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PREFACE

When a plane polarized radio wave from a satellite
“traverses through the ionospbere, its ﬁlane of polarization is:
rotated ﬁhrough an angle which depends on thé digtribution of
jonization and the geomagnetic field along the ray iath; This
phenomenon known as Faraday Rotation proviéés a method of
Acalculatingbtbe total number of electrons in a column of unit
area of cross section extending from the ground to the top of the
ionosphere or upto the satellite altitude. This gquantity is
generaily denoted as the Total Electron Content (TEC)Vof the
-ionosphere. Although an integrated parameter of the ionosphere
it gives useful insight into the behaviour of F-region and gives
information about the large scale processes at work in the
ionosphere. The elegance lies in the fact that with relatively

simple equipments Faraday rotation can be measured by a large

number of observatories.

For the measurement of TEC one can use either a low
ofbiting satellite at an altitude of about 1000 km. or a
geostétionary satellite at an altitude of 36,000 km. With
geosfationary satellites one gets continuous information over a
particular location with high time resolution. With a Tow
orbiting satellite one gets for a particular instant (in about 15
minutes) information over a large section of the ionosphere from a

single observing station. Thus for temporal structure geostationary



ii

sateiliﬁes are most suited while for studies of spatial variation
low orbiting satellites are ideal. However, because of the
pfecession of the satellite orbit observations with a low
orbiting satéllite spanning over a few months wiil be

distributed into the different hours of the day so that. a few

months observations will give one diurnal curve.

In November 1964 a receiving system to record the
Faraday Rotation of VHF signals transmitted from satellites was
set up at Physical Research Laboratory, Ahmedabad. The
initial work was carried out by Dr.S.Ramakrishnan and later by
Dr.R.P.Sharma and afterwards by the present author. The
present author was closely associated with all aspects of
tracking the satellite signals, their recording; data reduction
and analysis and day to day maintenance.' Similar receiving
stations were in operation at Thumba and Kodaikanal also for

short duration from 1964 to 1969,

The present thesis deals with the study of TEC of the
equatorial and low latitude ionosphere in Indian zone using
'Faraday Rotation of 40 and 41 MHz signals from the satellites
Explorer 22 (BE-B) and Bxplorer 27 (BE-C) recorded at Ahmedabad,
Kodaikanal and Thumba during the years 1964 - 1969. Some
preliminary results of the geéstationéry satellite ATS~6 data are

also discussed .
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A% times irregular fluctuations, known as scintillations,
are superposed on the regular Farédaj fading which could be even
so severe as to mask the Faraday fades. These amplitude
scintillations are due to the plasma irregulafities imbedded in
the ionosphere along the path of the radio WaVE A gtudy of
this feature ig also included in this thesis which.gives
informatioq‘about the nature and extent of the ecuatorial

ionos¥heric irregularity belt.

The unique feature of the present study is that the
beacon satellite data at Ahmedabad, Kodaikanzl and Thumba are

compared with the bottomside ionograms taken at the same place.
The lay-out of the thesis is as follows:

Chapters I, IT and ITT

Starting with an introduction to Ionosphere and
Geomagnetism at low latitudes in Chapter I, the detailed theory
and methods of measuring TEC are givén in Chapter II. A descri-
ption of the experimental set up used and the method used for
6btainimg TEC from the Faraday rotation records are given in
Chapter III. Preliminary results from the Paraday rotation of
140 MHz signals from the geostationary satellite ATS-6 are also

given in this Chapter.

Chapter IV

In this Chapter the diurnal seasonal and solar cycle
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variations of TEC at Abﬁedébad, Kodaikanal and Thumba are
_described; The bottomside ionograms recorded at Ahmedabad and
Kodaikanal at the nearest times of the satellite pass within
+% hr are used to derive thé parametef equivalent slab-
| thickﬂess QT = gﬁ where NT is the TEC and Nm the maximum
electron density ?n the F-region. This parameter gives the
tbickness the ionosphere woﬁld occupy had it been distributed
~ with a uniform clectron density euual to that at the peak of the
F-layer. This parameter is also called the layer shape factor as

it sensitively depends on the neutral temperature which

determines the scale height and hence the layer shape. The
N
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‘diurnal seasonal and solar cycle variations of T and Nb where

Na is the total content above the peak and Nb that below the

peak of the iayer are described. The ratio Na/Nb gives information
about the topside ionosphere which could not be studied using
corventional ionospheric sounding technicues. This ratio is
indicative of the departures from thermal equilibrium i.e. T ==
Ti;é Tn’ the temperature gradients in the topside and composition
changes in the topside. Results of the study of these parameters

are presented in Chapter IV.

Chapter V

The best advantage of the low orbiting satellite is
then taken in the present investigation by studying the latitudinal
vVariation of TEC in the Indian eqﬁatorial anomaly region, by

combining the observations from Kodaikanal, Thumba and Ahmedabad.



The satellite BE-B with an orbital-inclination of 79° is most
ideal for such studies to-obtain the largest -geographical
coverage with little local time differences. Therefore only
" dat from BE-B satellite have been used for this part-of the
study. These results are presented as contours of TEC over a
grid of latitude (-5° to 25°N dip latitude) ve. local time in
Chapter V. These studies bring out the details of the
equatorial anomaly in TEC, its diurnal developments, its
seasonal variation, its association with equatorial electrojet

strength and the effects of solar and magnetic activity on it.

Chapter VI

Other ionospheric parameters derived from TEC measurements
are the integrated production rate ( &),) for an overhead sun and
the effeétive loss rate ( /3/) of the ionosphere. These parameters
are @omputed and their dependence on solar XUV flux and season

are investigated. These are presented in Chapter VI.

Chapter VII

In Chapter VII, the results of the studies about the
Occurrénce of satellite signal scintillations, the width of the
equatorial high scintillation belt, the characteristics of
scintillations imposed by sporadic I patches and spread F
irregularities and the most probable time bf occurrence of

scintillations are imvestigated.
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Chapter VIII

In Chapter VIII some of the input parameters required
for the communication systems engineers to plan out the
communication links such as group delay, range error, polarization
rotation etc are computed and presented using the ébssrvgd TEC as

the basicAinput to show the utility of the results.

Chapter IX

Another field of imvestigations carried out in this
fbesis is the study of a special type of ionospheric irregula-
rities first discovered by Rastogi (1970) called kinks,obsérved
as sharp discontinuities in the ionograms. Results of their
dccurrence, properties and the calculation of vertical B x B
drift velocities from the temporal variation of the position

Of these kinks are presented in this Chapter.

Chapter X

To understand a clearer relation between the ionosphere
and equatorial electrojet the author has studied in detail,
- the diurnal, seasonal and solar cycle variations of the
géomagnetic H field at Indiah stations, The relative merits
of the different definitions of the daily range of the geomagnetic
H'field, how they are affected by the magnetic disturbances,
the amplitude and phase of the diurnal and semidiurnal

components of the H field, the dependence of these amplitudes
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and phases on solér aotivity, the anmual and semiannual
variations of the diurnai rarge of H field (quH) and the

' reasons for the time delay of diurnal maximum by about % hr
in high'sunépot years are also the subjeét of the present

investigations. These are presented 'in this Chapter.

 Chapter XI

The conclusions of the studies are summarised in

this Chapter.

It is hoped that thesé new results will enable to
uhderstand better, the complex ionospheric Processes and the
intricate control of the equatorial ionosphere by the equatorial
electrojet. The meaéurement of TEC will be of immense practical
value for the design of communication links via satellites and
knowledge about the scintillations will be esscntial for

satellite communication and TV links.

A o | ' /\/\/\QNW@W
Ny Kzl £, T

(R.G.Rgstogi) \l (X.Narayana Iyer)
Professor-in-Charge Author
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CHAPTER - I

INTRODUCTION TO TONOSPHERE AND GEOMAGNETISM AT IOW LaTITUDES

1.1 Introduction

The ionosphere is a region of the upper atmosphere which
contains free electrons and ions. It begins at a height of about
50 kms with no well defined upper limits. The ions and electrons
| are most abundant at heights of around 300 km but they represent
only one thousandth of the air density even at that 1éve1; so.the
ionosphere can be regarded as a weakly ionized plasma embedded in
earth's magnetié field. But as regards its practical utility and
scientific interést, the ionization haé attracted as much attention
as the neutral air.from which it is produced by the action of golar
radiation. The mést important property of the ionosphere is to
reflect - under suitable cohditions - long, medium and short waves

used for broadcasting and radio communication.

The early investigations mainly by sounding the ionosphere
‘using radio waves (Breit and Tuve, 19255 Appleton and Barnett, 1925)
have revealed the existence of distinct layers conventionally
designated as D(70 to 90 km), E(90 to 150 km) and P(150 to 500 km)
regions whose reflecting properties and physical characteristics
are distinct and show marked variations, pértly systematic and
bartly irrEgulaf. A detailed description of various technigues of
Probing the ionosphere is given in the April issue of J. Atmos.

Terr. Pnys., 1970.



»Onoe such routine monitoring of the ionosphere had become
widespread soon it became apparent that certain aspects of the
behaviour of the equatorial ionosphere differed greatly from the
behaviour of the ionosphere elsewhere. It was also found that
these differences were not determined by the geographic equator

but by the dip equator.

The major influence of the geomagnetic field on the
equatorial ionosphere arises because charged particles move more
freely along the magnetic lines of force than across them. This
means that in order to move the ionigzation vertically or in an
eagt-west direction electric fields wili have to be set up in the
horizontal or vertical directions.n It is known that electric
fields are produced by the neutral wind attempting to blow the
lonization across the magnetic field lines in the 100 - 130 km
height range (dynamo region); this electric field drives the Sq
current system (Matsushita and Campbell, 1967). In practice it
appears that the large scale electric fields set up in the dynamo
region at 10°-15° lagtitude travel up-the‘highly conducting magnetic
field lines and appear virfually undiminished over the equatorial

F-region (above 150 km) (Rishbeth, 1974).

The above mentioned Sq current system causes a diurnal
Variation of the geomagnetic field with a range of ~1007 (at the
magnetic equator) which again depends on the latitude of the
Observation point relative to the Sq current focus. Ground based

magnetometers when placed near the magnetic equator show an



3

abnormally large amplitude for the daily variation of the horizontal

éomponent (H) of the earth's mesgnetic field (Chapman and Bartels,

1940). The enhancement is known to be caused by an eiectric

. current flowing eastward in the dynamo region above thé dip equator

which has a width of about 500 km. The source of this current

is the special geometry of the field at the dip equator which

causeg a vertical Hall polarization field resulting in enhanced
vconductivity in the eastward direction. This extra current known

'v as the equatorial electrojet (Chapman, 1951) causes several

interesting phenomena in the equatorial ionosphere.

1.2 BEguatorial Electrojet

One of the most 5pectaéular variation exhibited by all
geomégnetio elements is daily variation (24 hourly) with fairly
congtant volues at night, the field increasing shortly after sunset,
reaching a maximum value around ncon and fdlling thereafter to |
attain the night time level after sunset. Such a smooth pattern
is known as Sq (S - solar, q - guiet ) variation. However this
ouiet day pattern varies largely from déy to day and season to
season. The pattern of daily maximﬁm reverses at a latitude of
30-40° and this latitude is called the Sq focﬁs iatitude. The
range of variation in the course of a day,. day time maximum value -

night time minimum,is known as the daily range in the concerned

)
element. This daily range is season and solar activity dependent
and exhibits day to day variability also depending on the position

of the focus. The daily range is normally expected to fall of from



a broad maximum value around the equator to zero value at the

focus latitudes.

As early as 1922, when a geomegnetic observatory at
Huancayo near the dip equator was established a few new features
of the daily variation of earth's megnetic field came into light.
Whereas the daily range in the declination, D and vertical
intensity 2 at Huancayo are comparable to those at statlon in
similar geographical latitudes, the diurnal range in the horlzontal
component of H ig gbnormally large being often more than double
the expected value. This abnormal fange in H was interpreted by
McNish (19%7) as being due to locally concentrated eastward
glectric currents. Igedal (1947, 1948) reported that the diurnal
range of H at six stations near the equator showed a sharply
peaked ourve-symmetrical about the dip equator and smoother than

a plot against dipole latitude. Subsequent measurements at other

places viz. in Uganda (Chapman, 1948), Nigeria (Omwumechilli and
“hlexander, 1959), Peru (Forbush and Casaverde, 1961) and in India

(Pramanik and Yegnanarayanan, 1952; Pramanik‘and Hariharan 1953{

Thiruvengadhan, 1954) , showed that this gbnormal increase in the

diurnal range of H happens at all places near the dip equator.

It now became clear that the emhancement was due to overhead
current. This enhancement of electric current flowing in a narrow
zone of + 3° over the magnetic equator on the sunlit hemisphere
was named 'Bquatorial electrojet' by Chapman (1951). Figure 1.1
illustrates the abnormally large diurnal range in the electrojet

Tregion.
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1.3 anductivity of the ionosphere

1.%.1 General theoly

The cause of the equatofial electrojet lies in a special
feature of the electrical conductivity and hence a brief description

about conductivity is presented below.

Based on simple gas kinetic theory conductivity of an
ionized gas, which is anisotropic in presence of a magnetic field,
is represented by a tensor. Taking a oartesién coordinate system
 with its Z axis alorig the magnetic field directionlﬁi the
conductivity tensor & is given by

[0 -5 ©

G, o O

1

[+

where 2, ,» G, and G- are respectively the 1ongitudinal,

2

Pederson and Hall conductivities and are given by

6 = . Z *'j“’”L S
B 1 %
Yo Ve {2. S
6z = LS e (1:2)
R T vy
2
. fﬂ‘
0—— 0 — ﬂLL Lr'_1 EL
where subscript i denotes the ith specics of charged particles,
e is the charge of the particle ( -e for electrormﬁ,jlézzé%igé
_ I, ¢
th

is the gyrofrequency, V.

i is the collision frequency of the 1
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ion species with neutrals;ni.is the number density of charged

1

particles and m ; mass of the chargedApartiole. The collisions
bétween charged particles is excluded in equation (1.2)._ In a
weakly ibnized plasma like the lower ionosgphere, this is reasonably
true, but becomes serious with increasing altitude and must be

taken into account.

From equation (1.2) it is found thatGo , 5} and 6; are
| function of n., m; and 1& which depend on neutral number dénsity.
These parameters vary with time and space. The height disgtribution
of 6, Gq and 6; show that G, and 6; are smaller than 0 and reach
maximum at 110 to 140 km.(E region); this result is independent‘of
the model used for ny and))i. The ratio %??_ is about 10 around
100 km during day time. '

Wnen the magnetic and electric fields are orthogonal and in
l}tbe horizontal plane, which is true near the magnetic equator, a
vertical Hall current flows. But since the medium is bound in the
vertical direction, the flow of this current is inhibited resulting
in the setting up of polariszation fields. If this Hall polarization
field inhibits further the Hall current, the effective conductivity .
of the medium (parallel to the electric field) is greater_than(??.
In the ionosphere, Hall current leads to polarization fields which
leaks away easily along the conducting geomagnetic field lines
except at the dip equator where the field lines are horizontal and

the Hall current is completely inhibited. The resulting conductivity

is sufficient to explain the observed Sqg field.



To derive the effective conductivity the coordinates are
.ohanged with X, Y and Z representing the magnetic south, east and
vertically upward directions respectively. The conductivity tensor

(1.1) then takes the general form

D By S

4 e B - (13)

a6
()—Z_K AN 22

If we consider ionosphere as a conducting thin spherical sbell,
then currents cannot flow vertically and hence J, = 0. The current
density . N ‘ ,
J = [G] Ei (&L4)

then becomes

x | (15)

where ) )
Oxx = G GT/("J_S sim g + Gy Ces 4))
2 . &
G;.y = - G;,( = G56; Sin LP/(G‘: s P 676037-43) ‘ () D)
‘ = e cor
6;,y = (QG_[ smLCFﬁ-G“,GE C OS5 C/>)/(ooam §b+€, JSL}

: )
where C,i‘t is the dip angle and 03 = G+ 03 /6“, : is the



effective or coWling conductivity to be used in the dynamo theory.
Since 63 >» 6; in the 100 km region C3 is very much enhanced or
Oxx, 0yy end 6;5, beihg function of @, vary with latitude.
Estimations show that height integrated effective conductivity
over most part of earth is 5 to 10 times greater than the Pederson
conductivity, even though the inhibition of Hall current is not
complete at most.places (Hirono 1950a,b, 1952; Martyn 1948a

Maeda 1952; Baker and Martyn 1953%; Chapman 1956; and Maeda and

Matsumoto, 1962).

1.%3.2 Spécial geometry at the dip equator

At the dip equator P= 0 and Oy % :D—'D) 6‘;.}, = 0 and
<;yy =03 . Thus the cowling conductivity is enhanced by a further
factor of 2 to 5 because of the total inhibition of Hall current.
The enhancement of G;yoocurs in @& narrow zone of half width 39'
~latitude (Baker and Martyn 195%) flanking the dip equator and this

is the cause of the equiiorial electrojet.

1:.3.% Longitudinal differences

Subsequent studies (Rastogi, 1962) of the electrojet in
different longitudes have shown significant longitudinal differences
with strongest electrojet in the ALmerican zone and weakest in
Indian zone. This is confirmed in recent rocket measurements of
electrojet currents intensity in Peru (Maynard, 1967; Davies et al.,
1967) and in India (Sastry, 1968). This longitudinal inequality may

. _-.')'5
be due to longitudinal differences in the geomagnetic field B,
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which gives rise to inequalities in the oondluoJcivity6}'}/(Suguj.réi**'m\K

-

and. Cain, 1966). Untied (1967) has modified G;ynmdel of Suguira.
and Cain (1966) to take into account meridional currents also.
This model yields a étronger current and a Substantiaily large
'(~7°) width of the electrojet. Untied (1967) assumed a dipole
field. Suguira and Poros (1969) have improved upon this model by

using a spherical harmonic expansion for the magnetic field.

1.4 Lnomalies in the equatorial F2 region

104.1 Baguatorial anomaly in the latitudinal variation of fol?2

Even the earliest observations had demonstrated that the
F2 layer behaves anomalously in various ways. The first example
of such unexpected behaviour was shown by Appleton and Naismith

(1935) that the fOF at Slough was less at summer noon than winter

2

noon, whereas the E and F, regions ionization increased with

1
decrease of solar zenith angle as expected from Chapman's (19%1)
simple theory of production of ionization in plané%ary atmogspheres.
Another abnormal behaviour of the F2 region of the ilonosphere was
noted by Berkner and Wells (19%4) with the establishment of an
equatorial observatory at Huancayo where he found the magnitudé

of f F, had two peaks during the day around 0800 and 1600 hr with

2
a bite~out around noon. Maeda et al. (1942) showed that foFQ data
of American and Asian stations fitted well with ecach other when the
geomagnetic latitude was considered rather than geographic latitude

thus detecting geomasgnetic control in the F2 region. However,

Appleton (1946) was first to show that when equinox noon values
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of foFZ we;é plotted agaihst magnetic dip a curve)is resulted
which had two peaks at + 28° dip WithAa trough around dip equator.
The éxistenoe of these two peaks north and south of the dip equator
has come to be known as Equatorial anomaly, geomagnetic anomaly

of Appleton anomaly. Figure 1.2 illustrates the equatorial anomaly

in the letitudinal variation of f_F, (after Rastogi 1966).

Burkard (1954) and Maeda (1955) tried to examine the
relative importance of the geomagnetic (dipole) and magnetic (dip)
latitude in the distribution of noon foFZ but no significamt
difference could be found. Rastogi (1959%a,b) using an extended
set of data showed that when noon foFZ is plotted againét the
magnetic dip the scatter of points is much less than if it is

plotted against dipole or geographic latitude indicating that the

anomaly 1is controlled by the magnetic dip.

‘1-4.2 Diurnal development of the eguatorial anomaly

By examining the relation between Nﬁ and geomagnetic
latitude for hours of the equinox day other than noon, Appleton (1954 )
found that the latitudinal anomaly persists throughout the day
and is absent at night hours. A detailed invegtigation of the
equatorial anomaly's daily variation during.equinoxial months
0f 1953-54 - a period of extremely low solar activity was carried
out by Rastogi (1959c). He found that two peaks begin forming
close to the dip equator around 0900 LI, move poleward until they
Teach 16° dip latitude by 1600 LT and then move back towards the

equator finally disappearing by 2100 LT. Tt is observed in all
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{

cases that while the peaks move poleward their amplitude increasesg

and while they move equatorward their amplitude decreases.

The situation dﬁring solar maximum is quite different.
Although the development of‘tbe anomaly begins at the same‘time
the peaks maintain their poleward motion upto 2000 IT where
maximum development occurs before moving back to the eguator.
Lyon and Thones (1963) found that the anomaly persists at least
tlll 0200 IT durlng equinox of 1958. The same observations were
confirmed by Rao and Malhotra (1964) also. Rastogi (1966) compared
-the daily development of the anomaly for each hour of March for
low sunspot year (1964) ang high sunspot year (1959). The anomaly
1s most pronounced at 1400 IT during 1964 and 2000 LT during 1959.

- His findings are reproduced in Figure 1.3,

Longitudinal differences in the equatorial anomaly were
first pointed out by Byfrig (1962). He found that the numerical
values of the peaks and troughs are differemt in the eastern and
western hemispheres, lower values being found at 90'W than 60° E.
The difference is also found to be larger in the eouthern than

| in the northern hemigsphere.

1.4.% Bguatorial anomaly in the diurnal variation of foR2

Berkner and Wells '(1934) were the first to note a noon
bite-out in the dally variation of f F2 at Huqnoayo, i.e. a peqk
of foFQ is reached in morning and again in the late afternoon

With a valley around noon. Rastogi (1959b) found that the \
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diurnal variation of .55 islconsiderably different at stations
having the same geomagnetic latitude, but when the true magnetic
dip of the station is considered these discrebanoies disappear.
Rastogi (1959¢c) found that the double maximum in the diurnal
variation of foFZ arc less separated with increasing latitude and
finally converge to a single maximum at a dip of 25°. Studies of
the deily variation of foFZ have also been carried out by Rao
(1963) . Rastogi and Sanatani (1963%) have described the longitudinal
effect in the daily variation.of foFZ at the equatorial stations.

C At Huencayo (dip 2°N) the noon bite-out and the evéning peak becone
less important with increasing solar activity so muich so that in
1958 the daily variation\has only a single prominent peak in the
forenoon. A%t Kodaikanal (dip 3.5°N) one finds a very distinct noon
bite~out in any of the years 1954~62. The daily variation of fOF2
at Natal (dip 2°8) is quite different. These results are reproduced
in Pigure 1.4. The equatorial stations Huancayo, Ibadan and
Kodaikanal repregsent the American, African and Asian sectors

respectively.

In the Amcrican sector, during solar minimun year (1954),
two peaks are observed, a morning and an afternoon peak separated by
a trough around noon known as the noon bite-out. As sunspot number
increases, the morning peak gains importance while the afternoon
lpeak and the noon bite-out becomes less significant. At 1800 hr
I during solar maximum (1958) £ ¥, as a function of local time >
beging decreasing rapidiy whereas its behaviour during soler

Dinimum is much less precipitous.
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Overall, the solar cycle change in the daily variation of
fon in the African and American sector is similar with two
exceptions: during solar minimum the afternoon peak is greater than
the morning peak, and during solar maximum the noon bite-out is
more evident. In the Asian sector, Rastogi (1970) found that at
Kodaikanal, close to the dip equator, the morning maximum in foFQ
is wéaker than the afternoon one during solar minimum while as
solar activity increases, f F, increases more rapidly in the

morning than in the afternoon so that during solar meximum the

morning maximum gains importance.

When the equatorial anomaly is studied in the American,
African and Asian sectors characteristic differences are observed

which depernd on solar cycle.

1.4.4 Daily variation of hmax F2

Obgervations of hoox F2, the heigbt,'of peak F2 ionization

density, are much fewer than those of Nﬁax F2 primarily because of
the greater difficulty in obtaining the measurements from ionosonde
data. Incoheremt scatter radar yields the height directly but

there are very few stations employing this technique.

During solar minimum years on quiet equinoxial days near
the dip equator (African sector), Olatunji (1965) and Lyon (1965)
find that hmax F2 lies between 300 km and 350 km from 1200 IT to
1800 LT, Farley (1966) using incoherent scatter radar find the

Same values of hmax F2 in the American sector. ‘During the night
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all these invéstigators find that hqu F2 slowly decreases to

around 275 km by 0500 LT,

A different daily variation of hmax FQ is found during
‘solar maximum years. In the African sector Olatunji (1965) finds
that‘the F2 peak increases from 300 km at 0700 LT to 500 km by
1400 IT maintaining this altitude t111 1800 IT. Soon after

1800 IT hmax F, rises rapidly attaining 600 km by 2100 LT. This

2
same post sunset behaviour is also seen in the American zone

(Lyon and Thomas, 1963) . hmax F2 then dedreases throughout the
night so that by 0400 LT it has reached its minimum value of 300 km.
Rastogi (1971) has shown that the effects of solar activity on

f,F, and hpF2 are diametrically opposed; fOF2 incregses at its

maximum rate when the corresponding change in hpF2 ig least.

Chandra et al. (1973) have done true height analysis of
N(h) distribution at an equatorial station Thumba. They found
that hmax F2 and hpEZ tally each other for night time records only.
B F, was found %o show midday maximum in the low sunspot year,
19655 but as solar activity increased, largest values of hoow Fo

were seen in post sunset period.

1.4.5 Fquatorial anomaly in topside ionogphere

The epuatorial anomaly is also seen from topside sounding
satellite (Lockwood and Nelms, 1964). It is evident that the

ionosphere above the F, peak is also controlled by the geomagnetic

2
field. TIf electron density is plotted as a function of altitude,
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a ledge is observed (between 1600 and 2400 IT) whose height
variation depends on magnetic latitude. In fact this ledge occurs
on the magnetic field line which passes through the crests of the
anomaly called the anomaly field line (Lockwood and Nelms, 1964;

Raghava Rao and Sivaraman, 1974).

1.5 Explanation of the eqguatorial anomaly

1.5.1 farly explanation of the anomaly

Soon after Appleton's observations concerning the equatorial
énomaly was published, Mitra (1946) suggested that the formation
of the -anomaly was due to production of ionization by solar ﬁitra—
violet radiation high in the atmosphere from 600 to 1100 km and
gsubseguent downward diffusion_along megnetic field lines to F2
altitudes causing an increase in ionization at magnetic latitudes
- of +15°.,
Martyn (1947,1953) on the other hand proposed that most of

the ionization was produced in the lower atmogphere, near 200 km
. —

—

—

and lifted vertically with a velocityﬁiﬁil%, where E'represents

— 15
an eastward electrostatic field and B the earth's magnetic field.

The combined effect of this B x B drift and diffusion along the
magnetic field lines by gravitational and pressure gradients
forcesg effectively transports the ionization from the magnetic
equator towards higher latitudes. However as latitude increases

the dowmward diffusion velocity also increases so that beyand a

certain latitude, the plasma's horizontal velocity component starts
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to decreas with increasing latitude. In this way crests in

ionization are produced north and south of the magnetic equator.

The electrostatic field E required.in Martyn's theory is
produced in the E-region as a oonsequenCGIQf neutral winds moving
Adonization across megnetic field lines thereby generating currents
-and electric fields. This so called 'dynamo'’ theory first proposed

by Stewart (1882) (see Matsushita 1967 and Tarpley 1970).

Investigations by Duncan (1960), Baxter (1964) and others
seem to indicate that MartYh's‘theory is better_able to account
for the observations than Mitra's. The investigations by Duncan
(1960) and Matsushita (1968) suggested that ionization is Being
transported to one latitude region ét the expense of the other.
Mitra's theory cannot explain transport of ionization toward

equator.

1.5.2 Theoretical investigations of equatorial anomaly

Solving the steady state continuity equation which included
the effects of production, loss, diffusion,_ﬁﬁx‘i?drift and neutral
.wind, Hanson and Moffett (1966) found that the crests in ionization
Teached 200 latitude for a drift of 15 m/sec and only 8° when drift
- Was neglected. Bramley and Peart (1964) solving the contimity
equation assuming similar coﬁditions produced the same results.
They also found that a drift speed of 10 m/sec would produce crest
at 17° geomagnetic latitude with a peak to troughlratio of 1.55;3

an upward velocity of 5 m/sec would produce cregt &b 12,5‘ latitude

Wwith peak to trough ratio of 1.22.
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Investigating the vertical drift effects in ﬁore detail,
Bramley and Young (1968) found that the peak to trough ratio
increased 1inear1yrwitb drift speed from a ratio 1 at zero driff
~to 5 at 33 m/sec. The latter drift speed produces crest at 25°

Tatituce.

Baxter and Kendall (1968)have solved the complete time
dependent continuity equation, to take into account c-rotation

of the ionization with the earth.

Abur-Robb and Windle (1969)'solving the time dependent

- contimuity equation investigated the effect of neutrsal wind on
broducing the north-south asymmetry. They found that a wind speed
of 40 m/sec blowing from north to south across the dipoleAequator
transported ionization from northern to southern hemisphere causing

the southern crest to be larger than the northern one.

Purther studies by Abur-Robb (1969) and Sterling et al.
(1969) not only confirmed that drift is a necessary ingredient for
producing the eguatorial anomaly but showed that the position of
the crests depénd only on<§,x-§’drift and not on neutral wind
velocity.

dnderson (1971) using = more réalisfic gedmagnetic field
'model hag theoretically reproduced the diurnal development of the
equatorial anomaly in the American and Asian sectors using different

electrostatic field models.

The anomalous diurnal variation of foFE at an equatorial

station showing a depletion around noon is a direct consequence of
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the above discussed processes in the equatorial F, region.

1.6 Scope of-tbe thegig ~ Study of the ionosphere using
artificial satellites

Till the advent of the satellites orbiting round the earth
it was impossible to study the major portion of the ionosphere
above the F—region peak (topside) because of the inherent difficulty
that radio waves with frequency f;>fo become trangparent to the
ionosphere and hence the coﬁventional radio sounding techniques
from ground fail to probe beyond the F-region peak. However
séﬁellites equipped with stable coherent radio beacon transmitters
of several suitable frequencies have been used in the past tﬁo
decades for studying the topside ionosphere. By measuring on the
ground one or more of the characteristics such as polarization,
amplitude, phase, fregquency etc of the coherent transmissions from
satellites it is possible to study the gross properties of the
lonosphere on short and long time scales. The most usually and
easily meégured parametef for such studies is the total electron
content (TEC) of the ionosgphere which is defined as the total
number of electrons in a vertical column of unit area of cross
section extending from satellite to the ground (Browne et al., 1956).
The study of the behaviour of the parameter is of great practical
utility for the communication engineer and throws light into the
Physical processes at work in the ionosphere. 4 phenomenon which
can be studied with no. extra equipment than that required for
measuring TEC is the scintillation of HF and VHF signals imposed

by the electron dcnsity irregularities in the ionospheric plasma,
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as these waves traverse through the ionosphere. Information on

the morphology of scintillation is of great practioal value for
communication enginéers to correct for the phase distortions of
trans-ionospheric signals caused by the scintillations. Characteri-
stic featurés of scintillation also carry informatiohvabout the
nature of these irregularities, their scale sizZes and distribution
and the physical mech anisms responsible for the production of these
(Swenson, 1963). In the present work a study of the equatorial and
Tow latitﬁde lonosphere by.measuring the TEC using low orbiting
satellites over a period covering half a solar cycle is presented.
Part of the thesis is devoted for the study of scintillatiohs in

the ionospheré. & chapter is also added on the study of geomagnetic

field and its variations at low latitudes in the Indian zone.

1.7 Satellites and satellite orbits

The advantage with sate}lite studies is that once a
satellite is plzced in orbit it continues to be in operation for a
large number of years. Most of the satellites used for such studies
are at or above about 1000 km altitude, where the air density is so
small that the drag effects on the satellite orbit are almost
Negligible. The motion of a satellite around the earth is guided by

the well known gravitational force balance equation

s T G Mg (r7)

! | ¥
where m_ is the satellite mass, M, the mass of tbe'eartb,?jé the

orbital velocity of the satellite, G the gravitational consbant
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and'T the ;istanee of the-satellite from the centre of the earth.
Satellite orbit could be chosen to be circular or to have any
desired eccentricity. It follows from the equation (1.7) that the
period of revolution of fhe satellite when it is at any given

altitude is given by

Toan| L (13)
s Mg

3 |
and varies ag [ . Satellites at around 1000 km altitude will

thus have a period of roughiy 105 minutes. Of course small
nonuniformities in the gravitational field give rise to ‘slight
perturbations in the orbit. So such satellites can be used to scan
a few hundred kms of the ionosphere in sbout a few minutes' time
(King Hele, 1964). The orbits could be chosen to have any
inclination with the equatorial plane. Polar bircularly orbiting
-satellites with almost a N-S transit are preferred in the study of
TEC in order to avoid local time cheanges. Such low orbiting
satellites have the advantage that from a single observing station
we can cover about + 10° latitudinal extent in about a few minutes"
time. However therc is the 1imitation that we do not get

continuous data over any location.

This could be overcome by employing geostationary satellites
which have their periocd of revolution same as that of the spinning
beriod of the earth (viz 24 hours) so that with respect to any

observer the satellite appears to be always at a fixed location.



For fhis the satellite should be placed over the equator at the
geostationary altitude of 6.6 RE (earth radii). Such a satellite
will give continuous.information over a given place but at the
game time spatial coverage has to be forgone. However data from.
the geostationary satellite ATS-6 have just started to emerge from
Indian observations.

1,8 Characteristic reguirement of beacon. satellite and
transmissions

To give the widest geographical coverage and to permit thé
study of polar ionosphere the satellite orbit should be inclined
approximately 90° from the earth's equatorial plane. In order to
keep the source well above most of the electrons in the ionosphere
and above the scintillation producing irregularities the satellite
altitude should be at least 1000 kms. Circular orbit can simplify
the analysis. Polar orbiting satellites can avoid the local time
dependence in latitudinal variation studies. It is desirable that
the satellite has electromagnetic symmetry sbout the spin axis or
the satellite be spin stabilized in such a way that the antema
aspeot presented to the ground observer changes only very little.
It is very useful to have several frequencies and that they be
locked ﬁogether in phase. Sufficient power must be transmitted
to facilitate reception with good signal to noise ratio even by
simple equipments on ground (Ref. Swenson 196%, COSPAR information

bulletin No.15, 20).
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1.9 Details of the two beacon satellites used in this study

The explorer 22 reseérch satellite known as Beacon
Explorer~B (BE-B) or S66lwas launched by means of a Scount rocket
on October 9, 1964 from Vanclerberg Air Force Base, USA. The
satellite went into an orbit with an inclination of 79°, apogee
~of 674 miles (1084 .4 kms) and perigee 878.5 km. The anomalistic

~period is 104.7 minutes.

Explorer 27 satellite known as BE-C was also launched fromn

the same launching sité by & similar rocket on 29 April 1965. This
satellite went into an orbit with an inclination of 41°, an apogee

of 1321 km and perigee of 933.2 km and an initial period of‘108

minutes.

Both the satellites are identical in construction

Weight = 116 1lbs

Shape = octogonal cylindrical shell from the sides. of which
four solar panels exfend like wind mill blades

Material = Macde of honey‘oomb ny lon énd fibre glass

Height = 129

Diameter = 18"

The cut away view of the satellite Bxplorer 22 is shown in

Figure 1.5.

Solar panelg are 10° wide and 5.5°' long and contain twice

a8 many solar cells as needed for initial power. 4s the. solar

cells deteriorate due to radiation effects a reserve bank of solar
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célls Would be brought ihto.operation.

Antennag: Extending from the ends of opposite solar
panels are two 5' long whip antennas which radiate 20.005, 40.010
and 41.010 MHZ.P Two bar magnets 5.75" long are used for passive
orientation of the satellite. They align it along the magnetic

field.

To protect the instrument from large temperature variations
vacuum insulation is provided between the instfument and the
satellite shell. When the internal temperature of the shell drops
below the desired 21°C any one of the eight thermostats located

throughout the satellite, triggers an adjacent heater.

Centrifugal forces csuse the weighted antispin cables to
deploy and allow the four solar panels to erect themselves. The
first of these two actions bring down the spin rate to 40 rpm
from 160 rpm. The solar panel deployment oausés a further decfease
of spin rate to 3 rpm. The rate is then gradually reduced to zero

by magnetic antispin rods.

866 satellites have % bagic transmitting systems:
(1) WaSA Tonospheric beacons at 20,- 40, 41 and %60 Mz
(2) LPL doppler system at 162 and 324 MHz

- (3) Telemetry chammel st 1%6 Miz.

The donospheric beacon frequencies are derived from 5 Miz
crystal oscillator which is enclosed in a package containing

a dual oven with high thermal stability. The transmissions are
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coherent and linearly polarized. ‘All the low freguency

transmitters radiate at approximately 250 mW.

L clock marker or timing pulse appears on the 20 Miz
signal. This modulation is a rectangular pulse whigb cccours
every 22.018 gec. BE-B provides one pulse and BE~C provides two
pulses. These timing pulses can be used as identification marks
for the two satellites. Signals for the time markers are dérived

from a tuning fork oscillator with a stability of 1 part in 109.
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CHAPTER - II

METHODS OF MEASURING TEC USING BEACON SATELLITES AND THEORY OF
‘PARADAY ROTATION

2.1 Introduction

We divide the various methods of measuring TEC according to

the measured parameter of the wave as follows:

(a) Method based on measurement of angle of arrival of the

wave

(b) Method basedl on measurements of the polarization angle

of wave (Paruday Rotation)

(¢) Method based on the measurement of the shift of the

frequency of the receiving wave (Doppler technicue)
(d) Method based on the measurement of group delay of
two different frequencies.
The sbove methods will be briefly explained in this chapter
and -a detailed account of the theory of Faraday Rotation whicn has

been used in the present study will be postponed to seotion 2.3.

2.2 Different methode of meagurement of TEC

2.2.17 Angle of arrival meagurement

One of the effects of the ionospheric medium is the
refraction of the incoming wave thus causing a change in its
propagation direction. For a frequ&ncy QJ:>LQPtbe ray path is

bent while crossing the ionosphere but it is almost straight in the
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lower atmosphere where the refractive indeX/Ut;1. Denoting by

£ and Eﬁthe refraction angle errors as seentby the observer and
transmitter respectively, the angle ;= €+ €’ is called the ray
bending. Under simplified conditions it has been shown that it is
a function oi the zenith angle R at the observing point and the
quantlty J Na 5 where dsis an element of path alomg the ray
dlrectlon° If (U ;/LLPqnd A is small, the path k Sisa A, the

range of the satellite and hence one can write

T As o
f N s = Sec j N Adh = t _L,,v X (02./1)
;

where N, is the vertical columnar electron content (TEC).

The ear ly meazurements of this kind made use of the rise
and set of signals. X can be calculéted from the orbital
emphemeris of the satellite and measured using directional
‘antennas. Thus TEC -an be evaluated. More accurate and
spatially continuous ﬁeasurement can be obtained using interfero-
meters (Titheridge, 1966). In this the dispersive property of the
ioﬁosphere is made use of. The difference in the angle of arrival
of two widely spaced frequencies is measured using which TEC can

‘be derived. This is very useful in detecting slight horizontal

gradients in TEC.

The disadvantage with this method is that the orbital
emphemefis would not be accurate enough for rigourous measurcments
and otherwise sophlbflodted ray tracing techniques will have to be

employed.
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2.2.2 Meagurement of the optical path difference

At a single receiving station,.the difference of phase path
followed by different signals emitted by fbe satellite can Be used
fér TEC measurements. The two waves being measured can be either
waves of.two different frequencies or two magnetoionié components
of the same frequency'giving rise to the two corresponding widely

used methods - the differential doppler and faraday rotations

Differential dobpler method - In spite of the name, in.
practice the time behaviour of two received frequencies is
measured . This is actually a phase diffefenoe method. vaé optical
‘phase path of a wave transmitted from a safellite S and received on
ground at R is P ;‘ffL§L5 where 'Y’is the phase path of the wave.
Let P' denote the gé;metrical path of'tbe wave. Then P! =&[E£5 )
This path Y is not in general coincident with the straight line
joining R and S. If the operating frequencyﬁﬁ>3$’aﬁn;“JH and y

we can use the no collision no megnetic field. Appleton-Hartree

formula
2 2
w .
Fro=i- ok (2:2)
a3
N e N (2:3)
e N
which reduces to /‘_ | = - _ﬁié,f_. I e
- RLEM W
2.
a- - 510 -
where T M Esm T 510 mks units.

Denoting by AP the difference between the optical path

|
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and geometric path we write,

- ‘r’ y 4 P /' /

AP = PP [(-F)ds = @ LEE (24)
: . L o

wherejfvclg represents the total electron content (TEC) along the

line of sight. Now due to higher frequency used and smaell zenith

angle X , the refraction effect can be neglected by putting

SR = R = .st' In this case we can write

/“a | _ /'4’-3
[ = ﬁl—’)_ Nsec X dh = 4 secX {N dh (25)
hﬁabeing the satellite height and éEL.)f, a weighted mean of =eckX
‘such that
j[ B(Zﬁx,\l('/(l/‘., (’) C)
sec X o= ~fﬁzf~——--~- <l
j N cddh

6]

By choosing a suitable value X of X along the geometrical path,

7

we have Kz h secX -
Wb AP wh b, sec X' AP [2:7)
Therefore N, = W2l - - -
T t G secX a Sec X i

A

~ 7 : = |
at SVC X' = zec X . Therefore “!t T 'k

We can now make use of the dispersive property of the ionosphere.
If the satellite emits two coherent frequencies then the difference

between AP, and AP, of the frequencies W, and W, can be written
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N S
as = ‘
/ _
AP =PR-F = [(-p)ds = & [Nds
| e “i R,
5 » -
. -~ . '3 4
ond AP = B o[- p)ds = & (Nds
: R Y2 R
The difference q ' [;2 )
. . ER s G
S =AaR- AR = }‘YL«_' ’“ﬁiz [Nds )
= } 2 Y+ {A)l R
2
or Op: n"f? A P, ; assuming same geometrical path for v,
’ m* . -
- and &)J_ where W o= S_),g_ .
' €D,
Thus the total electron content
W md (Q~ o)
’\lt’ T e sy T
: a m=-r R

In praétice one measures the relative phase rather than the phase
path. ‘
>, o, 1
b CAG L P LR o)
Therefore AL}—’mé\fﬁw%qu__ — " m = (
so that an ambiguity of 27 will exist. This can be solved as

follows. If there are no horizontal gradients,

—A—E— = WA P = A——“*P ( KR 2)
R R R
i 9 S ’ . ]
Ng = @Woh, o (213
’ a T om=i R '
Since R = H = P? and recalling that A(/)) - (“)l‘i
. ‘ . -
A Ly P“/— , A,
and A W, = = and (’ODD = AW, ~ -———);B-" we get
2 2 () : 5 )
N = Ok, Woo (214
’ a. ) AL,
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hence the name differential doppler to the method. What is
actually measured is the phase difference between the two waves

as a function of time using a polarimeter and a phase comparator

or phase sensitive detector.

2.2:3 Faraday rotation

In treversing a magnetoionid medium (such as the ionosphere)
a plane wave undergoes a rotation of its plane of polarization
the total angle of rotation depending approximately on the
average magnetic field component'in-the direction of propagation
and on the total number of electrons in a column of unit cross-
section along the ray path. The earth's megnetic field ‘is known
to the desired accuracy. :Therefore if the angle of rotation of the
piane of polarization of a wave of known frequency can be measured
on the ground the total number of electrons in a unit column along
_the ray path and therefrom the vertical columnar electron content
“can be derived. The principal advantage of this method is its
simplicity both in data collection and analysis. IBver since this
effect was first suggested by Murray and Hargreaves (1954 ) this
is widely used for measuring TEC. Early such measurements of TEC
were dpneAusing Tunar echoes (Browne et al., 1956, Bvans and
| Taylor, 1961) and later using artificial satellites (Little and

Lawrance, 1960).

2.2 .4 Group delay method

Mensurement can be made of the time of flight of a signaly

from satellite to ground using the relation
o

oo (ids (215)



36

/ . .
where Ei is the group path and -_— /1 the group refractive
index. As is done in the phase path method, assumlng P thCLS
and f% m.kj({fy and with the same approx1matlon used 1m

‘ dlfferentlal doppler method, we can write
AR -R-B = [(p-Dds< _@_j/\}gts | @u@)
G=5-6=] =

07 - A% & [nds  (an)

and

¢  cw?ry

If, as usual, we have two frequencies (O, and (J)
AT o ] .
by = & . Z)INdS v Q@)
ATy = & (5 5 (

This gives the value oijds which can be reduced to the

vertical content Ht = N(Ndh using a sultable value of Secfi,"

| Tt must be mentioned thet unlike the Faraday method,
differential Doppler and Group delay methods give N{ upto the
satellite height. Attempts have therefore been made to measure
ITEC above 2000 km by subtracting the results of Paradsy method
from those of group delay technique. The résults will be
contaminated by the errors involved in both the methods. However,
using'a geostationary satellite variations in protonospheric TEC

can be monitored using the principles.

1 2.2.5 Combined use of differential doppler and faraday data

Recalling that

! - [(Nds
) = “'}:"i Bcoso l’\

(2%)

Lo
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wa AP(E) = & (Neds = AR+ AP (8 (2-20)
' W R : -

'We can write (L Cf) 2’% B;os@ APC&)

The differential rotation A P = (,c), 'WL ) j\\h)@q
. Ld

cC  m*
where m = .E:f
i ' W)
1t wm= 1+ & and &<<1 w; 24
o
. Therefore ZS ¢ e ~7£?-1Vt
» . . 2 .
A(/ _ - o?c,cé N | (;2 Q\)
AW c* |
LJT” 75“": ﬁ the group delay

(5—50 )

Conséquently if there is a satellite emitting three
frequencies W,, W,and Wy, the first two closely spaced and (Ug
much higher, one can measure the differential phase without
ambiguity -and with great accuracy.

2.3 . Theory of faraday rotation approximations, assumptions
and second order corrections

2.%.1 Pirgt order theory of faraday rotation

The basic theory was developed by Browne, Evansg, Hargreaves

and Murray (1956). Due to the free electrons present and the

impo sed earth's magnetic field the ionosphere behaves like a

T - SIS V- SR, M omamm A vy A rntTer SF e wmarse nf given Tineasr Of
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elliptic polarization is emitted by a satellite, wheh traversing
through the ionosphere, such a wave splits into two characterisﬁic
modes i.e. the ordinary and the extra-ordinary. They propagate
with different phase velocity due to their different index of
refraction. If a particular experimental condition i1s fulfilled
(i.e. the menith engle X is not too large amd W_>> Wp, 0, ) the
.two Waves'prooeed, to a first degree of approximation along nearly
" coincident paths. Emerging from the bottom of the ionosphere the-
two waves recombine again giving rise to a new wave édiarizatiOn

which is modified with respect to the original.

_ If in partloulqr the emltted wave is linearly polarlzbd
and the QL condition satisfies (i.e. i /4CF“X) LL >/ the
emerging wave is again linearly polariged but with an angle
different from the original one. ZFrom this effect, which is known
" as the Fareday effect, 1f the geomagnetic field is known, the

total electron content can be derived (Murray and Hargreaves, 1957).

Under QL and high frequency approximations the collisionless

Appleton%ﬁartree refractive index formula becomes (Garrlott 1960)

w‘?_

/u, = X
; A (2-22)
, o and e gignifying the -
wr X ' ordinary and extra-
and /e = |- y ordinary modes
=1L
2 0 ,
Wy N Y R ocos @
where X = —& and Y, = o C’,

An incoming linearly polarized wave can be decomposed into

two circular counter rotating ones. In crossing the ionosphere the



39

two components are shifted in phase relat'ive to bne another by an
angle /3 . It is easy to show that while recombining they ‘give
rise again to a linearly polarized wave whose direction is rotated
by an angle = fﬁ with reference to the incoming weave, towards the

lagging component. The phase for each wave is written as
P - iﬁj s (223D
C
where )/ is the signal phase path. The phase difference is given
- %> . W J(/g ~E)ds= 20 (224)
Therefore \ f(/‘ -l )0( f)jxyud‘s (225D
5o _

by

>
assuming D >> (“OP H
~  w (eBcosd Ne“ s
T T e (,u3,Cm o
eBMW# (({3 5 cos© sec X Ah (226)
- W e O

All the quantities within the integrals are functions of height, h.
While b o5 8 is known N is not known. The pr’oblem can be

solved with som¢ degree of approximation by wrl‘blng
1 Ko — h,r _ _
QO = ——35—2 M f dh (02"’?7)
- by

“where lec~ . -{— Ch) (/[ I/L

[% COx $eg

’\/} - MMTM
N(h) ”So f k) ar

and {U") = Nyn

Figure 2.1 illustrates how faraday rotation takes place.
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_ Thisfﬁ.will correspbnd to a_paftioular value of M (= E;}
€058 sec’k) along the path at a height called the mean ionospherig |
height (Yeh and Swenson 1961) This positioh, although exact fs
a particular case, is no longer true if the N(h) profile and the
dlrectlon are changed maintaining the ionospheric height as 151
generally done. This height strongly depends on “the dlstrlbutlo
of ionization and megnetic field along the ray path. In order o
asoertain the error introduced by this approximation, it is a googd
rule to theoretically analyse the behaviour of M over the station
sky. This has been done by various authors (e.g. Yeh and Gdhég@%

1960) and the errors are estimated to be less than 5%.

2.%.2 Errors imvolved in the first order theory

The main sources of error in the Faraday rotétion method.
are those due to vertical motions of the source and horizontal
gradients in TEC. Other errors are due to taking fixed helghtihg
M, that too same for day and nlgbt high freguency approx1mﬂt10n&ﬁ
QL approx1matlons, neglect of collisions in the Appletonéﬂartree%é
formula, low anlth angle approx1mqtlon, geometry of the m¢gnet10i
field used in M calculations, neglect of wave normal splitting mﬁ
magnetoionic mode coupling which are discussed one by one in |

what follows.

Browne et,al (1956)?have shown that most of the
rotations (L occur w1th1n the first 1000 kms above the eufth
| | Titheridge (1968) has hown that 92% of the total electron COﬁtmﬂ
and 95% of the Farasmy rotation occurs below 1000 kmg. Figure 2:2

‘ 5 C
shows the dependence of on the satellite height, 1.e., the UPP
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limit of %he'integral. As B decreases as ‘lg above -a certain

1imit ( ~ 1400 km) the increase of this upper limit does not affe,

h. This means that the faraday rotation measured is due to the

ionization upto a height where B has a value independent from ﬂm’
satellite height. Thus vertical motion of the satellite of a

perturbation nature do not affect the Faraday rotation measured oy

ground. It is thus concluded that Faraday rotation methods gives

the TEC only upto a maximum height of 2000 kms. This virtual

drawback has been made use of to derive the protonospheric eleotrM{

content by subtracting faradey content from differential doppler -
contenﬁ, which is sensitive upto the satellite height (36000 kms)g
The errcrs involved in assuming a mean field height for i

(I3 Cov6 sec X ) have been discussed by Yeh and Gonzales (1960)
Figure 2.3, computations of M(h) for different satellite elevatio#

and azimuths are shown. It is shown that for high elevation passe

the variation of M with height is very small and hence will not
cause serious errors. The éppropriate value taken for M depends O

the geometry of the magnetic field. M can be computed for a

selected path of propagation over the observing point. By using'w?
model profiies;ﬁ énd the meanfﬁ have been computed for various |
paths by Chiccacci (1972). He findg that h ranges from %15 to 347
during the day and 405 - 415 km for night. In Figure 2.4 the
value of M/M (h) is plotted vs h for the worst condition of a larg’.
zenith angle X | in order %o show the errors involved by choosiﬂg%

a fixed height for M. We can observe that for night, b = 400 kin; |

no appreciable errors are present while during the dsy the crror 18,
of

below 10% only for about a 120° azimuth centred around the south
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HoWevef, ir the QT region'tbe assumption failsg' Jonathan Mass (1966)
hes calculated the effect of QT propagation 6n the above épproximafion
He finds that the width of the rate anomaly whére QL propagation does’
not hold is ~u2° for 20 Mz and 1° for 40 Miz. Thus the error
introduced is 2% for 20 Mz and 1% for 40 MHz. Thus for all

practical purposes QL propagation is a reasonable approximation.

2.4 .2 High freguency approximation

When Browne et al. (1956) derived the equation, they
expanded the difference between }g and /é in powers of X. Dubse-
Quently they neglected all terms in X except of order 1. Thig is
justified if O)‘,_f'/s’ﬁZo.m (Titheridge, 1971). Basu and Basu (1969)
have studied the effect of magnetoioniclmode ooupling.and weve
" normal splitting. They found that the effect is strong at low
- geomagnetic latitudes at 40 Mz and the coupling region is large at
night than in day. Ilsewhere the errors ihvolved are not very”
gserious at 40 MHiz and above wherefﬂ%{&b.01. Brrors are_S% by day
and 15% at night. Hudson (1969) Qgé further found that second
order effect is of order f%‘and is serious at QT. This can be

o]

eliminated bydﬁg.mathod.
./L h’]

2.4.3 Refraction

At small elevation angles ionospheric refraction will cause
deviations from the straight line path. Thus the O and & modcs
Will not travel through the same path. However, at low elevation'
angles <:30° refraction will produce a path splitting as great as 1°.

This will not introduce an error of more bthan 3% in TEC at high
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frequenoieé. Tyagi and Bhatnagar (1969) have found that the effect
of refraction will introduce a time lag between the occurrence of QT

on two widely spaced freguencies.

2.4.4 Departures from the geomagnetic field or ionogphere model

The work of Bramley and Ross (1951) and Bramley (1953) has
shown that at.leastlin the lower ionosphere departures from
spherical stratification are small and of short duration. Systematic
tilts are found to occur only near dawn when tho igoionic surfaces
in the lower ionosphere are tilted from west to east. Tilts from
east to west may ‘be expected to occur in the upper ionosphere at the
same time such that these two tilts may cancel each other to some
extent in their effect on Farac ay rotation. it may be noted that
the results will be most sensitive to tilts when Seo;X400 is large,
in other werds at low elevation transits. The effect of horizontal

gradients and TID'S will also lead to erroneous results.

2.4.5 The extrapolated field

To findig at the mean field height the earth's magnetic
field is generally extrapolated outwards using dipole model and
inverse cube law which will introduce errors. But we have used
" spherical harmonic expansion of the magnetic field using 48 Gaussian
coefficients and ﬁ?is geparately computed for each sub-ionospheric

Position using IBM %60 computer. This should enhance the accuracy-.

2.4 .6 Experlmental accuracy

Counting the number of Faraday fades from the chart records



48

can introduce errors as large as + rotation. The largest

uncertainties are in the post midnight period when TEC is so .low
that during a whole transit there may be only 1 or 2 fades at 40 Miz.
This will introduce an error of + 3% by day and as large as 50% in

the predawn period. By far this is the most severe error out of

all.

Kersley and Taylrr(1974) have compared TEC obtained from
26 overhead passes of BE-B with that obtained by integrating the
incoherent scatter profiles at Malvern. In 19 cases agreement was
obtained with a fixed value of M. In few cases when szlayer was
umisually high, an adjustment in mean field height (hF) was

necessary . hF is proportional to hqu

[t

and a mean field height

of 375 km is recommended for general use.
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"CHAPTER - TIT

EXPERIMENTAL SET UP AND METHOD OF MEASURING TEC USED IN THIS STUDY

The details of the characteristics of the beacon satellites
used in this study and their transmissions were given in Chapter I.
In the present chapter, the experimental set up used at Ahmedabad,
Kodaikanal and Thumba for recording Faraday rotation will be

described.

3.1 Receiving set up at Ahmedsbad

Block diagram of the receiving system is shown in Figure
- 3+1. The dipole antennas are erected in the E-W direction at a.
height ofﬁ2~from the ground. E-W direction is chosen to have the
antenna reception pattern symmetrical in the N-8 direction (as

most of the passes are in the N-S direction).

The receiver has unbalanced inputs with an impedance of
50 ohms. The dipole antenna gives an impedance of 72 ohms (balanced) .
Impedance matching is achieved by using a wide-band balun matching
transformer. Thig imped ance matching transformer is mounted near
the antenna itself. Amphenol RG -~ 8/U coaxial transmission line

"1s used to connect the antema outputs to the receiver inputs.

Figure 3.2 gives the block diagram of the transistorized
Magnayox receiver used for receiving the satellite signals.
It is a double superhecterodyne receiver usihg crystal controlled

local oscillators. The preamplifier section is a fully shielded



20MC DIPOLE

pur—

e MPEDANCE MATCHING

BALUN
RECEIVER .
40MC DIPOLE 000sMel

dE 50 | MAGNAVOX} 46 ¢
roeid MODEL B oy

41 MC DHPOLE 4001 MC

RECEIVER
502 | AGNAVOX LAGE.

AW

JASTRODAYA
PPS
. 6190 “13"““"‘"

8 CHANNEL SANBORN RECORDER

NAGA 28B4k
e

RECEIVING SYSTEM  FOR  RECORDING
SATELLITE  SIGNALS AT AHMEDABAD

Figure %.1 : Schemetic disgram of the satelllte '
gignal receiving system vt Ahmedabud.

i PREAMPLIFER  _ _ _ IF SECTION ré‘@‘ﬁl iﬁﬁ‘l‘_‘?’“

] | 4790KC 45KC

L rF LedMIXERL IF MIXER F A MIXER i

501! LAMP 1 LAMP ; AP AMP AMP | ___&f,gm | |
| : &

| AGC P |

1 ; LINE. ] ‘( ﬁ/ !

! XA ] | [ 05C FECTP " 8Fo !

* 05C avip | Iszaskg FIER J! 1

{ l l ! i

g i ; Ao |

| | ! A U

! b | |

U Lo b e
b T AGC T AUDIO

OUTRUT OUTRUT

Figure %.2 s Block dimgram of the receiver.



51

plug in unit. By plugging in the appropriate B/A into the front

end of the main receiver the receiver frequency can be altered.

The preamplifier piug in unit consists.of an B stage,
a mixer stage and an oscillator stage. Thig gives an output of
4790 kHz. 'The RP amplifier has approximately a gain of 35 db.
The mixer stage has a conversion gain of 5 db. - The front end unit
contains’the first IF'stage, the second local oscillator, second
IF amplifier, second detector and audio stage. Second local
oscillator is crystal controlled at 5245 kHz. This stage mixes
with the 4790 ¥Hz and gives an output of 455 kHz. The AGC
incorporated in the circuitry is such that it is logarithmically
‘related to the amplitude of the incoming signal. This is to make
the nmulls sharp and to have broad maxima from an otherwise

simusoidal wave. The second IF stage has a gain of 90 db.

Complete electrical specification of the Ry is as under:

(1) Voltage requirements +8.4V and -12.4V DC. The total
current drain of each receiver is nominally 15 milliamps.

(2) The sensitivity of the R_ is 135 dbm.

(3) Toe bandwidth of R_ at 3 db point is 2500 Hz.

(4) The AGC output impedance is 15 k ohms and the AGC

time constant is 8 milliseconds.

Due to the velocity of the satellite the signals suffer

- doppler shift. But the 2.5 KHz bandwidth is sufficient to

accommodate this frequency change.
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The AGC outpuf is fed to the DC amplifiér manufactured by
Sanborn company. DC amplifier drives the galvanometer of Sanborn
gtrip charf recorder. The frequenéy responsé of the recording‘
system is 0 - 50 Hz. Strip chart recorder has 8 channels. Two
channels are used twice by shifting the position of stylus. These
@hannels are reversed for the timé marker pulses. Chart speed
can be varied from 0.25 mn/sec to 100 mm/sec. The overall gain

‘of the whole system is 145 db roughly.

Amplitude calibration is not necessary for faraday
rotation records. Since the AGC has logarithmic response, amplitude .
calibration is essential for scintillation studies. A standard

signal generator was used for Calibrating the whole system.

Since the satellites move with very high velocity a time
standard correct to a fraction of a $eoond is essential. At
Ahmedabad a time standard manufactured by 'Astrodata' company
which gives 1 pulse output/sec which is derived from.a crystal

controlled 1 MHz oscillator of high stability is used.

Many countries broadcast standard time signals in the HF
band. The frequencies allotted for these signals are 2.5 Miz,
5 Mz, 10 Mz, 15 MHz, 20 Miz and 25 Miz. At Ahmedabad 10 MHz
and 15 MHiz transmissions from Japan or Hawaii (WWVH) are used
for synchronizing the local time.standérd. The time standard
1s never allowed bto have an error morg than 100 pilli.sec. Exnctly

identical receiving systems were used at Thumba and Kodaikeneal.
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32 Fornalism of satellite predictions

Before planning any observation schedule with satellites

' it 1s necessary to have fairly accurate predictions about the
éxpected satellite transists across the station sky. A computer
-progfamme has been developed to be used in IBM %60 for this purpose.
The basic input to this is the information from the NASA prediction
c -bulletins periodically received for each satpllite.A For a

selected orbit at every 5 or 10° of latitude the incremental
longitude and incremental time and height of the satellite are
given in this bulletin. Knowing the coordinates of thevobserving

| site, the period of the satellite, change in longitude between
successive equatorial crossings the predictions can be generated

for any desired period.

From the known parameters, the rate of change of latitude;
longitude and height of the satellite with reépect to time are
Computéd and stored as coefficients. From the desired starting
time and date, for each minute the satellite position can be
extrapolated with the help of these coefficients. Knowing the
satellite pogition and observer position, the azimuth, elevation
and slant range of the line of gight can be computed. These
information are printed out for transists having maximum elevation
greater than a pre-desired value (~-10°). The Fortran IV programme

used has been appended as Appendix TI.



54

3.3 Degcription of the method of'oalculation of TEC

3e%1 Geometrical aspects of the ray path calculations

Once such predictions are évailable, recording schedule is
made. From the records the Faraday rotation angle for every minute
from thé QT point is scaled off. Using the Paraday rotation angle
and the sub-satellite coordinates (obtained‘from NASA refined world
maps films) at every minute during the transit as inpuf parameters
TEC is calculated according to the method described below with the
help of another computer prograﬁme accepfable to IBM 360 which is

also appended in Appendix II.

Having>caldu1ated the above parameters the sub—iondspheric
pointslof the satellite at every minute during a transit are
derived using a fixed height (350 km for Ahmedabad and 400 km for
Kodaikanal) for the mean field factor. NOW, the zenith anglexC

of the ray path at the ionospheric point is calculated.

The next step is to compute the magnetic field vector at
the point where the ray path crosses the ionosphere ahd hence
to calculate the angle O between the ray path and the field.
«from this the magnetic field factor M = B cos @ Sec X, is
calculated. From the inputs of time, subsatellite points and

number of Faraday fades-fz, the total electron content TEC is

calculated using the formula fl= £% M N, where k = 2.97 x 1072

ks units f is the frequency of the wave in Hz M in Gauss and N7_

in el. m'yﬂis in radians. Xor 40 MHz;.this reduces to

N = 1-69 %
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-0 ‘
NT being evpressed in units of 1017 61, m™° and S the number of

fades.

From this skeleton sketch each part may be elaborated as

follows:

(a) Calculation of elevation, azimuth, range and
sub-ionogpheric points (Spherical Astronomy, Smart)

In Figure 3.3(a), let C denote the centre of the earth,
‘0 observer, Aolongitude of observer ﬁ%latitude of observer, S.
~ subsatellite point As_subwsatellite longitude (P& subgatellite
latitude. CS = CI = CO = Barth's radius, R, SSO = height of
satellite = hs IIO = height of ionosphere hi" The ebove
quantities are known.
Let /\L' and CFL be the sub-ionospheric longitude and latitude

respectively which is also to be computed. ‘In Figure %.3(c)

PO = observ-r's.colatitude = (“7‘0~ q%) = b 5

—_ N \ . .
PS = subsatellite co-latitude :< (7D~—CFS).:C’~L91: 05 = a
In the spherical friangle POS

But A = AO~>\5

Cos 4 = cos b cose + amb sime sA

Therefore coba — cosb cose + Slm-b St C C@S(}\o“ AS) ( 5
. . ~- ’ 5.

oM G
cos@a /f

. . -
. 2. o .
and S @ = [— cos A ancl o= tam (

To find the range 0So

1n 0CS8o of Figure 3.%(a)
0%, = (LO%+ CS:;~2CO-CSO~&% OCS0

?" - . -
"2 Fe> 0 Y o D /[’\"-I-l’lr:)' Caos (L




(b)

Figure 3.% 3 Geomelyy

for the calculation of elevation,

agimuth snd sub-ionospheric point.

(d}

56
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| | _ ]
: - ~ 2__ - -
050 = | R*+ (Rohs) — 2-R(R+hs) cost | (3.2)

To find the elevation SOOI—‘{ = 0

QF Z5 <n A
In A 0285, , Cos B — ”'.D - CS, A
| 056 C So
Therefore CO% B = (R_,Jv_s) %L%”C{,
Jo
Hence G = —IL (f\ +/L<> Nk 3 ng)
C

To find the zenith angle Z OS, = X,

o

From Figure 3.3(a) , XO _ G-, and the zenith angle X
&

at ‘che ionospheric point is simply related to ,‘C by

cm K. = R+hs alm X (34)
| « R+ hot b o : 4
In Figure 3.3(v) () and _’jlcorrespond to ’che observer and the
satellite on the celestical sphere. PO =€ and O/D/‘:CL .
Now azimuth is the angle between PO and (J S =
Let £ = &Léﬂg
c

From gpherical ‘trig onometry,

~ - [GL'Yl ( - b S (/S a‘)// J(V‘/“)\’)’mxa)}

Sin =
7

= 2 Sun

s

Therefore p —" [ aim (8-b) Sim (’ C’)/( Sonb 'W‘Q)\} | 5)

To find sub-ionospheric points

In Figure 3.3(a) let CIOSO:/3 and OCIQ: 5



Therefore F,: COI&—-{—OC.J.Q:(.C/Of 6+3d )

, CI,
Now ‘ £§QM - T
' UM /3 Sen f
But co - 05
<U‘"‘_C Sen d
| 0% 0%

SL’!Y\./E = C’:%o"—;mf _ (?-f—’h)D‘"”f

Cleo

- Therefore /5 - %VYL‘I L(J\“I—l'\g) S(mfj

M

K-+h
and = /j-(f% 0+6)

In Figure 3.3(c), PC\*E’) PS5 = C.Let PO = 7/

In spherical A(}EIPO of Figure 3,3(d)
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2 7 0(
{:—C“W f" .,l"f‘) (5 Gan o(/C o5 S(ﬁn/” - dCt)L'L&f )

_ Gind Stmd
Therefor - i
A © Y“ ' t‘mw Cot & Gt.fv:./,s ~ s

z }\o‘.Y = gub-ionospheric longitude .

S
§ s bcosa j

In Figure 3 3(d PI sub~ionospheric colatitude xv{(say)

In spherioalll rFor

Simck 5O
"5(,'!\’7 A h <im Y
Pheref ore EM'\OL-:: S >lf\fL0§
sin Y
s § Som X
or 0(/ sim [ Sn Y

Sub~-ionospheric latitude = 90_-01_ = CP&
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£

%3.%.2 Spuerical harmonic expansion for the magnetic field

The upto date computer programme given by R.H.Eckhouse Jr.
which again is a modification of the programme of Jones and
Melotte (1953) and Yeh and Gonzales (1960) is used in the present
study. The mathematical expressions are those given by Jones and
Melotte (1953). The spherical harmonic expansion uses 48
coefficients of Tensen amd Cain (1962) which expands the magnetic
potential upto terms of 6th order and 6th degree. These equations

require only very little computer time.

The magnetic vector potential in spherical harmonic

coordinate system is given by

o0 VL ‘ Y141 .
Ve a2l (&) H, (R (greosmbss] smme) (30
»Y,.;" m=0 T Ag) an

where (L is the radius of the earth, ¥ is the distance of the
point at which field is required 9, from the centre of earth. é) ig

the geographic colatitude of this point. CP geographic longitude

Yoo, . .
3»4) h, @are Gaussian coefficients, /LL: s
e Zintiem) ) (310
"o 2rn ! o

an ™ - T’Yl/z .”yn - N .
R () g R B

Ty
R, [/u) ig the associated Legendre polynomial. The Legendre and
associated Legendre polynomials are taken from Morse and

Peghback (195%). The X, Y and & components representing the south,
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east and vuertically upward components of the field are-

K=o 2 (8)"C ' 32
SimB h’{:—o (7) C Q.YZ = H@_ ( )
5 N2 |
o 25 G = 210
Y= SimO Yﬁo(r, Cqﬁ)n = Hcp (
6 M4-2 _
7 M.NZi(nH)éi) Cpop = H., (1w
CoT | V1= T
where o -

m N o
Con = 2. Kn (f}‘;ﬂ ICG‘S ™mP + A:’ Sim M 43) (:.: 1)
o

Cor oS m H (9T s m et ko csm®)  (3016)

‘:’* n = \’%_:O " . |
A | » -

Cyn = Zj H:' (f(:n cosmE+ h,, sir CP) '(> 17)
. -0 /L/m

Soom A . |

T e | 3:5)

K'\r)_ } Sln l9 0{0 ( ’

»‘ It should be noted that although the summation indices begin with
zero, the Gaussian coefficients do not exist for M = v = Cj ,
since free magnetic charges do not exist as compared to free
electric charges. Thus the monopole term canhot exist in practice,
and the expansion begins with dipole term only. One further
obvious point is that the expansion is written for a spherical

eaftb .

In Figure 3.4(a), let the receiving station be represented
by (6(_J @R 5 Cﬁ)ln the spherical polar coordinate system, where
(A = earth radius, 6371.2 kms. M is the point of magnetic field

computation given by (g—) fs') ’4)
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MQ is the subfield point given by /6 and 5.

Then giw = cos € Z.(4)
2L Yk (

cesit = J—I‘— ST (3-20)

=T _€-i (321)

ard <in@ = JI1—Cos @ 2-22)
Sim Y = Sim B cos GR (3 24")
- 5(m b
Cosy = 2O Cos € Cos (3250
. -’—;\mc)&L s .

s (§-h) = Z2E s (326

- gm\ | .
Hy =1 (327)

The recursion relation for H is

o Ha e S (23)

I

and | :\: - ’/_/ﬁ— H% (fmr n :m) | (3-2@:’)

" H. +1@:m Ho [z 32)
Ky = -mM an-1 ‘

M = - HW‘ - H@ Cos Y fﬁw 7 - H@ Stn Y /—0'71 7

— (330
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The full computer flow chart, Gaussian coefficients and

final Fortran IV éomputer programme listing acceptable to IBM %60

are appended in Appendix IT.

3.4 Methods of analeing'faraday rotation records

347 Total rotation method:

Vhenever the incoming polarization is orthogonal to the
dipole antenna a null is present in the records. Assuming QL
propagation and no horizontal gradients, the rate of Faraday
rotation will be almost constant excépt near the QT region. At
this point the rate df rotation undergoes a drastic change and this
can be identified in clear records in the abgence of scintillation
én& other disturbancés. At the QT point since the electric vector
of the incoming signal is parallel to the magnetic field the plane
qf polariz.tion remains unchanged. Thus this portion of the
record when the trace remains almost flat is the QT point. Here
the rotation of the plane of polarization can be taken as zero
or it_representé the initial polarization at the satellite. A
typical record +taken on 2—4—65'for BE-B is shown in Figure 35
Jonathan Mass (1966) has discussed the errors in this assumption.
He concludes thaf the errors are not more than 2 - 5% in the
worst case. From the QT point the number of fades {1 at every full
minute can be scaled and the TEC corresponding to the sub-
idnospheric 1a£itude at each minute computed knowing the sub~

satellite positioh at each minute supplied Ly NASA refined world



Thumba

L L T L T I S P T TS b s i vy srre '
ghsseranren, SR L S
I i . T Lk i NG ::r “,',} Ht i:
T + .t | 40MHz
L Y 75 rp o 1s . ;.1}. 1
g . i1 e p R :
- , im 0 el i N ad .
1] ewos LT 1,0102 || 7SPEMT . . 0101 ar'
B e S WG Mt : E*I' MR ol it gt }
’ - i N AN 53 R B
e A R e L b " 20 MHz Jd
I " gl e agad
L PP g ) Saras MMM
f i ] ¥ - ], [ 'v é
L b AU R RRRNRNRRR T PO LLELLIT T
o ks I 3 LA T TITITIT & T l h 'v _ “1y . l
z I A B Jon 1966 i1 BE -8 |47 T ﬁﬁ NESARE
e N o M s LD 40 MHz [l
. ; Xing ,: e ,‘:l' 'L_")‘is R4 ki i A’
. C 1) H g T N ik H, ¥ 3 i
RER 1822 1. ey Pegepmr LI 41 1320
1. : i : xf.: u :--:; : T Tk i : 11
; Al P RS g e
: -t PR 20 MH T
A oty e 1 G o . N
i} PR 1) 1" T AN fF | S A
-2 : k! : ST i N |3 H A Rk i u i
i PHR AN L N NI A AR NN {
AR PR file

Plgure 3.5 3

Typleal Farsday rotation records-
at Ahmadsbad on 2 April 1966 around

(a)
(b)
(e)

The
are

0820 T BMIL

at Thumba on % Pebruary 1966 around
0102 75° BEMT and
8% Thumba or 1 Jamary 1966 around

1821 75¢ EMI

clear QT peoints and the frequancies
alao merked ir the figure.




66

" maps. Then we can use the formula
. . 5
N - L

k M

3.4.2 Differential faraday rotation (Rotation rate or Faraday
freguency method) ‘

Ve know that L) = ' &?’Vt-' Cﬁ e

In case the OT point is not clear or to correct for the
errors occurring near the QT point, we can use this method . to find
- out the absolute value of TEC. When no horizontal gradient is

present,

%

/

(AM N+ M. A/\Jl,)
;ﬁ_ ' ‘ (3 33)
k

>

_Sil;:-:) -\—\'

v Ny -

assuming no horigontal gradientsf
(iaGO A{\‘{::O

5.4 .3 Double freguency method

The most accurate way to solve the ambiguity of the factor

Wil is to use two closely spaced frequencies (d,and Wy so that

S
JQW = M A)t
uu( “~
mnd ﬂﬂq - iL‘M'NE
: L«)»} _ f ) .
’ ’ B J J(,,-‘. — {A
Thercfore §{) :.ﬁl,~—jzl = b}\}rvﬁ. ‘”iT“”}
(,{_)’l—(/{)}:L‘
2 ).
[RERR AL = S Ei__iéi
w,
. - rd LU i )
Oﬁ, 32,: Atéfl wheve A~" 1 ——g (*‘34)

S N UJ
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Th. polarization of the two received signals will

coincide if cgflt:ﬂjrusing this method, the coincidence will

resolve the ambiguity if a%andCazare suitably chosen. Using&%:: 40
iandcka =41 MHZ,/Q = 20.75 i.e. there will be éoinoidence every
20.75 rotations of the 40 MHz signal. Since S0 is a function of
time during a pass and due to variations in TEC and M it is |
‘generally easy to see more tﬁan one coincidence. It is obvious
that wher1f2,= jll-YnTTthe polarization is not orthogonal to the
antenna and an error of {IT is possible. In such case it is
advisable to plot Sﬁl\maSEand to find the exact value of éﬂl from

the extrapolated best fitted straight line curve.

3.4.4 Second order methods of Ross (1965), Hudson (1969) and
- Nancy Uss Crooker (1970) '

The original first.order formula of Browne et al. (1956)
for Parade— rotation does not account the higher order terms in
“ﬁhe AppletonéHartree refractive index formula for a magnetoionic
medium. This will lead to erroneous results of THC especially when
‘magnetoionic mode coupling between the ordinary and extra-ordinary
.fays takes place. This happens generally nesr the QT‘region.
Therefore Ross (1965) has derived a second order Faraday rotation

formula

Q= [t L pX Tk (1) G X | (235)

where S0, is the first order Taraday rotation angle,/g is a

factor proportional to Xt which in turn is proportional to
- 2

JN"dh / (N dh . X
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& is a geometrical factor and

G = Tan X [ﬁi‘m X~ 1o ]
A V-
IF SR
/3 = 1 for a completely uniform distribution of N(h). For a

Chapman distributidn of the form,

/

N _ ) ~Z < 2, 76)
- S ] ~ 7 - 2 sec XJ (,..: 36
N - Nm EXD _[_l Z {,,‘ SeC X
. o , ' -
We can take -/5 = 0.159 [q , # being in units of scale height.

For '{’l = 1000 km, H = 67 km we can write /3 = 2.5. This
formula can be used only with a proper knowledge of the faotors/[s‘
and (5 which require information about the electron density

distribution with height.

Therefore Hudson (1969) had made a simple extension to the
first order formula by expanding the refractive index formula
in a series expansion as
N 2 2 L .
. X _ XVYiese XY sin & XY sim & v ©
L AT

7 e D R TS -
s (237)

Now the angular rotation (/% as the wave of freguency () passes

through & distance ¢ls is

' 3.3%
d Sl = _;:‘.l (vi-v,)ds (5 )
o €

where Y, and Y, are the two characteristic refractive indices.

Thus

WY B30 and | XY o6 land /,;(_
— T~ + /1 ‘

oA }".X’\/'t;aslﬁ -+
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‘Neglecting the third term in the bracket,

-

o = @*JXV(OS@G[S *-f——&:—)— fXYESWG%G) fev 6ds (3'4‘))

© I6C
o dla€ . . —
- 0. 0,4+ A0 | (3:41)
= where,ﬂSlnow becomes the second order correction. _

 Yow AL = Ko M, J N dh A | (3'42)
A {L{ .

. . _6 . (:

where Kl.: 4535 x U ““J~'3"UYu 5  and

\ CB l“ﬂ(ﬁ) jCCm sec X

Tt may be noted that the second order correction is
inversely proportional to the 4ﬁh power of wave freguency and hence

vnegligible at VHEF,

An improvement in the closely spaced first order formula of
Blackband (1960) for deducing ionospheric electron content from
Paraday rotation measurements was made by Nency Uss Crooker (1970)

as lelows:

el

AN ‘ ! L /.5(4 Tg” (glu_g
‘( kM

where /) £ is the time shift between the nulls of the higher frequency

f; and the lower frequency f‘ at any instant of time £ under consi-

'deratlon. / is the period of fading for the lower frequency and

- (i—--Q- '
-1 / 2 i
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Ag.uming no horizontal gradients,
. N _2 :
PCEy = F° (344)
[ O’M
2k NeeM
dt A

For different velues of V%) H_C€;> can be calculated and plotted.
The observed P[h)curve coincides best with the ﬁ(ﬁ)curve for a
particular value of . This is selected as the actual value of Y.

P(ﬁ) is read off from the records.

3.4 .5 Inter-comparison of TEC obtained by the_different methods

In this section, to shbw the intercompatibility and the
‘relative accuracies of the different methods of analysing Faraday
rotatiom_reoords, we have analyséd a typical satellite pass on

17-3-1965 of the satellite BE-B at about 0441 UT. The values of
TEC given'by the different methods and difference with respect:
- to the fir~t order‘formula are shown below:

0441 UT of 17~%-65

Author S TEC (el/mz) % Difference
Browne et al. (1956) 3.474 x 101/ Standard
(First order

Blackband (1960)  3.351 x 10/ 3.5%

Ross (1965) 3,544 x 101 2.0
Hudson (1969) = %.684 x 1017 ' 6. 0%
~'Nancy Uss Crooker - -+ 3.143 x 1017 2. 8%
(1970) <

The above results indicate that the higher order corrections
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are not greater than 5 - 104 and therefore for routine use the
simple first order total rotations formula of Browne et a2l.(1956)

is guite reliable.

3.4 .6 Method used in the present study

However, second order formulaé are not amenable to routine
use while hardling large amount of data. Therefore in this study
the single frequency first order faraday rotation formula is
used, and records in which QT is very clear are only used. The
closely spaced ffequency method(%%%:)iﬁ used for records in which
QT point is not clearly identifiabie uhambiguously. Again, at the
QT region where the simple formula fails, the differential faraday
fading fOrmula%%é% method is used. The mean ionospﬂeric height is
. chosen as 400 km for Thumba, 400 km for Kodaikanal and %50 for
Ahmedabad. The magnetic field at this height is computed using the
48 Gaussian coefficients spherical harmonic expsnsion for each
minute's position of the satellite. The elevation, azimuth and
-Tange of the satellite for each minubte are computed for the known
Sub-satellite coordinates supplied by NASA refined world maps.

A fixed satellite height of 1000 km is chosen throughout the

analysis. No variction of hAwith day and night is congidered.

Thumba data for 1965-68, Kodaikanal for 1964 Oct - 69 and
Ahmedabad 1964 Oct ~ 1969 have been used to derive the total
electron content. Almost simultaneous ionogram information is

used to study the parameters of bottomside ionosphere.
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3.5 Pr.liminary results of TEC and scintillations using
ATS—~6 gsatellite ‘ :

With the positioning of the geostationary satellite ATS~6
at 35°E in July 1975 it was possible for experimenters in India to
obtain continuous records of total electron content from differenf
stations in the Indian subcontinent. Thus a chain of ATS-6
_reéeiving stations werc established with the collaboration of
Physical Regearch Laboratory, Ahmedabad. The details of the
stations are given in Table 3.1. All these étations have
»iaentical receiving systems and record Faraday rotation at 140 MHz .
. In addition to this, = major.establisbment is in operation at.
Ootaqamund (Ooty) to record Faraday rotation at 40, 140 and 360 Miz,
- Amplitude and phase scintillations at 40, 140 and 360 MHz and

Group delay at 40 and 140 MHz with respect to 360 MHz.

Table 3.1

Station Geographic Magnetic

Longitude Latitude Dip

°oR oON °N
Ooty A 76.70 11.43 4.00
Bombay 72.91 19.09 24 .15
Ahmedabad 72 .62 2%.0% 34,00
Rajkot 70.74 22.%1 %3 .00
Udaipur 73.67 24 .58 35 .00

Patiala 76.38 30.%2 45 .00
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Some preliminary.results of this study are given below.
‘The main advantage of geostationary éafellite is to study the
diurnal variation of TEC over a particular location with high
'time resolution. The Faraday rotation data at the above mentioned
stations have been analysed to obtain the diurnal variation of TEC
at each of these stations. As the ratio of the change in Faraday
rotation angle (A£) o M is directly proportional to the Total
Electron content we show here only the ratio AQ/M typically for
24 October 1975. The results are shown in Figure 3.6 where the
’diurnal variation of 4f1/M at 140 Mdz at Ooty, Bombay, Rajkot,
Ahmedabad, Udaipur and Patiala has been compared, thus covering
‘a range of latitudes right from near the magnetic equator to
latitudes beyond the equatorial anomaly peak. fOF2 at Ahmedabad
is also plotted at the top of the diagram for comparison. It is
seen from Figure 3.6 that the diurnal curve at Ooty is quite flat
and that during the course of the day at Ooty less than one
rotation only has taken place at Ooty. As one goes away from the
dip equator we see that the diurnal curve becomes more and more
sharp and the amount of rotation within the day is more than two
at Ahmedabad and Udaipur indicating that the electron content
increases with latitude giving a peak near about the latitude of
dhmedabad or Udaipur. With further increase of latitude, at

Patiala the Faraday rotation curve again tends to be flat.

From Figure 3.6 thus the diurnal as well as latitudinal

Variation of TEC is indicated. The latitudinal variation of THC

Cleérly indicates the Appleton anomaly. These results lend support
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to the res.lts in the followinb‘chapters derived from low

orbiting satellites' data.

To indicate the presence of satellite signal scintillations
at frequencies as large as %60 MHz, we have shown in Figure 3.7
typicalsreoords of.scintillations recorded at Ooty at 40, 140 and
360'MHz. Three typical night time scintillation récords for
19 October;1975, 20 October 1975 and 25-26 October 1975 are shown
in Figure. Generally one expects the scintillation strength to
follow invérse frequency law, i.e. scintillation will be stronger
at lewer frequency than athigher frequency. But we see, often
this law is not obeyed in equatorial scintillation. On 19 Octobéf
:1975, and on 20 October 1975,‘the gscintillation at 360 MHz is
much déepeﬁ than at 40 or 140 MHz. But on 25-26 October 1975,
Séintillation at 40 Miz is stronger than at 140 and %60 Miz. This
violation of frequency law is indicative of tie different nature

of the equatorial scintillating irregulerities.

Although scintillation is known to be a night time
Phenomenon (Koster, 1972), we show here instances when considerable
scintillation is seen in day time. ¥Figure 3.8 shows a few records
‘:Oﬁ 7 November 1975, 5 November 1975 and % November 1975 when
Scintillation was seen during day time. However the inverse
ffequency dependence of scintillation strengbh seems to be obeyed
by these day time scintillatirg irregularities. This again
indicates fhe different physical nature of day time and night time
Jirregularitiesg These day time scintillations are seen to be

- 8ssociated with strong blanketing type s patches.
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CHAPTER - IV

RESULTS OF TOTAL ELECTRON CONTENT STUDIES AT AHMEDABAD, THUMBA
 AND KODATKANAT

4;1 ~Introduction

Until fairly recently most of the data on equatorial and
Tlow latitude Total Electron Content has been obtained by low
orbiting satellites, in particular from BE-B and BBE-C. Over 90
observatories are reported to have been recording the signals
from these satellites, out of which 8 are in India (Tyagi‘and‘
Mitra 1970)¢ However, some measurements alsé exist using
’gepstationary satellites (Gérriott et al. 1965, Koster 1966,
Yeboah-Amankwah and Koster 1972 and Deshpande et al. 1976).
Measurements uging orbiting satellites are most suited to study
the spatial variations of Total Electron Content while geostationary
satellites are superior in respect of continuous monitoring with

high time resolution.

The main features of TEC studied are the diurnaliand
seagonal changes of TEC (Goodman 1966, Yuen and Roclofs 1966,1967,
Da Rosa and Smith 1967, Titheridge 1968a,b, Taylor and Barnshaw
1970 and Young et al. 1970) integrated production and effective
logs rates (Garriott and Smith 1965 and Smith 1968), changes
Produced by solar flares and magnetic storms'(Garriott ét al.1967,
Titheridge and Andrews 1967, Goodman 1968, Taylor and Earnshawx]970,

Webb 1969 and Mendillo et al. 1969, 1970) and the occurrence ant
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characteristics of large scale irregularities and scintillations
(Titheridge 1968e,d, Elkins and Slack 1969, Dieminger et al. 1970

and Davies and da Rosa 1969).

Studies also exist on the related parameters such as

_' Nt

A Nwm
dependent on temperature (Yeh and Flaherty 1966, Bandopadhyay 1970,

equivalent slab thickness (T) which is a parameter

Walker 1971 and Chance and Chin 1972).

In the present éhapter, the results of the study of
Faraday Rotation at 40 and 41 MHz signels recorded at Ahmedabad,
»ThumbaAand Kodaikanal during the period November 1964 through
‘December 1969 from the low orbiting beacon satellites BE-B and BE-C

are presented.

Recording of satellite signals, prediction of passes and
the analysis of the fecords were first started at Ahmedabad in
November 1964 by Dr.S.Ramakrishnan and continued later by
Dr.R.P.Sharma and afferwards by the present author. Only passes
having a max imum elevation > 30° were recorded at Ahmedabad. The
time of sub~satellite point passing over Ahmedabad on each day
has been plotted in Figure 4.1, It is found from this figure
that the time of closest.approach of mnorthbound or southbound
pPagsses of BE-B recedes through 24 hours in a period of 177 days.
On any particular day the northbound and southbound passes of BE-B
occur at a time imberval of 114 hours in between. Thus combining

both northbound and southbound passes together, a minimum of about

3 montha are resnired tn nhtadin ane full diurnal curve. In the
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case of satellite BE-C the passes recede through 24 hours in about
70 days and the time interval between northbound and the correspond-
ing southbound pass is‘8.2.hours. Therefore combining both BE-B and.
BE-C data at arny place a full diurnal curve can be obtained in less
‘than two months' time. Even then it is to be borne in mind that the
diurnal variations derived thus will however be contaminated to

some extent by day to day and seasonal changes.

It is found that at Ahmedabad QT condition is achieved
at a sub-satellite latitude of 29°N geographic. QT point can

clearly be identified in almost all records.

4.2 Total electron conbent at Ahmedabad

4.2.1 Diurnal variation of TEC

For each pass the TEC has been calculated at every minute
during the pasé and the observed TEC plotted against sub-ionospheric
point at every minute. A smooth curve is fitted through the
Observed points and from thé smooth curve the value of TEC
Corresponding to the iatitude of Ahmedabad is read off.  All such
obtained TEC values are plotted against time for the period
December 1964 through May 1969 separately for northbound and
southbound passes of BE-B. These are shown in Figure 4.2. It is
Seen that about 9 daily curves are obtained within a period of
50 months. It is also seen that the daily curves of northbound
and southbound passes are shifted from each other by roughly

12 hours.
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Similar data for the morthbound passes of BE-C for a
period of %2 months from May 1965 thrbugh December 1967 are
plotted in Figure 4.3. During this period 14 daily curves have

'resﬁlted. From both Figures 4.2 and 4.3, the diurnal trend of

TEO is quite clear. TEC atteins minimum value around 04 hr LT and
then increases very rapidly after sunrise. DPeak valueé of TEC

are reached around 14~16 hr IT, thereafter TEC decreases. It is
seen that there is considerable amount of scatter in fthese daily

| plots which are due to genuine day to day changes of TEC.

452.2 Comparison of diurnal variation of TEC and Nm

In order to compare the daily variation of TEC and the
lmaximum electfon ‘(Nm) of thé ionosphere, in Figure 4.4,
in the upper poftion, TEC derived from northbound passes of BE-B
and in the lower portion the Nﬁ valueé interpolated from the
hourly ionograms at Ahmedabad to the time of satellite pass are
Plotted against 75° BMT. For any particular period the diurnal
variations of TEC and N are very similar to each other, thus
showing that the information of any physical parameter obtained
from TEC measurements will be weighted heavily by‘the ionization
around F-region peak. |

4.2.3 Comparison of diurnal variation of TEC and Nm for different
seasons

Next, we have compared the diurnal variation of TEC and
N, for the different secasons. For this purpose, the data is
grouped into four different seasons of 3 months each, viz., Spring

(March, April, May), Summer (June, July, August), Autumn (September,
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October, N.vember and Winter (December, January, Pebruary). The
data from all tﬁe passes of BE-B and BE-C are put'together to |
obtain diurnal curves for each season of each year from 1965
thfough 1968. These results are shown in Figures 4.5 through 4.8.
TEC reaches minimum values during pre éunrise hours, around

‘O4~O6 hr IT, and atféins-maximum valueg in the afternocon (1%3-16 hr
~IT). The time of maximum has a tendency to be delayed in any
gscason as the solar activity progresses. TEC and Nox CUrves are
similar in any season. With increasing solar activity TEC
'pfogressively inéfeases in any season with the exception of

summer season in which the diurnal range becomes smaller with
higher solar activity. During any particuler year, the diurnal
range of TIC is largest in equinoxesQ The'range of TEC variation
during the course of a day is measured by the ratio of daily

- maximum to minimum TEC. In Figure 4.9 the variation of this

ratio with 10.7 cm solar flux is shown. It is seen that in winter
months diurnal ratio of TEC remains at a constant value of about
16 for all solar activity levels, while in summer it decreases
from a value of 20 at a solar flux value of 80 units %o 5 at a
flux value of 150 units. Diurnal ratio of Nmax plotted in the

Same figure also shows similar variation with solar activity.

4.3 Total electron content at Thumba

4.3 .1 Diurnal variation of THEC at Thumba

With a view to study the behaviour of ionospheric electron

iUOOHtent near the magnetic equator two recording stations for
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measuring the Faraday rotation of 40 and 41 MHz signals were
established at Thumba and Kodaikanal, with receiving systems
exactly identical at both places to the one used at Ahmedabad.
All the recorded passes at Thumba during the period 1965 to
August 1968 were analysed to obtain TEC. To study the diurnal
variation of equatorial TEC, in Figure 4.10, THC is plotted
against 75° EMT. TIC is denoted in the figure by Np. As the
tétal number of passes analysed in any particular season or'
year were not high énougb, we have put together the data of all
”séasons and all years to obtain the mcan daily variation of TEC.
Therefore the scatter of points is so large that no mean line
hag been drawn through the obsefved points.‘ Yet,the diurnal
- trend of minimum values of TEC around 04 hr LT énd maximum value
around 14-18 hr LT which agrees well with the earlier observation
of THC at cquatorial stations in African and American longitudes
(Blumle 196¢, Skinner 1966, Olatunji 1967 and Bandopadhyay 1970).
A point of arbitration about equatorial TEC is whether it shows
& noon bite—out similar to the one in f,F5. No conclusion ebout
lthis aspect can be drawn from the above observationss However,
this point is further elaborated in the next section and

discussed in Section 4.9.

4.3.2 Comparigon of daily variation of TEC and Nm

In order to compare the diurnal variation of TIC and Nmax
Ve hav: used the ionograms at Kodaikanal. This is because the |

lonogpheric soundings at Thumba were done at hourly intervals,
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while at K~daikanal, a neighbouring equatorial station, soundings
are done at 15 minutes interval; this will give an ionogram as
close to the satellite pass as possible. It may be noted that the

value of N at these two stations are shown to be almost equal

cl.

(Harish end Rastogi, 1971). As is well known for equatorial stations,

thy indicates a midday minimum with peaks in the forenoon and
ANCL L

evening hours.

At Thumba during low sunspot years reflections are hot
observed from the ionosphere during the early morning hours
(Chandra and Rastogi, 1971). These no echo conditions are
Variedly ascribed to excessive absorption, decrease of ionization
. or loss of echo due to large gradients in the ionosphere. It is
seen from Figure 4.10 that some of the TEC values between 02 and
06 hrs are abnormally low and these are indicated by open circles.
These are elso found to be associated with extremely low values of
N, (indicated by open triangles). Thus it may be inferred that
the no echo condition at equatorial regions correspond to a

at these hours falling below

genmuine decrecase of Nﬁ with fOF

[

2
the lower 1limit of the ionosonde.

4.4 Total electron content at Kodaikanal

4.4 .1 Diurnal variation of TEC at Kodaikanal in relation to
related ionospheric parameters

YAt Kodaikanal another station near to the magnetic equator

(dip 3.4°N) TEC has been measured using. the Faraday rotation of

40 ang 41 MHz signels from the satellites BE-B and BE-C for the
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period November 1964 through 1969: In this section, the mean daily
variation of TEC at Kodaikanal is compared with ofher ionospheric
pérameters, viz., the P-region peak electron density (Nﬁ), height
of.maximum F2 region ionization (hsz), the semithickness parameter

of the F, region (Y F,) and the horizontal drift speeds measured

2 2>
by the spaced receiver technigue at Thumba. The parameters No»

2 2
‘Budden's matrix method (Budden, 1954 ) of the ionograms taken by

hmF and'YmF are reduced from the true height analysis using

04 ionosonde nearest to the time of satellite transit at‘Kodaikana;;f
Horizontal drift velocity (V,) at F region heights was measured at
Thumba using Mitra's spaced receiver technique (Mishra et al. 1971).
Pigure 4.11 shows the average diurnal variation over"ﬁhe period
1964-66 of the parameters Ny (representing TEC), N F,, b F,, ¥ F,
and Vh(F2>' The number of observations for Np for any particuler
hour are written at the top of the figure. The observations around
midnight are very few but for dayfime hours there are sufficienﬁ

observations for any hour. The standard deviation for Np &nd Nm

~are shown by.ﬁhe vertical flags.

The mean MNp curve shows exactly similar behaviour as seen
at Thumba, viz., minimum around 04 hr; increases rapidly after
sunrise reaching a peak around 15 hr thereafter decreasing
steadily till 04 hr. There is no evidence of thé midday bite-out
in TEC. Nﬁ curve also shows minimum value around 05 hr and two
day time maxima around 08 hr and around 16-17 hr separatcd by a
valley around 11 hr. The height of peak lonization is minimum

eround 06 hr and maximum around 13 hr. The semithickness YmFZ

3
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maximises ~round 11 hr. The F-region ionospheric horigontal

drift velocity is also maximum around 11 hr. The coincidence in
time of the maxime of Y F, and Vh(F2> and minimum in N F, shows
clearly that the decrease of NmF2 is due to the electrodynamic
uplift of ionization over the magnetic equator during the midday
hours which in turn increases the tbiokness of the layer. PFurther
implications of this feature and the absence of diurnal anomaly in
TEC will be discussed in Section 4.9. |

4.4.2 Comparison of mean diurnal variation of TEC at Kodaikanal
and Ahmedabad

In order to understand better, the absence of noon bite—out‘
in TEC, in contrast to the N &ariation, in this secticn the mean
diurnal variation of TEC at Kodaikanal and Ahmedabad are.compared,
for the same solar activity conditions. This result is shown in
Figur@ 4,1?; It is clearly seen that the diurnal variation of TEC
(markéd in the figure as NT) is very similar at both the stations.
However, the TEC values between 11 anmd 16 hrs are reasonably
larger at Ahmedabad than at Kodaikanal. This difference cannot
be accounted for by the differences in production and loss balance
alone even after allowing for the presence of & neutral density
latifudinal anomaly (Chandra and Goldberg 1964, Newton and Pelz 1969
and Hedin and Mﬂyr 1973). This hence suggests that transport of
ionization from equator to tropical latitudes is definitely
Present through vertical drift and diffusion but it is not severe
“nough te create a depression of TEC at noon. The change of

lepe,of TEC curve of Kodaikenal (Figure 4.12) as compared to that
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of Ahmedabad itself ig suggestive of this effect.

4 4.3 Comparison of diurnal variation of TEC and Nm for different
seasons and solar activity epochs

The déta‘of Kodaikanal havé been grouped into different
seasons namely Fquinox (Mareh, April, September, October), Winter
(November, Decémber, Januery, February) and Summer (May, June, July,
August) of low solar aetivity (1964-1966) and high solar activity
(1967-69) epochs. Cbmparatively lesser amount of data for any
individual month or year for Kodaikanal does not permit a division
into 4 scasons as done for Ahmmedabad or separate seasonal studies
of each year. Then a scatter plot of the diurnal Variétion of
TEC is made against time putting together all the measurements
for northbound as well as southbound passes df BE~-B and BE-C.

The results are shown in Figure 4.13 for low solar activity period.
For comparison with the diurnal variation of corresponding values

of meximum electron density of F2 region Nﬁ is also plotted on the
lower part of this diagram. TEC reaches peak values around 14 hr LT
in equinox and winter of low solar activity period while the peak

is delayed to about 16 hr IT in summer.

Similar results for high solar activity periqd are shown
in Figure 4.14. In high sunspot period TEC is fcand to reach
Dinimum value around 05 hr LT in all seasons. The maxima occur
around 14 hf IT in equinoxes and 15 hr IT in wirnter and summer.
The diurnal ratios are 16.8, 11.8 and 8.0 in equinox, winter and

Summer of low golar activity and 10.8, 10.8 and 7.6 respectively |
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in the cdrresponding seasons of high solar activity. Thus the

diurnal ratio is seen to decrease with increasing solar activity.

It has already been seen from the diurnal curves at
Thumba and Kodaikanal that TEC does not show a noon bite out on
average. This ig a basic difference between the daily variation
of TEC at equator and at other latitudes where the variations of
TEC and Nﬁ are very similar. Here again on a seasonwise study we
see that the variations of TEC and Nﬁ are not similar at equatof.
Referring to Figure 4.13 equinox curves we see that although a
clear bite-out ig seen in Nﬁax no such tendency is shown by TEC.
For other seasons also, TEC does not show the noon bite-out while
Nm has a tendency to show noon bite-out. It may be mentioned that
the Nﬁ points are also at the time of satellite pass and hence
around noon time the measurements are relatively few in both.
In the high sunspct curves of Figurg 4.14 Nhax curves in all
seasons clearly indicate the - noon bite-out but TEC curves again
do not show‘exoept in summer where there is a slight tendency
for noon bite-out in TEC. Thus on the whole the conclusion that
can be drawn is that noon bite-out is absent in TEC unlike in.

"Nmax' There is no clear indication of a midday bite-out in TEC.

4 .5 Seasonal variation of TEC

4.5 .1 Seagonal variation of daytime and nighttime TEC at Ahmedabad

Having studied the diurnal variation of TEC next attempt

is to study the seasonal variation of TBG. For this, the daily
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maximum value.of TEC lying in the time interval of 12-16 hrs LT
and the daily minimum value in the interval 23-04 hrs have been
separatély studied. The mean value of TEC in these time windows
for each month from November 1964 through 1967 have'been computed .
Data of Delhi and'Hyderabad availlable for this period have also
been used. In Pigure 4.15 these values are plotted against
months for éach of these years. The daily maximum TEC shows

a clear semiannual variation with maxima around April and
October (Equinoxes) and minima in solstices. This trend is seen
in all the years rather more conspicuously for high sunspot year
1967. The general upward trend of the curve as the solar cycle
is on the progfessive phase also indicates the long term solar

cycle changes.

‘ Looking at the curves of daily minimum TEC plotted in the
| lower part of Figure 4.15 for the years, 1965, 1966 and 1967 more
or less an anmual trend is observed, with maximum occurring in
summer and minimum in wintei . It is also seen that in the Winter
of 1967-68 i.e. during high sunépot winter the daily maximum TEC

is larger than in the corresponding summer value, thereby
indicating the présence of winter anomaly in high solar activity.
TheAabsence of winter anomaly at night is also quite evident.

4.5.2 Seagonal variation of daytime and nighttime TEC at
Thumba/Kodaikanal

In this section, the seasonal variation of daytime and

nighttime TEC at the equatorial stations is studied. As the
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humber»of observations in thevtime interval to be considered are
not sﬁfficient, we have put togefher the data from both the
stations ahd the mean seésonal variation averaged over the years
1964 through 1969 is shown. fhis'reéult'is shown in Figure 4.16
where the daily maximum (between 12 and 16 hrs IT) and the daily
minimum (between 23 and 05 hrs IT) are plotted separately against
months. 4 clear semiannual wave with peaks in eguinoxes and
minima_in solstices is seen predominantly in daytime TEC and to a
lesger extent in nighftime TEC. This observation is in conformity
‘with observations at equatorial stations in other longitudes thus
establishing that semiannual variation of TEC is a permanent

feature of low latitudes in all longitude sector.

4.6 Solar cycle variation of TEQ

4.6, Variation of daily maximum and minimum TEC at Ahmedébaﬁ
with solar activity

The dependence of daily maximum TEC on solar activity is
investigated in this section. 10.7 cm solar radio flux has been
used for measuring the level of solar activity. The data has been
grouped into summer , winter, spring and autumn seasons and the
- variatioﬁ of daily maximum and daily minimum TEC with 10.7 em flux
has been plotted separately for each season. These results are
shown in Figure 4.17. A linear increase of both meximum as well
- 88 minimum TEC is seen for all the seasons with varying slopes
and intercepts. Iinear equatiohs are'fitted for each of these

‘Of,th@ form Pdf ::.a,[jl+~b (<P~j7(?>wj ' and the coefficients
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A and b for each season for TEC (Max.) and TEC (Min.) are

given in Table 4.1. The threshold value of 70 flux units

corresponds to zero sunspot number or no solar activity.
Table 4.1

{ ) i 3
Coefficients @ and b of the variation of total electron
content (N) with solar flux ( ¢ ) at Ahmedabad according

to the expression:

Nt = [i + bC P- 70)]

Maximum Ahmed abad

TEC a ' b

Winter 20.34 »0.0285

Summer 29.31 0.0175

Spring 24 .52 0.0299

Autumn 24 .45 0.045%
: %1010 e1/n°

Minimum | a b

THEC

Winter 1.68 '0.0185

Spring 2.19 0.0228

Summer 1.80 0.0417

Autumn 1.56 0.0436

xﬂﬂ6eym2

4.6.2 Variation of TEC at Kodaikanal/Thumba with solar activity

is mentioned earlier, the date at Kodaikanal and Thumba
have been combined to study the dependence of TEC on solar activity
variation of noon TEC (averaged over 11-16 hrs IT) with 10.7 cm flux

is plotted in Figure 4.18 separately for Bquinox, Winter and Summer
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seasons using the data over the years 1964 through 1969. A
threshold of 70 flux units is agéin observed, above which TEC
increases linearly with brogress of golar flux. The slope is seen
to be maximum in equinox, less in wihter and still less in summer.
This feature is common at Ahmedabad as well as the equatorial
stations in equinoxes but the rate of increase of TEC with solar
flux is least in winter at Ahmedabad. This reversed'nature of
winter and summer TEC's at Ahmedabad at equator is again the

manifestation of winter anomaly . It may be mentioned that =90
corresponds to zero sunspot or the quietest period. '
4.7 ‘Fouivalent glab thickness of the ionogphere

4 .71 Diurnal variation‘of slab thickness at Ahmedabad

The equivalent slab thickness;of the ionospheré hags been
defihed as the ratio of the total electron content to the maximum
electron density in P region. This represents the thickness the
ionosphere would occupy had it been distributed at a uniform
density equal to that at the peak. Physically this parameter
is dependent on the neutral, ion and electron temperatures and
hence on the scale height of N(h) distribution. From the nearest
hourly ionograms at Ahmedabad the N ox value for the time of
satellite pass is interpolated and this value is used to derive
the glab thickness ( T ). In Pigure 4.19 a scatter plbt of
equivalent sleb thickness against time for each measurement
is shown, separately for the years 1964 through 1967, for ldifferent
Seagons. JFor oomparison, the mean daily variation of hsz, the

height of peak ionization for a single parabolic distribution of




1035

AHMEDABAD Sgg

WINTES { DEC J&H, FEB, §
1584 -0 1958546 #4187

A0 g
'S I, . ™, P
B Ao Pt =
q ue - IR v .
0 H Lot . adl B TR PN O
vl 8 -d& ] P R T
E PN A S S TOAE RS B SRTI i R AR v
3, .:'Z‘- N HF R oy ) ""u' "'t ﬂ%b: L . "S‘-.;ﬁ: # ‘: ']
ﬂ' g:- ,.,’. . 2 N bR ‘.: . {*.\ ‘zr‘:-i - ;.‘
1 L | }
@ m;g‘“ﬁ‘& (73 ;‘e TR TR ST e
SPRING  {MAR, ARR, MAY.}
e ) 1988 7
t :‘L ‘“R“ ;%“ n 3 / "\.,/»‘“
i [ “, o,
mw "'\..-"/ b " L
§ w2 | b i L , :‘- 3
) " NI
200 PET B .:,ﬂ bk “\uf{ e
o L4l Dt P A ﬂ"é s T vty
g fars 4 ‘{:Q;:Qe ;.3‘%,‘\3,1) _‘t;»."‘%ﬁ- ‘1',," ot P""'.:‘f' - o
R “ o T LA
an ] * t’ r’ » e L] .
R L] I o |
L T S ™ T O 1z & ¢h 1z 1y 34
& uMbEn (UM, JUL, AUG, )
" 1943 . 1504

A

3% 2%
£ 8
4
J
N

BiLAR THOXMESS
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>