum daytime electron density of°¥) / cn? at about 115 km, close twon and

almost disappears at night. The-BD0 km region is mainly ionized by-pays in the
30-100 A° ranggfigure 1.2) Above around 100 km, the ionizing agency is soft X
rays and UV radiation. The small amount of ionization present in this region during
nighttime could belue tomicro meteoriddombardment. The main ions in this region

are NO, O;", No" and . Many meteors burn up themselves in the E region after
entering the Earthés atmosphere and this
suchas Fe, Ca, Si" and Mg in this region. The primary loss process of the
molecular ions present in the E region is the dissociative recombination, which has a
large reaction rate. As a result, the E region plasma recombines fast after sunset and
the plasma density reduces draaticfrom the average daytime value of 2p@rcm®

to ~1& per cm® at night. One of the reasons the E region plasma does not vanish
completely after sunset is the metallic ions. The primary loss process of the metallic
ions is radiative recombination wihichas a very slow reaction rate, providing a
considerably larger lifetime to these ions. In the region between 100 and 120 km,
sometimes the electron densities may exceed even that of F region. This highly
conducting irregular E region is termed as theragie E because of its sporadic
nature of the occurrence. This sporadic E layer is now believed to be associated with
the interaction of wind structure with the geomagnetic field lines. Smnaection

between sporadic E, thunderstoand electrojet currents has also been sugggsted
1.2.3 F Layer

The F layeralso known as the Appleton layisrthe topmost layer of the ionosphere
and is found above 150 knit coexists with the thermosphere and part of the

exosphere. During the daéiyne in the presence of sunlight, F layer is divided into two



layers i.e. F1 and F2 and during night, these F layers merge into a singl€T tagyer.
dominant ion loss mechanism above the F region peak is the radiative recombination
process while below thespk;the charge exchange reaction becomes more dominant.
The reaction rates of both of these processes are much smaller in comparison to the
molecular ion loss process (i.e. dissociative recombination). ilsthe upper F
region, the recombination ratedmnes lower than the ionization ratetlas intensity

of radiation increases witthe altitude. Hence, there will be a larger ion densitgrat
altitude above F1 regiorthe F region plasma (mainly*@nd H) does not decay
drastically after the sunset aretains a relatively high density of -1 10 percm?

at the night as well. The observed daytime peak plasma density in the F region is

about 16 per cn? at around 350 km altitude and moves slightly upward at night time.

F1layer. The F1 layer is theower region of the F layer and extends roughly between
150 km and 200 km above the surface of the earth. Here, the maximum electron
density observed during day time, &bat 180 km is approximately 2 el / cn?.

The principal ionizing source is solakV radiation in the 20800 A°range (figure
1.2),which acts basically on atomic oxygen. This region merges with the F2 layer at

night.

F2 layer It extends roughly between 200 km and 1000 &nmd has a daytime
maximum of 5x10° el/ cn? at about 250 km. During the nighttime, there is just a
single layer having a maximum electron density ofdlQ cn? in the vicinity of 350
km. The ions present in the region arg 8¢" and H of which O is the dominant
one. Earth's magnetic field paa dominant role in the complex dynamics of the F

region plasm6].

E REGION — — D REGION
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Figurel.2: The regions of solar spectrum responsible for different regions of the ionosphere.
Image creditReid, G. C., lonospherieffects of Solar Activity



1.3 IONOSPHERIC PLASMA PARAMETERS VARIATIONS

The behaviour of the ionosphere is not stable asdbgecedto manyvariations such

as the diurnal, annual, latitudinahd seasonahangesDue to the different magnetic

field geometry with latitudes, the ionospherews great spatial variability and due to

the variable solar input energyt shows vast temporal variabilittoo. These
variations are systematic and regular and can be predicted in advance with rational

precision

Temporal Variations: At sunrise, theroduction ofphotoelectroa in the ionosphere
starts viathe ionization of the neutral particled/hen these energetic photoelectrons
interact with the ambient electrons, sharing of energy takes place whiclygentyg,
increases the electron temperature (Te). This increment in Ta fasier pace in the

early hours of morning time because a few electrons are present at that time. But as
the electron concentration increases, sharing of energy to each eldetreases.
Eventually, with the progress tfie day, a steadystate is acquired with a maximum
decrementA secondary maximum is also observed before sunset. Finally, nighttime
stability is attained[7]. The D, E and F1 layers also vary depending upon the solar
activity and the solar zenith angle over the location. The E layer does not completely
fade away at night. The F1 layer becomes a separate layer during day time and
vanidhes after sunset to form a singtelayer located ata higher altitude. The
variatiors in F2-layer are more complex. The foF2 rises rapidly after sunrise due to

photoionization, amplifies during the day then decreases at sunset but never vanishes.

The ionosphere exhibits seasonal variatiaith the solar zenith angle as the relative
position of the sun moves from one hemisphere to the o#lusing different seasons.
According to the Chapman ionization thedse should be larger isummers than in
equinoxesand smallest during winterslowever, previous studies have revealed quite
different (anomalous) features in contrast to the prediction of the Chapman ionization
theory. It is presented that the E3er does not follow this pattern. It is noticed that
the daytime values of NmF2 at adatitude in the northern hemisphere are much
greater in winter than that in summduyt this anomaly disappeaed night. This

di fference i s-latkudeoseasona s o mBlOy @ mi d



Similarly, in the ionospherestrong annual and semiannual variatiomscur in

daytimeNe, which haveadistinct latitudinal and altitudinal dependency.h e 6 annu al
anomalyornors easonal anomal yd expressesinthat t
the entire Northern t&Gouthern hemphere$ is greater in December than in June

during both day and nighttime. Whereas themiannual anomalyé(e qui noct i a
a s y mmaedéescripadthatthe electron density is higher at on equinox than that at the

solstice.

Spatial Variations: The spatial variations arealtitudinal or latitudinal and
longitudinal dependent. A the early morningthe sunis relatively low in the sky,

so that radiatiomust penetrate a large columnaafbefore reaching a given level of

the atmosphereConsequentlythe rate ofionizationis lower, and the location of
ionized layers shifts to higher altitudes. As the day progresses, the D, E, lager§

shift in altitude. The layers are at lowest altitude with highest electron densities at
noon. In coftrast, at night the ionization in the D, E, and@gions tends to disappear

as electrons and ions recombine to form neutral gases

The solar zenitlis again responsible to causg¢itudinal variations in the ionosphere.
Different latitudes warm and coalith the seasons as the intensity of sgimivary
from place to place due to the tilt of Earth's akis.a resultthe critical frequencies
corresponding to different layers show a substantial variation at low,amidhigh
latitudes[10].

1.4 EQUATORIAL AND LOW LATITUDE IONOSPHERE

The region under the geographic llawitude:s
latitude ionosphere, 20° to 50° region representslatittide ionosphere and beyond

50° region represents polar or high latitude ionosphere. The equatorial and low
latitude ionosphere represents considerably different behaviour in comparison to mid

ard high latitude ionosphere. The main reason behind this is that Heeth's
magnetidield linesarealmosthorizontal, and the Earth's atmosphere is most exposed

to Sun'sionizing radiation. And hence,according to Lorentz force, the charged

particles moe readily along the field lines than perpendicular to it.
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1.4.1 Features andDynamicsof Equatorial and Low Latitude Region

Due to the unique horizontal orientation of nesttuth magnetic field lines and east
west electric field perpendicular to itthe equatorial andow latitude ionosphere
exhibits some characteristic geophysical phenomendguaatorialElectrojet (EEJ),
Equatorial lonisation Anomaly (EIA), Pieeversal Enhancement (PRE), ¢1d.,12].

a) Equatorial lonization Anomaly (EIA)

EIA is one of the peculiar geophysical featupgssent over the equatorial and low
latitude ionosphereNear the geomagnetic equattire zonal electric field generated

by the global Eregion wind dynamgotogether witthorizontal magnetic fieldauses a
vertical plasma drift at #egion altitudes. This vertical plasma drift risegward
during the daytime. But under the influence of strong meridional pressure gradient
(poleward winds) and gravitational force, this risen accumulated plasma starts
diffusing along the geomagnetic field lines to regions away from the dip equator. This
process is known as plasma fountain which produaksublehumped structuravith

two plasma density crests at around-2& on either side of the dip equatan poth
hemisphegs) and a plasma density trough caet right on the dipequator This
particular rearrangement of plasma density is refetweak EIA (figure 1.3). Post
sunsetthe plasma drift is downward and the plasma density starts driftingEtém
crest region to the dip equator. This equatorward movement of the plasma density

which is opposite to the daytime behaviour is known as reverse fo{ht&h

F REGION IONIZATION
TRANSPORT PROCESSES

EXE F REGION

E REGION

MAGNETIC EQUATOR

Figurel.3: Schematic representation @fuatorial aomaly or the Appleton anomaliynage
credit: AFRL, USA
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b) Pre Reversal Enhancement (PRE)

During nighttime,the electric fields are westward and cause a downward E x B
plasma drift. However, near sunset, the eastward electric field ussiadys a
significant and fairlysharp enhancement, just before the eastward daytime field
reverses to the westward directidrhis enhancement in the eastward electric field
during nearsunset hours, just before switching its direction is called thé&kBversal
Enhancement (PRHE)3, 14]. Any alteration in the eastest electric field is reflected

in the plasma drift driven by BxmechanismSo, the enhancement in electric field
results in a height increase of thdayerin the equatorial ionosphereefore electric

field reverseqd15]. The PRE is observedepending upon various factors vihe

phase of the solar cycle, the seasom the level of magnetactivity [16].
¢) Equatorial Spread F (ESF)

ESF is referred to an ionospheric irregularity occurring mainly neagghatorial and

low latitude regions It is a nighttime phenomenon, which displaj@gescale
electron density depletions (plasma bubbles) @ard be observed in ionograras a

spread of the regular ionogranaces17]. ESF is stated byarious nhames depending

on its nature of appearance in different instruments. In Radar measurements, ESF
becomes visible as towering structures of irregularities and is generally called as
plumes. In the context of isitu satellite measurements, it is known as-buts when

ESF appears as steep reductions of the background plasma density. In the GPS
satellite studies, ESF is mentioned as scintillation. This equatel@lefF irregularity

is also referredio asa plasma bubble when a strong depletion of background emission

intensity is observed in airglomeasurements, 18].
d) Equatorial Electro Jet (EEJ)

EEJ is an intenseastward electric current flowing in a narrtatitudinal bandof +3°

(i.e. £300 km) over the dip equator at an altitude around 10%figore 1.4) This
ionosphericcurrent chieflygeneratedn the Eregion isa consequence of the dynamo
action of the neutral wind systenthe electrojet current flows eastward during
daytime and westward during nighttime, but the strength of the nighttime current is
very weak compared to daytime because of the reduction in the electron density

duringthenight due to recombinatiof19].
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Figurel.4: Location of the Equatorial Electrojets in the ionosphere (image credit: http:/
www.ice-ageaheadha.ca)

e) Equatorial temperature and wind anomaly (ETWA)

The Equatorial temperature and wind anomaly (ETWA) bemgimilar knd of
phenomenon to the El#s a prominent feature in the mid, Idatitude nighttime
ionosphere/thermosphersn ETWA in theupper thermosphereharacterized by the

formation of two crests of enhanced neutral temperature on either side of a prominent
trough at the magnetic equatoas beerreported[20]. The zonal wind reaches a
maximum near the equator with two minima on either side of it. ZTleen a | wi ndo:
maximum,temperaturé s t,raral uhgttough of the ElAare collocatedThe two

crests in temperature and the two minima in the zonal wind are collocated at the crests

of EIA. However, the ETWA occurs at latitudes slightly poleward from the EIA. The

configuration develops vertical wind that triggers the spfead

Recent stdies have revealed that neither heat transport due to zonal winds nor
chemical heating can explain the formation of the ETWA crests. However, it is
observed that plasmeeutral collisional heating and the fieddigned ion drag are the

major contributorsn producing the ETWA crest and trougdspectivelyj21, 22].
1.5 SOLAR ACTIVITIES

The sun, a hot gaseous ball contains its atwnospheravithin which ©me natural
phenomendake placegeriodically andhonperiodically. Thosgghenomena are called
solar activities These activities are in the form of solar wind, solar flux, solar flares
and sunspotstc. Many solar phenomena show a periodic variation over an average

interval of around 11years, known as solar cycle.
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1.5.1 Solar Cycle

The sun has its powerful magnetic field because of the presence of eleetrically
charged hot gases. The magnetic field of the sun and the resdtargactivitiesget

rise and fall within an average -‘Y&ar time spanThis regular variation of solar
activitesor i1its magnetic field is known as the
magnetic fikd turns over i.e. the nortbouth poles of the sun change placesl then

in thenext 11 eas, the poles flip back again. So, in the contexthefmagnetc field,

the solar cycle is half completed in 11 years.

Each cycle is defined as starting with a solar minimum and lasting until the following

solar minimum. A classic solar cycle takes four years to rise from solar minimum to

solar maximum, and then appimately seven years to fall back to solar minimum.

The ®lar cycle is measured in terms of sunspot numbdthough the number of
sunspotsmay varyfrom cycle to cyclein generalthe highestnumbers of sunspots
denotethe high activity period ofthe sun (solar maximum) and lowest sunspot
numbers denote least activity period (solar minimum). Increased solar activity results

in enhanced extreme ultravitlk@diations and »ay emissions which produeffects

in Earthoés upper at matmgspgheric reatingAnsreases lwothn s e q
the temperature and density of the atmosphengher altitudes.

1.5.2 Sunspots

Sunspots are dark regioms the sn's visible surface (the plusiphere) and are
located within 35%olar latitudes on eitherde of the fun's equatorSunspots appear

dark because they are only 10 to 20 percent as bright as the surrounding photosphere.
The temperature of the gases in sunspots is about 48000° K whereas the
temperature of the normphotosphere is about 600R. Sungots are cooler regions
because of the existencesifong magnetic fields of magnitude about 3000 G which

is believed to be thousand times stronger than the average magnetic field of the
normal photosphere. A sunspot can last from a few hours to sesssied or months
depending upoirts size.Although recurrent individual sunspots can be observed very
often, generally they occur in groups and are huge (ardhedize of the earth) and
complex. The number of sunspots and their location fluctuates attsdlar cycle

and solar rotation. The regions where sunspots arewalledthe active regios and

14



are mostly bipolar with two main spots and surrounding spots. The main westward
spot is called a leading spot and the main eastward spot is editdidwer spot.

These active regions having enormous energy are believed to be responsible for other
solar events like solar flare and coronal mass ejectiof23f

1.5.3 Solar Flare

A solar flare is a sudden, rapid and intense flash of increasdur®ss from active
regions over the surface of the sun (figl.5). It occurdue to the formation ch
large amount of magnetic energythe solar atmospher&olar flares release many
millions of energy in just a few minutes and emit radiatiatell wavelengthsf the
electromagnetic spectrymangingfrom radio waves to gammays The frequency

of occurrence of solar flareincides with the solar cyclenes.So, when there is
solar minimum, active regions are small and rare and few solar flares are spotted. The
number of flares increases as the sun approaches its solar maxiiigolar flares
areclassifiedas A, B, C, M or X (in watts per square nret W/m?) based upon the
peak flux of 1 to 8 Angstroms-Kays near Earth, as measured by the GOES satellite
(table 1.1) Each Xray class category is divided into a logarithmic scale from 1 to 9.
For example B1 to B9, C1 to Cétc. so an X2 flare is two times powerfulas anX1

flare and is four times more powerful than an M5 flare. Thelass category is
slightly differentand does not at X9 but continues Solar flares of X10 or stronger
are someti mes aclasseolacflaréesl ed 6 Super X

Figurel.5: Solar flare Image courtesyNASA/GSFC/SDO
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Tablel.1l: Categorie®of Solar Flares

Peak Flux Range (W/n?

Class between 18 Angstroms)

A<107

10’ "0

10°b ™0

10°b "0

X[ 2|1 0O0|® | >

> 104

1.5.4 Solar Wind

The ®lar wind is the continuous flow of charged particles (ions, electrons, and
neutrons) thascatterout from the sin in all directions. Theaairce of the solar wind is

the ain's outeratmosphere, gona from where wind spreads out in all directions at a
speed rangef about 300400 km/s and may achieve a maximum speed up to about
900 km/s. It varies in deity, temperatureand speed withime and solar longitude.
Solar winds containindiigh-energy particles carrg large amount okinetic and
electrical energyThis energy enters into Earth's magnetospaedetriggers magnetic
storms which can disrupt communications and navigational equipment, damage

satellites, and even cause blackd@g 24].
1.5.5 Solar Flux

Solar radio flux at 10.7 cm (2800MHZ), an excellent indicator of solar activity is one
of the longestunning records of solarctivity which can be measured accurately
from the ground in all weather conditiori&ie sun emits radio energy with a slowly
varying concentratiorit is generally mentioneds F10.7 index and expressed in solar
flux units (sfu), wherel sfu= 10°2Wm?Hz!. The F10.7 radio emissions originating
from the chromospheres and corona follow the solar cycle and correlates well with the

sunspot number and extreme ultraviolet radiat[@8s 25].
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1.5.6 Coronal Mass Ejection(CME)

A coronal mass ejection is aysificant release of plasma and accompanying magnetic

fieldt hat 1 s bl own away @reldmnin btieewords) theédssin c or o
very often burps, with the power of 20 million nuclear bombs. These hiccups are
known ascoronal mass ejectiorm CME. A CME trave$ outward from the Sun at
speedranging from slower than 250 km/s to as fast as near 3000 An@ME is

observed rareljike one coronal mass ejection every weetken the Sun is in solar

mi ni mum phase. Wher eas,easeshdaring sbldr emaxiBum 6 s a
multiple coronal mass ejections can be observed every day. Generally, a coronal mass
ejection erupts out along with other solar events like solar flares and filament
eruptions. However, not every event is associated with a @onagss ejection and a

CME canalso occur in the absence of either of these events

Figurel.6: Coronal mass ejection of February 27, 2000. A disk is being used to block out
the light of the sun. The whiwrcle indica es t he sunOMASAGS ace.
Solar and Heliospheric Observato§QHO).
The Earthdirected CMEs are very important because trasethe prime source of
producing strong geomagnetic storms which

ionosphereTherefoe it is very essential to keep an eye on a CME
1.6 SOLAR ACTIVITY INFLUENCE ON IONOSPHERE

Solar activityrefers to firstly the intensity of electromagnetic radiations, particularly
of X-rays and extreme ultraviolet rays (EUJ¥nhd secondly to the events like CMEs,
solar wind and solar flaresetc. Variations in solar activity are the chief source of
influencing and controllig the ionosphereThe effect of EUV and X rays on the

ionosphere is already studied in detail under ionospheric temporal and spatial
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variations. The effect of other solar events is discussed Tieeesolar wind and the
interplanetary magnetic field inteta i ng wi th the earthds ma
dri ve t he earthos ma g n pattides ptlappede in thel h e S
magnetosphere gyrate along the magnetic field lines; result in a drift across the
magnetic field lines depending upon the polarity of the charge (electrons drifting to

east and protons to the west) and thus causes-kkketbniguration or a ring current

around the globe known as Van Allen Belt.

The dynamics of the ionosphere also get affectethégolar flares. The solar flares
depending upon their type (C,,Mind X) cause sudden ionospheric disturbances
(SIDs) such as eladn density enhancement in the D region, short wave fadeouts,

frequency anomaliesind a sudden increase in total electron corg&jt

When the Earth's magnetic field is severely disturbed, a "magnetic storm" is said to
occur in the neaEarth environment in response to solar activity. The Basth
magnetic field get disturbed by the solar phenomelike solar flares, higtspeed

solar wnd streamsand coronal mass ejections which results in geomagnetic field
disturbances and causing geomagnetic storfslarge amount of energy is
transmited from the solarwind o t he Eart hds magnetospher
between solar wind and thmagnetosphere is most effective when the solar wind
speed is high (~ > 400 km/s) arle interplanetary magnetic field (IMF Bz) is
heading towardsouthward at the dayside magnetosphere ria@xdendedime (~23

hr) and is of noticeably large magnitud®lF Bz ~ <-5 nT). This southward IMF Bz
opens up a path for efficient energy transferotigh the proces®f magnetic
reconnectionThe largest storms result when the energy transfer is associated with the
coronal mass ejections (CMEs). And another selard disturbance that causes
storms is cerotating interaction regions (CIRs). When a hggieed solar wind stream
interacts withthe slowermoving solar wind in front of it, a CIR generates. CIRs can

deposit more energy in the magnetosphere over a lamgeval[27, 28].

The storms can be categorizéepending upon their Dsalues. Astormis saidto be
weak iB0DsfT,OmodebataTfost Da@gOdeerefoDst O
Ds t-200nT,and greatangn et i ¢ s t380mM29..f Dst O
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The storms can be explained with three different phases based uist vadues as

described below

Storm Sudden Commencement (SS@hen a solar wind encounters the

magnetopause, geomagnetic field lines surrounding the Earth are compressed due to

which pressure in the magnetosphere raises. As a result of this impact, the enhanced

magnetospheric current induces an additional field to the existing terrestrial magnetic
field. This induced magnetic field brings a boost in the horizontal (H) component of
thee ar t h 0 s fielw a ¢he levt to midlatitude region. This phenomenohswift
positive increase in the H componénknown as storm sudden commencement. The
risetime due to SSC is generally in the ranga tdw minutes. However, each storm

is notaccompanied byraSSC.

Initial Phase (IP)i Initial phase is the period over which the magnitude of the H

componenof t he earthoés magnet-stam Valuearnddan r e ma i |

last from minutes to hourd his phase results die thecontinuous pressuraoplied
by the solar wind on the magnetopaasel compressing it inwar@his phaselso is

not common to all storms

Main PhasgMP)i The main phase or the growth ph#&séhe most remarkable phase

of any storm. Initiation of thenain phase is generally termed as storm onset (SO). It
is marked by a decrease of thectb mponent of the earthos
pre-storm value and shows major fluctuations for a longer time, and laither
anplitude than the initial phas@his decease inthe H component is caused by the
westward flow of magnetospheric ring current during skem. A measure of this
magnetospheric ring current is termed as disturbatmen time (Dst) index and is
generallyused to characterize the strength ofaarst Aminimum Dst index of50 to

-100 nT is generally observed duringtarm though during a very severe storm this
value could be of the order of 100s nT and even @0 The main phase of the

storm generally lasts for 124 hr.

Recovery Phase (RiP)This is the last phase of a storifhe gart of this phase
generallycoincides withthe northward turning of IMF Bz. The ring current starts
decaying instrength during this stage and as a result of which H component of the

ear t h o s fieln grgdoady teiuros to its prastorm valueln a recovery phase, the
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storm spends its greatest tirfae day to several days) gradually returning to an

undisturbed levie

However, it is found thaBSC and initial phases are not necessary features of a
geomagnetic stornThe aly essential feature characterizing a magnetic storm is the

significant development of the ring current and its subsequent d&thy [

Geomagnetic storms that commence witkuddenincrease at the start of the initial

phase are typical of storms produced by a solar flare. These storms arise as a result of
the shock front from the solar flare hitt
compressing itStormswith gradualcommencement are produced by hggeedsolar

wind streamsThey starigradually as the highpeed solar wind stream overtakes the

Earth, andend to reoccur every 27 daysors f ol | owi ng [328384.Sunods
1.7 MOTIVATION

The ionosphere ione of the important layr s o f our Eafmhehdos af
ionosphere contains sufficient number of free electrons and ions due to which it
behaves as a reflecting layer and makes it possible to communicate and navigate the
signals through Earth. Severabmmunication operational systems and scientific
organizations rely upon thieehaviourof the ionosphere The lrger the irregular
behaviour of ionosphere larger is the degradation in radio signals. Hence, this

technologybasedera forces us to study tkariability in the ionosphere.

The predominant factor to drive the ionosphere is the Sun or solar radiation flux. The
formation and dynamics of the ionosphare related tosolar activities. Extensive
work has been done to relate the ionosphere with aotavities. But still one can find
work to be performed to study the relationship between solar parameters and

ionospheric parameters.

This solar activitybased ionospheric study becomes more significant over the low
latitudes. The low latitudinal regisnare different from mid and high latitudes
because ofsome unique phenomena occurring there. Hence the study of the

ionospherever the low latitudes becomes very essential.
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The Indian subcontinent also falls under the low latitudes. Studies related to
variability in ionospheric parameters over the Indian subcontinent region still lack,
hence it attracts one to do an intensive study on this region which will be beneficial to
have complete knowledgout the atmosphere/climatology of this region.

Based upon the earlier researches it is found that sufficient theories and observations
are available for total electron content TEC and electron density but lacks for ion
densities and ion temperature. So, the presamy has been done to armdythe
variations in totalion density (Ni) and ion temperature (Ti),time topsidaonosphere

of low latitudes with different phases of solar activity (1:28®3).

There exist, different empirical models, to estimate the behaviour abribephere

One of thems thelnternational Reference lonosphétigl) model. The IRl model is
continuously used in various research aregb@magnetosphere and ionosphere and

is beingprogressively improved [32fThemodel 6 s esti mated val ue:
data collected from other sources due to which they sometiao&sin finding
appropriateestimations. Hence, it gives us an idea to do more comparative studies to
facilitate the IRI developers, researchensd seentists with better findings or results.

1.8 RESEARCH OBJECTIVES

The main objectives of the reseastie:

i.  To study the variations in ionospheric plasma density and temperature with
respect to time, seasand location:

The annual diurnal variation in total ion dengilyf) and ion temperatur€r;)
has been studied by using ROCSABnd SROSE2 satellite data.

ii.  To study the equinoctial variations of plasma density and temperature:

Asymmetricbehaviourof ion density and ion temperature is observed during

moderate to high solar activity years.

iii.  To analyze and compare the results of satellite data with IRl models:

The behaviourof N; and T, observed by ROCSAT and SROSE?2 satellite

data measuremenksve been compared with the estimated data ofa&12
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and 2016 model and some significant discrepancies have been observed in the

modelleddata.

iv.  To study the variationsniionospheric parameterblj(and T;) with changing

solaractivity or solar flux (F10.7)

The linear ornonlinear dependency ofN; and T; with F10.7 has been

observed during low and high solar activity years.

v. To study geomagnetic storms (occurred due to solar flares, coronal mass

ejections, interplanetary magnetic fieldsc.) over low latitudinal regions:

The dfect of two geomagnetic storms on ionospheric ion densitygadl H)

and ion temperature {JThasbeen studied ovehelow latitude Indian region

1.9 ORGANISATION OF THESIS

The present study deals mainly witietvariations in the ionospheric plasma due to
solar activities. The behaviour of the ionosphere or ionospheric parameters is
analyzed during different solar activity years by several datasets and the results have
been compared with the IRl models too.

Theentire research work has been organized into seven chapters. The content of each

chapter is outlined below.

Chapter 1st arts with brief information about
formation and stratification (D, Eand F layers)The ionosphe&r undergoes through

regular and irregular variationshe regulawvariations which are vergystematican

be further categorized ontamporaland spatial basis. Temporal variations include
changes in the ionosphere on a time scale for examipieal, £asonal, annual, solar

cycle variations (1learand27-day sunspot cycle). Spatially ionosphere varies with
altitude, latitudesand longitudes. The irregular variations are sporadic E and sudden

ionospheric disturbances (SID). All these variations aeddaf here.

The equatorial and low latitudese the most interesting and important regions as
compared to mid and high latitudes. The unique features (plasma fountain, EIA, EEJ,
ESF, ETWA) exhibited by equatorial and |datitudes andthe dynamics of this

region are also discussed here. As the Sun is the predominant factor in the formation
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of the ionosphere hence a light has been put on the solar acti{@aar cycle,

Sunspots, Solar flare, Solar wind, Solar flard Coronal mass ejectionBue to the
effect of these sol ar phenomena, t he Ea
geomagnetic storm is produced. This has been discussed here with detailed
information about the geomagnetic indic&®, Ap, Dst and IMF.In addition to the

solar activity effects on thenosphergtheeffectsof other factors as earthquakes and
tsunamis have also been briefed here. The chapter ends with the motivation behind the
research work, objectives tife proposed workand the orgaization of thethesis

Chapter 2 describs the literature reviewlt covers the reviewed study for low
latitude ionosphere (specifically ovehe Indian region), factors affecting the
ionospheric plasma density and temperatuR®l models and the Geomagnetic
storms. This chapter reveals the extent of work done by other researchers in the same
field.

Chapter 3 is based upon the methodology adopted for the present study. It explains
the data selection methods, measuremants analysis. The data was collected from
SROSSC2 and ROCSATL satellites. So the information abaie data retrieval
method, the payloads mounted on these satelliteanibsion of the satellitesand
derivation of ion density and iclemperaturearediscussed in detail here. The other
supporting data adlkl model data Seismic activity data, Dst data, IMF Bz deta

have also beedealtwith within.

Chapter 4 explains the variations in ionospheric ion density and temperature at low
latitudes duringhe low solar activity (LSAL995) and high solar activity (HS2000)

years. The total ion densifNi) and ion temperatur€Ti) data are obtained from
SROSSC2 satellite and IRR012 model. The results obtained from satellite
measurements are comparedhwigsults obtained froomodelledvalues.The relative
variations ofNi andTi for both measured and estimated values are discussed and the
linear ornonlinearrelationship oiNi with Ti is also discussed here for the years 1995
and 2000.

Chapter 5 explains the variations in ion density and temperature at low latitudes
during therising, high, and declining phase of solar activity years (:2993). The
data for ion density and ion temperature is collected from ROCEAatellite
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measurements and esations from IR$2016 model. A comparative study is done for
the results obtained by both measured amodelled values. Relative variation
Nirocsam)/ Nigryy and Ti rocsan/ Ti griy is calculated. Correlation coefficients are
observed for hourlpveraged Nin theday time (1616 LT), measured by ROCSAT

and IRF2016. Similar correlation coefficients are observed fpiTfie relationship
between ion density and temperature with solar flux index (F10.7) is also analyzed
duringtheyears 1992003.

Chapter 6 explains the response of low latitude ionospherevéak and moderate
magnitude geomagnetic stornisvo geomagetic storms are selected for the present
study, occurred on 30 July 1999 andld&hNovember 1999Anomalous variations in
O*, H" density and ion temperature during storm evests observed and compared
during normal and quiet dayBurthera compaative analysiss alsocarried out with
the IRF2016 model.

Chapter 7 outlines the conclusion of the present study. It deals with all the results and

discussions drawn through the study. The safeture work is also discussed here.
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CHAPTER 2
LITERATURE REVIEW

STUDIES ON IONOSPHERIC PLASMA

The ionosphere being\ery dynamic and complex region of the atmosphere is very
sensitive to the phenomena occurring below and above it. Its parameters vary
spontaneously in response to solar flares, CMEs, geomagnetic storms, earthquakes,
thundersorms and lightning/spritestc. [35-38]. An extensive study has been done

on variations in Earthoés i ebasedsgndhisitui c par
observation$39-41] and theoretical calculatiofi$2-45]. Empirical models have also

been presented to show variations in plasiensity and temperature variatigas-

48].

2.1 IONOSPHERIC PARAMETERS VARIATIONS

Previous studies based upwarious techniques, methqds missions have proved
that ionospheric plasma density and temperatures vary with latitude, longitude, local
time, season, altitudeand solar activitywhich are foundrelatively significant over

equatorial and low latitude regiof#9-51].

It is well known that the electron temperature varies with local time (diurnal) and is
characterized by morning peak and ewgnpeaks[52-54]. This morning peak is
prominent over the low latitudes due to the vertical E x B drift which increases the
morning Te and decreases the daytime %@, [55]. Thetopside radar data at
Jicamarcavas compareith other conventional data during solar minimum &
found an increase in electron to ion temperature ratio asyprase hours with a
diurnal minimum of plasma temperature at afterndas].[Whereas Alexander et al.
2004 employed SROSGS2 satellitedata to make aomparison of electron and ion
temperatures at the lelatitude upper ionosphere. In their results, they concluded that
the nighttime mean values of Te and Ti increased with solar activity indicated by the
solar radio flux. While the daytimaean values of Te decrease with solar activity and
the daytime mean value of Ti do rethibit the solar cycle evolution.
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From Hinotori satellite measurements, Oyama et al. [1997] reported bidgtrihg
eveningnight time hours over the equatorial ragion the plasmaemperaturean
anomalywas noticedduring the eveningnidnight hours while studying lovatitude
ionosphere under equinoctial conditions at low, medium, and high solar activity by
using the Sheffield University Plasmasphere lonosphere #&lo(SUPIM) and
Hinotori satellite observation§57]. In the context of seasonal variations is
observed that during summer solsticesfiowsa higher morning peathan winters
morning peak whereas in nighttime i§ found independent of season and solar
activity. The ion temperature, Ti is noticed to follow solar flux during summer and

winter solstice but is independent for equiibg].

At low latitudes the relation between electraon-neutral temperatures and their ratio
comparsons haalso been studied by [p9

Theionospheric temporal variationhave also been studied by analyging
measurements from incoherent scatter radar and ionosond&litigéone Hill [60].

They found increment in the peak parameters (NmF2 and hmF2) of the F2 layer with
daily F10.7 index and saturate (or increase with a much lower rate) for large F10.7.

The ion densities also represent a distinct beliavager equatoriahnd low latitude
regions. O ions produced during the daytime diffuses to tbpsideionosphere,
thereby increases the expectet -CH* transition height. The zonal amderidional
components of neutral winds play a significant ialéncreasingor decrasing the O

- H* transition heigh{61]. Using satellite measurement from AE OGG6 and Ik

24 effect of solar activity on topside ion density ogl@bal scale for a period from
19606s to0ol9900 s[62h Bffect df egh and lew golar adtitp @rdon
composition over Indian region using SROGG3 measurements have been also
studied[63]

It has beemrevealed[64] in previousstudies that at an altitude of about 500 kih O
andH" ion densities own opposite diurnal behavior i.e. during daytimem®density
is higher in magnitude whereas ibn density is higher during nighttime. Similarly,
O" ion density is observed minimum during fmenrise whereas, ‘*Hon density is

noticed minimum during the day time.
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In generalNe and Te over equatorial andow latitudes region are found to be
inversely correlatediuring daytime and for the low solar activiphasesand almost
independent for the nighttinj65]. In thestudies on the global and seasonal variations

in the topside ionosphere, by using DEMETER satellite measurements between 2006
and 2009][66] revealed a strong negative correlation betwderand Tein the low

and mid | atitude r enggativencarrelation atiseseecauaeylacal me .
electron heating by photoelectrons was balanced by collisions between electrons and
ions Howeverjn certain conditionsa positive correlation has also been reported. For
example, the observations made by the liecent scatter radar at Millstone Hill from

1976 to 2001 provided a positive correlation between Ne ardlfieg all the local

times in July in thé=2 region[67]. Similarly, a positive correlation betwedteandTe

in summer duringhe low solar actity phase habeenobserved by68] by using
satellite measurements and the field line interispheric plasma model. Whereas

[69] found a negative correlatidretween Nand T during the solar minimum phase.

The main cause for positive correlations is ith@ease of heating more rapidly than

the electron density which allows heating to dominate the energy baladfe
However, the physical mechanism for this positive correlation has not yet been

completely understood.

Numerous studiehave been executetb compare themeasured values of the
ionospheric parameterwith the results of empirical (Bent lonospheric model,
Klobuchar model, NeQuick moddiRl mode| etc.) and theoretical models (SAMI2
model, SUPIM modeletc.)[71-78]. Sincethe IRI modelled values are predicted or
estimated values depending upon other data sources, consequeoihe
discrepancies ariselFor example, [79]comparedhe ionospheric parameteiie, Ti,

and Ni measuredby utilizing SROSSC2 satelliteobservations with thestimated
values oflRI-2007 and IR2012 models during the low and high solar activity years.
They found that the modelled Te (by 1R007)agreeshroughout the dagiuringhigh
solar activitywhereadfor the low solar activityit is oveestimated in nighttime and
underestimated during morning and noontime over the low latitude region. The IRI
estimated Ti durindnigh solar activity is in agreemeduring the daytime whereas
duringlow solar activityit is higher in nighttime and logr in morning hoursOn the
other hand, the estimateé¥i is in accor@ncewith the measuredNi over both the

equatorial and low latitudes.
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[80] also evaluatethe performancef IRI-2016 model over the east African sector of
the equatorial ionosphere during different geomagnetic conditions and time scales.
And observed that IRR016 model does not respond to geomagnetic starntise

East African equatoriaiegion.

[78] proposed depletion of electron density at geomagnetic egldtditudes in the
altitude range of 156@500 km with the help of SAMI2 model which is a low latitude
ionospheric moel developed atNaval Research Laborator{Z6] also utilized the
SAMI2 model to retrieve Hand O ion temperature and verified dependence of ion
temperature upon ion composition. Their study showed that in the topside at middle
latitudes when a single ion is dominant, @ H" is heated by electron collisions and
cooled by conduction as expected. Huesm in the intervening altitude region where
both O and H are present, Ois heated by collisions with 'Hand cooled by
conduction, while His heated by collisions with electrons and cooled by collisions
with O,

2.2 GEOMAGNETIC STORM STUDIES

The Earth's outer space of atmosphere knowrthasmagnetosphere is a highly
dynamic structure that responds dramatically to solar activities. When an enormous
amount of solar energy exchange takes place andgnetospherdhe geomagnetic

field gets diturbed which persists for lang interval oftime andconsequently, a
geomagnetic storms said to occur. Geomagnetic storm brings intense variations in
the magnetosphere, radiation belts, and in the ionosphere. They generate perturbations
in neutralcompgsition, enhanced electric fields, currendégd carproduce heatingn

theionospherghermosphersystem81-86].

The two major sources of storm time disturbance in low latitude ionosphere are
namely (1) prompt penetration eliectric field(PPEF)originaed from magnetosphere

[87, 88]. (2) The ionospheric disturbance dynaralectric field (DDEF) generated
from storm time neutral wind§89-91]. The PPEFis an immediate response to
geomagnetic stormsecause @isoon as the geomagjic storm is initiated oaccount

of the southward ward turning interplanetary magnetic field, the expardion
convectioncurrents inthehigh latitudelonosphere takgslace rapidly. This expansion

is so fast that itannotresist more there and hence penetrates promptly intmwhe

28



latitude ionosphere which resultsthe dawnduskelectric field nto the low latitude

ionosphere92].

The DDEFresulting from the enhanced energy deposition i@ high latitude
ionosphere comparatively varies slowly with respect to PHEFing geomagnetic
storms,the meridional winds are reinforced to genemgeatorwardvinds towards
the low latitude which alters the motioi electrons and ionslong the magnetic field

lines and hence varies low latituderegon electron density pkdeight[91, 93, 94].

During the geomagnetic storms energy trarsstiehigh latitude regions, in excess, in
the form of particle precipitation and joule heating which results irexpansionof

air and increment in the molecular to #itemicratio in F2 region. The storm triggers

the wind circulation towards the low latitude regions where it undergoes adiabatic
compression and hence rises the temperature of low latitude regijns [

Several researchers have studied the geomagnetic storm effectsamphieric
parameters and have validated the variations in electron density, total electron content
(TEC), peak electron density (NmF2), peak height (hm&®&) over low latitude F2
regions. For instancg96, 97 investigatedthe effect of geomagnetic storms on TEC
andobserved significantariations inTEC over Indian low latitude and EIA region.
Chakraborty et al. [2015] anaigd the effect of two geomagnetic storms{2¢ril

and 1% July 2012) overthe Indian lowlatitude and EIA region by using (GPEEC)

data. They noticed depressions and enhancemenisrtical total electron content
(VTEC) during the geomagnetic storms in comparison to normal days. They inferred
that during both the storms the perturbed VTEC was dadse to PPEF, DDERNd
thermospheric composition changBsgiya et al. 2009 explained the TEC variation

by utilizing GPS duafrequency measurements at Rajkot, during the geomagnetic
storm on 24 August2005. They observed enhanced TEC on the staynwhile a

little diminished TEC on the next day of teorm The response dhe low latitude
ionosphere ovethe Indian EIA crest regiorhas also been anabd by using GPS

data, during the moderate geomagnetic storm-&f Klay 2005[98]. Theyfound an
increment in TEC during the storm and a decrement during the recovery phase of the
storm. A longitudinal study of the ionospheric response to the geomagnetic storm of
15" May 2005was performedy [99] utilizing the TEC data, collected from tere
different GPS stations situated near the northern crest ofdgian. They explained
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the simultaneous existence of maximum southward interplanetary magnetic field Bz
and eastward Interplanetary electric field which as a consequence resulted in a peak in
TEC. They attributed the large enhancement in TEC and [O/N2] ratio to the travelling
atmospheric disturbances (TADAIl the cases (weak, Moderatand intense) of
geomagnetic storms over low latitude ionosphere in association thigh
interplanetarymagnetic field were anatgd by [100].They reported a long duration
enhancement of ionospheric electric field (measured by JicamarciMidatbne
incoherentscatter radar) during the main phase eofgeomagneticstorm, as a

consequence ahe penetratiorof interplanetary electric field.

2.3 EFFECTS OF OTHER PHENOMENA ON IONOSPHERE

2.3.1 Tsunamiand Seismic Activity Effects

Earthquake and Tsumami are natural disasters that cause devastation in the affected
regions. During an Earthquake when the ground shakes, it causes tiny atmospheric
waves that can propagate right up to the ionosphere. These atmospheric waves reach
the ionosphere id0 min or so and cause notable variations of electron density in F
layer occupying the area over the epicentre &ittiameterof more than 1000 km
[101-104]. These changes can be recorded and measured when signals from global

navigation satellite systenf&NSS)or GPS, travel through the ionosphere.

The same satellites can also detect disturbances in the ionosphere caused by tsunamis.
When a tsunami forms and moves across the ocean, the, ams$troughs of its

waves compress and extend the air aboeentlcreating motions in the atmosphere
known as gravity waves. Thesadulations of gravity waves are amplified as they
travel upward into an atmosphere tihacomes thinner with altitude. These gravity
waves propagating up to the ionosphere and genemwishgbed electron densities in

the E and Fegionsalso can be detected using the GNSS satellites circling H&dh

106].

During the occurrence of these kedf activities not only the electron density but
also the temperature, height scale, cmmpositions areobserved to show variations
[107, 108].
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2.3.2 Thunderstorm and Lightning Effects

A thunderstorm is basically an electrical storm described by lightning and thunder
Thunderstorms also known as electric generators, taking place genetaiyjawer
atmosphere, produce ionospheric disturbances through the effiaet edéctric field
associated with lightning. Actually, in a convective cloud, on account of electric
breakdown, division of charge takes place vaitiegative charge at the batioof the
cloudandaposi tive charge at the cloudodos top
The thunder cloud inducegpositive charge along the ground which concentrates and
rises up to a tall object. The negative chachannding down (known asstepped

leader) from the cloud connsawith the positivecharge over the ground which also
reaches out through Orntmecoonedonoftheaenchaanels A st r
the electron transfer results in lightning. The first strokkich carries thdargest

current (approximately 30000 Ay followed by subsequerdtrokes withina few
milliseconds. The lightning flash results in the increasadperature of air through

which it passes, to more than 30000 K in fractions g#@nd. This extremely hatr

expands so rapidly that it explodes with a great sound wave which we hear as thunder.
Thunder is generally heard within 25 km from lightning disch§28¢

Transient Luminous Events: These are shofived optical phenomena that occur
above the lightimg or thundercloudsSome ofthem proliferate upward towards the
ionosphere, abova thunderstorm. These different optical events are collectively

known as transient luminous events (TLE).

Sprites. Sprites are the phenomena which are observed as momentary luminous
flashes directly above thunderstorm and extending to about ~90 km in lower
ionosphere[109]. Sprites correspond to large electrostatic fields triggered by
intracloud or clougo-ground lighning strokg110]. Their spatial structures might be
kind of small single spot or multiple vertically elongated spots which can spread
horizontally in more than 40 km region. Sprites are mostly red teitidrils of

declining intensity.

The sprites coupte with a thunderstorm may affect the conductivity, electric field
and temperature of the stratosphere, mesospla@ick ionospherd111]. Various
researcher$l112-115] have expansively studied the consequence of spritetheon

ionosphere.
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Elves Elves (Emission of Light and Very LowiFrequency perturbations due to
Electromagnetic Pulse Sources) are great, scattered arshapgd flashes occurring
in the ionosphere at about 100 km altitude above thengrand can expand up to
around 500 km in diameteFhese are initiated by atmospheric heating, becauthe of
electromagnetic pulse generated by lightning stroke. Elves last for few microseconds

(0.001secondsandare almostnvisible to naked eyes.

Blue Jets Blue jets are conshaped transient luminous flashileatpropagate upward

in narrow cones from thiaterior of a thundercloud to witta vertical speed of ~ 100

km/s and then disappearing at an altitude of about ~40 km. These are partially ionized
with ashort life of ~106200 ms. Sometimes blue jets turn on sprites but these are not

observed to be directly associated withcloud to ground lightninfl16-117].
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CHAPTER 3
DATA INFORMATION AND INSTRUMENTATION

3.1 MISSION OF SROSSC2

SROSSC2 satellite was an Indian satellite which was laundh@d Sriharikotaon 4

May 1994 bytheIndian Space Research Organization (ISRQ)erform experiments

on Gammaay astronomy and ionospheric scien@&ROSSC2 was the fourth
satellite of Stretched Rohini Satellite Series program of ISRO which was planned,
developed, and tested at the ISRO Satellite Centre (ISB&)galore(figure 3.1).
SROSSC2 satellite weighing 113 kg wagectedinto an orbit of 938 km apogee and
437 km perigee with the help of a rocket Augmented Satellite Launch \/&hcle
(ASLV-D4) with an orbit inclination of 46°. After operating for two months the
satellitebds orbit was SROSSCE satellite wathendg 0 Kk m
successful migsn in its series and provided excellent data coverageer the Indian
lat-long, for almost half ofthe 23rd solar cycle from minima to solar maxima at an
altitude of ~500 km, over the low latitudesd then finally ended on 12 July 20@1.
detailedexplanation about SROS and is functioninghas been provided in [118

119].

3.2 SROSSC2 SATELLITE CONFIGURATION

The satellite was octagohalprismoidal-shapedmplanted with eight solar panels on

the eight sides of the prismoid to generate/b®f electric power, backed up by 18

Ah Ni-Cd rechargeable batteries whereas, payload sensors and telemetry antennae
were fixed over the top dedgffigure 3.). The retarding potential analyze(RPA)

sensors were mounted on the top deck over the cylindiigged sensor mounts. The
PPsensor was arranged on a gold plated cylindrical boom (electrically insulated from
the probe) at the centre spot of the top deck near the ion RPA sensor and 2 cm above
the ground plane. The rest of the electronics for RPA pdylcontained in an
electronic box was mounted below the top deck, inside the central structure of the
satellite.

The satellite body was spstabilizedmoving in cartwheel mode, keepittige spin

axis perpendicular to the orbital plafdde spin axis was pallel to one of the lateral
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axes while its longitudinal axis rotated in the orbital plane. Thus, the top deck of the
satellite, carrying payload sensors and the ground plane, faced the plus roll axis and
the satellite velocity vector once in every spitatmn figure 3.2The satellite spun at

a rate of 5 revolutions per minute (rpand the angle between satellite spin axis and
orbital plane normal was maintained within £10°. Satellite orbit was inclined by 46.3°
and covered a latitude range of 46° S165 N with an orbital period of 90 minutes.

The bngitude range ddatellite tracking was 50° to 100° E.

VHF Antenna

Spin Axis
1. loan RPA
2. Elsctron RPA

3. PP Sensor
4, GRB Senaor

Figure3.1: Top deck layout of SROSG2 satellite, Garg et al. 2003

Figure3.2: SROSSC2 satellite orientation in orbiGarg et al. 2003
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As the satellite moves in the orbit motion keeping the spin axis perpendicular to the
orbital plane, in this kind of spin arrangement of the satellite, the angktween the

sensor face normal and the satellite velocity veetekéeps on changingonstantly

between O0%and 360°(figure 3.3. The RPAmeasurements are taken when the sensor

normal faces the satellite velocity vector. But inspin-stabilized sateile, this

situation remains for fraction @ second. The RPA sensors colldce t a wi t hi n N
(for ions) and within N90e (f oatoneelnectr on

each spin period.
3.2.1 RPA Payloadand Sensors

The laboratory techniqued,angmuir probes, or retarding potential analyzers (RPA)
used for space purposegre developed anekplained[120] by Irving Langmuir and
co-workers over seventy years back. The RPA probes onboard numerous satellites
and rockets is a very wellstablishedechnique which habeen effectively used in

the past for depiction of ionosphere such as to derive ion and electron temperatures,

ion and electron densitieand thermal and supthermal electron fluxes.

The SROSSC?2 satellite carriedtwo specific payloads the gamma Ray Burst
Experiment (GRB) detector payload and the Retarding Potential Analyser (RPA)
payload. The GRB payload was an astronomy payload planned and developed by
ISRO Satellite CentrdSAC), whereas the RPA payload separateetectron and ion

was an aeronomy payload which waanned and fabricated #ite National Physical
Laboratory (NPL), New Delhi.

The payload collected simultaneous samples of electron and ion plasma in the altitude
range of 420620 km Payload data wasollected aBangloreground station,(12.5°

N, 77.3° E),Lucknow (26.8° N, 80.8° k and Mauritius (20° S, 56° E). Anthe
satellite potentialvasmeasured with the help of the Potential probe.

The RPA payloadconsisted of the sensors with allied electronics. The sensor
employed planar geometry and had a multigridded cylindrical structurad@acup)

a number of gridsand a collector electrode. The sensor was similar to a pentode
vacuum tube devoid of a cathode, wdére ionospheric plasma enterthgoughthe

open aperture acted asource of plasma.

35



The two RPA sensors had four mechanically identical grids as (i) Entrance grid, (ii)
Retarding grid, (iii) Suppressor gridnd(iv) Collectorshield grid. These gridsere

made from 100 x 100 and 50 x 50 cauptires for square inch) gold plated tungsten

wire mesh (wire diameter of 0.001 iregh having 90 to 95 % optical transparency.

The 50 mesh has optical transparency as high as 92% amb®8mesh 82%. The
entrance and the retarding grids were double grids each one made of a 50 x 50 mesh
and a 100 x 100 mesh. The suppressor and collector shield grids were single grids
each one made of a 50 x 50 mesh in both sensors. Thus, one ion sensor contains 2
grids made fom 100 x 100 mesh and four grids made from 50 x 50 me§hedwo

sensors were mechanically alikeit haddiverse grid voltages appropriate ftire
collection of electrons and ions respectively heribe, electrons and ions having
energy more than the #shold energywpltageapplied orretarding gridwere able to

cross different grids and geventuallycollected at the collector electrodepgmduce
collector current. RPA sensors can be operated in different modes: in fixed bias mode,
density and irregularities are measured while in swept bias mode, temperature and
other parameters are measured. The electron and ion sensors are synchronized in such
amanner that one sensor opesatefixed bias mode and the other remained in sweep

mode to avoid any interference among them.
3.2.2 Derivation of lonospheric Parameters

The ion RPA, Electron RPAand a Potential probe made simultaneous measurements
of the plasma parameters. The potential probe, like a spherical Langmuir, probe
estimated the deviations in the satelfiigential duringthe spinning and motion of

the satellite It could operaten both currentand voltage modes. In current modg

gave characteristic currentoltage curvesl{V) of ambient plasma, independent of
RPA, while in voltage mode it measdrehe difference betweeprobe floating

potential and potential acquiring satell1d.8,121-123].

Nontlinear curve fitting is opted for emacteristicl-V curves of ion RPA because of
the composite nature resulting from the presence of ri@e one type of ionic
species in plasm@igure 3.3). Individuaplasma quantities are estimated by fitting the
observed notlinear curve theoretical cue with the different values of variables for

minimizing the coefficient of fitness.
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Figure3.3: Typical electron and iohV curves Garg et al. 2003

The following ionospheric parameters can be derived ftbencharacteristicl-V

curve.

Measurements by the ion RPAhe total ion densityirregularities in theNi, the
temperature of the iongand dasities of the different ionfH", He", O", 02", NO")

present in the ionosphere.

Measurements by the electron RBi#e total electron densityrregularities in the Ne,

temperature of the electrgrand the suprthermal electron flux (STEF) up to 30 eV.

The electrorion parameters were derived from tlebaracteristic curves of the
collector current versus retarding grid voltage obtained with some limits and

accuracies, as shown below in table 3.1
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Table3.1: Plasma parameters measurements with their lemitsaccuracies

Parameter | Limits of measurement| Accuracies
Ni 5x1Fto5x 16m3 +5%

Ti 500 to 5000 K +50K

Te 500 to 5000 K +50K
STEF 1x10to 1 x 10 cm?s? | +10%

3.3 MISSION OF ROCSAT-1 SATELLITE

The National Space Program Office (NSPO) gogernmental organization of Taiwan,
Republic of China (ROC) which executes the national space programs along with
providing an infrastructure for space science and technology missions. Republic of
China Satellite (ROCSAT) series was also conducted byONSRose main objective

was to carry out scientific observations and experiments on the ionosphere and oceans
[124]. In December 2004, the ROCSAT programswanamed-ORMOSAT-1. The
ROCSAT-1 satellite and its instrumentation were developed jointifBW (Sace &
Electronics Group) and NSPO, aitdwas launched on 26 January 1999 from Cape
Canaveral Air Force Stati o#yehidkeShed4@kg Loc k't
ROCSAT-1 being a low eartbrbit satellitewasplaced intoa circularorbit of 600 km

altitude and 35 degrees inclinatidBeing at low inclination orbit itirculated the Earth

every 97 min, provided high-quality spatial coverage in local time and ldnde and
consequently Tai wanos recei ving std¢ ati on
approximately six times a dg$25]. All the satellite functiomg and data processing

were performed at Hsi€@hu city in Taiwan. The ROCSATL satellite served
successfully for 5 ¥z years during the active period of solar cycle3mission ended

on 17 June 2004 and the satellite was decommissioned on 16 July 2004.
3.4 ROCSAT-1SATELLITE CONFIGURATION

The ROCSAT1 was threeaxis stabilized hexahedrorshaped satellite with
dimensions of width 1.1 m and height of 2.1 m. It was 7.2 m extensively wide,
organized with solar arrayd size 1.16 m x 2.46 tihatprovidedthe powerof 450 W.
Whereas, during the eclipse period a, 21 AHQdi battery cell provied power to the
satellite[126]. It was module designed to accommodatdtiple payloads. Like most
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of the other spacecraft, ROCSATwas also composed of six major subsystems viz.
Structure and Mechanical Subsystem (SMSommand and Data
Handling/Tracking, Telemetry and Control Subsystem (C&DH / TT&C),
Electrical Power Subsystem (EPS), Attitude and Determination and Control
Subsystem (ADCS)Thermal Control Subsystem (TCS), and Reaction Control
Subsystem (RCS)Yhe C&DH Subsystemconsistedof onboard computers, remote
interface units, solidtate recorder GPS equipmentand transponder interface

electronics
3.41 IPEI Payloadand RPA

The ROCSAT1 satellite was instrumented with three payld@a@k) Ocean color
imager (OCI),2) lonospheridPlasma and Electrodynamics Instrument (IP&hd(3)
Experimental Communications Payload (ECijure 3.4 and 3)6 The OCI colleatd

the data on visible and neafrared radiances over low latitude oceans. The ECP
studied the system performance and different implementation schemes for LEO
mobile satellite communication using #and frequency. The IPEI measured the F
regiord ®nic paameters at low tmmedium latitude ionosphere

IPEI Payload The IPEI consistedf two chief packagesthe Sensor Electronics
Package (SEP) and the Main Electronics Package (MEP), along with an
interconnecting cable. Thi#mensions of SEP and MEP were 47 cm x 42 cm x 19 cm
and 28 cm x 13 cm x 14 cm, respectiveBoth the packages were made from
aluminum alloy. The total mass of the IPEI, including the cable, was 9.26 kg. Both
the SEP and MEP were mounted on the paydmapter of ROCSAL. The IPEI was
thermally protected by muitayer insulation (MLI) and had heaters on the mounting
adapter to control the operational thermal environment in orbit. The SEP carried four
ion sensors: an lon Trap (IT), two Horizontal andti¢al Drift Meters (DM) and a
Refarding Potential Analyzer (RPAglong with intimately associated electronics and
power suppliesThese sensors measdiien concentration, ion temperature, and ion
drift velocity, andmajor ion compositiopwithin the lattude band of £ 35° of the low

mid latitude ionospherat the satellite position along the ROCSATorbit The

MEP containedour major parts: a digital processing unit (DPU), command interface,
science data interface, apdwer supplies. The MEP providéake electricainterface

between IPEI and thgpacecraftAlso, the MEP implements the operational modes of
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IPEl: NORMAL, FAST, and AUTO. In the NORMAL mode the IT, HDM, and VDM
provide measurements of the total ion concentration and the-tcacksion dift
velocity at 32 Hz, while the RPA provides thetiack ion drift, the ion temperatyre

and the major ion composition at a nominal 1/2 Hz rate. In the FAST ,rtiueke
sample rates are 1024 Hz and 1/4 Hz respectively. The AUTO mode enables IPEI to
switch from the default NORMAL mode to the FAST mode wismden large
changes in the iononcentration, commonly associated with plasma structures called
bubbles, are detected. The unique feature of the AUTO mode allows scientists to

investigate spatial strtures with scale sizes as smalll&meterg126, 127].

lonospheric Plasma and
Electrodynamics Instrument (IPEIl)

5 ’?T_,;T IR \\\/’

ta Communications Payload
(ECP,

Main electronic unit
Camera
lenses

Analog electronic unit

Focal planar arr:

Figure3.5: View of IPEI device (a)ECP instrument (bjand OCI instrumen(c), image
credit: NSPO

Retarding Potential Analyz¢RPA): The RPA provided a measure of the ram energy
of the incoming ions with respect to the spacedffédure 3.9. The planar sensor
views approximately along the satellite velocity vector and presented a circular
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gridded 4cm diameter entrance aperture (G1) to the incoming ions. The internal
retarding grid (G2) presentedpotential that controllethe mnimum energy required

by ions to have access to the ion collector. The suppressor grid (G3) prevented
ambient thermal electrons from reaching the collector. The shield grid (G4) prevented
potential variations applied to the previous retarding grids fomopling to the
collector and reduced microphonics to the collector caused by the suppressor grid
[127].

S/C VELOCITY VECTOR

_— GRID PLANES
COLLECTOR—,

GRID DESCRIPTION

G1 - DUAL APERTURE (50/100 LINES/NCH)
G2 - DUAL RETARDING (100/50 LINES/INCH)
G3 - SUPPRESSOR (50 LINES/INCH)
G4 - SHIELD (50 LINES/INCH)
GRID TRANSMISSION FACTORS:
50 LINES/INCH= 0.9025
100 LINES/NCH= 0,81
4 ¢m DIA APERTURE ‘
N EFFECTIVE COLLECTOR AREA= §.47 cm’

SN
B, 8

s “S— ELECTRONICS BDS.

“—INTERFACE \— COMPONENT
CABLE ENVELOPE
\\..
\—SHIELD

Figure3.6: A schematic diagram for the cressction of the Retarding Pot@itAnalyzer,
Chang etl. 1999

A retarding potential versus ion current characteristic curve is obtained by stepping
the RV through a series of discrete steps. At each RV, #tepion current to the
collector is measured by the RPA electrometer.

3.42 Derivation of lonospheric Parameters

To investigate the ionospheric phenomena on the scale sizes of greater #tran 10
(i.e., global sale), IPEI was supposed to take measurements with high precision and
accuracy, as listed table 3.2
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Table3.2: Measurement for Global Scale only (> 10 km), Yeh et al. 1999

Parameter Dynamic Range Accuracy
lon Velocity Vector +2 km/s +10m/s
Total lon Concentration| 50 to 5x16 cm3 10%
lon Temperature 500 to 10,000°K 10%

Major features of the IPEI payload are summarized in taBle 3.

Table3.3: IPEI Specification Sumary, yeh et al. 1999
Instrument RPA IDM IT
Measurement lon temperatures an Transverse ion velocity Total ion
Ram velocity components concentration
Heritage AE, DE, DMSP, Vikingand San Marco
Detector Linear Electrometer, Log Electrometers with Log Electrometer
8 ranges Linear Diffe. Amplifier, 2
ranges
Range V,=%2 km/s V=+2 km/s Ni=50 - 5x1¢°
Ti= 500-10°K e
Accuracy @V=N10 m/|p V=N10 m/s |@Ni/ Ni I
@Ti =N10 % @Ni /  Ni =

Sampling Rate

32 Hz (Normal)
64 Hz (Fast)

32 Hz (Normal)
1024 Hz (Fast)

32 Hz (Normal)
1024 Hz (Fast)

Mass < 14 kg (total weight)

Envelope SEP: 17x37%x36 MEP: 7x21x27

Dimension(cm)

Power(W) 10w

DC Power Bus (V) | Minimum: 22 V Nominal: 28 V Maximum: 34 V

Pointing Direction | Ram

FOV (full angle) 450x450 Conical

Temperature -20°C +50°C

Data Rates Normal Mode: 2.224 Fast Mode: 53.376 kbps
kbps

Duty Cycle Normal Mode: 83% | Fast Mode: 17%
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3.5 IRl MODEL DATA

The International Reference lonosphere (IRI) is an international project funded and
supported by the Committee on Space Research (COSPAR) and the International
Union of Radio Science (URSI). Thiel modd, based on all available data sources is
believed to be the superior and most reliable among all the available empirical models
today. For a given location, datend time, IRl provides monthly averages of the
ionospheric electron density, electron temperature, ion temperature, and ion
composition, equatorial vertical ion drift, effects of ionospheric storms on F and E
peak densitiesetc. in the altitude rangingrfom 60 t 01282 Uha Gnaik m |
sources of data collection include the worldwide system of ionosondes, the great
incoherent scatter radars (Jicamarca, Arecibo, Millstone Hill, Malvern, St. Santin), the
ISIS and Alouette topside sounders, andito instuments orseveralsatellites and

rockets

IRI predictions are found most accurate in Northern-kaiifudes because of the
generally high station density in this part of the globe. But at low and high latitudes
the data coverage is rather sparse due to the harsh climate conditions, and as a result

the IRI predictions are less accurate at equatoriahanatal latitudes

With the advent of new data collecting techniquidg IRl model has undergone
numerous years of steady and crititadting and modificationby the international
science and research communitieasd hence severahproved and advanced editions
of the model have been released, For exaniRle80, IRI86, IRF90, IRF95, IRF
2000, IRF2007, IRF2012 and IR}2016.

In the present research WwoinRI-2012 and IRi2016 model has been ur#d for
making comparisons with satellite measured values. The data fd2IBhd IRI16

model has beecollected fromhe IRl homepagat

https://ccmc.gsfc.nasa.gov/imodelweb/model/iri2012_vitmoapith

https://ccmc.gsfc.nasa.gov/modelweb/mefigR016_vitmo.phpespectively.
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3.6 SOLAR FLUX INDEX (F10.7)DATA

The solar radio flux at 10.7 cm (2800 MHz) is an excellent indicator of solar activity.
Often called the F10.7 index, it is one of the longasning records of solar activity.
It has been discussed in detail in chapter 1 of the thesis. And the ddadoliarflux

index has been downloaded fromtps://omniweb.gsfc.nasa.gov/form/dx1.html
3.7 SEISMIC ACTIVITY DATA

The seismic activityeffectson the ionosphere are nowvery well known and have

been studied by marscholars [128L30]. In the present workhe dateof earthquake

were downloaded frorthe USGS websité NEIC (NationalEarthquake Information
Center), https://earthquake.usgs.gov/earthquakes/seaiidné USGS monitors and
reports on earthquakeimpacts and hazards and conducts targeted research on the
causes and effects of earthges. It compiles and maintains an extensive, global
seismic database on earthquake parameters and their effects that serve as a solid

foundation for basic and applied earth science research.
3.8 GEOMAGNETIC INDICES DATA

Geomagnetic activityis caused due ot the electric currentspresent in the
magnetosphere and ionospherke the earth Magnetic measurements at different
locations enable us to remotely sense these curraeatstor the globateactionof the
magnetosphere/ionospheamd record thevariationswith time. Hence worldwide
more than 200 grounblased geamagnetic obswatories hae been established.
Indices of magnetic activity arprepared to have a common reference point from
which all stations can study these variations commorigllowing are the

geomagnetic indices used in the present study.

Kp: The K-index is aquastlogarithmicgeomagnetic activity index, introduced by J.
Bartels in 1949 This was designed tavail a homogeneous running record of the
solar radiation effect on the earthy measuring thentensity of geomagnetic activity
caused due tothe electric currents generatatbundthe earthby that radiatior{131].

It is basedipon the 3-houtly fluctuations or deviations in th&rizontal component of
the e a r tmhgaetic field measuredrom severalgroundbased magnetometeeadl

over the world. A threehour interval indicates the intensity of geomagnetic activity
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(ranging from O to 9pue to particle radiation from the sun at@g) 03 06, 0609
..... , 21-24 UTC intervalg[132]. A zero Kp value infers small geomagnetic activity
while value 9 refers to severe geomagnetic activity lefatps://www.spaceweather
live.com/en/help/thé&p-indeX).

The finalizedKp-index is calculated by an algorithm that collects together all the K
valuesrecorded at each station. Its final version is rele&®ed the GFZ in Potsdam

Germany and isalso updated twice a montiThe finalized Kpindex is somewhat

distinct from the K-index as it is measuredn a scale of thirddiaving 28 values in

total as0O, 0+,%,1, 1+, 2, 2, 2+, ¢éé. whitchh @r 2, ®pies,vih3 ed t
the preliminary Kindex has onlyl0 values ranging fror-9. And in the Omni data

set the Kp valueare mapped as 0+ to 3,tb 7, 1 to 10, 1+ to 13-20 17, etc.

Table3.4: Table for converting Kp to ap

Kp [O |0+ 1 |1o|2s| 2| 20| 2+ | 3 | 30| 3| 4 | do| 4

ap| 02|34 |5|6| 7|9 |12|15|18| 22| 27| 32

Kp |5 |5 |5 |6 [6o|6+s| 7-| 70| 7+ | 8 | 8| 8| 9 | D

ap [39/48|56|67|80|94|111|132| 154 | 179| 207 | 236| 300 | 400

The geomagnetic indices ap, Agnd the categorization of international quiet days (Q
days, in sense of low geomagnetic activity) and disturbed daymayb, in sense of

high geomagnetic aeity) are set according to the Kp index valubsthe present
work data for Kp index or Kpmaxads beerobtained fromthe website6 WDC f or

Geomagnetism, Kyotohttp://wdc.kugi.kyoteu.ac.jp/kp/index.html

Ap: TheAp index is the most primitively occurring index, associated with
geomagnetic storms which provide the geomagnetic activity level for each day. It is
obtained by calculating the average of eightoBr ap values in a row. It means,
firstly every 3hour K-value ischanged into a linear scale called th@@ex. Then the
average computed for 8 dailyalues provides the Amdex of a day. Hence the Ap
index is a reliable geomagnetic activity index which signifies ttmahigher the Ap

value a daythehigher is thdevel of geomagnetic activity.
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For example, if th&k-indices for a day ar8, 4, 6, 5, 3, 2, 2and 1, tha thedaily A-

index is the average of tlwerrespondingquivalent amplitudes:
i.e. Ap=(15+27+80+48+15+7+7+4)/8=25.375

Dst The strength of geomagnetic storms can be measured t@riDisturbance
storm time(Dst) index an hourly index, which is caletéd by averaging deviations

for the horizontal component dhee ar t h6 s mdl3R184f] at four bovere | d
latitudestatiors. At these stations, the magnetosphere ring current dominates over the
H component of the magnetic perturbatiofi$ie large intensity of the ring current is
representedy large negative perturbations ihe Dst value [135]. Hence, the Dst

index isactually an indication of the strength of the geomagnetic storms

The intensity of geomagnetic storms is divided into five catego(escording to
Loewe and Prolss 199 based on the minimum Dsuch as weak-80 to-50 nT),

moderate -60 to-100 nT), stong (100 to- 200 nT), severe-200 to-350 nT), and
great (<350 nT) During quiettimes, Dst is in between +20 nTh this thesis work,
the Dst data is taken through the websikdtps://omniwé.gsfc.nasa.gov/
form/dx1.html

IMF, Bz data- Thei nt er pl anetary magnetic field (I
magnetic field which flows out into the interplanetary space by the solar wind. The

|l MF | ines are also said to be 6frozen inbo

Figure3.7: The Interplanetary Magnetiteld, Image Credit: Space Weather live.com
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The solar wind drives the sunds magnetic
sunds extended magnetic field i%helMRown as
is a three axiavector quantity, where Bx and By are orientated alongettimtic

(figure 3.7)andthe Bz component is perpendicular to the eclipi@ne and is formed

due to various disturbances in the sol ar
field l i nes ar e |l eani ng opposite or 0
reconnect/merge together sublat transfer of energy, mass, and momentum from the

solar wind to the magnetosphere takes place. Since the Bz, directed tthesalgh,

peels off the sunliside geomagnetic fieltines so larger the Bz valuethe larger is

the amount of energy tramst t o t h e dSpherd anddsabsemeentiycauses a
stronger geomagnetic storm or a more vivacious auhorhe present thesis the data

for IMF, Bz is taken fromhttps://omniweb.gsfc.nasa.gov/form/dx1.html
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CHAPTER 4

VARIATION OF IONOSPHERIC PARAMETERS
DURING LSA AND HSA AS MEASURED BY
SROSSC2 SATELLITE

4.1 INTRODUCTION

Satellite navigation and communication system have become an integral part of
t oday 0 s hisvdependehce necessitates the study and forecasting of changes in
the F2 region ionosphere. The incoming solar flux ispredominantfactor of
ionization. Howeverpther dynamical procsss like electrodynamidrifts, transport
mechanisms diffusignetc. also determine the variabil and structure ofthe
ionosphere. e variations in ionospheric or plasma parameters (Ne, Te, Ti, Ni, and
icon composition) areet partially understood. Hence, analyzing tmenplexity of

the ionosphere and prediotj its behaviourhas become extremely important for

forecasting ionospheric weather and improvement of existing ionospheric models.

The structure and variability d@he low latitude ionospheraresignificantly different
from the high and mid-latitude ionosphee. There, the exceptional orientation of
geomagnetic field lines gigeirth to various unique physical features such as electro
dynamicaldrift, equatorialelectrojet and equatorial ionization anomaly (ElAgtc.
Owing to these unique features like ERA x B drifts, the low latitude ionosphere has
been studiedand analyed extensively{136-139]. These reports indicate that the
ionospheric structure depends predominatelyhe E x B drift over F region dhe

low latitude ionosphere. This drift furthgets modified due to seasons, solar cycle
and level of gemagnetic activityetc

lon density/composition studies are much more composed a$pheric temperature
studies [59 lon and electron temperatures are determined by energy flow as well as
heatingand cooling of ionospheric plasma [@} However,few comprehensive and
detailed studies on ionospheric temperatures can be found reportedliterdtare

[41, 5§. In literature,one can find many studies related to electron density and its
temperaturavith the help of satellite measurementg],142. But the studies otthe

relationshipof ion densities with their corresponding temperatures are less.
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The presenstudy aims to statistically analyze thehaviourand relationship of total
ion density Niwith ion temperature Ti during high and low solar activity using
SROSSC?2 satellite data and compare it with {8012 model datal he relative study
of Ni and Ti as obtained from SRO&2 and as estimated by H2012 brings out
symmetry/asymmetry variains in the two sources of data. Téerelation between
the Ni and Ti and its comparison with HR012 model data furthehelps in
understanding thelsehaviour These studies also help in tihgprovemenbf existing
ionospheric models.

4.2 DATA COLLECTIO N AND ANALYSIS

The data of ionospheric parameters (ion temperature and defsjtiNi) used in the
present study have been taken from retarding potential analyzer (RPA) of the SROSS
C2 satellite. The region selected toe present work spans from®5 e Ge o g . N

659 5e Geog. E. The study has been carri

altitude of ~ 500 km.

The diurnal pattern of ion temperature and density measured by SRPDS&ellite

has been compared with the imational ionosphere reference model-BRI12 data.

The IRF2012 model data has been obtained online from OMNIWEB NASA site. To
study the effect of solar activity on ion temperature and density, the data of solar flux
- F10.7 have been retrieved fraime Omniweb NSSDC site for the yeat995 and
2000.

Figure 4.1 showthe data count of ion density (Ni) and ion temperature (Ti) for which
SROSSC?2 satellite has been used and solar flux (F10.7) during year low (1995) and
high (2000) solar activity year$he solar flux F10.7 is around ~77 time year 1995

and ~177 in the year 2000. As {R012modelgives tle estimated values so data
counts have not been considered

L 100
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FA07,m

| =0

Mi, Ti count *100

| 4o

L 20
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Time, years

Figure4.1: Ni and Ti data count (bk line) and F10.7 during LSA (1995) and HSA (2000)
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4.3 DIURNAL VARIATION OF Ni AND Ti DURING LSA AND HSA

Figure 4.2represents thdiurnal variation of total ion density, Ni (@SROSSand b-

IRI), and ion temperatures (c SROSSand d- IRI) during low (1995) and high
(2000) solar activity years. As EUV flux coming from the Sun is the main source of
ionization, it is important to understand the distribution of this energy wisich
expendedn heating and ionizing the ions. Diutnariation ofNi and Ti as measured

by SROSSI C2 data hee been compared with IR 2012 modelled data for low
(1995) and high (2000) solar activity years.

During low solar activity year 1995 (figure4.2 - a); the diurnal features of total ion
densityare as follows, theninimum magnitude of density during nighttime, gradual
increase during sunrisday timepeak, then gradual decrement of density until night
time minimum & achieved. Ni varies from ~2.58'! to 4.5<10'% m3 during daytime
maximum to nighttime minimum. Total ion density is minimal just before sunrise at
04.00 LT during theyear1995. Thereafter during sunrise, photoelectron production
begins in the ionosphere. These photoelectrons ionize the neutral particldse and
densiy of ions gradually begins to increase which attains maxima/ peak at 12 LT. As
thesunsets, ion density decreases gradually. Density keeps decreasing all through the
evening sector tilthe nearly constant value is achieved during nighttime. The major
cawse of this temporal pattern of Ni during low solar activity is photozation due

to solar EUV flux.

During high solar activity year 2000 (figure 4.2a); the diurnafeatures exhibited by

total ion density are theninimum magnitude of density duringighttime, steeper
increase during sunrisday timepeak,secondary or evening peaind then gradual
decrement of density till night time minimum is achievElde ion density is minimal

just before sunrise at 05 LT duritige year2000. Thereafter duringunrise, through
ionization of neutral particles, Ni steeply begins to increase and attains maxima/ peak
at 15 LT. Assunsetsa secondary/ evening enhancement during 21 LT is observed.
Thereaftera gradual decrease in ion density can be observed. Dekesgys on
decreasing all through the evening sectorthi# nearly constant value is achieved

during nighttime.
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As the sun transverses from low to high activity phase, therehisgeincrement in

the magnitudeof ion density (indicating higher EUV flux)ia photdonization which

is themain cause otthe diurnal distribution of ion density. However, other facters
plasma movement due to E x B drift in low latituderégionalso comes into play.
The secondary enhancement during late evening hours during high solar activity years
is due to the movement of E x B drift in Fegion. The typical 24 hours diurnal
variation states that the magnitude of thedocity of vertical Fregion E x B drift
increases tilday timepeak velocity is attained thereafter decreases till sunset. During
postsunsetdrift velocity suddenly increases, then reverses and increasée in
reversedirection during night timeThusthe attainment othe secondarypeak during

high solaractivity period is completely attributed the movement of E B drift and

is known as @re-reversakenhancement (PRE).

— = Ni (IRI-2012,1995)

——Ni (SROSS-C2, 1995) ——Ni (IR-2012, 2000)

—— Ni (SROSS-C2,2000

Ti (SROSS-C2,1995) — =Ti{IRI-2012,1995}
Ti (SROSS-C2,2000) ——Ti(IRI-2012, 2000}

.
e et T

'

/d./"..—t——l*_l—.—..-_.
/
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Figure4.2: Diurnal variation of total ion densityNi (a-SROSS and 4RIl), and ion
temperatures (SROSS and dIRI) during low (1995) and high (2000) solar
activity years.
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