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INTRODUCTION 

1.1  EARTH’S ATMOSPHERE 

Due to the differing nature of solar energy that enter into the atmosphere of the 

Earth, characteristic variations are found in atmospheric density, composition and 

temperature with altitude, time, latitude and longitude that are unique to ‘equatorial/ 

low’ (within ±300 latitude), ‘mid’ (within ±300 to ± 600 latitude), and ‘high-latitude’ 

(within ±600 to ±900 latitude) regions. According to the gross features of atmospheric 

variabilities as a function of altitude, the atmosphere below about 15 km is classified 

as “lower atmosphere” between about 15-90 km as “middle” and above 90 km as 

“upper atmosphere”.  

Basing on temperature variability with altitude, the atmosphere has further been 

divided into the troposphere (0-15 km), stratosphere (15-50 km), mesosphere (50-90 

km) and thermosphere (90-400 km). The boundaries separating each of the above 

mentioned spheres are the tropopause (~10-15 km), stratopause (~50-60 km), and 

mesopause (~85-90 km) respectively. Figure 1.1 shows the vertical temperature 

structure of the U.S. Standard Atmosphere (1976), representative of mid-latitude 

conditions, to just beyond 100 km altitude, along with the atmospheric layers and 

interfaces. The temperature decreases with altitude in the troposphere, increases in the 

stratosphere, decreases again in the mesosphere, and then increases for good in the 

thermosphere, which extends far beyond the upper limit of Fig. 1. 1. To elaborate, in 

the lowest atmospheric layer troposphere, the temperature decreases initially from 

about  300 K up to tropopause (170 K) with an increase in the altitude, because of a 

decrease in the outgoing infrared long wave radiation from the Earth. Above the 

tropopause is the stratosphere. The lower portion of the stratosphere is nearly 

isothermal (a layer of constant temperature), whereas temperatures in its upper levels 

increase with altitude. From an altitude of ~ 20 to 50 kilometers, temperature 

increases with an increase in altitude. The high temperatures found in this region of 

the stratosphere occurs because of a localized concentration of ozone gas molecules. 

These molecules absorb ultraviolet sunlight creating heat energy that warns the 

stratosphere. Ozone is primarily found in the atmosphere at varying concentrations 

between the altitudes of ~10 to 50 kilometers. This layer of ozone is also called the 

ozone layer. As can be seen from Figure 1.1, stratopause separates the mesosphere 
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from the stratosphere. In the mesosphere, the atmosphere reaches its coldest 

temperatures at a height of approximately 80 kilometers (at mesopause region) 

essentially not only due to the lack of any strong heating mechanism at this height and 

also due to very strong radiative cooling from carbon dioxide. In the thermosphere, 

shorter ultraviolet radiations are absorbed, and are responsible for a steep temperature 

gradient and it reaches a maximum in the range of 600–1900 K, however, this 

temperature is highly variable and depends on the solar activity levels.  

The region of the atmosphere within the first 100 km is dominated by 

turbulence, which efficiently mixes the different gases; consequently, the relative 

proportions of the gases remain constant. Owing to this, the atmospheric region in the 

height range below 100 km is designated as “turbosphere” or “homosphere”, 

however, the turbulence ceases at ~100 km, at the “turbopause” region. Above the 

turbopause region, the molecular diffusion controls the altitude distribution of the 

neutrals (i.e.) vertical distribution of each neutral depends on its molecular weight and 

this region referred to as the “diffusosphere” or “heterosphere”. 

 

1. 2  THE IONOSPHERE 

In 1901, Marconi demonstrated the propagation of radio waves could cross the 

Atlantic led to suggestions by Kennelly and Heaviside that the waves could be 

reflected by a layer which is conducting in the upper atmosphere. Frequency change 

experiments by E. V. Appleton and M. Barnett in 1925, using the BBC transmitter at 

Bournemouth and pulse sounding technique by G. Breit and M. A. Tuve in 1925 

confirmed the radio waves would undergo direct reflection from about 100 km 

altitude, thus evidently establishing the ionosphere existence. However, the name 

‘ionosphere’ was proposed in 1926 by R.A. Watson-Watt, an Australian. 

The ionosphere is defined as that part of the atmosphere where the propagation 

of radio waves is noticeably affected by electrons and ions. The ionosphere is ionized 

plasma and is formed mainly due to photoionization of neutral atoms/ molecules by 

the solar X-ray and ultraviolet (UV) radiations and, at higher latitudes, also by the 

precipitation of energetic charged particles. Starlight and cosmic rays are minor 

ionization sources that have some influence in the ionosphere on the night-side also at 

low altitudes (~60-90 km). During the day, X-ray and solar extreme ultraviolet (EUV) 



3 
 

radiation is the main ionization sources. The ionization rate depends on the intensity 

of the ionizing radiation, atmospheric density and composition, and the ionization 

cross sections of the atmospheric constituents. The three main atmospheric 

constituents N2, O2, and O are ionized by radiation at wavelengths less than 796 Å, 

1027 Å, and 911 Å respectively. The primary ions produced are N2
+, O2

+, N+, and O+ 

but these are reactive with the neutral gases, and the nitrogen ions are rapidly 

converted to O2
+ and NO+. The height profiles of ion and electron concentrations are a 

result of the three fundamental processes affecting the ionosphere i.e. production, 

loss, and transport.  

Ionosphere is of enormous practical use, as it acts as a propagation medium 

which allows practical users to receive HF radio signals from locations anywhere else 

in the world, enabling them to communicate, mount surveillance, or locate the source 

of the signals. It is this ionosphere which reflects HF radio waves, making possible all 

of the applications to which the ionosphere has been put over the last several decades. 

From the point of view of a radio wave, the ionosphere is composed of free 

electrons as a thick shell embedded in the Earth’s neutral atmosphere, which lies at 

altitudes from about 90 to 600 km, as illustrated in Figure 1.2. The ionosphere is 

formed by ‘photoionization’ where the photon from solar radiation creates an electron 

by striping an electron from neutral atom and a positively charged ion in specific 

altitude regions of the atmosphere. On the contrary, neutral atoms are produced by the 

combination of both negatively charged electrons and positively charged ions, 

popularly known as “recombination”. In fact, recombination process falls into two 

categories, namely, ‘radioactive and dissociative recombination’.  

In the former process, the neutral atoms are created directly by the combination 

of electrons and positively charged ions and losing their own identity. After ions and 

free electrons are produced in the ionization processes, they will take part in chemical 

reactions in which they may disappear or produce other types of ions. Some of the 

ionization will also be carried away by transport mechanisms such as diffusion, 

neutral winds and electric fields. This is controlled by the continuity equation which 

contains the transport, production and loss terms. Electrons may recombine directly 

with positive ions to make neutral atoms or molecules in the reaction 

�hXeX ����            (1.1) 
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which leads to a production of a photon. This is called radiative recombination. The 

probability of this reaction is low because of the demand put by simultaneous 

conservation of energy and momentum. Another possibility is the dissociative 

recombination of diatomic ions according to the reaction 

YXeXY ����      (1.2) 
  

The probability of a single electron to recombine with must be proportional to the ion 

density, since recombination implies that the electron must hit an ion. The number of 

electrons lost per unit volume and unit time must also be proportional to the number 

of electrons which can recombine that is proportional to the electron density. Since 

the electron and ion densities are identical, the loss term must be 
2

ei nl ��        (1.3) 
 

where α is called the recombination coefficient or reaction coefficient. Magnitudes of 

the reaction coefficients for dissociative recombination are of the order of 10-13 m3s-1 

and for the radiative recombination 10-18 m3s-1. These numbers indicate that 

dissociative recombination is much faster than radiative recombination.   

Owing to the presence of different types of atoms and molecules in the neutral 

atmosphere, the intensity of extreme ultraviolet radiation varies with wavelength, and 

the presence of a variety of chemical and dynamical processes, the ionosphere may 

contain up to four different layers at different altitudes. These are generally denoted 

by the symbols D, E, F1 and F2. The ‘D’ region covers the altitude range of about 50-

90 km having lowest ionization density. However, the first layer of the ionosphere 

discovered was at around 90 km altitude and was called E- region, essentially lies 

between 90 – 140 km, with the E-denoting ‘Electric field’, popularly known as 

‘dynamo region’. The height of F-layer, ranges from 140-600 km, corresponds to a 

dense layer of atomic O+ ions that sometimes gets split into two distinct layers F1 and 

F2 during daytime. At night times, recombination dominates photoionization and the 

D, E regions and F1 layer almost completely disappear. The F2 layer, on the other 

hand, persists throughout the night, although in a somewhat depleted fashion. 

In the E region, dissociative recombination with molecular ions is the most 

important loss mechanism for electrons. Production of negative ions takes place in D 

region, where ion chemistry is complicated. In the F2 region loss mechanisms 

associated with atomic oxygen ions dominate. Between the E and F2 regions lies the 
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F1 region, where both dissociative recombination and a reaction containing atomic 

oxygen ions are active and one of them dominates, depending on the values of 

reaction rate coefficients. 

 

 
 

Fig. 1.1.Vertical temperature structure of the atmosphere extending from the surface of 
the Earth to approximately 110 km altitude. The principal layers defined by this 
temperature structure and the interfaces between them are labeled. Two vertical 
coordinates are given: pressure on the left in millibars (1 mb= 100 Pascal) and 
geometric altitude on the right. (After the U. S. Standard Atmosphere, 1976) 
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1.2.1  Geo-magnetic field effect on the Ionosphere 

Before going into a discussion on large scale ionospheric processes, it is 

essential to discuss briefly about some ionospheric processes viz., role of Geo-

magnetic field, dynamo action as these are a major concern for the creation of many 

large ionospheric phenomena like Equatorial Ionization Anomaly (EIA), Equatorial 

electrojet (EEJ), Equatorial spread-F (ESF) and Counter equatorial electrojet (CEEJ). 

The magnetic field of the Earth, though it is not very strong, has important 

effects on the ionosphere, which play a prominent role in the changing aspects of 

electrons and ions in the E- and F- regions of the ionosphere. In the region below 

about 70 km altitude owing to the high collisional frequencies of electrons and ions 

that dominate gyro-frequencies of electrons and ions, the particle motion is essentially 

controlled by collisions as if the geo-magnetic field was absent. On the contrary, 

above ~130 km, collisional frequencies of both electrons and ions are smaller than 

their respective gyro-frequencies and the particle motion are mainly steered by the 

Geo-magnetic field. In the existence of an electric field in this altitude region, both 

electrons and ions have the same drift given by 
2

/)( BBXE (where '' E  refers to the 

electric field, '' B refers the geomagnetic field strength) and the net current is nearly 

zero. 

In the region between ~90 km and 130 km, electrons are strongly magnetized 

whereas the ions are collisional; consequently, ions and electrons have differential 

motion in this region. This highly conducting region between ~90 and 130 km, 

beyond on either side by relatively non-conducting regions are called the ‘dynamo 

region’ of the ionosphere and is shown in Figure 1.2. 
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Fig. 1. 2. Vertical profile of ion and electron number density for solar noon (1200 
hours, local time) and solar midnight (0000 hrs). These conditions, typical of solar 
maximum, were extracted from the International Reference Ionosphere. The most 
important ions discussed in the text are labeled, as are the E, F1, and F2 regions. 
(After Ondoh and Marubashi, 2000) 

     

 

Fig. 1.3. Altitude dependence of electron and ion collision and gyro frequencies. 
(After Baumjohann and Treumann, 1997) 
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1.2.2  Dynamo action in Ionosphere  

When an electric field is created by a wind, the process is often done through 

‘dynamo action’. The dynamo action in Earth’s ionosphere occurs due to the 

differential gyro/collisional frequency ratios of positive ions and electrons in 

consequence to neutral air winds in the existence of geo-magnetic field. The electric 

fields and currents become active in the E-region, which can be explained by the E-

region dynamo that works essentially as a ‘voltage generator’. The currents and 

electric fields exist in the F-region, which are also generated by the E-region dynamo, 

which in turn work as ‘current generator’ (Rishbeth, 1971, 1977; Heelis et al., 1974). 

The phenomena of E- and F-region dynamo are briefly explained in the following 

sections.  

 

1.2.2.1 E-region dynamo 

 The E-region dynamo is driven by the tidal oscillations of the atmosphere 

(Baker and Martyn, 1953; Chapman, 1956). The term ‘tide’ in the present context 

refers to the solar driven wind in this part of the atmosphere. The largest atmospheric 

tides are the diurnal and semi diurnal tides. These tides are global in extent and they 

are generated by the absorption of solar radiation mainly by ozone and water vapor, in 

the lower atmosphere. In the absence of any dissipation or trapping, the kinetic energy 

per unit volume ( 2/2U� ) of the upward propagating tides tend to remain constant 

and hence the velocity U increases with altitude. The efficiency of a tidal mode to 

generate ionospheric currents depends upon its vertical wavelength. A mode of short 

vertical wavelength tends to produce currents that reverse direction every few 

kilometers inducing, therefore, very small vertically integrated horizontal currents. 

Thus, only those tidal oscillations which remain in-phase over the ionospheric height 

range of large conductivity (~90-120 km in the E-region) will produce significant 

currents in the ionosphere establishing the dynamo process (Baker and Martyn, 1953; 

Chapman, 1956; Richmond et al., 1976; Rishbeth, 1971, 1977; Rishbeth and Garriot, 

1969). It is well known that the effect of neutral winds together with diurnal and semi-

diurnal tidal components in the atmosphere cause currents to flow in the 90 to 120 km 

altitude region. 
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 Neutral winds with velocity U, moving across the geomagnetic field B, induce 

a Lorentz force q(U X B) on a charge q. The extent to which ions and electrons get 

affected by this force depends on the ratio of their respective collision frequency (� ) 

to gyro frequency (	 ), which in turn is a function of altitude. Above ~90 km only 

ions drift under the action of wind since ii 	

�  and ee 	��� . This ion motion 

tends to accumulate charges at a rate given by ).( ieqVN� where Vi is the ion drift 

velocity, and hence a polarization electric filed Ex (x represents the zonal direction) is 

set up. Electrons move freely along the magnetic field lines to adjust the charge 

distribution. The vertical electric field Ep thus generated, then causes the ions and 

electrons to drift across the field lines, such that at steady state the current is 

divergence free. i.e., 

0)(.. ���� eie VVqNJ      (1.4) 

where Ve is the electron drift velocity. The current J can be expressed as 

J= σ. E’       (1.5) 

where, E’ consists of an induced component ‘UXB’ due to the effect of the wind ‘U 

and a polarization component ‘Ep. This polarization field is derived from a potential 

‘Φ’ produced by the charge distribution, i.e., 

E’= Ep + U X B      (1.6) 

Where Ep= -  � Φ 

The potential ‘Φ’ depends on the global distribution of wind and conductivity. Since 

the electric field generated through mechanical motion of the ions/electrons by wind 

in the presence of geomagnetic field is similar to the so-called ‘Dynamo’ action; this 

ionospheric process in the E-region is known as the E-region dynamo or the solar 

quiet (Sq) wind dynamo current system. Resulting from this current system is an 

electrostatic field directed eastward from dawn to dusk at low latitudes. In order to 

understand why this dynamo process is particularly efficient in the E-region, the 

variation of the electrical conductivity of the ionosphere has to be understood and the 

following sections will have discussion on that.  
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1.2.2.2 F-region dynamo 

 The thermospheric wind system produced by the pressure inequalities in the 

solar EUV heating is the main driving force for the F region dynamo. Rishbeth (1971) 

first put forward the idea of F-region having its own dynamo. After sunset, the E-

region conductivity becomes too small and hence the F-region plasma forms a layer 

with a well-defined lower boundary, which can easily be approximated into slab 

geometry (Kelley, 1989). During daytime, the magnitude of the F-region electric field 

is essentially determined by the winds in the E-region.  

Importantly, the generation of many large scale ionospheric processes like 

Equatorial electrojet (EEJ), Equatorial ionization anomaly (EIA), Counter equatorial 

electrojet (CEEJ), and Equatorial spread F (ESF) are due to the dynamo generated E-

and F-region electric fields  and are discussed in the following sections. 

 

1.3  SOME IONOSPHERIC PROCESSES 

1.3.1  Equatorial ionization anomaly (EIA) 

Plasma movements in the equatorial/ low latitude ionosphere are mainly con-

trolled by complex electrodynamic interactions involving the neutral winds, the 

Earth’s magnetic fields and electric fields generated by dynamo action in the E and F-

regions. Fig 1.4 represents the schematic representation of the process of generation 

of Equatorial ionization anomaly. Major movements of ionization at these latitudes 

are due to neutral winds and BXE drifts (electromagnetic drifts). According to 

electromagnetic theory by Martyn (1947) and Duncan (1960), the combined effect of 

the eastward electric field (exists during the day in the equatorial region) and 

magnetic field produce upward plasma drifts as illustrated in Fig 1.5. The lifted 

plasma diffuses then down along the magnetic field lines and afar the equator, reenter 

the main body of the ionosphere giving rises a large bunches of electrons at latitudes 

100 to 200 from the equator. These bunches are called the “peaks” or “crests” of the 

equatorial or Appleton (after Sir Edward Appleton) anomaly. Since this process is 

analogous to a “fountain-like” pattern of plasma motion, indeed the term “fountain 

effect” has been used.  
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Fig.1.4 Schematic diagram of the process of generation of EIA (after Basu et al., 

2002) 

 

The crest of the equatorial ionization anomaly almost developed in the late 

afternoon and in the early hours of the evening during the equinox and solar 

maximum. Due to the significant changes of cutoff frequency of F-region and virtual 

height of F-region associated with the crest of anomaly, it is little harder to determine 

the effects of the equatorial ionosphere on HF propagation. A study of the F-region 

using different measurement techniques, at an intermediate station like Waltair 

(17.70N, 83.30E) in India, situated in the transition region between anomaly crest and 

the equator, is of particular importance for a better understanding of the equatorial as 

well as low latitude ionosphere.  
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Fig. 1.5 The “Equatorial fountain”, Vector plot of electron flux in the meridian, in a 
theoretical steady-state model of the equatorial F-region (After Hanson and Mofett, 

1966) 

 

1 3.2  Equatorial electrojet (EEJ) 

An abnormal intensification of the daily range of the horizontal component of 

magnetic field intensity over the dip equator was first found by Egedal (1947), which 

is due to an eastward band of electric current in the ionosphere (Chapman, 1951) 

popularly known as the ‘equatorial electrojet (EEJ)’. Equatorial electrojet is an 

extreme band of current flowing in the east-west direction at the magnetic equator 

with a latitudinal extent of about � 30 on either side of the magnetic equator and in the 

altitude region of 100 to 110 km with a maximum current flowing at 105 km and is 

present during both day and night. The quantitative relationship between the 

experimental EEJ current and the magnetic field variations caused by it at the ground 

level has firmly been recognized by ground–based magnetometers, rocket and radar 

experiments (Davis et al., 1967; Sampath and Sastry, 1979; Vikram Kumar et al., 

1987). 

The concentration of ionospheric currents near the magnetic equator is a result 

of high value of electrical conductivity of the upper atmosphere at the dip equator, 

which arises from an inhibition of Hall current due to the horizontal configuration of 
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the Earth’s magnetic field and horizontal stratification of the ionosphere. The basic 

physics of EEJ is explained in the following section. 

An eastward electric field is developed by the dynamo action at the magnetic 

equator, which gives rise to a motion of charged particles in the east-west direction 

due to the Pederson conductivity �P, and in the vertical direction (z) due to the Hall 

conductivity, �H. But, the Hall conductivity produced in the vertical direction (z) is 

totally inhibited due to the horizontal stratification of the ionosphere and a 

polarization electric field (Ez) that develops. Then the resulting conductivity in the 

east-west direction is called the Cowling conductivity, �C. In Figure 1.6 shows the 

variations of Pederson �P, Hall �H, and Cowling �C conductivities with altitude at the 

magnetic equator. Owing to the non-horizontal nature of Geo-magnetic field away 

from the equator, electrojet seldom exist beyond the equatorial regions. There is an 

equatorial electrojet (EEJ) related to an effective east-west electric field of 0.5 mv/m 

and a vertical polarization field of about 10 mv/m. This vertical polarization electric 

field points upward in the day and downward at night. The equatorial electrojet 

current is capable of generating plasma irregularities and produce field aligned 

irregularities of scale size ranging between meters and kilometers (Fejer and Kelley, 

1980). 

 

Fig. 1.6 Ionospheric conductivities σ0, σp, σH and σc profile for average ionospheric 
condition (After Cunnold, 1978) 
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1.3.3  Counter Equatorial Electrojet (CEEJ) 

During magnetically quiet days, the post-noon decrease in the �H component 

(which can be observed by magnetometers on the ground), which is the manifestation 

of EEJ on the magnetometers, at an equatorial station varies abnormally large and 

rapid, sometimes the �H value becomes negative and then it recovers back to its 

regular positive value around sunset time (Gouin, 1962; Gouin and Mayaud, 1967). 

This event lasts for about 3 hrs and the extreme negative value of �H usually occurs 

between approximately 1500 and 1600 LT. This phenomenon is known as the 

“counter equatorial electrojet” (Gouin and Mayaud, 1967; Hutton and Oyinloye, 

1970; Rastogi 1973; Fejer et al., 1976; Fejer and Kelley, 1980). Fig.1.7 shows one of 

the typical examples of counter electrojet. Sometimes the irregular decrease and 

recovery of �H takes place without �H becomes negative and such events are known 

as “Partial Counter Equatorial electrojet”. However, the real physical mechanisms of 

CEEJ are still not understood properly.  

 

 

Fig.1.7 Typical example of Counter Electrojet (CEJ) event (after Mayaud, 1977) 
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1.4  THEORIES OF EQUATORIAL SPREAD F INSTABILITIES  

1.4.1  Collisional Rayleigh–Taylor (CRT) instability 

Equatorial spread-F is characterized by the presence of a wide spectrum of field-

aligned irregularities extending over nearly seven orders of magnitude in the spatial 

scale which get generated under favorable conditions due to a hierarchy of plasma 

instabilities and manifest in a variety of forms such as scattered echoes in ionograms, 

plumes in VHF radar maps, bite-outs in night OI 630 nm airglow intensity, bubbles in 

in-situ satellite measurements and scintillations in VHF/L-band satellite beacon 

signals (Kelley, 1989; Abdu, 2001, and references there in). The collisional Rayleigh-

Taylor instability is the primary destabilizing mechanism operating at the base of the 

F-region followed by secondary instabilities, one feeding on the other. An excellent 

description of these processes is given by Kelley (1989).  

Haerendel (1972, 1974) was the first to propose that the range of wavelengths 

noticed during ESF was due to a chain of different processes, which include the 

collisional Rayleigh–Taylor (RT) instability with horizontal wave vectors BXE , the  

gradient drift instability, the collision less Rayleigh-Taylor instability, and drift waves 

determined by coupled neutral atmospheric and electro dynamic processes. However, 

the primary process responsible for the creation of large-scale ESF irregularities is 

collisional Rayleigh-Taylor (CRT) mechanism. After sunset, in the absence of 

photoionization, bottomside of the F-region ionosphere undergoes rapid ion-electron 

recombination and the electron density decreases, resulting in the steepening of the 

vertical density gradient as illustrated in Figure 1.8. The fundamental physical 

phenomena of ESF are explained in the following lines. During the post-sunset the E-

region starts to recombine and there is efficiently no E-region conductivity to 

diminutive out any irregularities in the F-region. Due to recombination and feasible 

electrodynamic effects ( BXE drifts), the bottomside F-region background electron 

density gradient begins to steepen, which is anti-parallel to gravity. Obviously, the 

situation in the post sunset ionospheric F-layer is analogous to  a heavier fluid 

supported by a lighter density fluid. Initial small oscillations in the surface grow “in 

place” pushing the lighter fluid upward. In case of the ionosphere, the magnetic field 

is the ‘light fluid’.  
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Fig.1.8 The schematic diagram showing the unstable ionosphere during the post-
sunset hours 

 

The manner in which the CRT instability can cause irregularities to grow in the 

equatorial ionosphere can be further explained in the following lines. Figure 1.9 

shows a diagram of the Rayleigh–Taylor instability plasma analog in the equatorial 

geometry. As shown in the Figure1.9 the abrupt upward gradient of the plasma, where 

the plasma density is equal to n1 and vanishes below (i.e. n2=0), develops on the 

bottomside of the nighttime F-layer. An initial small sinusoidal perturbation in the ion 

and electron densities over steady state is also illustrated. The gravitational force is 

downward, anti-parallel to the density gradient, and the magnetic field is horizontal, 

into the paper. Under the action of gravitational drift, perturbations in ion density 

move eastward and that in electron density in westward direction with gravitational 

drift velocities g/	i and g/	e, where 	i and 	e are the ion and electron gyro-

frequencies respectively. Since gravitational drift is inversely proportional to the 

gyro-frequency, perturbation in ion densities moves faster than those of electron 

leading to the charge separation. Due to this charge separation, polarization electric 

fields get generated which are directed eastward in the density trough (depleted) and 

westward in the crest (enhanced) regions respectively. These polarization electric 

fields drift the depleted region upward and bring enhanced density region downward, 

amplifying the density amplitude. Thus the amplitude of the perturbation grows. In 

order to sustain the growth, this process should be faster than the effective lifetime of 
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the ions, i.e., 1/VR (VR is the recombination rates), otherwise the ions would be lost by 

recombination inhibiting the growth of the perturbation.  

 

 

Fig. 1.9 a) Diagram of the Rayleigh–Taylor instability plasma analog in the equatorial 
geometry b) chronological sketches made from photos of the hydrodynamic R-T 

instability. (After Kelley, 1989) 

 

The depleted region of plasma is called ‘plasma bubble’ by analogy to fluid. The 

plasma drift ceases at altitudes where the ambient electron density becomes equal to 

that of inside plasma bubbles. This illustrates the latitudinal extent of equatorial 

spread-F and the maximum altitude of plasma bubbles. 

The equation of the linear growth rate gr of collisional R-T instability has been 

shown (Haerendel, 1974; Ossakow et al., 1979) to be (for horizontal waves) 

  

�
�

�
in

g
g

L
r 1        (1.7) 
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where in�  represents the ion-neutral collision frequency, ‘g’ refers acceleration 

due to gravity, which is anti-parallel to the gradient  in electron density, L is the scale 

length of ambient plasma density and it is inversely proportional to the gradient in 

plasma density, 
dz

dn0  and is given by  )(1 0

0 dz
dn

n
L � and ‘�’ is the attachment 

coefficient in the F-region. In the ionosphere irregularity scenario, scale length of 

plasma density ‘L’ dictates the fate of ionospheric irregularities. For instance, if L is 

positive (gradient at the base of the F-region is in the upward direction), the growth 

rate of ionospheric irregularities will be increased, or vice versa.     

Equation (1.7) becomes 

��
�
�

�
�
��

2
1

L
grg       (1.8) 

Which is the rate  of growth for the collision less R–T instability. 

The above equations, although quite simple, offer explanations for a number of 

properties of ESF. They reveal that a high F-region altitude is favorable for the R-T 

instability (collisional) growth as ‘�in’ decreases with altitude. Also a steep gradient in 

the bottomside F-region (small L values) favors the R-T instability growth. 

1.4.2  Generalized Rayleigh-Taylor (GRT) instability 

Haerendel (1974) proposed a hierarchy of instability mechanisms for the growth 

of irregularities extending in sizes from many kilometers down to centimeters and all 

these mechanisms include in the popularly known ‘GRT’ instability. This contains the 

neutral wind effect, the cross-field instability, and different drift mode instabilities. 

The GRT instability evolves as the following four steps.  

1) The Collisional R-T instability mechanism is motivated by the zero order 

electron density gradient 

2) BXE gradient drift instability develops because of the sharp density 

gradients set up by the CRT instability mechanism 

3) A Collisionless R-T instability arises due to sharp density gradients and  

4) Finally kinetic drift waves develop these irregularities as they attain large 

amplitude.  
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The GRT instability mechanism includes the BXE  (cross field) instability 

mechanism as well as the neutral wind effects. The following paragraph will explain 

the contribution of eastward electric field in the GRT instability mechanism. 

Due to the Hall drift 
2

/)( BBXE , the plasma is lifted to a higher altitude to a 

region of smaller ion-neutral collision frequencies, thereby enhancing the growth rate 

of the R–T instability. This drift is independent of mass and charge of the species, 

however, a charge separation does occur along the direction of the electric field 

(Pederson direction) due to the differences in the Pederson mobility  
��
�

�
��
�

�
	�

anV
eB
1 of ions 

and electrons, where �αn can be either ion-neutral or electron-neutral collision 

frequency (�in,�en) as the case may be, and e is the electron charge. The generated 

eastward polarization electric field get set up in any undulation of the plasma, that 

results in the differential vertical drifts and cause perturbation to grow. On the 

contrary, a zonally westward field will be stabilizing on the bottomside of the plasma. 

Thus, the general condition for instability to be developed is that the cross field term 

)( BXE direction be parallel to the density gradient of plasma. The growth rate of R–T 

instability due to primary eastward electric field Ex (Ossakow, 1979; Kelley, 1989) is 

given by  
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�        (1.9) 

In addition to eastward electric field, a zonal neutral wind ‘U’ (eastward) also 

contributes to the process of instability in the presence of westward density gradients 

(Chiu and Stratus, 1979), and the growth rate is given by  
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Sekar and Raghavarao (1987) considered the effect of vertical winds, though 

small in magnitude, in the existence of a vertical electron density gradient, the 

resultant instability is given by  

L
w

w
r z

z

�          (1.11) 

where  zw  is the upward wind. 
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Thus an equation for the growth rate of the generalized Rayleigh–Taylor (GRT) 

instability mechanism can be obtained by adding equations (1.8), (1.9), (1.10), and 

(1.11) 
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It can be seen from the above equation that the zonal winds do not throw 

insignificantly to the growth rate instability in the F-layer, since the collision to gyro 

frequency (a ratio) of ions is about 0.005 at 260 km and decreases abruptly with 

height. Sekar and Raghavarao (1987) compared the effective contributions of 

different terms in the above equation. It is  pointed that a 16 m/s downward wind (or 

upward drift velocity of ion) at 260 km is as effective as a 200 m/s eastward wind, and 

so as to a downward wind of 16m/s at 300 km would be as effective as gravity.  

Both CRT and GRT instability mechanisms were failed to explain the 

production of irregularities in the stable topside of the F-region, though that have 

explained the generation of irregularities in the bottomside F-region. In order to 

explain the generation of ESF irregularity in the topside of the F-region, non-linear 

theory of the ESF was evoked as explained by Scannapieco and Ossakow (1976). 

Numerical simulation studies carried out on CRT instability processes have also lent 

to the generation of plasma bubbles in the bottomside and their evolution into the 

topside (Scannapieco and Ossakow, 1976; Zalesak and Ossakow, 1980; Hanson et al., 

1986). In a non-linear domain, the bubbles generated in the bottomside ionosphere 

become steeper on their top as their ascent, get polarized and rise to the topside of the 

ionosphere through enhanced electromagnetic drift. With this mechanism, it is 

possible to explain the simultaneous occurrence of ESF irregularities in both the 

bottom and topside of the F-region. By far, the non-linear theories of ESF have been 

very successful in explaining different kinds of observations on ESF irregularities at 

various altitudes from different longitude regions across the globe. 
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1.5  IONOSPHERIC IRREGULARITIES 

The production of ionization is mainly due to incident solar radiation. 

Sometimes during the night, this ionization breaks up into small bunches of electrons, 

rather than stay as a uniform, homogeneous sea of electrons. These bunches of 

electrons are known as “irregularities”. These irregularities are generated at the 

boundary between day (illuminated and hot) and an adjacent night (dark and cool) 

regions over the Earth’s magnetic equator. In the upper atmospheric regions, 

ionospheric irregularities are field aligned (FAI), because of electrons that are free to 

move up and down along Earth’s magnetic lines of force and hence the irregularities 

become stretched out along the lines of force. The study of ionospheric irregularities 

is of scientific interest because, the irregularities which may be produced by 

turbulence, plasma instabilities, gravity waves, traveling ionospheric disturbances or 

other physical processes. The following reasons may be attributed to the generation of 

irregularities during the post-sunset hours over the magnetic equator  

1) Horizontal nature of the magnetic field lines. 

2) The fast disappearance of E-region 

3) The rapid rise and fall of the F-region ionosphere (because of the 

enhanced eastward electric field, before its turning to westward during 

the nighttime), and 

4) Prevailing neutral (meridional and zonal) winds. 

 

1.5.1  Equatorial Spread-F (ESF) 

Equatorial spread-F represents the scattering of the reflected echoes from the 

ionosphere in the nighttime on many occasions, when the ionosphere is sounded by 

radio waves. The ionospheric irregularities manifest themselves as “scintillation” on 

satellite signals, spread-F on ionograms, plumes in back scatter radars and airglow 

intensity bite- outs in the optical experiments (Farley et al., 1970; Ossakow 1981; 

Woodman and La Hoz, 1976: Basu et al., 1978; Weber et al.,1978; Tsunoda, 1980;  

Rino et al.,1981; Kelley et al., 1982; Mendillo and Baumgardner,1982; Keskinen et 

al., 1988; Sahai et al., 1994, 2000; Sridharan et al., 1994,1997; Fagundes et al., 1997). 

The study of the phenomenon of ESF started with the report of Booker and Wells 
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(1938) about spreading of the F-region trace on ionograms at nighttime at 

‘Huancayo’. ESF has been shown to have the following characteristics 

1. It has a maximum occurrence probability in a belt of ±200 width in 

latitude centered on the magnetic equator 

2. Its incidence is rare in a region at about � 350 magnetic latitude and 

3. It has a strong positive correlation with the prior rise of the height of the 

F-layer and a negative correlation with geomagnetic activity. 

There are two types of spread-F depending on the spreading of F-region traces 

on ionograms. One is “range spreading” (Cohen and Bowels, 1961) where two or 

more traces with different virtual heights are seen and the other is “frequency 

spreading” (Vanzandt and Peterson, 1968; Huang, 1970), where high frequency ends 

of the traces are blurred or branched. 

Woodman and La Hoz (1976) first categorized the irregularities of spread-F into 

four different forms using Jicamarca Radar range-time-intensity (RTI) plots which 

include valley region between the E - and F-regions, weak bottom side spread-F, 

developed bottomside spread-F and the bubble/ plume type which extend from 

bottomside to the topside ionosphere. It is commonly acknowledged that the 

generalized Rayleigh–Taylor (GRT) instability mechanism is accountable for the 

creation and expansion of spread-F irregularities. Irregularities associated with ESF 

cover nearly seven orders of magnitude in spatial scale (0.1 m-500 km) and 14 orders 

of magnitude in strength (Kelley, 1985). The spread-F irregularities get generated at 

bottomside F-region during post-sunset times through a R-T instability mechanism 

leading to the incidence of ESF when the following conditions are satisfied viz., 

higher altitude of F-region peak, sharp bottomside gradient of electron density, 

availability of seed perturbation and the non-existence of a strong trans-equatorial 

thermospheric wind; while a hierarchy of instabilities of plasma is believed to be the 

reason for the shorter wavelengths during a secondary plasma process (Haerendel, 

1974; Chaturvedi and Kaw, 1976; Costa and Kelley, 1978). 

The study of spread-F has become a topic of interest due to its effects on the 

ionospheric propagation of VHF and UHF radio waves. Major advances have been 

made over the past four decades in accepting the plasma processes prevailing the 

onset and evolutions of ESF through various experimental observations coupled with 
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theoretical and numerical simulation studies (Fejer and Kelley, 1980; Ossakow, 1981; 

Kelley, 1989; Hysell, 2000). The Equatorial spread-F occurrence represents large 

diurnal, seasonal, longitude, solar cycle and magnetic activity variability (Clemesha, 

1964; Chandra and Rastogi, 1970; Kelley and Mc Clure, 1981; Ossakow, 1981; Abdu 

et al., 1981, Huang et al., 1987; Sahai et al., 2000). The incidence of spread-F on 

ionograms in the Indian sector is the solar activity dependent seasonal behavior 

(Subba Rao and Krishna Murthy, 1994). In Indian sector, for instance, at an equatorial 

station like Trivandrum (8.50N, 750E), spread-F shows an increase with increasing 

solar activity, while at Huancayo (120S, 750W) and in other stations of American 

zone, spread-F occurrence is minimized during the high sunspot activity years. 

Though ESF is probably the most extensively studied ionospheric processes, there 

still are a number of unresolved issues regarding its day-to-day generation/ inhibition 

and the exact nature of the temporal evolution of ESF irregularities. The above 

constraints demand extra efforts in understanding the nature of spread-F phenomenon 

at various locations. 

 

1.5.2  Scintillations 

Scintillations are due to rapid fluctuations in amplitude, phase and angle of 

arrival imposed by irregularities present in the ionosphere when a radio wave is 

passing through it. The phenomena of scintillations, which are analogous to the 

twinkling of optical stars, change widely with frequency, solar and magnetic activity, 

time of the day, season and latitude. Depending on the fluctuations of the received 

signal, the ionospheric scintillations can be divided as amplitude and phase 

scintillations. A reasonable explanation of ionospheric scintillations is that when a 

scale size plasma irregularity in ionosphere ranges from a few meters to a few 

kilometers while moving across traversing radio wave, there may be fluctuation in 

amplitude, phase changes in polarization and angle of arrival. 

The irregularities producing scintillations are situated in the F-layer at an 

altitude ranging from 200 to 1000 km. These ionospheric scintillations are more 

intense in the equatorial and polar regions, occurring only at night in the former 

region. The study of ionospheric scintillations is a significant aspect of ionospheric 

investigations as the phenomena of scintillation is the manifestation of irregular 
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structure of the ionospheric plasma, and owing to its implications in the 

communication system design. 

The morphology of scintillation occurrence on a global scale is now well 

established. The morphological features have been utilized to study the development 

of ionospheric irregularities and their characteristics in different regions. Importantly, 

though the intensity of scintillations decreases with frequency, it is still significant in 

the L- band currently used for satellite communications systems. 

 

 

 

 

 

 

 

 

Fig.1.10. Worldwide fading depths of L-band for solar maximum and solar minimum. 
(After Basu et al., 1988) 

However, it is possible to enhance the signal level and cancel the fading from 

scintillations using effective methods known as ‘diversity techniques’. Scintillation 

activity depends on both geographically and temporally. And also on solar cycles, 

seasons of the year, and geomagnetic location, all play an important role in degree of 

activity (Basu et al., 1988). 

Figure 1.10 depicts the occurrence of intensive fading of L-band frequencies 

through the peak of the solar cycle (left), and in solar minimum (right). In the figure, 

it is shown that the Earth is leaning towards left with the sunward-side, and on the 

right during nighttime. In the equatorial ionization anomaly regions, around the north 

and south of the magnetic equator the deep signal fading is observed for a few hours 

after sunset and is more rigorous during high solar activity. 

There have been numerous reports on the VHF scintillations from various 

locations around the globe. Using the amplitude scintillation data at 244 MHz from a 
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network of low latitude stations, Pathan et al. (1991) observed the occurrence of 

scintillations at a station close to the dip equator and reported that it is maximum 

during equinoctial months, and during December solstice months is less and lowest 

during June solstice months. The scintillation studies in the L-band are being 

conducted mainly in the equatorial region of American, European, African, and East 

Asian sectors (Wernik and Liu, 1974; Aarons, 1982; Basu et al., 1998). From a 

multistation VHF scintillation interpretations made in India in 1991, Chandra et al. 

(1993) studied the nocturnal variation and the patch duration of scintillations. It has 

been reported that the strong scintillations last till early morning hours in a single 

patch or sometimes with a weakening or absence of scintillation for a short time at the 

stations close to the magnetic equator. It was also reported that the half width of the 

equatorial belt of the scintillation has been found to vary with local time. Further, 

there is a fairly good agreement between the nocturnal variations of spread-F and 

scintillations. 

It is well known that the occurrence of scintillations is correlated positively with 

spread-F (Koster, 1958). However, the equatorial range spread is associated with 

scintillation activity while the frequency spread is not, though it is acknowledged that 

scintillations are because of scattering of radio waves by the ionospheric irregularities.  

Sushil Kumar et al. (1993, 2000) studied the characteristics of nighttime 

scintillations in Bhopal, Varanasi and Agra during the year 1991 and reported that the 

scintillation occurrence is maximum during equinox months, less during winter 

months and least during summer months. Nocturnal scintillation activity shows two 

maxima with peak occurrences around 2200 hrs and 0100 hrs IST at Bhopal and Agra 

respectively, during summer months, while at Varanasi only one peak is seen around 

2300 hrs IST. The scintillations occurrence is larger during pre-midnight hours with 

peak occurrences between 2100 and 2200 hrs IST, during equinox and winter months 

at all the three stations. The annual peak occurrence of scintillations is found to be 

about 13% in Bhopal (23.50N, 77.60E), 10% in Varanasi (25.30N, 83.00E) and 8% in 

Agra (27.20 N, 78.10E). 
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1.6  SCOPE OF THE THESIS  

An attempt is made to study the characteristics of ionospheric irregularities 

causing spread-F on ionograms and VHF scintillations over Waltair, an Indian low-

latitude station during half a solar cycle period of 1997-2002 and the results are 

reported. Further, an attempt is made to verify the altitudinal variations of ionospheric 

irregularities in order to examine the relationship between plasma bubbles and plasma 

blobs over Indian longitude sector during 14-16 October 2001, a high sunspot activity 

year, by using effectively the database of Challenging Mini satellite Payload 

(CHAMP), Republic of China Satellite (ROCSAT-1), and Defense Meteorological 

Satellite Program (DMSP) satellites. In this context, several interesting features have 

been observed and such features are discussed in light of available literature in this 

thesis.  

Global Positioning System radio occultation (GPS RO) method, a dynamic 

satellite-to-satellite remote sensing technique, is capable of producing precise, all-

weather, round-the clock, universal refractive index, density, pressure, and 

temperature profiles of the troposphere, stratosphere and ionospheric vertical profiles. 

Most importantly, recently launched GPS RO mission such as Constellation 

Observing System for Meteorology, Ionosphere and Climate (COSMIC) is capable of 

providing amplitude scintillation data, in terms of S4-index, globally. The global S4-

index database provided by COSMIC satellites (six) has been used to study the global 

characteristic features of them at lower and upper F-region and E-regions altitudes 

during a low-solar activity year (2008). For the first time, the global seasonal 

variations of the S4 - index in the year 2008 are studied using a recent GPS RO 

technique performed on COSMIC satellites and the observed features of them are 

presented.  

In spite of increasing extensive recognition of the significance of "Space 

Weather" research in the scientific group of people, studies on geomagnetic storms 

have recently been revived. The response of equatorial and low latitudes of the  

ionosphere to severe magnetic storms is poorly understood and one of the problems is 

that the storm behavior varies from event to event and from place to place. The main 

objective of one of chapters of the present thesis is to understand the reasons of 

magnetic storms on the Sun and from the Sun to the Earth's upper atmosphere. As the 

storms offer an excellent opportunity to study plasma dynamics as well as ionosphere-
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thermosphere coupling, an attempt is made to make a study on a few severe magnetic 

storms and retrieve the most salient ionospheric effects of the geomagnetic storms. 

 

1.7  SCOPE FOR FUTURE RESEARCH WORK 

The important observational results of this research have prompted us to carry-

out few future studies on the following aspects and efforts will be initiated to achieve 

those research goals. 

At the outset, as several important comparisons were made between ionosonde 

scaled ionospheric parameters including critical frequency of the F2 layer (h’F) and 

number density of the F2 layer (NmF2) and international reference ionosphere (IRI) 

predicted values and few important aspects have been revealed, future studies will be 

carried-out on comparisons between ionosphere scale heights deduced with remote 

sensing techniques (ionosonde, satellite-based radio occultation techniques and 

others) and empirical models (IRI, Ne-Quick and others). Scale height of the 

ionosphere is an important parameter that will be widely used in analytical functions 

as it can properly measure the shape of the ionosphere density profile. It is very true 

that global comparisons on ionosphere scale heights have not been performed yet 

primarily due to the lack of database and the availability of space-based database in 

coming days will enable to carry-out such studies. In this context, it is planned to use 

near-future global database (available on the COSMIC-2 radio occultation technique 

by mid of 2015) of ionosphere density profiles.    

The morphology of mid, low and equatorial ionosphere during space weather 

events (such as magnetic storms) will be studied effectively by considering 

longitudinally-separated observational locations at relatively larger longitude sectors 

using ground-based, and space-borne data. It may be worth mentioning here that the 

recently established southeast-Asian low-latitude ionospheric network at 1000 E near 

to the Indonesian longitude sector, ground-based ionosonde radars accompanied by 

recently initiated Coherent Radio Beacon Experiment radio receivers at 770 E 

longitude in India, and digisonde network located at 1200E longitude in the West 

Pacific region along with ionosondes located in Japanese longitude sector would be 

the ideal observational facilities to study the storm time behavior of ionosphere in 

future and database from those observational facilities will be used to study few 
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severe magnetic storms and retrieve the most salient ionospheric effects of the 

geomagnetic storms. 

Further, now-cast and forecast capabilities and global specification of 

ionosphere scintillation activity can be achieved by using the S4 - index database 

provided by COSMIC satellites and more accurately using ensuing COMSIC-2 

mission, if the latency (time between data reception and delivery to a center or user) is 

less than 30 minutes. The global coverage aspect of radio occultation technique with 

the meager latency period would allow the global specification and Nowcast and 

forecast capabilities of ionospheric scintillations, a highly appreciable technical 

necessity that cannot be achieved with any other remote sensing techniques. In order 

to realize that important goal, proper visualization tools that would enable users to 

understand the development of the scintillation structures and determining strategies 

for maintaining reliable communications (including GPS navigation) are necessary 

and such important research efforts will be taken as future studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


