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ABSTRACT 

The interplanetary space, Earthôs magnetosphere, and the ionosphere form a single 

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 composition, etc). 

Since the beginning of the space era in the 1950s, space weather has become a hot 

topic, and the ionosphere which is considered the most dynamic and complex region 

of the Earthôs atmosphere plays an utmost important role in it. Any deviation in 

conditions on the Sun, interplanetary space, magnetosphere, and ionosphere 

influences the performance and reliability of space-born technological systems such 

as satellite communication and navigation systems, ground-based technological 

systems as power outage and can even endanger astronauts, human lives, or health. 

In the present thesis, the effects of solar activities on ionospheric plasma have been 

studied mainly with the help of ROCSAT-1 and SROSS-C2 satellites. The dataset is 

analyzed for the diurnal, seasonal, and annual behavior 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 

SROSSS-C2 satellite at an average altitude of about 500 km have been analyzed and 

compared with estimations of the IRI-2012 model during low solar activity year 

(LSA-1995) and high solar activity year (HSA-2000). Ni is found to increase by a 

factor of 102 with the increase of solar activity. The Ni values obtained from SROSS-

C2 and IRI-2012 show asymmetrical behavior during both low and high solar activity 

years. The relative variation of Ti between SROSS-C2 and IRI-2012 values is 

observed in good agreement with each other during low and high solar activity years, 

except for an asymmetry during nighttime in the year 1995. The relationship between 

Ni and Ti itself shows a weak/poor co-relation. The correlation factor is weaker in the 

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 ROCSAT-1 

satellite and then a comparison has been made with the estimations of the IRI-2016 

model, during different phases of solar activity years (1999-2003).  
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During all the considered years (1999-2003), IRI-2016 model overestimates Ni data, 

specifically in the nighttime and pre-sunrise hours. On the contrary, the model 

underestimates Ni during the daytime. Also, the IRI model predicts evening 

enhancements in Ni which are not observed in ROCSAT-1 measurements. 

The annual diurnal analysis of Ti (measured by ROCSAT) shows that Ti exhibits a 

morning peak (morning overshoot, ~07:00 LT), a daytime trough, and a secondary 

peak (evening enhancement) followed by nighttime minima and a minimum before 

the sunrise. According to  ROCSAT-1 measurements, secondary peaks of Ti are of 

higher magnitude (~1500K) for years 2000-2002 as compared to the years 1999 and 

2003 (~1400K ). On the contrary, the IRI-model cannot model the Ti secondary peaks 

measured by ROCSAT-1. 

The Ionosphere gets perturbed due to solar phenomena as high-speed solar winds, 

solar flares, and coronal mass ejections, etc. The magnetic field associated with solar 

phenomena, when enters inside the Earthôs magnetic field it disturbs the geomagnetic 

field and produces a storm known as a geomagnetic storm. Hence, to a weak (30 July 

1999) and a moderate (13 November 1999)  geomagnetic storm (GS) at low latitude 

Indian region (5-35º geog N and 65-95º geog E), the behaviour of ionospheric 

parameters- ion densities (O+ and H+) and ion temperature (Ti) has been analyzed 

using ROCSAT-1 satellite measurements and estimated values of IRI-2016 model. 

The ionospheric plasma parameters show anomalous behaviour during disturbed days 

compared to quiet days. For the weak GS, both the average O+ and H+ density have 

been increased by a factor of around 1.8 during disturbed and quiet days respectively 

as calculated by ROCSAT-1. For the moderate GS, the average O+ and H+ density has 

been increased by a factor of around 2.7 and 6.3 respectively during disturbed and 

quiet days respectively, as calculated by ROCSAT-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 

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 blanket of gas encircling 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 us from solar radiations and blasts of 

heat emanating from the sun. 

The Earthôs atmosphere is governed by the Sun as solar radiations are absorbed in 

various latitudes which lead to heating and dissociation of various atmospheric 

constituents. Hence, the atmosphere is categorized based on variations in altitude, 

latitude, temperature, composition, and homogeneity. On the basis of altitude, the 

atmosphere is divided as lower atmosphere-below 15 km, middle atmosphere-15 to90 

km, and upper atmosphere- above 90 km. Based upon the latitudinal extent, the region 

between ±30º is known as 'low latitude', between ±30° and ±60º as mid-latitude, and 

as 'high latitude' for the region lying above ±60º.  The atmosphere consists of various 

gas particles out of which molecular nitrogen (N2) and molecular oxygen (O2) exists 

abundantly with smaller amounts of water vapour and some trace gases [1]. 

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 the temperature variation, the Earthôs atmosphere is divided into five 

main layers, as shown in figure 1.1.  Starting from the bottom, these layers are the 

troposphere, the stratosphere, the mesosphere, the thermosphere, and the exosphere. 

Although there is no distinct boundary between the atmosphere and space, an 

imaginary line at around 100 km from the surface, known as the Karman line is 

considered the boundary where the atmosphere encounters the outer space. 

The troposphere is the layer closest to the Earthôs surface- the region where we live 

in.  Most of the weather phenomena such as cloud formation, rain, snow, etc. occur in 

the troposphere, which extends up to about 7 km at the poles and around 17 km at the 

equator. In this region, at a rate of 6.5º C per km, the temperature decreases 
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continuously with the height above the 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 thickness [2].  

The next layer above the troposphere, extending up to around 50 Km from the earthôs 

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 increases with an 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 the increased temperature, the air 

here is very dry and thinner with an almost cloud-free 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 atmosphere 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 mesosphere known 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 a few minutes per mission. This is why 

the mesosphere is poorly studied relative to other layers and hence is also named as 

óignorosphereô. 

Above the mesopause, the layer of the atmosphere is the thermosphere which extends 

from about 90 km to between 500 and 1000 km. The temperature in the thermosphere 

again increases with height because of the absorption of energetic UV and X-Ray 

radiations and it ranges from about 500 K to 2000 K. The thermosphere is the region 

where space shuttles and the International space station orbit the Earth. 

The part of the thermosphere where charged particles are found in abundance is 

known as the ionosphere. Solar UV radiations cause photoionization of molecules and 

results in the formation of ions in the ionosphere. The ionosphere is an electrically 
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conducting region that enables the reflection of radio waves and thus allows long-

distance radio communication possible. 

The last known layer of the atmosphere is the exosphere which begins at about 600 

km from the Earthôs surface and then gradually fades into outer space. This region is 

extremely thin and is composed of widely dispersed gaseous particles, mainly 

hydrogen and helium.  

 

Figure 1.1: 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. Gauss, a German mathematician, and physicist hypothesized about an 

electrically conducting layer of the atmosphere, accountable for varying geomagnetic 

field. Then in December 1901, Guglielmo Marconi surprised the world by making 

transatlantic communication possible for the very first time, from Cornwall, England 

to Newfoundland, Canada. In 1902, British 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 earth along electrically conductive layers in 

the upper atmosphere. So they proposed a region ñionosphereò that acted as a mirror 

for radio waves with avelength ɚ >å 20 m and hence, decided to measure the 

electrical properties of the upper atmosphere. About 25 years later (1925), the actual 
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existence of the ionosphere could experimentally be proved by Appleton and Barnett 

and Brut and Tufe. They inferred that at different heights three ionized layers viz. E, 

F1and F2 exists, with their ionization maxima. Later, a D-layer was discovered from 

the sudden ionospheric disturbance (S.I.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 atmosphere. 

The ionosphere is that part of the atmosphere which contains a sufficient amount of 

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

It lies approximately 50-1000 km above the Earthôs surface. The ionospheric layer or 

plasma is formed primarily due to the photoionization of neutral atmospheric 

constituents by solar extreme ultraviolet (EUV) and X-ray radiation [1, 3]. Cosmic 

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

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

due to radiation. 

 The activities of the ionosphere are controlled through dynamic, chemical, and 

energy processes which involve conservation laws of mass, momentum, and energy. 

The production of ions and their loss comes under chemical processes, whereas 

ionizationôs movement is a dynamic process. The chemical reactions prevail in the 

bottom side ionosphere and the dynamic processes dominate in the upper ionospheric 

region. The F2 layer is the region that lies at a level of transition between the 

chemical and dynamic process [4]. 

Production of Ionization processes in the ionosphere 

(a) Photoionization: When the 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 charged ion. This process of 

removal of an electron from an atom and producing a positively charged ion is 

known as photoionization [4]. 

The ionization rate (q) depends upon the intensity of the radiation (i) and 

concentration of the neutral gas (n). At high altitudes, though (i) is large, 'q' 

will be small because (n) is small. When radiation enters deeper inside the 

atmosphere, its intensity degrades due to absorption, but the gas concentration 
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increases. Below a certain height ' hm ' the radiation is very weak in such a 

way that its rate of loss is greater than the rate of increase of gas concentration. 

Thus there is a definite height hm, where the rate of production of ions reaches 

utmost. 

(b) Corpuscular Ionization: Corpuscular radiation (cosmic rays with energy above 

109 eV) from the sun also contributes to the production of ionization 

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 Ionization processes in the ionosphere: As there is the production of 

ionization in the ionosphere, its destruction is also obvious. The various loss 

mechanisms in the ionosphere are broadly classified into chemical reactions 

and transport phenomena such as diffusion, neutral winds, and electric fields. 

The various photochemical reactions are described below where X and Y 

denote either an atom or a molecule, asterisks indicate that the atoms are in an 

excited state and M denotes a neutral particle that exchanges energy and 

momentum, but does not take part in the chemical reaction. 

a. Ion-ion recombination X+ + Y- Ÿ X + Y 

b. Electron-ion recombination 

1. Three-body X+ + e- + M Ÿ X + M 

2. Radiative X+ + e-Ÿ X' Ÿ X + hv 

3. Dissociative XY+ +e- Ÿ X' + Y' 

c. Ion-atom interchange X+ + YZ Ÿ XY+ + Z 

d. Collisional detachment X- + M Ÿ X + e- + M 

e. Associative and dissociative attachment X- + Y ᵮ XY + e- 

f. Photodetachment and radiative attachment X- + hv ᵮ X + e- 

The most significant chemical loss reactions are radiative and dissociative 

recombination reactions. The radiative recombination reaction is important for 

the loss of O+, the chief ion in the upper region of the ionosphere. Whereas, 
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the dissociative recombination is imperative for the loss of  N2
+, NO+, and O2

+ 

ions, which are the crucial ions in the lower regions of the ionosphere. 

The chief ion O+ is created through photoionization of the O atom and is lost 

generally through rearrangement with N2 and O2 and the resulting molecular 

ions are simply lost through dissociative recombination reaction. Therefore, 

the strength of the ionosphere depends on the O/ N2 and O/ O2 ratios. 

Stratification of the ionosphere: The construction of the ionosphere is not 

plain everywhere. Due 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 exists. These are denoted as D, E, F1, and F2 and 

usually are collectively 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 termed as the topside of the ionosphere.  

The different regions of the ionosphere can be understood as follows: 

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 noticeably. The major ion species of the D region are 

NO+ and O2
+. 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 point of view. In general, the recombination rate of molecular ions is large. 

On the other hand, the cluster ions possess a much higher recombination rate than the 

simple molecular ions such as NO+ [5]. Hence, as a result of fast dissociative 

recombination rate, the plasma density in 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 x 103 el/ cm3 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 by H-Lyman a (a strong spectral line of 

1216 Aº); Solar X-rays interacting with molecular Oxygen and molecular Nitrogen 

also contribute to the ionization. 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 to interaction with solar radiation, the electrons detach 

themselves from the ions causing the D layer electrons to re-appear [6]. 

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 as the Kennelly-Heaviside layer after its prediction by A.D 

Kennelly and Oliver Heaviside independently and simultaneously in 1902. It bears a 

maximum daytime electron density of 105 el / cm3 at about 115 km, close to noon, and 

almost disappears at night. The 90-110 km region is mainly ionized by X-rays in the 

30-100 Aº range (figure 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 be due to micro meteoric bombardment. The main ions in this region 

are NO+, O2
+, N2

+, and O+.  Many meteors burn up themselves in the E region after 

entering the Earthôs atmosphere and this results in the deposition of the metallic ions 

such as 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 drastically from the average daytime value of ~105 per cm3 

to ~103 per cm3 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 which has 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 the sporadic 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. Some connection 

between sporadic E, thunderstorm, and electrojet currents has also been suggested [6]. 

1.2.3 F Layer 

The F layer, also known as the Appleton layer is the topmost layer of the ionosphere 

and is found above 150 km. It coexists with the thermosphere and part of the 

exosphere. During the day time in the presence of sunlight, F layer is divided into two 
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layers i.e. F1 and F2 and during night, these F layers merge into a single layer. The 

dominant ion loss mechanism above the F region peak is the radiative recombination 

process while below the peak; 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). Also in the upper F 

region, the recombination rate becomes lower than the ionization rate as the intensity 

of radiation increases with the altitude. Hence, there will be a larger ion density at an 

altitude above F1 region. The F region plasma (mainly O+ and H+) does not decay 

drastically after the sunset and retains a relatively high density of ~104 to 105 per cm3 

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

about 106 per cm3 at around 350 km altitude and moves slightly upward at night time. 

F1 layer: The F1 layer is the lower 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, at about 180 km is approximately 2×105 el / cm3.  

The principal ionizing source is solar UV radiation in the 200-900 Aº 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 km and has a daytime 

maximum of 5× 105 el/ cm3 at about 250 km. During the nighttime, there is just a 

single layer having a maximum electron density of 105 el / cm3 in the vicinity of 350 

km. The ions present in the region are O+, He+, and H+ of which O+ is the dominant 

one. Earth's magnetic field plays a dominant role in the complex dynamics of the F 

region plasma [6].  

 

Figure 1.2: The regions of solar spectrum responsible for different regions of the ionosphere. 

Image credit: Reid, G. C., Ionospheric Effects of Solar Activity 
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1.3 IONOSPHERIC PLASMA PARAMETERS VARIATIONS  

The behaviour of the ionosphere is not stable and is subjected to many variations such 

as the diurnal, annual, latitudinal, and seasonal changes. Due to the different magnetic 

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

the variable solar input energy, it shows vast temporal variability too.  These 

variations are systematic and regular and can be predicted in advance with rational 

precision.     

Temporal Variations: At sunrise, the production of photoelectrons in the ionosphere 

starts via the ionization of the neutral particles. When these energetic photoelectrons 

interact with the ambient electrons, sharing of energy takes place which consequently, 

increases the electron temperature (Te). This increment in Te is at a faster 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 electron decreases. 

Eventually, with the progress of the day, a steady-state is acquired with a maximum 

decrement. A 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 

vanishes after sunset to form a single F-layer located at a higher altitude. The 

variations 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 variations with the solar zenith angle as the relative 

position of the sun moves from one hemisphere to the other causing different seasons. 

According to the Chapman ionization theory, Ne should be larger in summers than in 

equinoxes and smallest during winters. However, previous studies have revealed quite 

different (anomalous) features in contrast to the prediction of the Chapman ionization 

theory. It is presented that the F2 layer does not follow this pattern. It is noticed that 

the daytime values of NmF2 at mid-latitude in the northern hemisphere are much 

greater in winter than that in summer, but this anomaly disappears at night. This 

difference is known as the ómid-latitude seasonal anomalyô [8, 9].  
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Similarly, in the ionosphere, strong annual and semiannual variations occur in 

daytime Ne, which have a distinct latitudinal and altitudinal dependency.  The óannual 

anomaly or non-seasonal anomalyô expresses that the NmF2 (in the whole world or in 

the entire Northern to Southern hemispheres) is greater in December than in June 

during both day and nighttime. Whereas the semiannual anomaly (óequinoctial 

asymmetryô) describes that the electron density is higher at on equinox than that at the 

solstice. 

Spatial Variations:  The spatial variations are altitudinal or latitudinal and 

longitudinal dependent. As in the early morning, the sun is relatively low in the sky, 

so that radiation must penetrate a large column of air before reaching a given level of 

the atmosphere. Consequently, the rate of ionization is lower, and the location of 

ionized layers shifts to higher altitudes. As the day progresses, the D, E, and F1 layers 

shift in altitude. The layers are at lowest altitude with highest electron densities at 

noon. In contrast, at night the ionization in the D, E, and F1 regions tends to disappear 

as electrons and ions recombine to form neutral gases. 

The solar zenith is again responsible to cause latitudinal variations in the ionosphere. 

Different latitudes warm and cool with the seasons as the intensity of sunlight vary 

from place to place due to the tilt of Earth's axis. As a result, the critical frequencies 

corresponding to different layers show a substantial variation at low, mid, and high 

latitudes [10].        

1.4 EQUATORIAL AND LOW LATITUDE IONOSPHERE  

The region under the geographic latitudes 0Ü to Ò 20Ü is known as equatorial and low 

latitude ionosphere, 20º to 50º region represents mid-latitude ionosphere and beyond 

50º region represents polar or high latitude ionosphere. The equatorial and low 

latitude ionosphere represents considerably different behaviour in comparison to mid 

and high latitude ionosphere. The main reason behind this is that here Earth's 

magnetic field lines are almost horizontal, and the Earth's atmosphere is most exposed 

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

particles move readily along the field lines than perpendicular to it.  
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1.4.1 Features and Dynamics of Equatorial and Low Latitude Region 

Due to the unique horizontal orientation of north-south magnetic field lines and east-

west electric field perpendicular to it,  the equatorial and low latitude ionosphere 

exhibits some characteristic geophysical phenomena viz. Equatorial Electrojet (EEJ), 

Equatorial Ionisation Anomaly (EIA), Pre-Reversal Enhancement (PRE), etc. [11,12]. 

a) Equatorial Ionization Anomaly (EIA)  

EIA is one of the peculiar geophysical features present over the equatorial and low 

latitude ionosphere. Near the geomagnetic equator, the zonal electric field generated 

by the global E-region wind dynamo, together with horizontal magnetic field causes a 

vertical plasma drift at F-region altitudes. This vertical plasma drift rises upward 

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 produces a double-humped structure with 

two plasma density crests at around 15º-20º on either side of the dip equator (in both 

hemispheres) and a plasma density trough centered right on the dip equator. This 

particular rearrangement of plasma density is referred to as EIA (figure 1.3).  Post 

sunset, the plasma drift is downward and the plasma density starts drifting from EIA 

crest region to the dip equator. This equatorward movement of the plasma density 

which is opposite to the daytime behaviour is known as reverse fountain [1, 6]. 

 

Figure 1.3: Schematic representation of equatorial anomaly or the Appleton anomaly, image 

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 usually shows a 

significant and fairly sharp enhancement, just before the eastward daytime field 

reverses to the westward direction. This enhancement in the eastward electric field 

during near-sunset hours, just before switching its direction is called the Pre-Reversal 

Enhancement (PRE) [13, 14]. Any alteration in the east-west electric field is reflected 

in the plasma drift driven by E×B mechanism. So, the enhancement in electric field 

results in a height increase of the F-layer in the equatorial ionosphere, before electric 

field reverses [15].  The PRE is observed depending upon various factors viz. the 

phase of the solar cycle, the season, and the level of magnetic activity [16]. 

c) Equatorial Spread F (ESF) 

ESF is referred to an ionospheric irregularity occurring mainly near the equatorial and 

low latitude regions. It is a nighttime phenomenon, which displays large-scale 

electron density depletions (plasma bubbles) and can be observed in ionograms as a 

spread of the regular ionogram traces [17]. ESF is stated by various names 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 in-situ satellite measurements, it is known as bite-outs when 

ESF appears as steep reductions of the background plasma density. In the GPS 

satellite studies, ESF is mentioned as scintillation. This equatorial F-layer irregularity 

is also referred to as a plasma bubble when a strong depletion of background emission 

intensity is observed in airglow measurements [6, 18]. 

d) Equatorial Electro Jet (EEJ) 

EEJ is an intense eastward electric current flowing in a narrow latitudinal band of ±3° 

(i.e. ±300 km) over the dip equator at an altitude around 105 km (figure 1.4). This 

ionospheric current chiefly generated in the E-region is a consequence of the dynamo 

action of the neutral wind system. The 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 

during the night due to recombination [19]. 
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Figure 1.4: Location of the Equatorial Electrojets in the ionosphere (image credit: http:// 

www.ice-ageahead-iaa.ca) 

e) Equatorial temperature and wind anomaly (ETWA) 

The Equatorial temperature and wind anomaly (ETWA) being a similar kind of 

phenomenon to the EIA is a prominent feature in the mid, low-latitude nighttime 

ionosphere/thermosphere. An ETWA in the upper thermosphere, characterized by the 

formation of two crests of enhanced neutral temperature on either side of a prominent 

trough at the magnetic equator has been reported [20].  The zonal wind reaches a 

maximum near the equator with two minima on either side of it. The zonal windôs 

maximum, temperatureôs trough, and the trough of the EIA are collocated. The 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 spread-F.  

Recent studies 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 plasma-neutral collisional heating and the field-aligned ion drag are the 

major contributors in producing the ETWA crest and trough respectively [21, 22]. 

1.5 SOLAR ACTIVITIES  

 The sun, a hot gaseous ball contains its own atmosphere within which some natural 

phenomena take place periodically and non-periodically. Those phenomena are called 

solar activities. These activities are in the form of solar wind, solar flux, solar flares, 

and sunspots, etc.  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 electrically-

charged hot gases. The magnetic field of the sun and the resulting solar activities get 

rise and fall within an average 11-year time span. This regular variation of solar 

activities or its magnetic field is known as the solar cycle. In every 11 years, the sunôs 

magnetic field turns over i.e. the north-south poles of the sun change places, and then 

in the next 11 years, the poles flip back again. So, in the context of the magnetic 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 approximately seven years to fall back to solar minimum. 

The solar cycle is measured in terms of sunspot numbers. Although the number of 

sunspots may vary from cycle to cycle in general, the highest numbers of sunspots 

denote the high activity period of the sun (solar maximum) and lowest sunspot 

numbers denote least activity period (solar minimum). Increased solar activity results 

in enhanced extreme ultraviolet radiations and X-ray emissions which produce effects 

in Earthôs upper atmosphere. As a consequence, atmospheric heating increases both 

the temperature and density of the atmosphere at higher altitudes.  

1.5.2 Sunspots 

Sunspots are dark regions on the sun's visible surface (the photosphere) and are 

located within 35º solar latitudes on either side of the sun's equator. Sunspots 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 4000º -5000º K whereas the 

temperature of the normal photosphere is about 6000º K. Sunspots are cooler regions 

because of the existence of strong 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 several weeks or months 

depending upon its size. Although recurrent individual sunspots can be observed very 

often, generally they occur in groups and are huge (around the size of the earth) and 

complex. The number of sunspots and their location fluctuates with the solar cycle 

and solar rotation. The regions where sunspots occur are called the active regions and 
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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 called a follower spot.  

These active regions having enormous energy are believed to be responsible for other 

solar events like solar flare and coronal mass ejection etc. [23].  

1.5.3 Solar Flare  

A solar flare is a sudden, rapid and intense flash of increased brightness from active 

regions over the surface of the sun (figure 1.5).  It occurs due to the formation of a 

large amount of magnetic energy in the solar atmosphere. Solar flares release many 

millions of energy in just a few minutes and emit radiations at all wavelengths of the 

electromagnetic spectrum, ranging from radio waves to gamma rays. The frequency 

of occurrence of solar flares coincides with the solar cycle ones. 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 maximum. The solar flares 

are classified as A, B, C, M, or X (in watts per square metre, W/m2) based upon the 

peak flux of 1 to 8 Angstroms X-rays near Earth, as measured by the GOES satellite 

(table 1.1). Each X-ray class category is divided into a logarithmic scale from 1 to 9. 

For example B1 to B9, C1 to C9, etc. so an X2 flare is two times as powerful as an X1 

flare and is four times more powerful than an M5 flare. The X-class category is 

slightly different and does not at X9 but continues on. Solar flares of X10 or stronger 

are sometimes also called óSuper X-class solar flares.  

 

Figure 1.5: Solar flare, Image courtesy: NASA/GSFC/SDO 
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Table 1.1: Categories of Solar Flares 

Class 
Peak Flux Range (W/m2 

between 1-8 Angstroms) 

A A < 10ī7 

B 10ī7 Ƅ 10ī6 

C 10ī6 Ƅ 10ī5 

M 10ī5 Ƅ 10ī4 

X > 10ī4 

 

1.5.4 Solar Wind 

 The solar wind is the continuous flow of charged particles (ions, electrons, and 

neutrons) that scatter out from the sun in all directions. The source of the solar wind is 

the sun's outer atmosphere, corona from where wind spreads out in all directions at a 

speed range of about 300-400 km/s and may achieve a maximum speed up to about 

900 km/s. It varies in density, temperature, and speed with time and solar longitude. 

Solar winds containing high-energy particles carry a large amount of kinetic and 

electrical energy. This energy enters into Earth's magnetosphere and triggers magnetic 

storms which can disrupt communications and navigational equipment, damage 

satellites, and even cause blackouts [23, 24].  

1.5.5 Solar Flux 

Solar radio flux at 10.7 cm (2800MHZ), an excellent indicator of solar activity is one 

of the longest-running records of solar activity which can be measured accurately 

from the ground in all weather conditions. The sun emits radio energy with a slowly 

varying concentration. It is generally mentioned as F10.7 index and expressed in solar 

flux units (sfu), where 1 sfu = 10-22Wm-2Hz-1. 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 radiations [23, 25].  
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1.5.6 Coronal Mass Ejection (CME)  

A coronal mass ejection is a significant release of plasma and accompanying magnetic 

field that is blown away from the Sunôs corona (Figure 1.6). In other words, the sun 

very often burps, with the power of 20 million nuclear bombs. These hiccups are 

known as coronal mass ejections or CME. A CME travels outward from the Sun at 

speed ranging from slower than 250 km/s to as fast as near 3000 km/s. A CME is 

observed rare, like one coronal mass ejection every week when the Sun is in solar 

minimum phase. Whereas, when the Sunôs activity increases during solar maximum, 

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 coronal mass ejection and a 

CME can also occur in the absence of either of these events.  

 

Figure 1.6: Coronal mass ejection of February 27, 2000. A disk is being used to block out 

the light of the sun. The white circle indicates the sunôs surface. Image: NASAôs 

Solar and Heliospheric Observatory (SOHO). 

The Earth-directed CMEs are very important because these are the prime source of 

producing strong geomagnetic storms which can affect the earthôs magnetosphere and 

ionosphere. Therefore it is very essential to keep an eye on a CME.  

1.6 SOLAR ACTIVITY INFLUENCE ON IONOSPHERE  

Solar activity refers to firstly, the intensity of electromagnetic radiations, particularly 

of X-rays and extreme ultraviolet rays (EUV), and secondly to the events like CMEs, 

solar wind, and solar flares, etc. Variations in solar activity are the chief source of 

influencing and controlling the ionosphere. The effect of EUV and X rays on the 

ionosphere is already studied in detail under ionospheric temporal and spatial 

https://sohowww.nascom.nasa.gov/
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variations. The effect of other solar events is discussed here. The solar wind and the 

interplanetary magnetic field interacting with the earthôs magnetic field, strongly 

drive the earthôs magnetosphere. The solar wind particles trapped in the 

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 a belt-like configuration or a ring current 

around the globe known as Van Allen Belt.  

The dynamics of the ionosphere also get affected by the solar flares. The solar flares 

depending upon their type (C, M, and X) cause sudden ionospheric disturbances 

(SIDs) such as electron density enhancement in the D region, short wave fadeouts, 

frequency anomalies, and a sudden increase in total electron content [26]. 

 When the Earth's magnetic field is severely disturbed, a "magnetic storm" is said to 

occur in the near-Earth environment in response to solar activity. The Earthôs 

magnetic field gets disturbed by the solar phenomena like solar flares, high-speed 

solar wind streams, and coronal mass ejections which results in geomagnetic field 

disturbances and causing geomagnetic storms. A large amount of energy is 

transmitted from the solar wind to the Earthôs magnetosphere. This energy transfer 

between solar wind and the magnetosphere is most effective when the solar wind 

speed is high (~ > 400 km/s) and the interplanetary magnetic field (IMF Bz) is 

heading towards southward at the dayside magnetosphere for an extended time (~2-3 

hr) and is of noticeably large magnitude (IMF Bz ~ < -5 nT). This southward IMF Bz 

opens up a path for efficient energy transfer through the process of magnetic 

reconnection. The largest storms result when the energy transfer is associated with the 

coronal mass ejections (CMEs). And another solar wind disturbance that causes 

storms is co-rotating interaction regions (CIRs). When a high-speed solar wind stream 

interacts with the slower-moving solar wind in front of it, a CIR generates. CIRs can 

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

The storms can be categorized depending upon their Dst values. A storm is said to be 

weak if Dst Ò -30 nT, moderate for Dst Ò -50 nT, strong for Dst Ò - 100 nT, severe for 

Dst Ò -200 nT, and great magnetic storm if Dst Ò -350 nT [29].  



19 

 

The storms can be explained with three different phases based upon the Dst values, as 

described below. 

Storm Sudden Commencement (SSC)ïwhen 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 

the earthôs magnetic field in the low to mid-latitude region. This phenomenon of swift 

positive increase in the H component is known as storm sudden commencement. The 

rise time due to SSC is generally in the range of a few minutes. However, each storm 

is not accompanied by an SSC. 

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

component of the earthôs magnetic field remains above its pre-storm value and can 

last from minutes to hours. This phase results due to the continuous pressure applied 

by the solar wind on the magnetopause and compressing it inward. This phase also is 

not common to all storms. 

Main Phase (MP)ï The main phase or the growth phase is the most remarkable phase 

of any storm. Initiation of the main phase is generally termed as storm onset (SO). It 

is marked by a decrease of the H component of the earthôs magnetic field below its 

pre-storm value and shows major fluctuations for a longer time, and with larger 

amplitude than the initial phase. This decrease in the H component is caused by the 

westward flow of magnetospheric ring current during the storm. A measure of this 

magnetospheric ring current is termed as disturbance storm time (Dst) index and is 

generally used to characterize the strength of a storm. A minimum Dst index of -50 to 

-100 nT is generally observed during a storm though during a very severe storm this 

value could be of the order of 100s nT and even more [30]. The main phase of the 

storm generally lasts for 12-24 hr. 

Recovery Phase (RP)ï This is the last phase of a storm. The start of this phase 

generally coincides with the northward turning of IMF Bz. The ring current starts 

decaying in strength during this stage and as a result of which H component of the 

earthôs magnetic field gradually returns to its pre-storm value. In a recovery phase, the 
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storm spends its greatest time (one day to several days) in gradually returning to an 

undisturbed level. 

However, it is found that SSC and initial phases are not necessary features of a 

geomagnetic storm. The only essential feature characterizing a magnetic storm is the 

significant development of the ring current and its subsequent decay [31].  

Geomagnetic storms that commence with a sudden increase 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 hitting the Earthôs geomagnetic field and suddenly 

compressing it. Storms with gradual commencement are produced by high-speed solar 

wind streams. They start gradually as the high-speed solar wind stream overtakes the 

Earth, and tend to reoccur every 27 days or so, following the Sunôs rotation[32,33,34]. 

1.7 MOTIVATION   

The ionosphere is one of the important layers of our Earthôs atmosphere. The 

ionosphere contains a 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. Several communication operational systems and scientific 

organizations rely upon the behaviour of the ionosphere.  The larger the irregular 

behaviour of ionosphere larger is the degradation in radio signals. Hence, this 

technology-based era forces us to study the variability in the ionosphere. 

The predominant factor to drive the ionosphere is the Sun or solar radiation flux. The 

formation and dynamics of the ionosphere are related to solar activities. Extensive 

work has been done to relate the ionosphere with solar activities. But still one can find 

work to be performed to study the relationship between solar parameters and 

ionospheric parameters. 

This solar activity-based ionospheric study becomes more significant over the low 

latitudes. The low latitudinal regions are different from mid and high latitudes 

because of some unique phenomena occurring there. Hence the study of the 

ionosphere over 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 knowledge about 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 present study has been done to analyze the 

variations in total ion density (Ni) and ion temperature (Ti), in the topside ionosphere 

of low latitudes with different phases of solar activity (1999-2003). 

There exist, different empirical models, to estimate the behaviour of the ionosphere. 

One of them is the International Reference Ionosphere (IRI) model. The IRI model is 

continuously used in various research areas of the magnetosphere and ionosphere and 

is being progressively improved [32]. The modelôs estimated values depend upon the 

data collected from other sources due to which they sometimes lack in finding 

appropriate estimations. Hence, it gives us an idea to do more comparative studies to 

facilitate the IRI developers, researchers, and scientists with better findings or results. 

1.8 RESEARCH OBJECTIVES 

The main objectives of the research are: 

i. To study the variations in ionospheric plasma density and temperature with 

respect to time, season, and location: 

The annual diurnal variation in total ion density (Ni) and ion temperature (Ti) 

has been studied by using ROCSAT-1 and SROSS-C2 satellite data. 

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

Asymmetric behaviour of 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 IRI models: 

The behaviour of Ni and Ti observed by ROCSAT-1 and SROSS-C2 satellite 

data measurements have been compared with the estimated data of IRI-2012 
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and 2016 model and some significant discrepancies have been observed in the 

modelled data. 

iv. To study the variations in ionospheric parameters (Ni and Ti) with changing 

solar activity or solar flux (F10.7): 

The linear or non-linear dependency of Ni and Ti 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 fields, etc.) over low latitudinal regions: 

The effect of two geomagnetic storms on ionospheric ion density (O+ and H+) 

and ion temperature (Ti) has been studied over the low latitude Indian region. 

1.9 ORGANISATION  OF THESIS 

The present study deals mainly with the variations 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 IRI models too. 

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

chapter is outlined below. 

Chapter 1 starts with brief information about Earthôs atmosphere, ionosphere, its 

formation, and stratification (D, E, and F layers). The ionosphere undergoes through 

regular and irregular variations. The regular variations which are very systematic can 

be further categorized on a temporal and spatial basis. Temporal variations include 

changes in the ionosphere on a time scale for example- diurnal, seasonal, annual, solar 

cycle variations (11 year and 27-day sunspot cycle). Spatially ionosphere varies with 

altitude, latitudes, and longitudes. The irregular variations are sporadic E and sudden 

ionospheric disturbances (SID). All these variations are briefed here. 

The equatorial and low latitudes are 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 low latitudes and the 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 activities (Solar cycle, 

Sunspots, Solar flare, Solar wind, Solar flux, and Coronal mass ejections). Due to the 

effect of these solar phenomena, the Earthôs magnetic field is disturbed and a 

geomagnetic storm is produced. This has been discussed here with detailed 

information about the geomagnetic indices -Kp, Ap, Dst, and IMF. In addition to the 

solar activity effects on the ionosphere, the effects of other factors as earthquakes and 

tsunamis have also been briefed here. The chapter ends with the motivation behind the 

research work, objectives of the proposed work, and the organization of the thesis. 

Chapter 2 describes the literature review. It covers the reviewed study for low 

latitude ionosphere (specifically over the Indian region), factors affecting the 

ionospheric plasma density and temperature, IRI 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, measurements, and analysis. The data was collected from 

SROSS-C2 and ROCSAT-1 satellites. So the information about the data retrieval 

method, the payloads mounted on these satellites, the mission of the satellites, and 

derivation of ion density and ion temperature, are discussed in detail here. The other 

supporting data as IRI model data Seismic activity data, Dst data, IMF Bz data, etc. 

have also been dealt with within. 

Chapter 4 explains the variations in ionospheric ion density and temperature at low 

latitudes during the low solar activity (LSA-1995) and high solar activity (HSA-2000) 

years. The total ion density (Ni) and ion temperature (Ti) data are obtained from 

SROSS-C2 satellite and IRI-2012 model. The results obtained from satellite 

measurements are compared with results obtained from modelled values. The relative 

variations of Ni and Ti for both measured and estimated values are discussed and the 

linear or non-linear relationship of Ni 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 the rising, high, and declining phase of solar activity years (1999-2003). The 

data for ion density and ion temperature is collected from ROCSAT-1 satellite 
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measurements and estimations from IRI-2016 model. A comparative study is done for 

the results obtained by both measured and modelled values. Relative variation 

Ni(ROCSAT) / Ni(IRI) and Ti  (ROCSAT) / Ti  (IRI)   is calculated. Correlation coefficients are 

observed for hourly averaged Ni in the day time (10-16 LT), measured by ROCSAT-1 

and IRI-2016. Similar correlation coefficients are observed for Ti. The relationship 

between ion density and temperature with solar flux index (F10.7) is also analyzed 

during the years 1999-2003.  

Chapter 6 explains the response of low latitude ionosphere to weak and moderate 

magnitude geomagnetic storms. Two geomagnetic storms are selected for the present 

study, occurred on 30 July 1999 and on 13 November 1999. Anomalous variations in 

O+, H+ density, and ion temperature during storm events are observed and compared 

during normal and quiet days. Further a comparative analysis is also carried out with 

the IRI-2016 model. 

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

discussions drawn through the study. The scope of future work is also discussed here. 
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CHAPTER 2 

2. LITERATURE REVIEW  

STUDIES ON IONOSPHERIC PLASMA  

The ionosphere being a very 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, 

thunderstorms and lightning/sprites, etc. [35-38]. An extensive study has been done 

on variations in Earthôs ionospheric parameters through ground-based and in-situ 

observations [39-41] and theoretical calculations [42-45].  Empirical models have also 

been presented to show variations in plasma density and temperature variations [46-

48].  

2.1 IONOSPHERIC PARAMETERS VARIATIONS  

Previous studies based upon various techniques, methods, or missions have proved 

that ionospheric plasma density and temperatures vary with latitude, longitude, local 

time, season, altitude, and solar activity which are found relatively significant over 

equatorial and low latitude regions [49-51].   

It is well known that the electron temperature varies with local time (diurnal) and is 

characterized by morning peak and evening peaks [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 Te [50, 55]. The topside radar data at 

Jicamarca was compared with other conventional data during solar minimum and was 

found an increase in electron to ion temperature ratio at pre-sunrise hours with a 

diurnal minimum of plasma temperature at afternoon [56]. Whereas Alexander et al. 

2004 employed SROSS-C2 satellite data to make a comparison of electron and ion 

temperatures at the low-latitude 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 daytime mean values of Te decrease with solar activity and 

the daytime mean value of Ti do not exhibit the solar cycle evolution. 



26 

 

 From Hinotori satellite measurements, Oyama et al. [1997] reported high Te during 

evening-night time hours over the equatorial region. In the plasma temperature, an 

anomaly was noticed during the evening-midnight hours while studying low-latitude 

ionosphere under equinoctial conditions at low, medium, and high solar activity by 

using the Sheffield University Plasmasphere Ionosphere Model (SUPIM) and 

Hinotori satellite observations [57]. In the context of seasonal variations, it is 

observed that during summer solstice Te shows a higher morning peak than winters 

morning peak whereas in nighttime Te is 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 equinox [58]. 

At low latitudes, the relation between electron-ion-neutral temperatures and their ratio 

comparisons has also been studied by [59]. 

The ionospheric temporal variations have also been studied by analyzing 

measurements from incoherent scatter radar and ionosonde over Millstone 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 behaviour over equatorial and low latitude 

regions. O+ ions produced during the daytime diffuses to the topside ionosphere, 

thereby increases the expected O+ - H+ transition height. The zonal and meridional 

components of neutral winds play a significant role in increasing or decreasing the O+ 

- H+ transition height [61]. Using satellite measurement from AE-C, OGO-6 and IK-

24 effect of solar activity on topside ion density on a global scale for a period from 

1960ôs to1990ôs has been explained [62]. Effect of high and low solar activity on ion 

composition over Indian region using SROSS-C2 measurements have been also 

studied [63] 

It has been revealed [64] in previous studies that at an altitude of about 500 km O+ 

and H+ ion densities own opposite diurnal behavior i.e. during daytime O+ ion density 

is higher in magnitude whereas H+ ion density is higher during nighttime. Similarly, 

O+ ion density is observed minimum during pre-sunrise whereas, H+ ion density is 

noticed minimum during the day time. 
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In general Ne and Te over equatorial and low latitudes region are found to be 

inversely correlated during daytime and for the low solar activity phases and almost 

independent for the nighttime [65]. In the studies 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 between Ne and Te in the low 

and mid latitude regions in the daytime. This negative correlation arises because local 

electron heating by photoelectrons was balanced by collisions between electrons and 

ions. However, in certain conditions, a positive correlation has also been reported. For 

example, the observations made by the incoherent scatter radar at Millstone Hill from 

1976 to 2001 provided a positive correlation between Ne and Te during all the local 

times in July in the F2 region [67]. Similarly, a positive correlation between Ne and Te 

in summer during the low solar activity phase has been observed by [68] by using 

satellite measurements and the field line interhemispheric plasma model. Whereas 

[69] found a negative correlation between Ni and Ti during the solar minimum phase. 

The main cause for positive correlations is the increase of heating more rapidly than 

the electron density which allows heating to dominate the energy balance [70]. 

However, the physical mechanism for this positive correlation has not yet been 

completely understood. 

Numerous studies have been executed to compare the measured values of the 

ionospheric parameters with the results of empirical (Bent Ionospheric model, 

Klobuchar model, NeQuick model, IRI model, etc.) and theoretical models (SAMI2 

model, SUPIM model, etc.) [71-78]. Since the IRI modelled values are predicted or 

estimated values depending upon other data sources, consequently, some 

discrepancies arise.  For example, [79] compared the ionospheric parameters Te, Ti, 

and Ni measured by utilizing SROSS-C2 satellite observations with the estimated 

values of IRI-2007 and IRI-2012 models during the low and high solar activity years. 

They found that the modelled Te (by IRI-2007) agrees throughout the day during high 

solar activity whereas for the low solar activity it is overestimated in nighttime and 

underestimated during morning and noontime over the low latitude region. The IRI 

estimated Ti during high solar activity is in agreement during the daytime whereas 

during low solar activity it is higher in nighttime and lower in morning hours. On the 

other hand, the estimated Ni is in accordance with the measured Ni over both the 

equatorial and low latitudes.  
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[80] also evaluated the performance of IRI-2016 model over the east African sector of 

the equatorial ionosphere during different geomagnetic conditions and time scales. 

And observed that IRI-2016 model does not respond to geomagnetic storms in the 

East African equatorial region. 

[78] proposed depletion of electron density at geomagnetic equatorial latitudes in the 

altitude range of 1500-2500 km with the help of SAMI2 model which is a low latitude 

ionospheric model developed at Naval Research Laboratory. [76] also utilized the 

SAMI2 model to retrieve H+ and 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, O+ or H+ is heated by electron collisions and 

cooled by conduction as expected. However, in the intervening altitude region where 

both O+ and H+ are present, O+ is heated by collisions with H+ and cooled by 

conduction, while H+ is heated by collisions with electrons and cooled by collisions 

with O+. 

2.2 GEOMAGNETIC STORM STUDIES   

The Earth's outer space of atmosphere known as the magnetosphere is a highly 

dynamic structure that responds dramatically to solar activities. When an enormous 

amount of solar energy exchange takes place at the magnetosphere, the geomagnetic 

field gets disturbed which persists for a long interval of time and consequently, a 

geomagnetic storm is said to occur. Geomagnetic storm brings intense variations in 

the magnetosphere, radiation belts, and in the ionosphere. They generate perturbations 

in neutral composition, enhanced electric fields, currents, and can produce heating in 

the ionosphere-thermosphere system [81-86]. 

The two major sources of storm time disturbance in low latitude ionosphere are 

namely (1) prompt penetration of electric field (PPEF) originated from magnetosphere 

[87, 88]. (2) The ionospheric disturbance dynamo electric field (DDEF) generated 

from storm time neutral winds [89-91]. The PPEF is an immediate response to 

geomagnetic storms because as soon as the geomagnetic storm is initiated on account 

of the southward ward turning interplanetary magnetic field, the expansion of 

convection currents in the high latitude ionosphere takes place rapidly. This expansion 

is so fast that it cannot resist more there and hence penetrates promptly into the low 
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latitude ionosphere which results in the dawn-dusk electric field into the low latitude 

ionosphere [92].  

The DDEF resulting from the enhanced energy deposition into the high latitude 

ionosphere comparatively varies slowly with respect to PPEF. During geomagnetic 

storms, the meridional winds are reinforced to generate equatorward winds towards 

the low latitude which alters the motion of electrons and ions along the magnetic field 

lines and hence varies low latitude F region electron density peak height [91, 93, 94].  

During the geomagnetic storms energy transfers to high latitude regions, in excess, in 

the form of particle precipitation and joule heating which results in the expansion of 

air and increment in the molecular to the atomic ratio 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 regions [95].  

Several researchers have studied the geomagnetic storm effects on ionospheric 

parameters and have validated the variations in electron density, total electron content 

(TEC), peak electron density (NmF2), peak height (hmF2), etc. over low latitude F2 

regions. For instance, [96, 97] investigated the effect of geomagnetic storms on TEC 

and observed significant variations in TEC over Indian low latitude and EIA region. 

Chakraborty et al. [2015] analyzed the effect of two geomagnetic storms (24th April  

and 15th July 2012) over the Indian low latitude and EIA region by using (GPS-TEC) 

data. They noticed depressions and enhancements in vertical total electron content 

(VTEC) during the geomagnetic storms in comparison to normal days. They inferred 

that during both the storms the perturbed VTEC was caused due to PPEF, DDEF, and 

thermospheric composition changes. Bagiya et al. (2009) explained the TEC variation 

by utilizing GPS dual-frequency measurements at Rajkot, during the geomagnetic 

storm on 24th August 2005. They observed enhanced TEC on the storm day while a 

little diminished TEC on the next day of the storm. The response of the low latitude 

ionosphere over the Indian EIA crest region has also been analyzed by using GPS 

data, during the moderate geomagnetic storm of 7-8th May 2005 [98]. They found 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 

15th May 2005 was performed by [99] utilizing the TEC data, collected from three 

different GPS stations situated near the northern crest of EIA region. 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 (TADs). All the cases (weak, Moderate, and intense) of 

geomagnetic storms over low latitude ionosphere in association with the 

interplanetary magnetic field were analyzed by [100]. They reported a long duration 

enhancement of ionospheric electric field (measured by Jicamarca and Millstone 

incoherent scatter radar) during the main phase of a geomagnetic storm, as a 

consequence of the penetration of interplanetary electric field.  

2.3 EFFECTS OF OTHER PHENOMENA ON IONOSPHERE 

2.3.1 Tsunami and Seismic Activity Effects 

Earthquakes 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 in 10 min or so and cause notable variations of electron density in F -

layer occupying the area over the epicentre with a diameter of more than 1000 km 

[101-104]. These changes can be recorded and measured when signals from global 

navigation satellite systems (GNSS) 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 crests, and troughs of its 

waves compress and extend the air above them, creating motions in the atmosphere 

known as gravity waves. These undulations of gravity waves are amplified as they 

travel upward into an atmosphere that becomes thinner with altitude. These gravity 

waves propagating up to the ionosphere and generating disturbed electron densities in 

the E and F regions also can be detected using the GNSS satellites circling Earth [105, 

106]. 

During the occurrence of these kinds of activities, not only the electron density but 

also the temperature, height scale, ion compositions are observed 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 generally in the lower 

atmosphere, produce ionospheric disturbances through the effect of the electric field 

associated with lightning. Actually, in a convective cloud, on account of electric 

breakdown, division of charge takes place with a negative charge at the bottom of the 

cloud and a positive charge at the cloudôs top and thus creates a high electric field. 

The thunder cloud induces a positive charge along the ground which concentrates and 

rises up to a tall object. The negative charge channelling down (known as stepped 

leader) from the cloud connects with the positive charge over the ground which also 

reaches out through its own channel, ñstreamerò. On the connection of these channels 

the electron transfer results in lightning. The first stroke, which carries the largest 

current (approximately 30000 A) is followed by subsequent strokes within a few 

milliseconds. The lightning flash results in the increased temperature of air through 

which it passes, to more than 30000 K in fractions of a second. This extremely hot air 

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 discharge [23]. 

Transient Luminous Events: These are short-lived optical phenomena that occur 

above the lightning or thunderclouds. Some of them proliferate upward towards the 

ionosphere, above a 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 cloud-to-ground lightning stroke [110].  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 with tendrils of 

declining intensity. 

The sprites coupled with a thunderstorm may affect the conductivity, electric field, 

and temperature of the stratosphere, mesosphere, and ionosphere [111]. Various 

researchers [112-115] have expansively studied the consequence of sprites on the 

ionosphere. 
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Elves: Elves (Emission of Light and Very Low-Frequency perturbations due to 

Electromagnetic Pulse Sources) are great, scattered and ring-shaped flashes occurring 

in the ionosphere at about 100 km altitude above the ground and can expand up to 

around 500 km in diameter. These are initiated by atmospheric heating, because of the 

electromagnetic pulse generated by lightning stroke. Elves last for few microseconds 

(0.001seconds) and are almost invisible to naked eyes. 

Blue Jets: Blue jets are cone-shaped transient luminous flashes that propagate upward 

in narrow cones from the interior of a thundercloud to with a vertical speed of ~ 100 

km/s and then disappearing at an altitude of about ~40 km. These are partially ionized 

with a short life of ~100-200 ms. Sometimes blue jets turn on sprites but these are not 

observed to be directly associated with the cloud to ground lightning [116-117]. 
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CHAPTER 3 

3. DATA  INFORMATION AND INSTRUMENTATION  

3.1 MISSION OF SROSS-C2 

SROSS-C2 satellite was an Indian satellite which was launched from Sriharikota on 4 

May 1994 by the Indian Space Research Organization (ISRO) to perform experiments 

on Gamma-ray astronomy and ionospheric science. SROSS-C2 was the fourth 

satellite of Stretched Rohini Satellite Series program of ISRO which was planned, 

developed, and tested at the ISRO Satellite Centre (ISAC), Bangalore (figure 3.1).  

SROSS-C2 satellite weighing 113 kg was injected into an orbit of 938 km apogee and 

437 km perigee with the help of a rocket Augmented Satellite Launch Vehicle-D4 

(ASLV-D4) with an orbit inclination of 46º. After operating for two months the 

satelliteôs orbit was lowered to 630 km by 430 km. SROSS-C2 satellite was the most 

successful mission in its series and it provided excellent data coverage over the Indian 

lat-long, for almost half of the 23rd solar cycle from minima to solar maxima at an 

altitude of ~500 km, over the low latitudes, and then finally ended on 12 July 2001. A 

detailed explanation about SROSS-C2 and its functioning has been provided in [118-

119]. 

3.2 SROSS-C2 SATELLITE CONFIGURATION  

The satellite was octagonally prismoidal-shaped implanted with eight solar panels on 

the eight sides of the prismoid to generate 50 W of electric power, backed up by 18 

Ah  Ni-Cd rechargeable batteries whereas, payload sensors and telemetry antennae 

were fixed over the top deck (figure 3.1). The retarding potential analyzers (RPA) 

sensors were mounted on the top deck over the cylindrical-shaped sensor mounts. The 

PP sensor 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 payload contained in an 

electronic box was mounted below the top deck, inside the central structure of the 

satellite. 

The satellite body was spin-stabilized moving in cartwheel mode, keeping the spin 

axis perpendicular to the orbital plane. The spin axis was parallel 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 spin rotation figure 3.2. The satellite spun at 

a rate of 5 revolutions per minute (rpm) and 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° S to 46° N with an orbital period of 90 minutes. 

The longitude range of satellite tracking was 50° to 100° E.  

 

Figure 3.1: Top deck layout of SROSS-C2 satellite, Garg et al. 2003 

 

Figure 3.2: SROSS-C2 satellite orientation in orbit, Garg 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 angle in between the 

sensor face normal and the satellite velocity vector (— keeps on changing constantly 

between 0° and 360° (figure 3.2). The RPA measurements are taken when the sensor 

normal faces the satellite velocity vector. But in a spin-stabilized satellite, this 

situation remains for fraction of a second. The RPA sensors collect data within Ñ30ę 

(for ions) and within Ñ90ę (for electrons) of the satellite velocity vector at once in 

each spin period. 

3.2.1 RPA Payload and Sensors 

The laboratory techniques, Langmuir probes, or retarding potential analyzers (RPA) 

used for space purposes were developed and explained [120] by Irving Langmuir and 

co-workers over seventy years back. The RPA probes onboard numerous satellites 

and rockets is a very well-established technique which has been effectively used in 

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

ion and electron densities, and thermal and supra-thermal electron fluxes. 

The SROSS-C2 satellite carried two 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 Centre (ISAC), whereas the RPA payload separate for electron and ion 

was an aeronomy payload which was planned and fabricated at the National Physical 

Laboratory (NPL), New Delhi.  

The payload collected simultaneous samples of electron and ion plasma in the altitude 

range of 420ï620 km. Payload data was collected at Banglore ground station,  (12.5° 

N, 77.3° E), Lucknow (26.8° N, 80.8° E), and Mauritius (20° S, 56° E). And the 

satellite potential was measured with the help of the Potential probe.  

 The RPA payload consisted of the sensors with allied electronics. The sensor 

employed planar geometry and had a multigridded cylindrical structure (Faraday cup), 

a number of grids, and a collector electrode. The sensor was similar to a pentode 

vacuum tube devoid of a cathode, where the ionospheric plasma entering through the 

open aperture acted as a source of plasma. 
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The two RPA sensors had four mechanically identical grids as (i) Entrance grid, (ii) 

Retarding grid, (iii) Suppressor grid, and (iv) Collector shield grid. These grids were 

made from 100 × 100 and 50 × 50 counts (wires for square inch) gold plated tungsten 

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

The 50 mesh has optical transparency as high as 92% and 100 counts mesh 82%. The 

entrance and the retarding grids were double grids each one made of a 50 × 50 mesh 

and a 100 × 100 mesh. The suppressor and collector shield grids were single grids 

each one made of a 50 × 50 mesh in both sensors. Thus, one ion sensor contains 2 

grids made from 100 × 100 mesh and four grids made from 50 × 50 meshes. The two 

sensors were mechanically alike but had diverse grid voltages appropriate for the 

collection of electrons and ions respectively hence, the electrons and ions having 

energy more than the threshold energy (voltage applied on retarding grid) were able to 

cross different grids and get eventually collected at the collector electrode to produce 

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 

a manner that one sensor operates in fixed bias mode and the other remained in sweep 

mode to avoid any interference among them. 

3.2.2 Derivation of Ionospheric Parameters 

The ion RPA, Electron RPA, and a Potential probe made simultaneous measurements 

of the plasma parameters. The potential probe, like a spherical Langmuir probe, 

estimated the deviations in the satellite potential during the spinning and motion of 

the satellite. It could operate in both current and voltage modes. In current mode, it 

gave characteristic current-voltage curves (I-V) of ambient plasma, independent of 

RPA, while in voltage mode it measured the difference between probe floating 

potential and potential acquiring satellite [118, 121-123]. 

Non-linear curve fitting is opted for characteristic I-V curves of ion RPA because of 

the composite nature resulting from the presence of more than one type of ionic 

species in plasma (figure 3.3). Individual plasma quantities are estimated by fitting the 

observed non-linear curve theoretical curve with the different values of variables for 

minimizing the coefficient of fitness. 
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Figure 3.3: Typical electron and ion I-V curves, Garg et al. 2003 

The following ionospheric parameters can be derived from the characteristic I-V 

curve. 

Measurements by the ion RPA:  the total ion density, irregularities in the Ni, the 

temperature of the ions, and densities of the different ions (H+, He+, O+, O2+, NO+) 

present in the ionosphere.  

Measurements by the electron RPA: the total electron density, irregularities in the Ne,   

temperature of the electrons, and the supra-thermal electron flux (STEF) up to 30 eV.  

The electron-ion parameters were derived from the characteristic 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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Table 3.1: Plasma parameters measurements with their limits and accuracies 

Parameter Limits of measurement  Accuracies 

Ni  5 x 102 to 5 x 106 m-3
 ±5% 

Ti 500 to 5000 K ±50K 

Te 500 to 5000 K ±50K 

STEF 1x107 to 1 x 109 cm-2 s-1 ±10% 

 

3.3 MISSION OF ROCSAT-1 SATELLITE  

The National Space Program Office (NSPO) is a governmental 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 by NSPO whose main objective 

was to carry out scientific observations and experiments on the ionosphere and oceans 

[124]. In December 2004, the ROCSAT program was renamed FORMOSAT-1. The 

ROCSAT-1 satellite and its instrumentation were developed jointly by TRW (Space & 

Electronics Group) and NSPO, and it was launched on 26 January 1999 from Cape 

Canaveral Air Force Station, US, on Lockheed Martinôs Athena-1 vehicle. The 400-kg 

ROCSAT-1 being a low earth orbit satellite was placed into a circular orbit of 600 km 

altitude and 35 degrees inclination.  Being at low inclination orbit it circulated the Earth 

every 97 min, provided a high-quality spatial coverage in local time and longitude and 

consequently Taiwanôs receiving stations collected satellite transmitted data 

approximately six times a day [125]. All the satellite functioning and data processing 

were performed at Hsin-Chu city in Taiwan.  The ROCSAT-1 satellite served 

successfully for 5 ½ years during the active period of solar cycle 23. The mission ended 

on 17 June 2004 and the satellite was decommissioned on 16 July 2004.  

3.4 ROCSAT-1 SATELLITE  CONFIGURATION  

The ROCSAT-1 was three-axis stabilized hexahedron-shaped satellite with 

dimensions of width 1.1 m and height of 2.1 m. It was 7.2 m extensively wide, 

organized with solar arrays of size 1.16 m x 2.46 m that provided the power of 450 W.  

Whereas, during the eclipse period a, 21 AH Ni-Cd battery cell provided power to the 

satellite [126]. It was module designed to accommodate multiple payloads. Like most 



39 

 

of the other spacecraft, ROCSAT-1 was also composed of six major subsystems viz. 

Structure and Mechanical Subsystem (SMS), Command 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). The C&DH Subsystem consisted of onboard computers, remote 

interface units, solid-state recorder, GPS equipment, and transponder interface 

electronics.  

3.4.1 IPEI Payload and RPA 

The ROCSAT-1 satellite was instrumented with three payloadsð(1) Ocean color 

imager (OCI), (2) Ionospheric Plasma and Electrodynamics Instrument (IPEI), and (3) 

Experimental Communications Payload (ECP) (figure 3.4 and 3.5). The OCI collected 

the data on visible and near-infrared radiances over low latitude oceans. The ECP 

studied the system performance and different implementation schemes for LEO 

mobile satellite communication using Ka-band frequency. The IPEI measured the F-

regionôs ionic parameters at low to medium latitude ionosphere. 

IPEI Payload:  The IPEI consisted of two chief packages- the Sensor Electronics 

Package (SEP) and the Main Electronics Package (MEP), along with an 

interconnecting cable. The dimensions of SEP and MEP were 47 cm x 42 cm x 19 cm 

and 28 cm x 13 cm x 14 cm, respectively. Both the packages were made from 

aluminium alloy. The total mass of the IPEI, including the cable, was 9.26 kg. Both 

the SEP and MEP were mounted on the payload adapter of ROCSAT-1. The IPEI was 

thermally protected by multi-layer insulation (MLI) and had heaters on the mounting 

adapter to control the operational thermal environment in orbit. The SEP carried four 

ion sensors: an Ion Trap (IT), two Horizontal and Vertical Drift Meters (DM), and a 

Retarding Potential Analyzer (RPA) along with intimately associated electronics and 

power supplies. These sensors measured ion concentration, ion temperature, and ion 

drift velocity, and major ion composition, within the latitude band of ± 35º of the low-

mid latitude ionosphere at the satellite position along the ROCSAT-1 orbit. The 

MEP contained four major parts: a digital processing unit (DPU), command interface, 

science data interface, and power supplies. The MEP provided the electrical interface 

between IPEI and the spacecraft. Also, the MEP implements the operational modes of 
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IPEI: NORMAL, FAST, and AUTO. In the NORMAL mode the IT, HDM, and VDM 

provide measurements of the total ion concentration and the cross-track ion drift 

velocity at 32 Hz, while the RPA provides the in-track ion drift, the ion temperature, 

and the major ion composition at a nominal 1/2 Hz rate. In the FAST mode, these 

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 when sudden large 

changes in the ion concentration, commonly associated with plasma structures called 

bubbles, are detected. The unique feature of the AUTO mode allows scientists to 

investigate spatial structures with scale sizes as small as 16 meters [126, 127].  

 

Figure 3.4: Accommodation of the payload on the spacecraft (image credit: NSPO) 

 

Figure 3.5: View of IPEI device (a), ECP instrument (b), and OCI instrument (c), image 

credit: NSPO 

Retarding Potential Analyze (RPA): The RPA provided a measure of the ram energy 

of the incoming ions with respect to the spacecraft (figure 3.6). The planar sensor 

views approximately along the satellite velocity vector and presented a circular 

(b) 
(c) 

(a) 
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gridded 4-cm diameter entrance aperture (G1) to the incoming ions. The internal 

retarding grid (G2) presented a potential that controlled the minimum 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 from coupling to the 

collector and reduced microphonics to the collector caused by the suppressor grid 

[127].  

 

Figure 3.6: A schematic diagram for the cross-section of the Retarding Potential Analyzer, 

Chang et al. 1999 

A retarding potential versus ion current characteristic curve is obtained by stepping 

the RV through a series of discrete steps. At each RV step, the ion current to the 

collector is measured by the RPA electrometer. 

3.4.2 Derivation of Ionospheric Parameters 

To investigate the ionospheric phenomena on the scale sizes of greater than 10 km 

(i.e., global scale), IPEI was supposed to take measurements with high precision and 

accuracy, as listed in table 3.2. 
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Table 3.2: Measurement for Global Scale only (> 10 km), Yeh et al. 1999 

Parameter Dynamic Range Accuracy 

Ion Velocity Vector ±2 km/s ±10m/s 

Total Ion Concentration 50 to 5×106 cm-3 10% 

Ion Temperature 500 to 10,000ºK 10% 

 

Major features of the IPEI payload are summarized in table 3.3  

Table 3.3: IPEI Specification Summary, yeh et al. 1999 

Instrument RPA IDM  IT  

Measurement Ion temperatures and 

Ram velocity 

Transverse ion velocity 

components 

Total ion 

concentration 

Heritage AE, DE, DMSP, Viking, and San Marco 

Detector Linear Electrometer, 

8 ranges 

Log Electrometers with 

Linear Diffe. Amplifier, 2 

ranges 

Log Electrometer 

Range Vx=±2 km/s 

Ti= 500 -104K 

V=±2 km/s 

 

Ni=50 - 5x106 

cm-3 

Accuracy ȹV=Ñ10 m/s 

ȹTi=Ñ10% 

ȹ V=Ñ10 m/s 

 

ȹNi/ Ni= Ñ10% 

ȹNi/ Ni= Ñ1% 

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 

Dimension(cm) 

SEP: 17×37×36 MEP: 7×21×27  

Power(W) 10W   

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

Pointing Direction Ram   

FOV (full angle) 45º×45º Conical  

Temperature -20ºC                     +50ºC  

Data Rates Normal Mode: 2.224 

kbps 

Fast Mode: 53.376 kbps  

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

The International Reference Ionosphere (IRI) is an international project funded and 

supported by the Committee on Space Research (COSPAR) and the International 

Union of Radio Science (URSI). The IRI model, 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, date, and time, IRI 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 densities, etc. in the altitude ranging from 60 to 2000 km [128]. The main 

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, and in-situ instruments on several satellites and 

rockets.  

IRI predictions are found most accurate in Northern mid-latitudes 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 equatorial and auroral latitudes. 

With the advent of new data collecting techniques, the IRI model has undergone 

numerous years of steady and critical testing and modifications by the international 

science and research communities, and hence several improved and advanced editions 

of the model have been released, For example, IRI-80, IRI-86, IRI-90, IRI-95, IRI-

2000, IRI-2007, IRI-2012, and IRI-2016.  

 In the present research work, IRI-2012 and IRI-2016 model has been utilized for 

making comparisons with satellite measured values. The data for IRI-12 and IRI-16 

model has been collected from the IRI homepage at  

https://ccmc.gsfc.nasa.gov/modelweb/model/iri2012_vitmo.php and 

https://ccmc.gsfc.nasa.gov/modelweb/models/iri2016_vitmo.php respectively. 

  

https://ccmc.gsfc.nasa.gov/modelweb/model/iri2012_vitmo.php
https://ccmc.gsfc.nasa.gov/modelweb/models/iri2016_vitmo.php
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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 longest-running records of solar activity. 

It has been discussed in detail in chapter 1 of the thesis. And the data for the solar flux 

index has been downloaded from   https://omniweb.gsfc.nasa.gov/form/dx1.html.  

3.7 SEISMIC ACTIVITY DATA  

The seismic activity effects on the ionosphere are now very well known and have 

been studied by many scholars [128-130]. In the present work, the data of earthquakes 

were downloaded from the USGS website ï NEIC (National Earthquake Information 

Center), https://earthquake.usgs.gov/earthquakes/search/. The USGS monitors and 

reports on earthquake's impacts and hazards and conducts targeted research on the 

causes and effects of earthquakes. 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 activity is caused due to the electric currents present in the 

magnetosphere and ionosphere of the earth. Magnetic measurements at different 

locations enable us to remotely sense these currents, monitor the global reaction of the 

magnetosphere/ionosphere and record the variations with time. Hence worldwide 

more than 200 ground-based geomagnetic observatories have been established. 

Indices of magnetic activity are prepared to have a common reference point from 

which all stations can study these variations commonly. Following are the 

geomagnetic indices used in the present study.  

 Kp: The K-index is a quasi-logarithmic geomagnetic activity index, introduced by J. 

Bartels in 1949. This was designed to avail a homogeneous running record of the 

solar radiation effect on the earth; by measuring the intensity of geomagnetic activity 

caused due to the electric currents generated around the earth by that radiation [131]. 

It is based upon the 3-hourly fluctuations or deviations in the horizontal component of 

the earthôs magnetic field, measured from several ground-based magnetometers all 

over the world. A three-hour interval indicates the intensity of geomagnetic activity 

https://omniweb.gsfc.nasa.gov/form/dx1.html
https://earthquake.usgs.gov/earthquakes/search/
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(ranging from 0 to 9) due to particle radiation from the sun at 00-03, 03- 06, 06-09 

....., 21-24 UTC intervals [132]. A zero Kp value infers small geomagnetic activity 

while value 9 refers to severe geomagnetic activity level.  (https://www.spaceweather 

live.com/en/help/the-kp-index). 

The finalized Kp-index is calculated by an algorithm that collects together all the K-

values recorded at each station. Its final version is released from the GFZ in Potsdam, 

Germany, and is also updated twice a month. The finalized Kp-index is somewhat 

distinct from the K-index as it is measured on a scale of thirds having 28 values in 

total as 0, 0+,1-,1, 1+, 2-, 2, 2+,éé.which are equivalent to 0,3,7,10,13,é. whereas 

the preliminary K-index has only 10 values ranging from 0-9. And in the Omni data 

set the Kp values are mapped as 0+ to 3, 1- to 7, 1 to 10, 1+ to 13, 2- to 17, etc.         

Table 3.4: Table for converting Kp to ap 

Kp 00 0+ 1- 10 1+ 2- 20 2+ 3- 30 3+ 4- 40 4+ 

ap 0 2 3 4 5 6 7 9 12 15 18 22 27 32 

Kp 5- 50 5+ 6- 60 6+ 7- 70 7+ 8- 80 8+ 9- 90 

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

 

The geomagnetic indices ap, Ap, and the categorization of international quiet days (Q-

days, in sense of low geomagnetic activity) and disturbed days (D-days, in sense of 

high geomagnetic activity) are set according to the Kp index values. In the present 

work data for Kp index or Kpmax has been obtained from the website óWDC for 

Geomagnetism, Kyoto   http://wdc.kugi.kyoto-u.ac.jp/kp/index.html. 

Ap: The Ap 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 eight 3-hour ap values in a row. It means, 

firstly every 3-hour K-value is changed into a linear scale called the a-index. Then the 

average computed for 8 daily a-values provides the Ap-index of a day. Hence the Ap-

index is a reliable geomagnetic activity index which signifies that the higher the Ap-

value a day, the higher is the level of geomagnetic activity.  

https://www.spaceweatherlive.com/en/help/the-kp-index
https://www.spaceweatherlive.com/en/help/the-kp-index
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For example, if the K-indices for a day are 3, 4, 6, 5, 3, 2, 2, and 1, then the daily A-

index is the average of the corresponding equivalent amplitudes: 

i.e.  Ap= (15+ 27 + 80 +48 + 15 + 7 + 7 + 4) / 8 = 25.375 

Dst: The strength of geomagnetic storms can be measured using the Disturbance 

storm time (Dst) index an hourly index, which is calculated by averaging deviations 

for the horizontal component of the earthôs magnetic field [133-134] at four lower 

latitude stations. At these stations, the magnetosphere ring current dominates over the 

H component of the magnetic perturbations.  The large intensity of the ring current is 

represented by large negative perturbations in the Dst value [135]. Hence, the Dst 

index is actually an indication of the strength of the geomagnetic storms.  

The intensity of geomagnetic storms is divided into five categories (according to 

Loewe and Prolss 1997) based on the minimum Dst such as weak (-30 to -50 nT), 

moderate (-50 to -100 nT), strong (-100 to - 200 nT), severe (-200 to -350 nT), and 

great (<-350 nT). During quiet times, Dst is in between ±20 nT. In this thesis work, 

the Dst data is taken through the website https://omniweb.gsfc.nasa.gov/ 

form/dx1.html.  

IMF, Bz data- The interplanetary magnetic field (IMF) is a constituent of the sunôs 

magnetic field which flows out into the interplanetary space by the solar wind. The 

IMF lines are also said to be ófrozen inô to the solar wind plasma.  

 

Figure 3.7: The Interplanetary Magnetic-field, Image Credit: Space Weather live.com 

 

https://omniweb.gsfc.nasa.gov/form/dx1.html
https://omniweb.gsfc.nasa.gov/form/dx1.html
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The solar wind drives the sunôs magnetic field out in the solar system. Hence, the 

sunôs extended magnetic field is known as the interplanetary magnetic field. The IMF 

is a three axial-vector quantity, where Bx and By are orientated along the ecliptic 

(figure 3.7) and the Bz component is perpendicular to the ecliptic plane and is formed 

due to various disturbances in the solar wind. When the IMF and the earthôs magnetic 

field lines are leaning opposite or óantiparallelô to each other then they 

reconnect/merge together such that transfer of energy, mass, and momentum from the 

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

peels off the sunlit side geomagnetic field lines, so larger the Bz value, the larger is 

the amount of energy transfer to the Earthôs magnetosphere and subsequently causes a 

stronger geomagnetic storm or a more vivacious aurora. In the present thesis the data 

for IMF, Bz is taken from https://omniweb.gsfc.nasa.gov/form/dx1.html 

  

https://omniweb.gsfc.nasa.gov/form/dx1.html
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CHAPTER 4 

4. VARIATION OF IONOSPHERIC PARAMETERS 

DURING LSA AND HSA AS MEASURED BY 

SROSS-C2 SATELLITE  

4.1 INTRODUCTION  

Satellite navigation and communication system have become an integral part of 

todayôs world. This dependence necessitates the study and forecasting of changes in 

the F2 region ionosphere. The incoming solar flux is a predominant factor of 

ionization. However, other dynamical processes like electrodynamic drifts, transport 

mechanisms diffusion, etc. also determine the variability and structure of the 

ionosphere. The variations in ionospheric or plasma parameters (Ne, Te, Ti, Ni, and 

icon composition) are yet partially understood. Hence, analyzing the complexity of 

the ionosphere and predicting its behaviour has become extremely important for 

forecasting ionospheric weather and improvement of existing ionospheric models. 

The structure and variability of the low latitude ionosphere are significantly different 

from the high and mid-latitude ionosphere. There, the exceptional orientation of 

geomagnetic field lines gives birth to various unique physical features such as electro 

dynamical drift, equatorial electrojet, and equatorial ionization anomaly (EIA), etc. 

Owing to these unique features like EIA, E × B drifts, the low latitude ionosphere has 

been studied and analyzed extensively [136-139]. These reports indicate that the 

ionospheric structure depends predominately on the E × B drift over F region of the 

low latitude ionosphere. This drift further gets modified due to seasons, solar cycle 

and level of geomagnetic activity, etc. 

Ion density/composition studies are much more composed of ionospheric temperature 

studies [59]. Ion and electron temperatures are determined by energy flow as well as 

heating and cooling of ionospheric plasma [140]. However, few comprehensive and 

detailed studies on ionospheric temperatures can be found reported in the literature 

[41, 58]. In literature, one can find many studies related to electron density and its 

temperature with the help of satellite measurements [141,142]. But the studies on the 

relationship of ion densities with their corresponding temperatures are less. 
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The present study aims to statistically analyze the behaviour and relationship of total 

ion density Ni with ion temperature Ti during a high and low solar activity using 

SROSS-C2 satellite data and compare it with IRI-2012 model data. The relative study 

of Ni and Ti as obtained from SROSS-C2 and as estimated by IRI-2012 brings out 

symmetry/asymmetry variations in the two sources of data. The co-relation between 

the Ni and Ti and its comparison with IRI-2012 model data further helps in 

understanding their behaviour. These studies also help in the improvement of existing 

ionospheric models.  

4.2 DATA COLLECTIO N AND ANALYSIS   

The data of ionospheric parameters (ion temperature and density ï Ti, Ni) used in the 

present study have been taken from retarding potential analyzer (RPA) of the SROSS-

C2 satellite. The region selected for the present work spans from 5-35ęGeog. N and 

65-95ę Geog. E. The study has been carried over low latitude and at an average 

altitude of ~ 500 km.  

The diurnal pattern of ion temperature and density measured by SROSS-C2 satellite 

has been compared with the international ionosphere reference model IRI-2012 data. 

The IRI-2012 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 from the Omniweb NSSDC site for the years 1995 and 

2000. 

Figure 4.1 shows the data count of ion density (Ni) and ion temperature (Ti) for which 

SROSS-C2 satellite has been used and solar flux (F10.7) during year low (1995) and 

high (2000) solar activity years. The solar flux F10.7 is around ~77 in the year 1995 

and ~177 in the year 2000. As IRI-2012 model gives the estimated values so its data 

counts have not been considered.  

 

Figure 4.1: Ni and Ti data count (blue 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 4.2 represents the diurnal variation of total ion density, Ni (a - SROSS and b - 

IRI), and ion temperatures (c ï SROSS and 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 which is 

expended in heating and ionizing the ions. Diurnal variation of Ni and Ti as measured 

by SROSS ï C2 data have been compared with IRI - 2012 modelled data for low 

(1995) and high (2000) solar activity years. 

During low solar activity year ï 1995 (figure 4.2 - a); the diurnal features of total ion 

density are as follows, the minimum magnitude of density during nighttime, gradual 

increase during sunrise, day time peak, then gradual decrement of density until night 

time minimum is achieved. Ni varies from ~2.5×1011 to 4.5×1010/ m3 during daytime 

maximum to nighttime minimum. Total ion density is minimal just before sunrise at 

04.00 LT during the year 1995. Thereafter during sunrise, photoelectron production 

begins in the ionosphere. These photoelectrons ionize the neutral particles and the 

density of ions gradually begins to increase which attains maxima/ peak at 12 LT. As 

the sun sets, ion density decreases gradually. Density keeps decreasing all through the 

evening sector till the nearly constant value is achieved during nighttime. The major 

cause of this temporal pattern of Ni during low solar activity is photo-ionization due 

to solar EUV flux. 

During high solar activity year ï 2000 (figure 4.2 -a); the diurnal features exhibited by 

total ion density are the minimum magnitude of density during nighttime, steeper 

increase during sunrise, day time peak, secondary or evening peak, and then gradual 

decrement of density till night time minimum is achieved. The ion density is minimal 

just before sunrise at 05 LT during the year 2000. Thereafter during sunrise, through 

ionization of neutral particles, Ni steeply begins to increase and attains maxima/ peak 

at 15 LT. As sunsets, a secondary/ evening enhancement during 21 LT is observed.  

Thereafter a gradual decrease in ion density can be observed. Density keeps on 

decreasing all through the evening sector till the nearly constant value is achieved 

during nighttime.  
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As the sun transverses from low to high activity phase, there is a huge increment in 

the magnitude of ion density (indicating higher EUV flux) via photoionization which 

is the main cause of the diurnal distribution of ion density. However, other factors - 

plasma movement due to E × B drift in low latitude F- region also comes into play. 

The secondary enhancement during late evening hours during high solar activity years 

is due to the movement of E × B drift in F- region. The typical 24 hours diurnal 

variation states that the magnitude of the velocity of vertical F-region E × B drift 

increases till day time peak velocity is attained thereafter decreases till sunset. During 

post-sunset drift velocity suddenly increases, then reverses and increases in the 

reverse direction during night time. Thus the attainment of the secondary peak during 

high solar activity period is completely attributed to the movement of E × B drift and 

is known as a pre-reversal enhancement (PRE). 

 

Figure 4.2: Diurnal variation of total ion density, Ni (a-SROSS and b-IRI), and ion 

temperatures (c-SROSS and d- IRI) during low (1995) and high (2000) solar 

activity years. 






















































































































