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PREFACE

Since the discovery of the layers reflecting electro-
nagnetic vaves in the earth's high atmosphere, their physical
characteristics such as virtual heights and eritical frequencies
have been extensively investigated by means of ground based
equiymants. Artificial earth satellites made it possible to
study the topside of the ionosphere and the radiations reaching

the earth's atmosphere from cutside sources,

Space Research started in India in 1962 under the
auspices of the INCOSPAR, whose Chairman is Professor Vikram
Sarabhai, with the establishment of a Microlock satellite
tracking station at Ahmedabad and the organisation of an
oquatbrlal Rocket launching station at Thumba, When NASA and
NRL decided to orbit satellites with real time transmissions
and telemetry, the Physical Research Laﬁoratory. Ahmedabad
made immediate arrangements for the reception of satellite
signals so as to obtain as much information about the upper

atmosphere as possible,

The thesis embodies the results of the author's work
on the tracking and recording of polarised radio waves transmitted
by NASA beacon satellites and on the Faraday rotation analysis
of the satellite signals receivn& at the Physical Research
Laboratory. The receiving system was set up by the author in the
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Microlock station, The data collected have been analysed gnd
studied so as to determine the total electron content variations,
The bottomside ionograems teken at the times of satellite
transits have been subjected to true height analysis and the
variations of topside and bottomside electron contents have

been compared., The present study has thrown some light on the
diurnal and seasonal variations of total electron content,
topside electron content, bottomside electron content and
maximum electron density over Ahmedabad, which 18 situated at G

thé latitude, vhere maximunm F, peak ionisation occurs,

The role of sporadic E ionisation in producing
satellite signal scintillations has not been very clear. In
the present investigation, an empirical ralationship between
scintillation depth and £ E, has been found, The relationship
between the ratio of 20 MHz depth to 40 MHz depth and fxEs has
also been determined. Good correlation has been found between

scintillation rate and fxEs.

The variations of total electron content and the
equivalent slab thickness of the ionosphere upto 1000 km with
10,7 cm solar flux and with magnetic activity have also been
studied, It has been found that the total electron content and
‘the equivalent slab thickness increase linearly with solar flux,

Besides maintaining the beacon satellite tracking
system, the scaling, computation and analysis of the Faraday
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rotation and satellite signal scintillation data were dong by
the author throughout the period of investigation,

Q. (Y onra Ko hoamns

KR Lo anallon
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CHAPTER X

INTRODUCTION

1.1 Role of artificisl esvth satellites in ifonospheric studies

The ionosphere plays a very important part in vadio wave
communication and it {s essential to study tha bahaviocur of the
lohtnd layers of the upper atmosphere, A study of the physical
processes teking place in the ionocephere is complicated by the
fact that the physical conditions prevailing there cannot be
readily duplicated and studied in the laboratory. For example,
the pressure at 300 km is of the order of 10"%m of Hg and the
molecular mean free path is i{n the vicinity of 10 km, It 18
impossidle to provide a test chamber large compared with the mean
freo path and it is also difficult to duplicate in ths laboratory
the complex fluxes of radiant energy which are constantly present
in the ionosphere, The advantages of rocket and satellite - borne
instruments for ionospheric messurements stand out very cleasrly,
The rocket is capable of exploring within a feow minutes a cross
saction of the atmosphere through a large height rasnge. Satellites
ars particularly useful to study conditions over a large part of
the Mpnhcm within a short interval of time and contimue thia
for a long period. Below about 200 km the life-time of satellites
becomes too short to be of value for long term studies, For
experiments requiring long dﬁmtion. geographical coverage, and
a wide range of altitudes, the satellite cannot be matched,
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The domain of science now deriving most benefit §rom
artificial satelliites is atmospheric Physics and Solar Terrestrial
Relationships. The sun which emits radiation over a whole spectrum
of wevelengths from X-rays to radio waves and clouds of ionised
matter (Plasma), largely controls the processes taking place in
the atmosphere, Some of these radiations from the sun are absorbed
at different levels in the atmosphere and do not reach the ground,
Satellites can sample the radiation directly and analyse the
changing properties of the upper atmosphere as they respond to
the changing fluxes of radiation. In addition to these, an
artificlal satellite can also be used as a source emitting radlo
waves at desired frequencies, This type of satellite is very
useful for the study of radio wave propagation at different
levels in the atmosphere. The present study summarises the results
of an integrated study of the electron content of the ionosphere
over Ahmedabad (72°36' E, 23°01' N) during 1964-67, the ionosphere
below the F, peak being studied from vertical ionosonde data and
the topside from the observations of the Faraday rotation of
polarised radic waves transmitted by the American satellites,
Explorer 22 and Explorer 27.

The study of the bottomside of the ionosphere started
in 1902, when Kennelly and Heaviside independently suggested that
the propagaticn of radio waves froﬁ England to America, round the
spherical earth could Pe explained by reflection from an ifonised
layer in the upper atmosphere. Ionospheric reflection of radio
waves was first shown to occur by using continuous wave trans-

missions, The introduction of group retardation method, using



short pulses of waves, revealed very graphically the way %n which.
ionisation is distributed in height, This method is now employed
on a world wide scale, This method however does not enable us to
study the topside of the ionosphere., In the year 1957, the first
artificial satellite (Sputnik I) was launched by the U.S.S,R, and
radio signals which were transmitted by it were received at ground
stations, This event opened up the new field of upper atmospheric

studies,

1,2 Basic principles involved in using artificial satellites

for ionospheric studies

Artificial satellites used for ionospheric studies can
‘e elassified into three categories : (i) Direct measurement
iatellites. (11) Topside sounder satellites and (11i) Beacon
satellites. Direct measurement satellites take measurements in
the vicinity of the space-craft and relay the information (either
continuously or on command from the earth) in a coded form with
the help of a suitable telemetry system., The carrier waves
containing the information are received at ground-based tracking
stations and the information is decoded to find the changes in
solar radiation or in ionospheric parameters in the vicinity of
the satellite., By means of topside sounding sateliites it is
poseible to study the ionospheric Qegion between the satellite
and the level of maximum electron density. In this case, the
satellite carries en ionospheric sounder, which can probe the

ionosphere from above by means of a swept frequency or spot
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frequency pulse transmitter, By having an ionosonde in thn
satellite it 15 possible to probe the ionoaphere over a lirge

range of latitude with the same equipment., Beacon satellites

are used for the study of some of the properties of the intervening
space between the satellite and the earth from the propagation
effects on the satellite signals as they traverse the ionosphere,
The information obtained from this type of satellites is used for

the investigation presented in this thesis,

The early satellite experimenters made use of the
télemetry transnitters which were on board the Sputnik and Cosmos
series of satellites launched by the U.S.S.R, The Russian satellites
have telemetry transmissions in the region of 20 MHz, Such trans-
missions from Sputnik I, Sputnik III and other such earliest
satellites were used by many lonospheric workers for propagation
studies, Using 20 MHz and 40 MHz frequencies transmitted by
Sputnik 1I satellite, the Royal Aircraft Establishment in U.X,
(1957) obtained valuable data, Since then, many reports have been
published on the determination of total electron content in the
icnosphere by means of Faraday rotation of the plane of polarisation
of radic waves, A general Burvey of work done in this field will

be taken up in a later Chapter,

1.3 Methods of studying the ionosphere using beacon

transmissions from satellites

The charecteristics of radio waves that can be used for

studying the ionosphere are (a) Amplitude and frequency, (b)



direction of arrival and (¢) polarisation, We shall take these

£
up one by one and see how they can be used for ionospherit studies,

(a) Amplitude and frequency of the radio waves

The neasured emplitude of signal depends on many factors
which cannot be separated easily and hence the absolute measurement
of the amplitude of satellite signals cannot be put to good use,
Vasasy (1960, 1961) made some interesting proposals for measuring
the absorption of satellite signals. This was based on comparing
the signal amplitude for vertical and oblique transmissions
through the absorbing medium, One assumes the ionosphere to be
constant for a few hundred kilo meters around the observing
point, If the absorption per unit length 15"K', the received
signal strength (neglecting antenna effeets) would be
E = (-3) exp (- _fV\dS). Where A is a constant, 'd' is the distance
tu the satellite and *ds' {8 an element of path length, One can
write ds = ¢h Sec { vhere dh iz the elament of height and *'1i°
is the local angle of incidence. For 4 < 45° the equation can

be approximated by
E = (.%.)exP <-5ecia fK dh)

vhere 1, 18 the average angle of incidence inside the gbaorbing
part of the ionosphere. Log Ed = lLog A - Sec i 5 Kdh, A plqt of
Log Ed against Sec i, should give a straight line from-whichxgna
could determine the total vertical absorption of the ionosphere
by measuring its slope, Unfortunately, it is found to be difficult

to eliminate altogether the antenna effects.
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Kazantzev (1959) used another interesting approach to
measure the absorption of 20 Mc/s satellite signals, He dzterminea
the mean value of received field strength as a function of
sub~satellite distance for a number of transits, When comparing
the mean variations of field strength for high transits with
‘those in which the satallite passed below the F layer, he finds
a systematic difference, which is due to absorption in the ¥
layer itself. This statistical procedure does average the F layer

absorption over different times of day.

Changes in the frequency of radio wave transmitted by
satellites can also be used for studying the ionosphere. VWhen a
radio wave of frequency fl’ emitted from a moving transmitter,
propagates through the lonosphere it will bave its Doppler shift
slightly altered from the free-space value as a result of dispersion
in the medium, This alteration in Doppler shift is very small and
can best be detected by comparstive measurements on two transmitter
frequencies £, and f; which are harmonically related i.e. £, and
£, = mfl. The frequency beat between £, and fh/m, called
di fferential Doppler, is proportional to the total electron
content (jn dh) 4f the motion of the vehicle is parallel to the
stratification, When the vehicle moves along the ray path, the
beat frequency will give information about the local electron
density, |

(b) The directions of arrival of satellite signals have
been measured in elevation and bearing to an accuracy of about 1°.

Titheridge (1961) made use of the angle of arrival of radio waves
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emitted by satellites to measure the electron density betgean
the satellite and the level of maximum ionisation. For this, he
‘used those satellites whose heights were below the height of
maximum electron density. By measuring the elevation angles of
signals from satellites well above the altitude of meximum
fonisation, Titheridge (1964) also calculated the total electron

content and the scale helght of the upper part of the F layer.

Alpert (1958) measured accurately the times of appearance
and disappearance of a radio signal from a satellite, For various
assumed shapes of the upper lonosphere he calculated the radio-rise
and radio-set times of the satellite, as caused by refraction
effects, The comparison with measured effects enabled him to
choose the shape that would fit the observations best, Knowing
the shape of the lonosphere which gave the most satisfactory
agfeament with the observed results, the total electron content
was calculated,

(e) The princinle of Faraday rotation of radio waves has
been extensively used for studying the ionosphere. The present
thesis embodies the results of measurements made at Ahmedabad
using the technicue of Faraday rotstion of the plane of polarisation
of radio weves, transmitted by the beacon satellites launched by

NASA (National Aeronautics and Space Agency), U,S.A.

All the four characteristics of the satellite signal
(emplitude, frequency, polarisation and direction) undergo smooth
slow variation, which is due to the geometry of the satellite

pass, Sometimes, however, one can notice an additional fast



variation of the recorded amplitude. These are due to
irregularities in the structure of the ionosphere. Such
scintillations in the amplitude of satellite signals have also

been investigated and the results are embodied in the thesis,

1.4 Scope of the thesis

During the International Quiet Sun Year (IQSY, 1964-65),
the U.5,A, planned to launch an Ionosphere beacon satellite with
real time transmissions speciaily meant for ionospheric studies.

On 10th October 1964 the first ionosphere beacon satellite (Explorer
22 or S-66) was put into orbit, Later, on 29 April, 1965 one more
similar satellite (Explorer 27) was launched by the U,S.A, More

than 20 countries have been taking part in this research programme,

As part of the Indian space research programme, satellite
study of the ionosphere by the Faraday rotation technique was
started at the Physical Research Laboratory, Ahmedabad. Tracking
of Explorer 22 and 27 satellites was started on 20th October, 1964
and lst May, 1965 respectively,

In the last few years a large amount of data has been
published concerning the variation of electron content in middle
latitudes e.g., Garriott (1960), Little &nd Lawrence (1960), Yeh
and Swenson (1961) and others. These studies have been based on
measurements of radio waves from beacon satellites as they pass
through the ionosphere. Relatively, there are only a few reports
(Somayajulu et al 1964; Ramakrishnan, 1966; and Somayajulu and

Tuhi Ram Tyagi, 1966) on the electron content variations over low
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latitude stations, It is the purpose of this study to present

the results of a series of Faraday rotstion measurements éade

aﬁ Ahmedabad which is a low latitude station within the geomagnetic
anomaly zone. It is a well known fact thet the maximum electron
density in the Fy layer increases as we go from the magnetic
aquator towardsﬁmiddle latitudes, Ahmedabad is situated at the
latitude where the maximum F, peak ionisation occurs, This is an
unique position in this region for ionospheric studies., Satellite
tracking facilities have been provided here for studying the
total electron content variations. The Faraday fadings are
recorded at 20 Miz, 40 MHz and 41 Mz frequencies, transmitted

by the two satellites., The method of calculating the difference
in the angles of Faraday rotation of 40 MHz and 41 MHz (d- )
has been described by Shirke and Ramakrishnan (1966). Using these
differences, the total electron content upto tha satellite height
has been calculated, Earlier investigntors made use of o single
frequency for determining the total Faraday rotation angle (-2-),
or the change in the angle of Faraday votation as the satellite
moved from one point to another. In the former method, it is
necessary to find the point where the Faraday rotation becomes
zero, In the latter method, it is necessary to assume that there
is no horizental gradient in the total electron content, The method
used in the present anelysis does not have these draw-backs, For
low latitude stations d - can be evaluated even if the point of
zero Faraday rotation is not seen on the record., In the case of
middle and high latitude stations, the method advocated by Little
(unpubliﬁhed) may be used for evaluating 4 .-



In Chapter 1I, the theory of Faraday rotation and the
different methods of determining the total electron conteét have
been described, The method of calculation adopted at Ahmedabad
has also been explained, In Chapter IIJ, the details of experimental
set-up for recording the satellite signals have been described,
In Chapter IV, the results of diurnal and seasonal variations of
electron content, the maximum electron density and height of
maximum electron density heve been given in datail, In Chapter V,
the eleetron content and equivalent slab thickness varlations
assoclated with solar activity and magnetic activity have been
studied,

Since the early vertical sounding observations of
Booker and Wells in 1938, the irregular variations of the ionosphere
have been a subject of continued interest, In 1946 renewed interest
was genarated when the intensity of the radiation from radio stars
was observed to fluctuate (Hey et al 1946)., Later, back~scatter
soundings (Peterson, 1955), Whistler mode propagation (Helld
Well et al, 1956), satellite radio signals (Slee, 1958), and
rocket soundings (Cslvert at al, 1963) indicated the existence
of irregularities, But {t has not been possible to study the
effect of E region irregularities in producing satellite signal
scintillations in the absence of F scatter till now. Ramakrishnan
(1966) reported the observation that there were occasions when
there was sporadic E but no F scatter and that on such occasions
there was good correlation between scintillation depths measured

at 20 MHz and 40 MHz and the maximum frequency of sporadic E layer
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as measured et Ahmedabad, Results of further analysis are

included in the thesis, While there have been a few repofés
connecting radio star scintillations with the occurrence of
‘sporadic E ionisetion (Bolton, 1958; and Dueno, 1955) the
:elationahip batween scintillation depths snd eritical frequency
of aporadic E liad not been investigated, In the present investi-
gation an empirical relationship between scintillation depths

and the meximm frequeney of sporadic E ({;&5) has been found,

An empirical relationship between the ratio of 20 MHz scintillation
depth to 40 Miz scintillation depth and f E_ has also been |
determined,

At I1linois, 'a middle latitude starion, Yeh and Swenson
(1964) have reported that the boundery of scintillation moves
southward as magnetic sctivity increases, In the present study,
it has been found that the scintillation boundary moves northward
with increase in magnetic accivity. In Chapter VI, all the results
of satellite signal scintillations are given in some detail,
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CHAPTER II

FARADAY ROTATION

2.1 Theoxy of Faradgy rotation

When a linearly polarised eleetramagﬁotic vave passes
through an ionised medium its phase velocity iz increased above
the velocity of light, This is due to the induced movement of
free electrons in the medium’. If there is a magnetic field also
present, the more complicated induced movement of the free
electrons has an effect of rotating the plane of polarisation

around the direction of propsgation,

Appleton, Hartree and Lassen have calculated the effects
on a wave traversing a magneto-ionic medium, In the present work,
the simplified form of the refractive index [ , which neglects
collisions, and which assumes quasi-longitudinal propagation will

be used for deriving an expression for the Faraday rotation angle.
2

hy =t ‘
N - (L
° £+ fH Cos 6)
| 2 |
ﬁz' = 1 — i (2)
y _

f(f- {HCOSG)

Where f° is the critical frequency of the medium £ the frequency
of the wave, fu the gyromagnetic frequency, ® is the angle betweeq
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the wave normal and the direction of the magnetic field, The
frequencies (f) used for this experiment are 40,010 Mc/s knd 41,010
Mc/s, which are very high compared to fi;+ They are high compared
to the critical frequency Cfo) elso, Under these conditions,

equations (1) and (2) can be written as
2

PO s 1 — {O
2(£%+ f£, Cos 8) &)
2
b =t~ “‘—“‘—“fo
2(£°- {1, Cos ) £
| X 3
wd [~ = fof, Cos o/ f ()

Since the plasma frequency is proportionel to the square
mﬁ of electron density, aquation (5) can be written in tarms
of electron density, Gyro frequency also can be written in terms
of the magnetic fiaeld, If ﬁﬁ =K, n (vhere n is the electron
density), equation (5) cen be written as

3
by — fa, = K1nH &59/{ 6)
Phase velocity is defined as ¢/ where ¢ is the

velocity of light in vacuo, The time taken by a wave crest to
traverse & length d 8 in the magneto~ionic medium is, therefore;

dT = (/“/C) Cl5 7)

The difference in the times of passage of the two

components is, therefore:
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T~ T = L (= k) as
Q 0 X
A ¢ (8)

The phase difference betwean the twe oppositely rotating
circular components is ¢

¢ = 274 <T0“Tx> (9)

The spatial rotation of the plane of polarisatien ()
is equal to half the phasae difference.

Therefore 0. = 12 ¢ = (Ty— Tx)“f (10)
Combining (8) and (10)

o= L [ ) ds (11)
S

Substituting the velue of (}40 —~k, ) from equatien (6)
in equetion (11), |

- L jnBCosédS (12)
‘f .
This is the basic simplified equation for the rotation

S

of the plane of polarisation of a linearly polarised electro-
nagnetic wave as it passes through the ionosphere, It can be seen
that the rotation angle is inversely proportional to the square

of the frequency.

If ds = dh sec X (dh is an element of thé vertical
height and ) 1is the angle between the vertical and ray)

equation (12) becomes
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~- = B jb Cos & Sec X n dh (13)
0
Strictly speaking, an average value of B cos 8 sec X
in the ray path has to be taken for the calculation of . .,
But Garriott (1963) has found that it is sufficient to take the
value of B cos © sec X at a height, which 18 above the height
of maximum electron density by about 50 km. Equation (13) can

then bg written as
h

’ )
o= (B Cas® SecJC) J.n dh (14)
s 0
The second factor within the brackets depends on the direction
of the geomagnetic field, the integral is the total electron
content in the ionosphere in a verticel column of unit cross

section,

As the satellite moves across the sky the geometrical

term changes considerably and the integrated electron content

also varies slightly., The effect of this is that the polarisation

angle, as measured at a receiver on the earth, will vary with
time as the satellite moves, When receiving on a linear antenna,
for instance a horizontal dipole, a periodic fﬁding will be
recorded with minima corresponding to the times when the

polarisation plane of the incoming wave i3 at right angles to the

plane formed by the receiving antenna end the direction of the
ray. An actual example of an amplitude record of a beacon
satellite signal is shown in Fig.2.1,
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Fig.2.1 An example of a record showing Faraday fading of
satellite signals. Quasi transverse (QT) region can

also be seen on the record.
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From equation (14) it can be seen that by finding the
total rotation angle (- ) experimentally and by calculating the
magnetic field factor (B Cos 8 Sec X ), the total electron content
(K;) can be determined. In practice it is generally not possible
to measure the total angle of rotation, Instead, the rate of
rotation and the number of complete rotations between two points
on the orbit can be determined, In the following pages, the |
different methods of determining the total electron content will
be described,

2,2 Methods of determination of N, by measurements of
Faraday rotation sngle

The methods can be grouped into 3 categories t-
(a) Single frequency method, "
(b) Multiple frequency methods and
(e) Closely spaced frequency method,

2.1.1 Single frequency method

If there is only one frequency avallable in the natellita.
it is necessary to make use of the total angle of rotation ()
to calculate the total electron content. Unfortunately, under
typical conditions - amounts to many complete revolutions so
that the integral in equation (14) cannot be determined
untmbiguously. However, i{f the ionosphere iz assumed to have no
horizontal gradients and 1f the satellite i3 above most of the
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electrons in the ifonosphere, then En,dh will be the same for
any path, Consider the satellite to move from point 1 to point 2,
The difference ., —--, is the differential rotation of the
electric vector seen by the observer during this interval. The
electron content can then be determined unambiguously as

Sn dh = T f (15)

The method is called the differential rotation method,
In this method, it is necessary to neglect the horizontal
gradients in the ionosphere. The method was used at the time
vhen satellites were transmitting at one frequency only,

2.1,2 Multiple frequency method

By having another frequency which is a higher multiple
of the lower frequency, it is possible to make corrections for
the high frequency approximations and for refraction, Yeh (1960)
has derived the second order formulae for multiple frequencies,
For this purpose it is convenient to use two harmonically related
frequencies, The difference of the refractive indices ( Ao“‘ﬁ*x )
can be derived from the Appleton - Hartree formula (Appleton, 1932),
By using the higher order terms in the binomial expansion of
Appleton Hartree formula, Yeh (1960) derived the equation giving
integrated electron density correct to the second order, The

formula is given by

2 4 4

dh o £ ) "0 (E)
o B (18
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in wvhich " (uf) and “7(£) are the rotations (in radians)
of the frequencies mf and f observed as the satellite moves from

point 1 to point 2, and My and M2 are the magnetic field factors
for the two points,

2.1.3 . "Closely spaced frequencies" method

The use of two closely spaced frequencies permits an
unambiguous determination of the total angle through which
the electric vector is rotated in traversing the ionosphere. The
methods 2,1.1 and 2,1,.2 require the calculation of (-4’7—1«——“—2 )
which is the difference in the Faraday rotation angle as the
satellite mocves from point (1) to (2). It is necessary to assume
' that the total electron content is the same at points (1) and (2).
In other words, it is necessary to assume that there are no
horizontal gradients in the ionosphere, In the case of-"CIOSGIY
spaced frequencies" method, this assumption need not be made, In
this method the difference in Faraday rotation angles of two
closely spaced frequencies ( A ) is determined, This angle can
be used to calculate the total electron content, It is also
posasible to calculate the total rotation angle - from A-0
The method of determination of 4L will be discussed later

in this chepter, From equation (13)

jn, dh = _f? -

K M (17)

df £ Af (18)
T o= i 4

2 Af (19



s 22

Knowing /-0 , - can be determined from equation (19)
Sﬂ.dh can be determined by substituting this value of - in
equation (17),

2.3 Determination of NT by Faraday rotation rate

The total electron content can be calculated by measuring
the Faraday rotation rate also, Theoretically, a determination
can be made for 2 given instant of time for a given ray path, In
practice it is necessary to measure the number of revolutions of
the plane of polarisation in a finite time in order to determine
the rate accurately enough. The rate of rotation method constitutes

the simplest mz2ans of obtaining an approximation of ‘fu.dh.

The basic equation as darived by Bowhill (1958), is

A
7 1 ,
n, dh - ,
K H V (20)
1t X A
)
e LO
vhere Kl - gﬁi};%féo = 30,0297 (M, K.S, rationalised units).

g » altitude of the satellite in meters,
£ » radio frequency in C.P,S,
H_ = component of earth's magnetic fizld in the direction
of V..
V, = horizontal componant of the velocity of sateilite with
respect to the observer (meters/sec),

~1. = rate of change of Faraday rotation angle in radians/sec.

'This formula was derived under the assumptions of a
horizontally moving satellite, a plene earth and a horizontally
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stratified ionosphere. Yeh (1960) has derived the second order
formula for Faraday rotation rates also. The measurement of
Faraday frequency is severely affected by the horizontal gradients
of the total electron content, as can ba seen by carrying out the
di fferentiation of equation (14).

da K {d(e (05 € Secx}‘g“ ha d(fndn) BC()Sé}Secf} o

&t T g dt dt

1f QYR,dh is constant underneath the satellite path, d ;E'dh
becomes zero and it is straight forward to calculate ‘ﬁﬂ.dh.

knoving g{-’“—- and B Cos 9 SecX

2.4 Errors in the calculation of NT by Faraday rotation

2,4.1 Hich frequency approximation

In developing equation (14) it has been assumed that
the operating frequency ({) > £  (Critical frequency). When
this 1s not the case an appreciable error iz introduced, This
error can be corrected to a first approximation by a correction
factor to equation (14) which is a function of the maximum
ionisation, When f = 20 lMc/s and £, = 10 Mc/s one gets a

corraction of about 10 % for high satellite passes,

2.,4,2  Path splitting

In the calculation of <L it has been assumed that the

ordinary and extra ordinary rays travel along the same path, When
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the angle of incidence gets larger then 45° this is no longer
the case, As the refractive index for both rays is different it
i3 clear that they will be bent differently and will follow
eéeparate paths, Hibberd (1959) shows qualitatively how this path
splitting affects the Faraday rotation frequency.

2.403 Satellite sEin

The plane of polarisation of the wave transmitted from
a satellite depends on the momentary orientation of the satellite's
antenna., A tumbling satellite will create an oscillating plane
of polarisaticn, More precisely, lct us assume that the satellite
antenna is ¢ dipole rotating around an axls at a certain angle
to this dipole, The dipole will describe a cone, As Thomson (1958)
has pointed out, the satellite spinning rate will add to the
Feraday frequency if the observer is inside the cone described
by the antenna, Only a phase wobble of the Faradey frequency will
be generated when the observer 1s outside the eone. A Faraday
record may, therefore, show a sudden jump in frecuency when the
observer's position relative to the satellite passes through the
surface‘of the cone. This has been measured, for instance, by
Blackband et al (1959) on Sputnik I, When a satellite has
¢ircularly polarised antennas, such as Explorer 7, the Faraday
rotation is not affected by satellite spin except for a possible
phase wobble, On the other hand, the depth of fading is influenced
by the satellite orientation, as has been pointed out by Mass (1962).



2,4.4  Horizontal gradient in total electron content

If the electron density @) is a function of altitude
only }u.dh is the same wherever measured, geographically. In
reality R changes horizontally as well, so that it is not possible
to neglect the horizontal gradient in J T dh, The differential
Faraday rotation method on single frequency and multiple
frequenciaes neglect this gradient. "Closely spaced frequencies"
method 18 more suitsble to determine the horizontal gradient in
[ an.

2,5 Desirable characteristics of a beacon satellite

Swenson (1963) described the desirable characteristics
of a beacon satellite. In the previous section of this chapter
the errors in the calculation of VN, have been described. Some of
the errors can be minimised by having transmissions at various
frequencies and by spin stabilising the space craft., The desirable

characteristics of a beacon satellite are described below,

To give the widest geographical coverage and to permit
studies of the polar ionosphere, the satellite orbit should be
inclined approximately 90° from the earth's equatorial plane. In
order to keep the satellite well above the regions producing
scintillation and above most of the electrons in the ionosphere,
the satellite altitude should be at least 1000 km, A circular
orbit can simplify the analysis., An orbit meeting these criteria

is relatively free from atmospheric drag, permitting accurate
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production of observation times and simplifying the computation

of aecurate post factum ephemerides.

In the past, considerable difficulty has been experienced
as a result of spinning or tumbling of satellites, It is desirable
either that antennas have electro-magnetic symmetry about the
spin axis or that the satellite be spin-stabilised in such a way
that the antenna aspect presented to a ground observer changes

only very slowly,

- It is very useful to have several transmitting
frequencies and it is important that they be locked together in
phase, Sufficient power must be radiated by the transmitters to
permit reception with good signal-te~-noise ratio even by simple

equipment on the ground,

2,6 Early history of Faraday rotation experiments

The study of total! ionospheric elzctron content through
the Faraday effect on satellite signals began after the launching
of the first satellite in 1957, Blackband et al (1959) published
ltha first results of total electron conﬁenﬁ measurement by this
technique. They were calculating the total Faraday rotation by
counting the fading cycles from a polint dn the trajectory for
which it was known that 8 = 90°, which would give zero rotation,
This method was also advecated by Garriott (1960), Unfortunately
it s not always possible to record the satellite signal under
these conditions. Also this procedure is somewhat doubtful due to
nonvalidity of equation (14) in the neighbourhood of 8 = 90°,
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A more accurate approach is the one used by Little and
Lawrence (1960) and by Rawer and Argence (1962). Here the procedure
is inverted, One assumes a model ionosphere, the lower part of
which is deduced from vertical soundings. The upper part is
‘assumed to follow a certain form with one free parameter. A
computer program uses the Appleton Hartree equation and calculates
the polarisation rotation for several positions of the satellite,
A comparison with the actual Fareday fading record will decide
the best fitting parameters for the higher ionosphere, Little and
Lawrence have good results in the cases where there are low
horizontal gradients of total electron content. In the other

cases they find no consistent results,

Garriott (1960a) used a slightly different approach to
determine the actual number of rotations, in the cases where no
(T conditions are recorded, In many cases he observes a reversal
in direction of polarisation rotation, This occurs near the point
vhere the satellite trajectory is perpendicular to the plane of
the magnetic meridian, At the point of reversal the total rotation
is at a minimm, Garriott calculates on a computer the ratio of
rotations at the minimum and at closest approach, Knowing the
absolute number of rotations between these two points, from the
recordings, one can calculate the absolute number of rotations
at the minimum snd all along the path. Garriott (1960b) gives
results of total electron content for one year using the Russian

satellite, Sputnik 3,

Yeh and Swenson (1961) have used an papproach based on
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equation (15) with high frequency corrections, These authors have
given results of the total electron content for a period of more

than one year.

Determination of - by means of '"Closely spaced
frequencies’ has been tried by Evans et al (1961). They made use
of the rotation of the plane of polarisation of moon reflected
signals., The earlier artificial satellifes were not provided with
closely spaced frequencies., Ia—1964-The Beacon Explorer - B
satellite which was launched by the U,S,A. transmits radio
signals on 40,01 MHz and 41,01 Miz, The method used in the thesis
has been reported by Shirke and Ramakrishnan (1966),

2,7 Method of analysis at Ahmedabad

At Ahmedsbad the method of "Closely spaced frequencies™
has been used for calculating the total electron content, The
method of scaling the Faraday fading records of 40 MC and 41 MC
will be described in this section,

From equation (14), we know that
h

K 5
S =2 M JYL dh
£2 3
Thervefore, , _ Kk jn dh
1 2
1

0. = K M Sn dh
2 2
gz

vhere -0, and 1, are the Faraday rotation angles for the

frequencies £, end £, respectively.
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Ao 4s determined experimentally by measuring the
velative phases of the Faraday mulls received at 40 MC and 41 MC,
Strictly speaking, 4.0 will be indeterminate by 'n' where 'n'
is a small integer number if Af is small, lLittle (unpublished)
has suggested sn aritlmetical method of determining the value of
'n! for high latitude stations, In the present analysis, 'n' has
been determined with reference to the (I region, where . and A-n-
reduce to zero, At Ahmedebad, which is a low latitude station in
the northern hemisphere, (I region is located to the north of the
station, As this region is approached, the satellite signal
becomes elliptically polarised and the resulting amplitude record
i3 characterised by shallow Faraday rules., The (T region can be
seen on the record, which is shown in Fig.2.1. At Ahmedabad, it
has been observed that the (T region can slways bz seen on the
amplitude records of the polar satellite (BE-B, Explorer 22), In
the case of low inclination satellite (BE-C Explorer 27) often
the T region is not seen. In such cases it is difficult to
determine the total Faraday rotation angle () with respect to
the (T region, But it is possible to judge the value of A
without difficulty, Since both the satellites have been used for
csleulating the total electron content, the method of closely
 spaced frequencies has been used at Ahmedabad, Equation (22) has
been used for calculating the total electron content, The
calculation of (- is done as follows :-
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2‘.7.1 Caleulation of A

First it is found whether the transit is south-bound or
north-bound, Since Ahmedabad is in the northern hemisphere the
values of B Cos 8 Sec \ increases towards the south of the
station. Due to the increase of B Cos 8 Sec X , A also
increases towards the south, So, in a south bound transit A4
increases with time and in a north-bound transit A-2- decreases
with time, Normally (I propsgation occurs at a time when the
sub-satellite laticude is about 29°N. If (T point is seen on the
record A is taken as zero at that time, A-2 can be written
in the form A -6 4+n | where %<9 is the fraction and
'n' {8 an integer, which changes by one whenever the Faraday
nulls of 40 MHz and 41 MHz coincide. The method of scaling of
is 1llustrated in Fig.2,2,

0 = S_TI . radians,

5T 1s scaled off in the positive direction (as shown in figure)
if the region under consideration is after the occurrence of (T
point, If this region is before the QT point O&T is scaled in
the negative direction. In Fig,2.3 the values of /-0 and

B Cos 0 Sec X  are shown for a south bound transit. In Fig.2.4,
the variations of these pﬁramters are shown for a northbbound
transit, Tt can be seen that A becomes zero at the time when

B Cos © Sec X  becomes zero.

2,7.2 Calculation of sub-satellite points and B Cos 8 See X

The satellite orbital predictions are received from
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Goddard Space Flight Centre, U.8,A, These bulletins are divided
into three parts. The first part gives the orbital parameters,

the second part gives the equatorial crossing times and the
corresponding west longitudea, and the third part gives the time
and longitude corrections to be applied to get the crossing times
end west longitudes corresponding to each 10° latitude, A computer
program has been worked out to use all this information and

' caleulate the geographical position of the satellite at the times
when the satellite reaches each latitude between the equator and
49°N latitude,

The values of B Cos 0 Sec X  for different satellite
heights and sub-satellite points have been provided by Goddard
Space Flight Centre, U,5,A, Knowing the sub-sstellite point and
the haight of the ssatellite, the appropriate values of B Cos @ SecX
ere found from the tablez provided by the Goddard Space Flight
Centre,

2,8 Second order corrections for closeiy spaced frequencies

method

The Faraday rotation equations have been extended to
include second order effects, (Ross, 1963), First order theory is
based on straight line propagation and the second order theory

takes into account the following departures from this condition:-

(1) The non-uniform distribution of ionisation ceuses the
various rays to be refracted and follow different paths between

source and recelver,
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(2 Since the medium is anisotropic, the wave normal and
ray for a particular mode of prbpagation do not coincide in

direction.

Ross (1965) introduced the following relation correcting
the first order equation to
hs

o = K (BCos & Secx) (1+x) S“ dh
P ? (23)

Where 4 . f’;: [p+ (B-16]
SRR CILICA bt
W 0

h h5+Re (1— CasX )

i

' na = Radius of the earth,

= a measure of the non-uniformity of the
" fonisation distribution over the height of

?n

XINI T |

integration,
Yl"i = ratio of transverse to longitudinal components of

magnetic field,

When second ordar corrections are included, equation (19) is

modified as
AL = — 20 ‘}g (142 )

By measuring A2 and -0 it is possible to judge whether the
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second order correction is significant or not, If the correction

. is insignificant the ratio,

< _ 1

-~ =20
Ao 2 AL

At Ahmedabad, it has been experimentally observed that the ratio
“~/p0  eomes out to nearly 20 at the time when the satellite

crosses 23°N latitude. In the present analysis, total electron
contents have been calculated only for 23°N latitude and the

- second order corrections have not been applied,
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CHAPTER II1
EXPERIMENTAL DETAILS

The requirements of a beacon satellite for fonospheric
studies have been explained in Chepter II, In this chapter, the
actual details of the two beacon satellites which were launched
by the U.S.A. are described, A deseription of the system installed
at Almadabad for receiving the beacon satellite signals have also
been deseribed, The method of synchronising the local time
standard against standard time signals is explained, The details
of Binary Coded Digits (BCD) used in the local time-standard are
given in this chapter along with an explanation of the time code,

3.1 Description of Ionosphere Beacon Satellite

The Explorer 22 research satellite, known as Beacon
Explorer-B or $-66, was lasunched by means of a Scout rocket on
October 9, 1964 from Vandenberg Air Force Base, U,5,A, The
satellite went into orbit with an inclination of 79°, an apogee
of 674 miles ard a perigee of 546 miles, The initial orbital
period was 104.7 minutes,

The Explorer 27 satellite, knawh as Beacon Explorer-C,
was also lsunched by a similar rocket on April 29, 1965 from the
same launching site, This satellite went into orbit with an
inclination of 41°, an apogee of 821 miles, and a perigee of
580 miles, The initial period was 108 minutes,
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Both the Beacon Explorers are identical in construction,
The satellite veighs 116 1bs and consists of an octagonal,.
cylindrical shell from the sides of which four solar panels extend
- 1ike wind mill blades, Made of honey comb nylon and fibree-glass,
the shell i3 12 inches in height and 18 inches in diameter, The
solar panels are 10 inches wide and 5.5 feet long and contain
twice as many soclar cells as are necded for initial pover. As the
cells deteriorate because of radistion effects, reserve banks of
solar cells will ke brought into operation. Extending from the
ends of opposite solar pancls are two 5 feet long whip antennas,
vhich radiate 20,005 Me/s, 40,01 Me/s and 41,01 Me/s frequencies,
Two bar megnets 5,73 in long are used for passive orientation of
the satellite, They align it slong the magnetic field,

To protect tha instruments from the large temperature
variations, vacuum insulation is provided between the instruments
and the satellite shell, When the internal temperature of the
space-craft drops below the desired 21°C, any one of the eight
thermostats located throughout the satellite triggers an adjscent
heater. Centrifugsl force ceuses the weighted anti-spin cables
"to deploy and allows the four solsr panels to erect themselves,
The first of these two actions csuses the spin rate to be reduced
from 160 revolutions per minute to about 40 R,.P,M, and the solar
panel daployment then lowers the rate to around 3 R,P,M. The rate
is then gradually reduced to zerc by magnetic anti-spin rods,

The S~86 satellites have three basic transmitcing systems,
(1) The NASA Tonospheric Beacons at 20, 40, 41 and 360 MHz, (2)



r
: &0 e

the APFL Doppler System at 162 and 324 MHz and (3) the telemetry
transmitter at 136 MHz, The ionospheric Beacon frequenciec are
derived from a 5 MHz oscillator, which is enclosed in a package
containing a dual oven with high thermal stability, The trans-
missions are coherent, All the low frequency trensmitters radiate

250 m W of power approximately,

A clock marker or timing pulse appears on the 200 MC
signal, This modulation is a rectangular pulse, which occurs every
22,018 second, Explorer 22 provides one pulse end Explorer 27 |
provides two pulses, These timing pulses can be utilised as
identification marks for the two satellites, The signal for the
timing marks are derived from a tuning fork oscillator with a
stabilicy of 1 part in 109.

The antennas for 20 MC, 40 MC and 41 MC transmissions
consist of vhip entennas, 5 feet long, at the end of two oppositely
oriented solar panel blades, The signals are linearly polarised.

3.2 Description of the receiving system

Fig.3.1 shows the block diagram of the receiving end
recording system, The dipole antennas are erected in the EW
direction at a height of */4 from the ground. EW directiocn has
been chosen so that the antenna receiving pattern is symmetrical
in the N3 direction, Most of the favourable transits are in the
north-south direction and it is preferable to have the receiving
pattern of the dipole antenna symmetrical in the NS plane., The
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receivers have unbalenced inputs with an impedance of 50 -
The dipole antenna gives an impedance of 75 (balanced).
Impedance matching is achieved by using a wide band "BALUN"

- matching transformer. This impedance matching transformer is
nounted near the antenna itself, Amphenol RG-8/u, coaxiel
transmission line is used to conneet the antenna output to the

recelver input,

Fig.3.2 shows the block diagram of the transistorised
recelver used for receiving the satellite signals, It is a double
conversion receiver emploving crystal controlled local oscillators,
The pre-amplifier section of the receiver is a fully shielded
plug-in unit, By inserting the appropriate pre-amplifier into the
front panel of the main recelver, the receiver frequency can be
altered, The pre-zmplifier plug-in unit contains a single RF stage,
a nixer atage and an oscillator stage. This gives an output at
4,790 Me/s, The RF amplifier provides approximately 35 db gain,
The mixer stage has 2 conversion gain of 5 db,

The front end unit contains the first I,F, stage, the
second local oscillator, the second IF amplifier, the second
detector and the audio stage, The second local oscillator is
crystal controlled at 5245 Ke/s, This stage performs the function
of converting the 4,790 MC output of the pre-amplifier into a
455 KC second IF. The automatic gain control (AGC), incorporated
into the circuitry, controls the gain such that it is logarith-
mically related to the magnitude of the incoming signal, The
second IF stage hes a gain of 90 db, Complete electrical

specifications of the receiver are given below
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(1) Voltage requirements are + 8,4 V and «12,4 V D.C. The
total current drain of each recelver iz nominally 15 milli

amperes,
(2 The sensitivity of the receiver i{s =135 dbm,
(3 Pandwidth of the receiver at 3 db points is 2500 CPS,

(4) The AGC output impedance is 15 K and the AGC time
constant 8 8 milli seconds,

Due to the velocity of the satellite, the signal
undergoes Doprler Shift, Consequently the frequency received on
the ground gradually changes 25 the satellite approaches the
tracking stetion and recedes from the tracking station, The
Z.S'Kc bandwidth provided for the receivers is sufficient to
accommodate the Doppler shife,

The receivers require a positive voltage (+ 8,4) and a
negative voltage (-12,6) for the operation. A twin power supply
whose voltages can be varied 1z used as the power supply for the
receivers, This unit has two 1ﬁdependent D.C. supplies with
independent output terminals, The +V€ terminal of one of the
supplies i{s connected tc the -'© terminal of the other supply and
is used as the common terminal for the receiver, With respect to
this common terminsal the positive and negative DC voltages are

taken from the Power Supply and fed to the receivers.

The AGC output of the receiver is fed to DC emplifier
manufactured by Sanborn Company, The DC amplifier drives the
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galvanometer of Sanborn Strip Chart recorder, The frequency
response of the recording system 1s from 0 to 50 cycles. The
strip chart recorder used for the experiment has 8 channels, At
a time, 3 channels are used. Once the paper is completed, it is
rewound and used again. Two channels are used twice by shifting
the position of the stylus, These two chaunels are used for
recording the time marks only. The chert speed of the recorder
"can be varied from 0,25 mm/sec to 100 mm/sec. Depending on the
rate of fading of the signal, the chart speed is adjusted at the
time of transit, The overall gain of the whole system is
approximately 145 db,

Amplitude calibration iz not necessary for Faraday
rotation analysis., Since the AGC of receiver has logarithmic
response, amplitude calldbretion is necessary for studying the
signal scintillations, 2 standard signal generator (HP 608D),
nanufactured Dy Hewlett Packard, U,S,A., is used for calibrating
the recording system,

3.3 Description of the time standsrd and time synchronisation

Since the satellites move with very high velocity it is
necessary to have a time standard, which is correct upto a
fraction of a second with respect to standard time signals, At
Ahmedabad, a time standard manufactured by tha Astrodata Company
has been used. This tima standard gives an output of 1 pulse per
second, which is derived from a crystal controlled 1 Miz
oscillator having very high stability.



3 46 ¢

Many countries broadcast standard time signals in the
H,F, band, The frequencies allotted for time signals are 2.5 MC,
5 MC, 10 MC, 15 MC, 20 MC and 25 MC. At Ahmedabad 10 MC and 15 MC
transmissions from Japan or Hawali (WWVH) are used for synchro-
nising the local time standard. The time standard is adjusted to
an accuracy of a fraction of a millisecond and is never allowed
to have an error more than about 100 milli second at the time of

recording a satellite transit,

Fig.3.3 shows the block diagram of the system adopted
for synchronising the time standard with respect to the standard
time signal trensmissions. Motorola R - 390 receiver was used
- for receiving J.J.Y. or WWVH time signal transmission at 10 MC
or 15 MC, During day time 15 MC and during night time 10 MC
transmissions were used, Every 5 minutes both these stations
announce Japan standard time and Hawali standard time respectively,
In addition to the time announcement, the carrier has 1 pulse per
second medulation also, The sudioc output of R-390 receiver, which
gives standerd one pulse par second, is fed to the Y input of a
Tektronix oscilloscope, The time base of the oscilloscope is put
into externzl trigger mede and:is then triggered by the one pulse
per second output of the local Astrodata time standard, If the
Astrodata time is ahead of the standard time, then one pulse per
second output of R-390 can be seen on the oscilloscope time base.
The local time standard is then adjusted so that the triggering
pulse coincides with the standard time signal pulse, By adjusting

the sweep interval of the oscilloscope it is possible to see the
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two pulses clearly even vhen the time difference between them
is about a milli second. The Astrodata time standard used at
Atmadabad is found to be quite accurate and does not drifc by
more than 1 milli second per day, The time standard is fed by AC
mains supply, which is quite reliable at Ahmedabad, Every week
the local time standard is checked against JJY or WWVH.

In addition to one pulse per second, Astrodata gives
coded outpucs also., Fig.3,4 gives the NASA 28 Bit Code, vwhich is
in binsry coded decimal form. The code is composed of 2 reference
marker end seven sube-code words describing Time-of-year in minutes,
hours and days. Bach sub-ccde 18 in binary coded decimal fashion,
The leading edgesof all pulses are precisely spaced at 0,5 second
intervals, The "time frame"” is completed by index markers cccurring

every 5 seconds,

Pig.3.4 shows one complete frame of the time code. One
frame i3 completed in one minute., In the figure, the frame is
split into two parts, The lower portion shows the former half
(30 seconds) and the upper portion shows the latter half (30 seconds)
of one complete frame, Two narrow pulses, (A) and (B), indicate
the beginning of each frame, In the figure, the time increases
from A to B, After each 5 seconds, the 5th second identification
pulse (wide pulse) can be seen, The time codes are given in the
former half of the frame, After each 5th sacond mark, the time
code 18 given, The code starts with the unit digit of minute and
ends with the hundredth digit of number of days,
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In the example shown in Fig.3.4, the time given by the
code is 16 hours 27 minutes, The number of the day given by the
code, 18 343. So, the time code identifies the numbers 7, 2, 6,

l, 5, 4 and 3 in the order, The number of the day are counted

from the lat of January. Each digit is given by a group of &
binaries, The numbers can be read-off very easily. In order to

see the pulses clearly the chart speed must be at least 2,5 mm/sec,

The method of reading the binary coded digits is
illustrated in F1g.3,5, The system gives either a wide pulse or
a narrov pulse as shown in the figure. By noting the stages which
give narrov and wide pulses, the number can be made out, Fig.3.5
shows the configuration of the pulses in the group of four
binaries in order to give the mumbers from 0 to 9, By noting the
nunber given by each of the seven groups in a minute frame, it

18 possible to find out the time at any point on the record.

3.4 Schedule for satellite tracking

For programming the routine schedule for tracking the
satellite, it 1s necessary to know the time when the satellite
comes over the tracking station and the maximum elevation angle
of the satellite at the time of closest approach, Depending on
the‘maximnm elevation angle, it is decided whether a particular
transit 1s to be followed or not, During the period of observation,
only the transits, which gave more than 30° elevation, were
tracked for Feraday rotation studies, In order to study the
satellite signal scintillations at night, this limit of elevation

engle was brought down to about 20°,



<
<
(—1
<

dULU]ﬂfT BINARY lSTAGES
e STH S|ECOND
I J— N 'MARK
JaT [

.JT:J ;___ '4-

e s

L s

NN -

ML e

~ M M =

1 Ul M 9
ILLUSTRATION OF

BINARY CODED DIGITS



T 52 ¢

3,5 Calculation of satellite prediction

In section 2.7 of Chapter II, the details of NASA
satellite orbital bulletins have been given, The calculation of
sub-aatellite points is also deseribed., Knowing the sub-satellite
point and the height of the satellite, it is possible to calculate
the azimuth, elevation and slant range of the satellite. These
perameters are essential 1f the receiving antenna is to be pointed
towards the satellite, Fixed dipole antennae had been used for
the Faraday rotation experiments and so it was not necessary to
know the position of the satellite very accurately for tracking
it, Still, the elevation, agimuth and slent range of the satellite
vere calculated and vere used for deciding the transits that were
to be folloved,
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CHAPTER IV
ELECTRON CONTENT OVER AHMEDABAD

The method of analysis adopted at Ahmedabad for
calculating the total electron content upte the satellite altitude
has been described in section 2.6 of Chapter II. The result of
these calculations are presented in this chapter. At the time of
a satellite transit,nornally an ionogram is elso taken, This
ionosonde 18 located near the satellite tracking station, These
bottom side ionogrems are used for comparing the top side of the

ionosphere with the bottom side,

4,1 Diurnal and seasonal variations of total electron

content (N.)

Because of the relative motion of the satellite and
earth, one measurement of electron content per day, on the
average, is obtained when the satellite passes near the observing
station in a northward direction. Another measurement is mede
when the satellite again passes near the station in a southward
direction, With two satellites in orbit it was possible to make
four measurements per day., As a consequence of the precession
of the satellite orbit the times of passage receded on the average
from day to day and it was possible to sweep throuth§4 hour
period more than once within a season of 4 months. All the

observations made in each season have been grouped together.
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The values of total electron content determined at
various hours for summer, winter and equinox are shown in ?1gs.
4,1, 4,2 and 4,3 respectively. The diurnal variation of NT can
be seen in all the three seasons, Since the observations were
made on different days, the N, values exhibit scatter showing
the variability of the ionosphere. A mean curve can still be
drewn through the scatter points, The maximum value of N occurs
at about 14 hours in winter and summer and at about 16 hours in
equinox. The total electron content starts falling after sun set
to a pre~dawn minimum and then starts rising after sun rise to
the day time maximum, The rate of increase seems to taper off
between 09 hours and 10 hours in winter, between 08 hours and
09 hours in equinox and between 07 hours and 08 hours in summer,
The day time maximum value is about 2 x 1017/meter2 in winter,
3.2x 1017/meter2 in summer and 3.8 x 1017/meter2 in equinox,
The night time minimum velue of N; is about 0,16 x 1017/meter2
in vinter and summer and 0,14 x 1017/meter2 in equinox. It can
be seen that the day time maximum undergoes more seasonal change
than the pight time minimum, The diurnel range is about 12 in

winter, 20 in summer and 27 in equinox.

4.2 Rate of loss of electrons at night

The rate of change of electron density at a given
height is determined by

%’% = q—Bn - div(nV) (1)
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where q 18 the number of electrons produced per unit volume per
second, /? is the effective attachment coefficient and V is the
velocity of transport of electrons, The loss process has been
written in the form of = because most of the loss of ionisation
at night tekes place in the lower F region vwhere the attachment

process is predominant,

The rate of change of total content is obtained by
integrating equation (1) over all heights, viz. the surface of

an infinite vertical cylinder of unit cross section, This gives

(‘.‘iNT 9<Jn dh) X > QO.-
LA dh — — V) dh
. -~ gq &p n dh Sdnl(n ) d

- 0
If the velocity of transport is entirely vertical, the net

transport of electrons out of the cylinder is zero,
jdw(nv dh =0

The io _ : (2)
rerore ?r* X% dh jpn dh
Thus at night time, when q is zero
dN

o0 0
?{?;T =-£'an,dh =~§J;ndh - BN

vhere 'ﬁ is some mean value of B . It follows that

NT(t) . NT(t=O> exp(~Bt)

The night time portions of the curves of log N; in Figs.4.1l, 4.2
and 4,3 are almost linear showing that HT falls exponentially
during night time, These portions of the diurnal curves have been
used for calculating the values of "E . The value of 'E comes
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to about 1,3 x 10°a/sec in equinox, 1.2 x 10'4/sec in winter

and 0.8 x 10"%/sec in summer.

4,3 Variation of maximum electron density (Emax)

Since the major fraction of the total electron content
occurs in the region of maximum electron density, the values of
0 oax 8Fe also determined at the times of satellite transits, At
the time of a transit if jonogram is not avallable then inter-
polation is done using the available ionograms, Noax 18 calculated
from the formula n . = 1,24 (fon)2 x 1010 electrons/(Metre)3
vhere forz is the ecritical frequency of the F layer., The values
of S for summer winter and equinox are plotted in figures
4,4, 4.5 and 4,6 respectively, It can be seen that the maximum
electron density also exhibits the features which are present

in the total electron content. Between 07 hours end 10 hours,

the decrease in the rate of increase can be seen in Npax also,

4.4 Variation of bottom side (N,) and top side(Na) electron

contents

By subjecting the ionograms to true height analysis
it is possible to calculate the electron content below the height
of maximum electron density. The bottom side content (N,) is
substracted from the total content and the top side content
(N,) is determined, The values thus calculated are plotted in
Figs.4,7, 4.8 and 4,9 respectively. The day time maximum value

2

of N, is about 2 x 1017/meter in summer, 1.2 x 1017/metet21n
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2

winter and 2.4 x 1017/meter in equinox. The night time minimum

value of N, is about 0.14 x 10" /meter? in winter and 0,12 x 1017/

2

meter® in summer and equinox, The bottom side electron content

(Nb) values are shown in Figs,4,10, 4,11 and 4,12, The day time
maximum value of Nb is about 1,3 x 1017/meter2 in summer,

0,8 x 1017/mater2 in winter and 1,4 x 1017Imeter2 in equinox,
The minimum value at night is about 0,03 x 1017/mater2 in summer
and equinox and 0,02 x 1017/meter2 in winter,

4,5 Diurnal and seasonal varlestion of equivalent slab
thickness (T)

The equivalent slab thickness of the ionosphere is
given by T = Np/ny,.o
This parameter is evaluated from the satellite results in
conjunction with the n . values obtained from ionosonde
observations, Wright (1960) proposed that F region might be
represented by part of a Chapman region with a scale height of
about 100 km, For a Chapman distribution of electrons Wright

has shown that

Ny = 413 Hn (2)
Nb = 1,31 H nm“ (4)

Where “a and Nb are the integrated electron contents above and
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below maximum electron density level (h ) and H is the scale
height, Following this hypothesis 7 has been used by a number
of investigators as a temperature indicator at midday in the
ionosphere., (Ross, 1960; Hibberd, 1964; Bhonsle et al, 1965).
Chapman model assumes that electrons and ions are in thermsl
equilibrium, A theory without such a restriction is the diffusion
transport theory developed by Yeh and Flsherty (1966). They have
proposed a hybrid layer made up of a diffusion transport layer
above the peak and a Chapman layer below the peak, They have

also shown the dependence of slab thickness on electron to ion
temperature ratio. The values of T in summer, winter and
equinox have been shown in Figs.4,.13, 4,14 and 4.15 respectively,
The simﬁltaneous values of hmFZ have also been shown in these
figures. During winter, T exhibits very large values before
ground sun rise, This anomalous increase is not seen clearly

in summer, Emuinox months show slightly large values of T around
the same time, From the figures it can be seen that the height

of maximum electron density also increases in the early morning
hours, At Huancayo, an equatorial station, Blumle (1962) observed
an increase in the T values around layer sun rise. It can be
seen from the Figs.4,13, 4,14 and 4.15 that the T wvalues
increase after sun rise, The day time maximum occurs after mid-
day hours in winter and around mid-day hours in summer and
equinox, The maximum day time thickness for the period 1964-65

is approximately 225 km, in winter, 235 km, in equinox and

25C km, in summer, The corresponding hmfz values also show a

maximum after mid-day hours in winter and eround mid-day hours
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in sumer and equinox. The day time maximum of h F, during the
observational period is about 275 km in winter, 300 km 1nhgquinox
and 350 km in summer. In all the three seasons, it can be seen
that T and h F, have similar variation during day time, After
sun set, while h F, increases towards mid night T does not
show similar variations, Between 18 hours and 22 hours the
thickness parameter shows large values, This feature can be seen
in all the seasons. In the case of h F,, this increase is not

seen,

4.6 Diurnal and seasonal variaticn of the ratio of topside

electron content to bottom side electron content(N, /N,)

Ratio of the electron content N, above the height of
meximum electron density to the content Ny, below this height has
been introduced by Evans (1956) as a simple and convenient measure
of the electron distribution in the ionosphere, If the ionosphere
were isothermal and had Chapman's distribution of electron
density the ratic Na/Nb would be equal to 2,15, (Wright, 1960).
Using the diffusion transport theory Pound and Yeh (1966) have
shown that the ratio N,/N, will have a value of 3,12 during
summer night and 3.33 during winter night,

In Figs,4,16, 4,17 and 4,18 the date for 1964-65 have
been plotted separately for summer, winter and equinox. The
diurnal variation of this ratio can be seen in all the seasons,
Compaxed to the day time values the night time values of Na/Nb

are higher, In winter and equinox, Na/Nb exhibits large values
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before ground sun rise. In summer, this feature is not very
evident, The mid-day minimum velue of Na/Nb is about 1,4 in
summer, 1,5 in equinox and 2,0 in winter. The night time ;teady
value before mid-night is asbout 3,2 in summer, 3,0 in equinox

| and 2.9 in winter, After mid-night the ratio does not remain
steady.,

4,7 Diurnal and seasonal variation of N./n

The winter values of Na/nmax are plotted in Fig.4.19,
It can be seen that the diurnal variation of this parameter is
not clear in winter, The summer and equinox values are shown in
Fig.4,20, The diurnal variation is found to be more evident in
equinox and summer, After sun set Na/nmax increases in these
two seasons and attains a steady value of about 150 km during
the night, After sun rise this ratio decreases to a lower value
and then starts increasing to a mide-day maximum, Again it starts

decreasing after mid-day and reaches a low value before sun set,

4.8 Discussion

A summary of the electron content results for summer
and winter has been given in Table I. It can be seen that during
1964-63, the day time maximum values of NT. Na' Nb and Moo in
summer are higher than the corresponding values in winter. In
middle latitudes, during periods of high solar activity the day
time maximum values of NT are higher in winter thsen in summer

(Ross, 1960; Yeh and Swenson, 1961), This seasonal effect is



Table 1

2 2
Season = = o = -5 :
Max., Min., Range Max. Min, Renge Max, Min. Range Max, Min, Range

Sumper 3.2 0.16 20 2,0 0,12 17 1.3 0,034 38 . 1.4 0.09 15
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Winter 2.0 0.16 12 1.2 0.14 9 0.8 0,024 33 1.2 0.07 W7
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less pronounced during periods of lower solar activity (liibberd,
1964). In the present observations over Ahmedabad, during minimum

solar activity conditions, the winter anomaly is not seen,

The summer to winter ratios of NT’ N at Nb and no.x are
shown in Table II, Maximum electron density tncreased by about
17 % from winter to summer, At the same time topside content and
bottom side content increased by about 60 %. Since the electron
content is related to Npax end H, the larger increase of electron
content from winter to summer may be attributed to the increase

of temperature and the throwing up of ionizable constituents in

summer,

Table II
Ionospheric Summer to Percentage
Parameter vinter ratio change
Np 1,60 60 %
Na 1,67 67 %
Ny 1.63 63 %
n 1.17 17 %2

023 SAS ARG TR IR R TP S 13300 N T O D TR X I S G A T 2 SN 2T I S S T A e

The occurrence of a peak in T near sun rise has been
reported by many investigators (Evans and Taylor, 1961; Lawrence
et al, 1963; Titheridge, 1964). This has been explained by the
fact that sun-rise occurs earlier at greater heights so that the

ionisation above the peak of F layer will have considerably
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increased by the time the electron density at the pesk begins to
increase (Titheridge, 1964). Also, measurements of electron
temperature T,, made by Bovles et al (1962) using incoherent

back scatter technique and by the Ariel satellite (Wilifhore et al,
1962) shovw #ive evidence of a significant departure from thermal
equilibrium between electrons and ions near sunrise, Elumle (1962)
attributed this increase in T to the departure from thermal

equilibrium between the electrons and ions near sunrise,

The results of ratio Na/Nb are given in Table I1I. The
day time value of Na/Nb in winter is nearer to the value of 2,15
given by Wright (1960) for Chapman distribution, In equinox and
summer this day time value is still lower. In all the seasons
the night time values of Né/Nb are higher than the day time
values, The following qualitative explanation of the diurnal
variation of Na/!lb has been proposed by Hibberd and Ross (1966).
During most of the day time the vertical distribution of ionisation
may be taken as that of a Chapman region, except for the additional
ionisation in the E and F; region, The presence of E and Fl region

ionisation could cause the day time value of N,/Ny to be rather
lower than the Chapman value of 2,15,

Table III

LA A K A ¥ L2 T N F R Y BN N-F ¥ ¥ ¥ LA A A X 2 X X R X X 3 ¥ X X J

Ratio Na/Nb

Season Day time — Night time
Summer 1,4 3.2
Winter 2.0 2.9
Equinox 1.5 3.0
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The effective attachment coefficient E for a middle
latitude station has been determined by Hibberd and Ross (}966).
They get a value of about 0.8 x 10'“/5ec. The present results
show higher values of B in winter and equinox. The summer
value of B over Almedsbad comes out to be the same as the

middle latitude value given by Hibberd and Ross. From the results
| of Lawrence et al (1963) for 1958-59, Hibberd and Ross have
obtained a value of § of the order of 0,9 x 10™4/sec,
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CHAPTER V

IONOSPHERIC ELECTRON CONTENT AND EQUIVALENT BLAB THICKNESS
IN RELATION TO SOLAR AND MAGNETIC ACTIVITY

5.1 Introduction

It is well known that the eritical frequency, forz.
of the F, layer varies markedly with the solar cycle, Bhonsle
et al (1965) found the soler cycle dependence of Ny the total
electron content up to about 1000 km over middle latitudes for
sunspot numbers higher than 40, Yeh and Flaherty (1966) extended
these observations to sunspot numbers less than 40, Hibberd and
Ross (1966) have examined the relationship between 10,7 cm solar
flux and total electron content over middle latitudes, Over low
latitudes, these effects have not been studied in detail, In
this Chapter, the dependence of N, and NT/nmax on 10,7 cm solar
flux and the effect of moderate megnetic activity (defined by
Ap index) on electron content have been studied and the results
are presented. Before examining the data for such effects the
reasons for not studving the magnetic storm variations may be
mentioned, Since the satellite technique provides only a few
measurements in a day, it is not possible to follow the effects
of individual magnetic disturbances throughout its life, Further,
the ionosphere fluctuates from day to day even under magnetically
quiet conditions and it is often difficult to decide whether a

change observed in a short interval of time is really releted
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to the storm or is a random variation, Because of such draw-backs
in the technique of investigation, storm time variations could
not be studied in detail, Instead, the dependence of NT. nr/nm‘x.

Na/Nb and hprz on mode:ata magnetic activity defined by Ap is
studied,

5.2 Dependence of daytime NT on solar flux

In Fig.5.1 the values of N, measured between 12 hours
and 16 hours are plotted against the daily values of 10,7 em
solar flux. In order to get over the effect of diurnal variation,
the time around mid-day hours has been chosen, The N values
have been plotted separately for summer, winter and equinox, In
all the seasons it can be seen that NT inereases linearly with
10.7 cm solar flux, In winter, Ni seems to increase at a slow
rate till the solar flux reaches a value of about 100 units, and
bevond this, it Increases with solar flux at a faster rate., In
summer and equinox, this transition at the solar flux value of
about 100 units 1s not noticeable, The change of N, per unit of
10.7 cm solar flux is about 0.04 x 10*7 in sumer and 0,054 x 1027
in equinox. In winter, this 1s about 0,02 x1&7 when the solar
flux is below 100 units, and 0,06 x 107 unit flux, above
100 units,

AN [2s
The value of the logarithmic gradient, *;fiﬁgo) comes

out to be 0,025 in winter and 0,01 in summer and equinox,
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5.3 Dependence of night-time Nf on solar flux

Between 23 hours and 03 hours N, remains nearly steady,
The values of N, measured during this part of the night have
been used for studying the effect of solar flux at night, In
Fig.5,2, the night-time values of Ny have been plotted against
the daily values of 10.7 cm solar flux separately for summer,
winter and equinox. In ell the seasons, night-time N, also
seems to have a linear dependence on solar flux, The rate of
increase with solar flux seems to be nearly the seme in all
the seasons, Ny increases at the rate of sbout 2,007 x 1017 per
unit flux, The night-time logarithmic gradient comes out to be
about 0,02,

5.4 Dependence of daytime N./n_ _ on solar flux

It is generally accepted that solar extreme ultra-
violet radiation is an important scurce responsible for the
heating of the F region (Hunt end van Zandt, 1961), Satellite
drag measurements show that the thermopause temperature and
hence the neutral perticle densities at F region heights vary
linearly with the solar activity (Nicolet, 1963). Since the
average equivalent slab thickness, NT/nmax‘ is an indicator of
scale height and electron-ion mean temperature, it must have
positive correlaticn with solar flux., In Fig.5,3, the daytime
values of NT/nmax are plotted against the dally values of 10.7 em
solar flux. It can be seen that there is linear relationship

between NT/nmax and 10.7 cm solar flux (8). The rate of increase
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of T per unit flux is about 1 km in winter 1.2 km in equinox
and 1,5 km in summer, The empirical linear relationship begyeen

and S may be written as

T (km) = 175 + 1,0 (8-70) for winter
T (km) = 210 + 1,2 ($-70) for equinox

T (km) = 200 + 1,4 (S-70) for summer.

5,3 Dependence of daytime N. on moderate magnetic activity

In Fig.5,4, the day-time values of NT have been plotted
against the daily values of A,p separately for summer, winter and
equinox. In summer and equinox, the total electron content
decreases with increase in magnetic activity. In winter there

is probably a similar effect but it is not clear,

5.6 Dependence of night-time N. on magnetic activity

-~

In Fig.5.5, the values of N, measured between 23 hours
and 03 hours are plotted against A, index separately for summer,
winter and equinox. It can be seen that N, increases with
‘magnetic activity. In summer the figure shows more scatter. A
whole-year plot is also given in Fig,5,6. It thus appears that
while the total electron content decreases with increase in
magnetic activity in the afternoon hours it increases with

increase in A, in the late night hours.
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5.7 Dependence of day-time slab thickness (7 ) on
magnetic activity

Since the diurnal variastion of T 4s small, the day-
time values have been used for studying the effect of magnetic
activity, In Fig,5.7, the day-time values of NT/nmax have been
plotted against Ap index separately for summer, winter and
equinox. In winter, T increases with increase in Ap.'In
equinox this effect is not so pronounced. In summer, T does

not show any clear dependence on Ap‘

5.8 Dependence of night-time N./n _on magnetic activity

In Fig.5.8, the night-time values of Ny/n__  have
been plotted against Ap index separately for summer, winter and
equinox. In summer and equinox night-time Np/n . increases
with increase in Ap values, In winter night, N;/n ,_ does not
seem to depend on magnetic activity,

5.9 Dependence of day-time and night-time values of N /N,

on magnetic activity

The day-time and night-time values of N /N, have been
studied separately, In Fig,5.9, the day-time values °f'Na/Nb
have been plotted against Alp index separately for summer, winter
and equinox, In summer N_/N, decreases with increase in A.p index,
In equinox the ratio does not seem to depend on magnetic

activity, In winter the ratio increases with Ap index,
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The night~time values of Na/Nb have been shown in
Fig.5.10, These values are plotted against Ab index separatfly
for summer, winter and equinox, Since the ratio becomes very
large early in the morning, these values have not been included.
It can be seen that in equinox the night-time values of N /Ny
also do not seem to depend on magnetic activity. While the

night-time ratio increaseg with AP in summer, it decreases in

winter,

5.10 Dependence of day-time and night-time values of h?ga
on magnetic activity

Since the electron content varietions are connected
with the changes in the helght of maximum electron density, the
dependence of mid-day and mid-night values of hpFZ on magnetic
activity has also been studied, Fig.5.1l shows the dependence
of mid-day hpFZ on Ap. In winter and equinox, mid-day h F, does

P
not seem to depend on magnetic activity,

In Fig,5,12 the values of hpFZ at 22 hours have been
plotted against Ab index separately for summer, winter and
equinox. In winter, night-time hsz increases with Ap. In summer

and equinox, night-time hsz does not seem to depend on magnetic
activity,

5.11 Discussion

In Fig.5.1, the best fitting straight lines have been

drawn and these lines have been extended to zero solar flux, It



100

AHMEDABAD $-66 1964-65

DEPENDENCE OF NIGHT TIME Na/Ns
ON  MAGNETIC ACTIVITY

(C) EQUINOX <
L. . . B
e . * L
‘"‘—.————o———v-'——.— —————————— ~ e
3 . o °
. . .
1 1 1 1 1 1 i

T T
I
i

Fl L] -
z —~— * L]
S— “\“-{* * . -
o« . . Tt~
z . R
\ . l -y [] 1 * 1 ol
(A) SUMMER
L i ¢ o
. * e e
. e T * -
o " . .
1 1 J J I .t 4
o 2 4 6 8 10 12 14
INDEX
AP N



101

AHMEDABAD 1964-65
DEPENDENCE OF  MID-DAY hP F,
ON  MAGNETI ACTIVITY
c (A)
(A) EQUINOX (B) WINTER (C) SUMMER
(AY | KM
.
T . E . « 1 400
. g ¢ .
.-.!.:I!:.:. « {350
—— B e W ‘—.‘ ——————
: ' * L ] L] [ ]
L I * *» o 1300
.
. . . LI
1 1 1 3 1 1 1 250
(8)
. 4 400
F o . . ¢ . 4 350
U-N -‘ ¢ . . .
I=al B S { 300
. . Ll : .
y . Je2s0
A —t. 1 1 L 'y A
.
. e _(C) 4 450
e e e T e _geeesTTT J400
° ;__l___—r"o'"——’ R .
- T ¢ » 41350
0 0 - 300
0 2 4 6 8 10 12 14 €
A INDEX



102

FIG. 5:12

AHMEDABAD 1964-65
DEPENDENCE OF 2200 HOUR hp Fz
ON  MAGNETIC  ACTIVITY (AP)
(A} EQUINOX  (B) WINTER (C) SUMMER
w |™
A . . . 1 400
e 8, :
- I P . 1
—— e e e e B A e —————
« * ® . ‘ .
L ]
[ ¢ . ¢ o * . 4 300
L] [ ]
N . - L ] . L] J 250
d L]
®)
L]
Y P . ® . __-= 4300
« 4 * T .
we T N
_:n. L 3 s . LA . <4 250
L ]
L]
A L 1 1 A A 200
c
i . * ( ). 4 400
L) : » L] .
L) Y .
L s o o o o o . . 4 350
B St aEE L P
. : « 3 . M H
. v e e * e 4 300
. L]
L ] . .
L LI L 250
0 2 4 6 8 10 12 14 16
A, INDE X



: 103

can be seen that in all the seasons the line passes through the
origin. Taylor (1966) has reported that the winter line intercepts -
the solar flux axis at a point significantly away from the ;;TEI“T3
This might have been.due to the fact that there were no observations
corresponding to solar flux values less than 100 units, In the
present result also it can be seen that the winter line which

fits the observations corresponding to solar flux values higher
than 100 units intercepts the x axis at a point away from the
origin, If the change in the slope of the line in the region

of solar flux less than 100 units is taken into account, the

vinter line also passes threough the origin,

An approximate linear relationship between N, and
sunspot nuumber has been found by Bhonsle et al (1965) for sunspot
numbers larger than 40, Yeh and Flaherty (1966) have extended
these observations to sunspot numbers less than 40, They find
that the linear dependence breaks down when the sunspot number
falls below 40, At Ahmedabad in winter, a change in the linear
relationship between N, and S can be seen when the solar flux
falls below 139 units, In summer a2nd equinox, this feature is
not noticeable sven though there are observations corresponding
to solar flux values between 70 units and 130 units, Somayajulu
et al (1966) have shown that Ny over Delhi is independent of solar
flux when the flux is less than 80 units., From Fig.5.1 it can
be seen that NT over Ahmedabad definitely shows an increase

with flux even in the region of solar flux less than 80 units,

Bhensle et al (1965) have determined an empirical

relationship between T in middle latitudes and the mean
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sunspot number (B). Over middle latitudes, the rate of increase
of T with sunspot number is about 1 kn in winter, 1,2 km in
equinox and 1,33 km in summer. These values have been nofmal??ed B
by Bhonsle et al (1965). After normalising they get a coefficient
of 0,005 in all the seasons. Normalising is done by dividing

the rate of change of T by the value of T corresponding

to zero sunspot number, In the present result over Ahmedabad
also, it can be seen that the rate of change of T with solar
flux 13 minimum in winter and maximum in summer., If these values
are normalised by dividing the rate of change of T by the
value of T corresponding to solar flux of 70 units, the
coefficient comes out to be about 0,006 in winter and equinox
and 0,007 in summer. Since the measurements have been made within
a limited range of solar flux the values of these coefficlents

determined by this analysis are to be treated with caution,

The variation of middle latitude N; with 10,7 cm solar
flux has been studied by Hibberd (1964). He has calculated the
rate of change of N, with flux (S) for summer and winter. In
summer and winter he finds oNt/os to be 0,028 x 1017 and
0.038 x 10t7 respectively. Over Ahmedabad, 2Nt /33 seems
to be higher, From the results of Hibberd, it can be seen that

9N, /35
— 1
R Groo) ? s nearly the same in

winter and summer, Over Ahmedabad this is about 0,01 in summer

the logarithmic gradient,

and equinox and about 0,026 in winter. In winter the middle
and low latitude results show the same value of logarithmic

gradient of N;.



: 105

Ross (1960), Yeh and Swenson (1961) and de Mendonca
(1962) have shown that electron content figures are depressed
following a magnetic storm, Ross has shown an inverse depend_e—;ce :
of N, upon = K, for the previous 24 hours during the months
of June, July and August 1959, Qver middle latitude Ross (1960)
and Garriott (1960) have found no systematic dependence during
the winter months, Qur results over Ahmedabad are also in
confirmity with these middle latitude results. Lyon (1965) has
also found that the middle latitude K, is inversely dependent
upon the magnetic activity index in summer months and not in

winter months,

In summer and winter, day-time and night-time values
of N a/Nb exhibit opposite dependence on magnetic activity, In
summer, while the day-time values of Na/Nb decrease with Ap
the night time values increase with Ap. In winter, day-time
shows positive correlation and night-time shows negative

correlation.

Summer and winter also behave differently. During day
time it can be seen that N&/Nb decreases with Ap in summer and
increases with % in winter. In the night also this seascnal
effect can be seen, Night-time value of Na/llb increases with %
in summer and decreases with Ap in winter, It can also be noticed
that when hsz increases with magnetic activity Namb decreases,
A summary of the results has been provided in Table I,
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Table 1

Changes of N, and related parameters with increase in Ap

.-,.--.‘. ----- LA AL X 2 X X A KR A IR Y AP R X2 0 X 2 X 8 2 2 % 0 X X % & 3 F £ X 2 ]

Pf‘ffmffff__ ._-._-fijmfr Winter Equinox
Day-time

Np Negative | Uncertain ‘Negat:t've

H.I/ Noax Nil Positive Positive

N/ Negative Positive N1

hPFZ Positive Nil Nil
Night-time

Np Positive Positive Positive

NT/ Noax Positive Nil Positive

N a/ Nb Positive | Negative Nil

hprz Nil Positive N1

m--“mmaumm-mmnmmm
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CHAPTER V1

SATELLITE SIGNAL SCINTILLATIONS

6.1 Introduction

Radio signals from Beacon Satellites have been used to
study the small scale inhomogeneities in the electron density of
the ionosphere, These irregularities, when present, cause
scattering of radio waves propagated through them, resulting in
irregular patterns of signal strength on the ground, Radie
scintillation is a random time variation of the amplitude and
phase of a radio wave which has propagated through a region of
ionospheric inhomogeneities, Generally speaking, diffraction
effects of ionospheric inhomogeneities in refractive index give

rise to scintillations,

Radio scintillation is analogous to visual star
scintillation or twinkling., In both cases the variations are
caused by irregularities in the dielectric constant of the
atmosphere, Alr density irregularities are always present in
the troposphere and it is these irregularities which cause
optical scintillation. However, at radic wave-lengths greater
than about 30 cm the dielectric constant of the ionosphere
becomes significantly larger than the dielectric constant of
the troposphere. There is reason to believe that ionospheric

irregularities are responsible for radio scintillation,
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6.1.1 Radio Star Seintillation

Radio signals from "stars'" were discovered by Karl.
Jansky in 1932, In 1946 it was discovered that the intensity of
the radio signal received from the strong radio source in Cygnus
was variable (Hey, Parsons and Phillips, 1946), The development
of the correct explanation of this phenomenon was closely
parallel with the development of the explanation of optical star
scintillation, It was first believed that the variations were
due to fluctuations in the source itself (Hey et al, 1946). Later
experimental evidence proved this explanation wrong. As with
light, it is not possible to interpret completely the signal
strength record of scintillation. The variation could be caused
by the motion of a fixed prttern of radio signel strength past
the antenna, or by changes in an unmoving pattern of signal
strength or both, To study scintillation-producing irregularities
in detail 1t is necessary to study the distribution of signal
strength over the ground, its motions and its changes. To do
this, data from several points on the ground are necessary,
Using a pair of receivers spaced 3.9 Km apart, recordings of
the signals from Cygnus were found to be similar (50 to 95 percent
correlated), For a spacing of 20 km, "No detailed correlation
could be found" (Smith, 1950; Little and Lovell, 1950), Thus it
was first revealed that radio star scintillation must be

introduced somewhere in the earth's atmosphere.

6.1.2 Satellite Scintillation

On October 5, 1957, the first artificial satellite,
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Sputnik I, was launched. The 20 MHz and 40 MHz beacon signals
from the transmitters on board were observed to scintillate
rapidly and irregularly, at rates of the order of several
fluctuations per second (Kraus and Albus, 1958; Warwick, 1958),
Observations in Australia (Slee, 1958) suggested a correlation
between scintillations of satellite signals and radiation from
qosmic sources, though this suggestion was not supported by a
report from Alaska (Parthasarathy and Reid, 1959). Later, many
reports have been published on satellite scintillation over
middle and high latitudes, Relatively few results have been

published of observations made in low latitudes,

6.1.3 Comparison of radio star and satellite scintillation

Radio star scintillation studles cannot give an
instantaneous picture of the latitudinal variation of the
irregularities. On the other hand, the fast moving earth
satellites can provide a "snap shot" of the irregularities in
the ionosphere, Radlo star scintillation studies cannot accurately
locate the height of the seintillation-producing irregularities,
Artificial’ earth satellites offer several good ways of measuring
the height of the irregularities. The easiest method is to
observe the variation of average scintillation index with
satellite height, Using this method it has been reported that
most of the irregularities are within the following helght ranges:
200 to 400 Km at Baker Lake (Swenson and Yeh, 1961); 270 to 325 Km
at Cambridge, England (Kent, 1959); 250 to 650 Km at College
Alaska (Basler and Dewitt, 1962),



s 111

Since the satellite velocity is much greater than the
drift velocity of the ionospherie irregularities, the ground
velocity of the pattern is determined only by the satellite .
velocity, satellite height and irregularity height, By determining
the velocity of the irregularity pattern on the ground, it is

possible to measure the irregularity height,

6.1.4 Scope of the present investigation

Since the advent of artificial satellites, a large
amount of date has been collected over middle and suroral
latitudes and the effects of ionospheric irregularities on
satellite signals have been studied, Relatively, low latitude
scintillations have not been studied in detall, In the present
invaestigation the role of sporadie E ionisation In producing
satellite signal scintillations has been emphasised and studied
in some detail, The movements of the boundary of F region
irregularities as seen by satellite signal scintillations has
also been studied, The dependence of scintillation depth on
zenith angle has been determined., The diurnal variation of the

occurrence of scintillation over low latitudes has also been

shown,

6,2 Scintillation depth and scintillation rate

Different measures of scintillation depth have been
used in observations of radio star and satellite scintillations,

When radio waves are received from a satellite, the deflection
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of the recorder is normally proportional to the amplitude of the
vave, It 1s therefore convenient to use a measure of the .
scintillation depth, This is taken as the ratio of the deviation
of the amplitude from the mean amplitﬁde to the mean amplitude,

The deviation may be the mean deviation or the root mean square

deviation.

The receiving system used in the present work has been
described in Chapter III. Since the transmission and reception
are plane polarised, the amplitude scintillations are super-imposed
on Faraday -fading, A sample record is shown in Fig.6.1. The |
maximum (IX) and minimum (IN) amplitudes of scintillation have
been scaled as shown in Fig.6.1, Iy end Iy ere scaled at the
time of maximum amplitude of each Faraday fade, The scintillation

depth is ceslculated from the formula
S = (I, - I/(T, + I N

vhere S is the scintillation depth,

The scintillation rate is given by the mmber of fades
per second, The frequency response of the strip chart recorder
is 48 cycles/second ahd the A.G.C. time constant of the receiver
is 8 milli second, The receiving system is capable of recording
fast scintillations, The limitation is due to low chart speeds
which had to be used in order to reduce the consumption of
chart paper, The 40 MHz scintillation rate could be revolved
even with siow chart speeds, For each transit, the scintillation

)

rates have been determined at intervals of 30 seconds,
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6.3 Dependence of scintillation on sporadic E ionisation

Fig.6.2 shows the amplitude of satellite signals
recorded at 1455 hours U,T. on May 25, 1965. It can be seen
that the amplitude of the scintillations mask the regular Faraday
fading also, The ionogram teken at the time of this transit on
25th May 1s shown in Fig.6.3. The presence of strong sporadic E
ionisation can be seen on the ionogram, It can also be noted
that the F layer trace on the ionogram does not exhibit scattered
echoes, Such examples of satellite transits, which gave amplitude
scintillations in the presence of sporadic E {onisation alone,
have been studied separately. In Fig.6.4 the average scintillation
rate of 40 Miz signals have been plotted against fxEs' which is
the maximum frequency of the sporadic E trace as seen on the
ionogram, It can be seen that the scintillatlion rate increases
with £ £ . Each value of scintillation rate is the mean value of

about 25 readings taken at intervals of 30 seconds during each

transit,

The values of scintillation depth have also been
calculated for the transits, which gave scintillations in the
presence of sporadic E alone, As mentioned earlier, the
scintillation depth is calculated at the time of maximum
amplitude of each Faraday fade, These wvalues are piotted and
the value corresponding to the time when the satellite crossed
23°N latitude is determined. In Fig.6.5 these values of
scintillation depths at 20 MHz end 40 MHz have been plotted

against the corresponding values of fxEs' It can be seen that
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sceintillation depth at 20 MHz is larger than the corresponding
depth at 40 MHz, With f%Es.‘40 MHz scintillation depth seems to
increase at a faster rate than the 20 MHz depth, From Fig.6.5
it seems that the scintillation depth increases exponentially
with £ E_. In Fig.6.6, these values have been plotted on
logarithmic scale, The points show a reasonable straight line
dependence. An empirical relationship between scintillation
depth and fxEs has been determined. The following relationships

have been found :-

1.5
, 2,0

vhere 550 and S,p ere the values of scintillation depths at

20 MHz and 40 MHz respectively. From the exponential part of

the equations it can be seen that the scintillation depth at

40 MHz increases with fxEs at a faster rate, In Fig.6.7, the
ratios of 20 MHz scintillazion depth to 40 MHz scintillation
depth are plotted against £, 5. The individual values of 20 MHz
and 40 MHz scintillation depths have bgen taken from the mean
curves of Fig.6.%. It can be seen from Fig,6,7 that the ratio
decreases with increasing value of fxgs' The relationship between

ratio of scintillation depths and f E  seems to be of the form

R=C+K(E)™ (4)

where R is the ratio of scintillation depths and E; is the value

of fxEs'
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On differentiating equation (4) with respect to B,

ve get

| —(n+1)
dR . (nk) (E)
dE, (5
Taking logarithms on both sides
log (aR) log (-nk) - (n+l) log (EJ)
dE
s
dR
Plot of log (EE-) against log (E.) must give a straight line,
8
dRr
In Fig.6.8, ey is plotted against E  on logarithmic scale.

The points fall in 3 reasonable straight line. From the slope of
this line, the value of 'n' is determined., It comes out to be
-1,75, The relationstip between R and fxgs is given by the
empirical formuls, R = 0,8 + 13.3 (Es)'1‘75. For large values
of £ E , the ratio of 20 Miz scintillation depth to 40 Miz

scintillation depth seems to approach uhity.

6.4 Scintillation boundary

In some of the night time records, a type of scintillation
which stops abruptly at some latitude is noticed., This phenomenon
occurs in all the seasons. An example of a southbound satellite
transit 1llustrating the scintillation boundary 1s shown in
Fig.6.9. The change over from intense scintillation to regular
Faraday fading can be seen clearly, Similar transitions have

also been reported to occur at Cambridge, England (Kent, 1959);
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Vancouver, Canada (Delendonca, 1960); Boston, Mass, (Aarons et al,
1963) and Illinois, U.S.A, (Yeh and Swenson, 1964),

This phenomenon occurs on the northern and southern
sides of Ahmedabad, At the time of cessation of scintillation,
the sub-ionospheric latitude is calculated, For determining the
sub-ionospheric latitude, it has been assumed that the irregu-

larities occurred at a height of 350 Km,

6.5 Dependence of scintillation boundary on magnetic activity

The values of sub-ionospheric latitudes at the time of
cessation of scintillation heave beeﬁ plotted in Figs,6.10 and
6.1l separately for winter and summer respectively, In these
figures, open circles are drawn for the transits which showed
continued scintillations towards the north. Closed circles are
drawn for the transits which showed continued scintillation
towards the south. The points indicete the sub-ionospheric
latitudes at which scintillation stonped or started and the
arrows indicate the directions in which scintillations cohtinued.
From these figures, it can be seen that the scintillation
boundary moves towards the north as the Ap index increases,

This movement is more conspicucus in winter than in summer, Yeh
‘and Swenson (1964) have noted that such transitions move to a
lower latitude when magnetic activity increases. Such an effect
has also been noted by Asrons et al (1963), These results are

for the middle latitude stations, Illinois (40°N) and Massachusetts

(43°N). If we compare the low latitude and mlddle latitude results,
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it seems that the transition regions shift towards the south
at middle latitudes and towards the north at low latitudes with
increase in magnetice activity. More results over low latitude

stations will be needed to confirm this behaviour,

6.6 Occurrence of scintillation

For studying the occurrence of scintillation, the
satellite transits have been divided into two groups; one group
with scintillation in any part of the transit and the other
group without any scintillation throughout the transit, If
scintillation is seen in any part of a transit, that transit
1s considered as one with scintillation. The percentage occurrence
of scintillation has been calculated for each one hour group
separatzly for summer and winter. These values are shown n
Figs.6.12 and 6,13, In general, the scintillation activity is
found to be predominant in summer. In winter, during 1964-65,
thers was not a single transit, which gave intense scintillations
throughout the transit, In summer, there were many instances at
night when intense scintillations could be seen throughout the
transit., The day time scintillation was also more evident in
summer. Since the scintillations are due to the irregularities
in the ionosphere, the percentage occurrence of spread F has
also been found during the same period. These values are shown
in Fig.6.14. In both the seasons, it can be seen that spread F
is mainly a right time phenomenon, It can also be seen that

spread F activity is more in summer. It has been already noted
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that both sporadic E and spread F can give rise to satellite
scintillations. The occurrence of day-time scintillations in

the absence of spread F may be attributed to sporadic E ionisation,

6.7 Dependence of scintillation depth on zenith angle

The zenith angle of a satellite changes continuously
within a transit, Still it is not possible to derive a’relationahip
between scinrillation depth and zenith angle, because the
sceintillation depth depends on other factors also. The latitudinal
variation of scintillation depth can mask the zenith angle

dependence,

In Fig,6.15, the values of scintillation depths have
been plotted against sub-satellite latitude. Since our aim is
only to see whether there is any latitudinal effect, the sub-
fonospheric latitudes have not been determined, The values
determined in the presence of spread F and sporadic E and in
the presence of sporadic E alone have been plotted separately,
From this figure, it can be seen that the latitudinal variation
of scintilletion depth is negligible when spread F and sporadic
E are present simultaneously, When sporadic E alone is present
the scintillation depth shows minimum values on the southern
side of Ahmedabad,

In Fig.6.16, the values of scintillation depths ﬁeasurad
in the presence of spread F and sporadic E have been plotted
against zenith angle, The scintillation depth increcases with

zenith angle., There is no appreciable difference between the
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values on the northern and southern sides of Ahmedabad. In
Fig.6.17, the values of scintillation depth, measured in the
presence of sporadic E alone, have been plotted against zenith
angle. In this case, scintillation depth does not seem to change

with zenith angle. It is also possible that the latitudinal

effect masks the zenith angle effect,

Over Brisbane (27,5°5) Singleton and Lynch (196la)
have also noticéd that the little scintillation activity,
experienced in the case of transits not involving spread F,
}does not depend on zenith angle to any great extent. In the case
of transits involving spread F, Singleton and Lynch (1962a) have
shown that the scintillation activity increases with zenith

angle, the effect being negligible below about 50°,

6.8 Dependence of ratio of 20 MHz scintillation depth to

40 Mz scintillation depth on zenith angle

In Fig.6.18, the ratio of 20 MHz scintillation depth
to 40 MHz scintillstion depth is plotted against the zenith
angle. At Ahmedebad spread F and sporadic E are often present
simultaneously, On one occasion there was only spread F and
sporadic E was not seen on the ionogram, The ratios of scinti-
llation depths calculated during this transit are shown as open
circles, in the diagram. The closed circles indicate the values
calculated in the presence of spread F and sporadic E. It éan be
seen that the ratio decreases when the zenith angle increases,
The ratio seems to decrease at a faster rate when spread F and

sporadic E are present simultaneously.
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6.9 Discussion

The role of sporadic E ifonisation in producing satellite
signal scintillations has not been investigated till now. From
the present results, it can be clearly seen that there is a
definite relationship between écintillation depth and the
critical frequency of sporadic E, Bhen spread F and sporadic E
are present simultaneously, this relationship is not obeyed,
Singleton and Lynch (1962) determined the correlation between
the mean scintillation index for each pass and the critical
frequency of E; as recorded at Brisbane. They obtalned a poor
correlation, In the present analysis, the scintillation depth
at the time when the satellite reached 23°N latitude, is well

correlated with the critical frequency of sporadic E,

The close association between radlio star scintillation
end spread F is well known (Booker, 1958; Briggs, 1958). Several
workers (Kent, 1959; Yeh and Swenson, 1959) have reported a
high correlation between satellite scintillation and spread F,
The present low latitude results over Ahmedabad also show good

correlation with spread F,

From the topside ionograms taken by the Alouette satellite,
King et al (1963) have noticed that rhe boundary of the spread F
region s falrly sharp, Such a type of spread F can gi#e rise to
the scintillation boundary that is seen in some of the satellite

trénsits recorded at Ahmedabad,

Singleton and Lynch (1962) determined the zenith angle
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at the time of closest approach of the satellite for studying

the dependence of scintillation depth on zenith angle., In the
present analysls, the zenith angles have been calculated at
different péim:s on the trajectory. The increase of scintillation
depth with zenith angle can still be seen clearly,

Briges and Parkin (1963) have given the theoretical
values of ratio of 20 MHz scintillation depth to 40 MHz .
scintillietion depth for various zenith angles. The shape of the
experimental curve obtained at Almedabad, in thé presence of
spread F alone, is similar to the theoretical curve given by
Briggs and Parkin (1963). When spread F and sporadic E are

present simultaneously, the shape of the curve is quite different
from the theoretical curve,



CHAPTER VI

CONCLUSIONS

The conelusions derived froni the present investigation

are listed in this chapter,

I.

11,

111,

1v,

The diurnal variation of electron content is more on
the bottomside of maximum electron density level (hml‘z)

than on the topside,

During 1964-63, the electron content and the maximum
electron density increased from winter to summer, While
Npax increased by about 17 %, electron content increased

by about 60 %.

The night time values of N /N, are larger than the day

time values, The values of night time Na/Nb determined

at Ahmedabad are in agreement with the results of Pound
and Yeh (1966).

There is good correlation between Nr/nm and hmrz
during day time,

In sumer and equinox, the day time wvalues of NT ovaer
Ahmedabad decrease with magnetic activity, In winter,
the effect of magnetic activity on N, is not clear. This
1s in agreement with the middle latitude results of
Garriott (1960), Yeh and Swenson (1961) and Lyon (1965).
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VI. In all the seasons, N, increases with magnetic activity
at night,
V1I, In summer, the ratio Na/Nb decreases with magnetic

activity during day time and increases with magnetic
activity in the night., In winter, while the daytime
values increase with magnetic activity the night time
values decrease. In equinox, the dependence of N /Ny

on magnetic activity is not clear,

VIII, The day time and night time values of N, increase
linearly with 10,7 cm solar flux, In winter, the day time
value of N, increases at a slow rate till the soler flux
reaches a value of about 100 units., Beyond, this, it
increases at a faster rate, During night time, N, seems
to increase with solar flux at the same rate in all the

seasons,

IX. The day time values of NT/nmax increase linearly with
10,7 em solar flux., The rate of change seems to increase

from winter to summer,

X. In the absence of spread F, there is good correlation
between satellite signal scintillations and sporadic K
at Ahmedabad, The scintillation rate and depth increase

with £.E,. The empirical relationship between scintillation
depth and f E; is glven by

1.5
S,0 = 0.02 (£,E)

2,0
S40 = 0,006 (f*Ea)



XI’

XIl,

A1II.
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vhere S, and S,, are the scintillation depths measured
at 20 MHz and 40 MHz respectively. The empirical
relationship between the ratio of 20 MHz depth to

40 MHz depth and f.E; is given by

«1,75

The scintillation boundary, as seen from Ahmedabad,
seems to move northward with magnetic activity, The
results of middle latitude stations (Aarons et al, 1963;
Yeh and Swehson, 1964) indicate a movement in the

opposite direction,

In the presencé of Spread F, the scintillation depths
at 20 MHz and 40 MHz increase with zenith angle. In the

presence of sporadic E alone, the zeaith angle effeect

is not noticesble.

The scintillation activity is found to be more in

summer than in winter, During the period of observatioen,
the same feature i8 seen in the case of spread F |

occurrence also.
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