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STATEMENT

ThlS thesws is an. outcomc of our study of the 1nter1ctlon
en the 1on05pherc and: terrestrial magnetlc field generating
”ee_dimensional current system responsible for the observed

netlc field varlatlons on:the surface of the Earth.

Wi have generalized the tensor conductivity which could

at.the ionospheric heights in terms of a dlagcnal symmbtrlc
an'antlsymmctrlc tensor (Pratap and Ganchi. (19/5» We have
'Shown how such a tensor could be obtained by taking nonlinear

 act1on in a dynamical magneto-active plasmas,

'Wé have used the above conductivity expression in,evolving
khree dimensional current system at the 1un05pher1 heights which
’?d be contiguous with the dynamo theory developed for the
‘ﬁgtcsbhere. We have shown that the dynamo action does’ngt\

. for the symmetric part of the conductivity teméor‘when

this depends only on magnetic field.

We have developed here a new method of studying the dynémiCS
f Sq focus from a singlé station dataf This method can give
'both day-to-day 1nd seasonal variation of Sq focus as studied
yiearlier workers., Furthermore, this method is versatile ana
Cén'also give the motioﬁ of Sq focus as a function of local time
v' thevdaily variation of Sq focus. We have made the calculatione
ﬁe/mo?iqn Of,sq focus for two different stations for the‘same

y éndthVe'shown that the results are consistent and thereby

JUStified the validity of above theory.
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' CHAPTER I

INTRODUCTION

stbrv of the Subiject

The variations of the Ear;h's magnetic field had been
he $gbject of study ever sinée:Gégsﬁ,f He suggested that
hé?ical harmonic analysis could bé applied successfully
ﬁégstﬁdy of these variations. The harmonic analYéis“\
mégﬁetic records showed different types of periédic

tions with periods ranging from a year to a few seconds.
'e study of the long period variations was greatly‘hampered

due to lack of data and inaccurate recording. Nevertheless

he variations having a not too long period such as diurnal,
Semidiurnal and seasonal, were studied extensively and various

thebriés have been suggested to explain these.

Schuster (188%) made an extensive analysis and showed
~ha£f£he5magnetic variations are essentially due tO‘twoasogrcés i
_é\ékisting outside the Earth (external) and the other inside
‘(intérnal). He made an estimate of the ratio of'the internal

‘tg the external as {*4. The inadequacy of his daﬁa was
téctified by Chapman (1919) when he used the data‘obtained from
,?W?DtY Oﬁe observatories distributed widely over the globe.
;Qhapman obtained the above-said ratio as {:1%s%. Chapman

'thé:efore suggested the possibility of the internal part as



*g due to the 1nductlon effect glven by external curfeﬁt
"TSolar qulet (uq) variation is a global phenomenon.
aﬁfreproduce this varlatlon by means of an overhead
ent:system. IL was obsarved by McNish (1937) that the
onzln the nelghbourhood of the magnetic eguator had
"ally high Sq variation compared to the variation at
&latitudes. Chapman (1951) named this as the ‘electrojet
1t‘wao found thaL this reglon is centered around the S
netic equator w1th +3 latitude Spread. EffOLtu were made
veﬁ to postulate ring currents in this region. Baker and
pﬁﬁﬁ (1953) £ried to explain this enhanced variation in
fﬁegnetic field as due to an increase in the conductivity‘
nione considers an anisotropic conductivity tensor. The
1i5current becomes more dominant in the electrojet region.
ucid accounts of various theories as well as methods of
ahélysié of the observed data are given by Chapman and
Bartels (1940), Flemlng (1939), Matsushlta and Campbell (1967)
vénd Akasofu and Chapman (1972) Recently Price (1969) and

kane (1976) have glven extensive reviews of this phenomenon.,

 Baker and Martyn (1953) 's anisotropic conductivity model

/ éﬁegishorteoming, in that, the elements of the tensor were
'9£;§onsidered as functions of space and time. Hence at preseht
fhe;e,QOes not exist a single theory to explain the diurnal
Qé@@agnetic field variations with a superimposed electrojet,

which corresponds to observed amplitude and phase. Thig thesis
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an attempt to formulate such a theory and connect it

he current system in the upper region of the atmosphere

suéh as magnetosphere given by Pratap et al. (1973) and
prééent'coherent and consistent picture of the physical

henomena.

1.2. Theories of S _Current Svstem

Three main theories put forward to explain Sq'variatibn, are

Dizmaynetic Theory,
Drift Current’ Theoyy,

Dynamo Thaory,

Though the dynamo theory is the earliest one, it is Still
the most satisfactory theory and it will be taken up last in

]

the following discussion.
1. Diamagnetic theory

In this theory Ros Gunn (1928) considers the motion of

:a‘charged particle in a magnetic field. & free charged particle

in the presence of a magnetic field executes a spiral motion,

"the projection of which on a plane normal to the line of

force will be a circle of radius ¥ known as the Spiral radius

Or radius of gyration. This rotating particle will be equivalent

to a magnetic shell, the axis of magnetisation, being in a

direction opposite to the initial fiela

therefore giving rise to

8 diamagnetic field. The effoct stated is very much dependent




PN

the density of the plasma. In a low density plasma the

énfffee'path »is greater than the radius of gyration N
DT . Hence the effect of gyration is pronounced.
¢ expressions for A and % are
i 4
Noo- s T
. - N= U o : C(1.1)
o BSAY S :
Y= : (1.2)
\\ 5,

mass of'the\particle.

[0}
= H e
) :
3
f

<
i

the component of the velocity of the particle,
perpendicular to the direction of initial magnetic

fiel d I‘I-

=
i

initial magnetic field in which particle is gyrating.
g = charge of the particle.

n = number density.

o
it

diameter of the particle.
When a charged particle moves in a magnetic field, two
\forceé acting on it are the centrifugal force and the Lorentz

force. Under the balance of these forces, the particle will

gyrate with radius ¥ and frequency % , given by
o W\\\;’;e.
— - W Yy (1.3)
. o~ Ny
[N 1\ - :
WS, (1.4)

and AV S (1.5)




S that J‘L'—:\-\:}i | o ) (1.6)
o tha ' \ Ry . |

~ In the plasma, V, the mean molecular velocity, is given

NN L T, '
VIPERTE I A w
(1.7)
yhéfe K is Boltzmann's constant, T is temperature in degrees
Kelvin.

The collision frequency in the plasma is given by

N - \L/'T

(1.8)
;:ff;Su];Sti‘tuting (1.1) ana (1.7) in (1.8), we get
i eyt b \/,7"
SOVRT /N |
)AL / “"‘\ | (1.9)

It is known that the diamagnetic effect is independent

of the sign of the charge since particles of opposite charge

will gyrate in opposite directions, thus giving rise to a field

in the same direction.- This condition is satisfied in the
 ionosphere because both types of charged particles exist. For
the condition >\\g>\f"wé See the following values at the

ionosPheric E-region heights (viz. “~ 100 Kma) W

N

. : ) ) . | =
\5,((': 8.4 x 10 Sec. 1 ‘QQ\\:. 9.4 x lO4 Sec. 1m_

-~ 160  Sec. — 5.8 x 103 Sec;-l

SANEN D (v

7 b ~N A LS
Men L8N e and Wy > iy (L10)
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‘So that J\._ \\*r‘:; | | o (1,5)

In the plasma, V, the mean molecular velocity, is given
\LL

Vv oS QR\<‘V'/’YT;YY\ \% ,
(1.7)

The collision frequency in the plasma is given by

v - N/ %

(1,8)"

_: Su5étituting (1.1) ana (1.7) in (1.8), we get
x \ /.
. '/2,‘.

TR TS AN ,

It is known that the diamagnetic effect is independent

iofsthe sign of the charge since particles of opposite charge

ﬂ?ﬁill gyrate in oppésite directions, thus giving rise to a field

iiin the same direction.- This condition is satisfied‘in the
‘ibndSphere because both types of charged_particleS'exist. For
the condition )\§§>\f”Wé\See the folloWing values at the

ionosPEeric E-region heights (vize =~ 100 Kmd)

-~ 6 ) ‘— :
Jlce ™ B.4 x 10 Sec,”1 W™ a4 x 1O4 Sec. %Nam

- : -1 | ‘ 3 o1
'\"\"KL - 160 Sec. 2)) in = 5.8 x lO Lec.,

Mg L8 e and WS> ey (1.10)




descrlbea as follows. In the D—rtg;on, only electrons

magnetized and follow the spiral motion. However, in the

mqgnctlzed since \D <:~51 ceand FI)\W\<;\ (I“QA -

ﬁé‘magnetic moment ( )4L ) due to a gyrating charged

1cl§ of chﬁrge q (in e.m.u.) describing an orbit of area

me T is given by

%A/T

(1.11)
2. _
A nr L ) 9y
A i A TA SR, ¥ i)
. \)5_ - WY,
re"$- is given by equatlon (1. 2).
  ;Hence the magnetic moment
2
— A Ny

If there are N charged particles, then the diamagnetic

2L
| \ NN\
T = - “'2“‘_ "“'\':\”““’ | (1.14)

- Tﬁking the absolute temperature of the ion gas as T, the

bove relatlon can be written as

‘ ONRYAN
T =%y T

(1.15)

the 1on08phere therefore the motion of chwrged particles

£6ﬁ’(heights > 150 km.) both the species (ions and electrons.



1ohized gas is
he geographic and
d rection and

he temperature is

N

is often

A

vllowing assumptions viz.

at a height of 150 -

W COs® ¥ §

® is the latitude.

W (1E3sin'e)

SN, KT Cayd

'ithﬂtherobserved data.

ER U o\

180 km.,

he intensity of the incident radiation i.e.

~8 is the average number of residual ions.

neglected in the calculation of I,

evaluating the variation of I, Ros CGunn has made

the magnetic axes are in the same

uniform throughout the ionized gas.

atmospheric ionization is entirely

o solar radiation, the number of ions N igs proportional

o ?Qg)is the number of ions at the. equator, at noon.

In the expression

OrgI,,H is the dipole field at any given place and is given as

(1.17)

(1.18)

~ The above calculations gave only qualitative agreement



ift current theory

Chapman showed that an electric field exists due to

féé separat;on because of thé gravitational effect on
‘ifférent masses of electrons and ions with predominantly
palayer of(ions.ngbus,thereawillvexistxan electrostatic
downwards which is known as a Pennekock - Rosseland field.
;ﬁhis field have components F:L and'F:“‘along and transverse

he magnetic field respectively.

Let us consider the motion of a charged article within

the lﬂyer. Besides the Lorentz force Hgy\) and the centrifugal force
\ﬁy acting on the particlé/ other forces i?L and Q:“ ;mentibﬁed
‘Veralso act. In this’case the velocity compohent along the
agnotlc field prerlcnces an acceleratlon VW\/Tﬁ. The

 omponent F: on the other hand produceﬂ no mcan vcl§c1ty or
ééééleration in its own direction, but imparts a velocity or

.Fé%ift to the charged particle at right augles to itself as well
iéé‘to the magnetic field by an.'! amount ?1-/¥V%? ihéependent

of mass of the particle. This may be seen from the following.

If the zeaxlis 18 taken along the dlrectlon of H and X axis
- along that of (' and if the y-axis is taken such that it forms
'V;a rlght handed system, then we can write the equation of motion

_ Componentwise as

™mY = P Hay ' o (1.19)




M \J :“\A,\_Q\:i»’ , : - (1.20)

™7 = Ty 4 | (1.21)

. The solutions of the above eqguations are

“')4 SN S Wk "f'ﬂg\\\%* T zj\—;—\‘“— SUNN\N o

(1+22)
< \\w\mt + 3 ST - \:; Q= WiwY) (1.23)
" F (1.24)
-, ¥ L T

where the suffix 0 refers to the value at t = 0. The average

_value of x over a cycle ( QI — 2T\ ) is zero and that of

 § is *-Flfxﬂﬂf.'iﬁe average value of z increases at. the. rate
qu FW\/QYQ - This average value of & is known as the drift
. velocity. o

Chapman has shown that the above drift currents will flow
in cloSed circuits and have the same shape as the ring currents
Obtained by Bartels (1928) to explain Sq variation. Chapman
{ has shown on the basis of drift current theory that the
Necessary ionic ‘density to produce the observed maximum efféct
x J1s about 2 x 10 14 per square cm. column of the atmOSphere whlle
ﬁffthat required by the diamagnetic theory is about 5 x 1016 pér'

{Q‘Sq. cm, column of the atmosphere. Experimentally observed

lonic density is ”v'lolz per square centimeter column of the
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sphgré.which'is too less than those required by both

Dynamo Theory

}The rarefied air which has been rendered highly conducting
‘ionization effected by ultra violet radiation from tﬁe
gl&ééﬂriSe to a\system'bf Foucault's currents when it moves
déé”tﬁé Earth's permanent magnetic field. This nckicn is
éred’to that of a dynamo wherein the Earth acts as a magnet,
éfﬁoving current of ionized gas represents the winding of the

rmature; The three factors here are the Earth's magnetic field,

the motion of the air existing in the upper atmosphere and the

 The most dominant part of the Earth's mégnetic field is
éhaiﬁole‘component with its axis situated eccentrically from
,eJéehtre of the Farth and inclined at an angle of 11° to the
aXis of rotation. The motion of the air in the upper atmosphere
maﬁifeéts itself as the pressurec oscillation as :ecorded by a |
bérdmeter at the surface. The theoretical investigations of
Lémb‘(19loj, Taylor (1929, 1930, 1932, 1936), Pekeris (1937, 1939),
)iﬁlkcs (1949), Sibert (1961), Lindzen (1967) and Chapman and

 Lindzén (1970) have shown that the oscillation is vervy critically

depéhdent on the temperature distribution. The existence of the
QﬁiéédllaYers is evident from the radio wave propagation but
‘the:préSence of the dipole magnetic field makes the conductivity

anisotropic.



11

‘;QMérits'and Demerits of the above theories.

fAll the three theories given above have their own
rits'and demerits. The diamagnetic and.drift\curront
hcories ure simple and elegant in as much as they depend
’solely on the ionic and electronic density existing in
c’iOHOSphere. Density becomes maximum. in fhe afternoon
tcabout 1400 hours local time (Chapman and Bartels, 1940) .
Accordlng to these two theories, maqnetlc varlatlon must be
m;x1mum at this hour. Cbservations have however shown that
k ’ This discrepancy

o_4§§&se can not be explained on the basis of these two

Chapman concluded that if the drift currxents in the
Earth's atmosphere are to have the samg intensity as the
r;actual Sq' the number N of the ‘drift effective' charges'

 ; per square centimeter column of atmosphere above the equator

14

'ct noon must be of the order 107 : by "drift effective' he

_!means that each charge is not counted as one but as ;

._fu et /\J\.Q_\ Y 3) A where ~Vﬂ_i_'i’ls‘ ion cyclotron

f~ frequency and "V is the collision frequency. Thus hé accounts
‘for the reduction of the drift currents by COlllSlons; bHe

f;?;eStlmated the actual number of ions per square centlmeter

;75“¢olumn of the atmosphere as 1012 per sg. cm. He has thug



12

found that drift<currents'aré inadequaté by a factor between 3
55&°io to account for the intensity’of the SCI field. If we
céﬁSider the upward and downward motions of the charged
(which must exist in addition to the drift considered so far),
”fﬁis will again go counter to the theory, and hence he
 concluded that the magnetic field due to the drift currents

,W111 not account for the Sq current intensity.

The current intensity due to diamagnetic theory is also
small to account for the Sq field. &s it is hown by Chapman
 5(1929) its contribution is only one part in two hundred and

fﬂf;fty_towards the Sq field.,

Dyﬁamo theory therefore seems to be the only plausible
one to explain the Sq phenomena. For developing a dynamo
'theory we need to know besides the magnetic field, conductivity.
~and the velocity field also. The harmonic analysis of the
barometric variation as observed on the surface of the Earth
'7»‘ revea1s a predominant semidiurnal mode and a small diurnai
variation.,. This diurnal variation however will not account
"for Sq field.//ln a recent study by Lindzen (1967) on the}theory
'Qf tides on a rotating Earth, it has been shown that thé
émplitude of the various components depends critically on
vVertical temperature distribution. He has also shown the
.p0531ble ex1stence of a strong diurnal compconent of ionospheric

helghts by taklng into account the known temperature distribution
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th helghts. Recently Mathews (1976) has observed

erimentally that it is indeed so.

. [CA satisfactory dynamo theory requires a knowledge of a
fééiistic conductivity profile. Schuster (]190B) calculated
éhé”required conductivity to acqount for the observed S
variation, as 3 x 107° emu, Cha@mania (1929) calculations
éévé the value 20 % 10*6 emu; while taking self-induction

- : , -6
_into account, it came to 25 x 10 = emu.

Chékrabarty and Pratap (1954) developed this ﬁheory in
anfghtirely different frame-work using orthogonality prOpefty
df’teSSeral harmonics as against the method of successive
:5 approximation used by Chapman and Schuster. They could |
f7 feproduce the current system in the E~layer which agreéd well
 ‘with’tho one given by Bartels (1928). They did not however

__calculate the conductivity explicitly.
U1.4. Present Status of thg Problem.

It is traditional to treat the global properties of the
\\ionogpherig dynamo on a two~-dimentional basis in which vertical
 :currentsvare neglected or not treated in a fully self-consistent

_ manner.

Fukushima and Maeda (1959) developed a three-dimensional

~ dynamo theory in a concentric spherical sheet of finite thickness.

~ They took into account both toroidal and poloidal magnetic fields
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nd showed that vertical component has comparatively small
effect in the generation of polar elementary storm. They took

;a constant isotropic conductivity within the shell.

Nishida and Fukushima (1959) also considered a siﬁpie
Eﬁree—dimensional model ih which they derived velbcity £ rom
‘ﬁoténtial and obtained the stream function, current contours
and magnetic lines of force.

When one considers three-dimensional current éystan
one cannot assume the existence of a current function

(stream function) and this was pointed out by (Price (1968)).

Price (1968) tried to develope a three - dimensional current
__system but assuming a velocity field which is derived from

"[a velocity potentiale ' This velocity field however is not

drrotational. He then went over to a slab geometry and chose
_Ehé‘boundary condition in such a way that iyz = O at

the lower boundary. He also took ~§Z. profile to be parabolic
, — .
_and solved for vector Tr which is divergence - free in the slab.

This assumption of vertical distribution, however, is arbitrary.

Cocks and Price (1969) continued the work of Price (1968)
~ with a tensor conductivity, the components of which are functions

1 G
 of X only and tried to obtain the e.t.f. in the domain x = fixlf»

<.

and y = ﬂ: (lg? » where 'a' is_radius of Earth, They claimed

\tq have obtained the result that the currents are confined to this

horizontal slab., It is obvious that this result is due to assumption
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hgﬁjthe conductivity components are functions of X onlye.

~ Mishin (1971) and his coworkers were the first to realize
hékimportance of the height integrated Cowling conductivity
o

” 2;

~anafa15: they-have shown that the integrated pegerson ( ﬁi\ )

) being a function of space and time in the analysis

Lvd

il

,and Hall ( Z 5 ) conductivities are comparable with that of

the parallel conductivity ( Z ).

Forbes and Lindzen (1975) tried to study the electrodynamic
effects of atmospheric tides obtained by Lindzen earlier by
téking both diurnal and semidiurnal components. Forrﬂeveloplng

ffthls global model they made the two following important assumptions.

la Vertical andﬁiatitudinal structures of these modes

jwére»assumed to be seperable in the dynamo region.

2. This seperakility is valid more for semidiurnal

”jbcompqngnt than the diurnal one.

They, however, were not able to account for discrepancies

~ of the order of 20% in amplitude and the phage of 1 to 2 hours

between the observed and calculated data.

In the present thesis we have developed a three dimensional
dynamo theory effective in the iénOSpheric heights. - The motivation
khas been to connect it with the dynamo theory effective in the

jfmagnetosPhere as developed by Pratap et al. (31973). In the

magnetosphericheights, though the conductivity is anisotropic
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h;tqfe, it has been shown by Spitzer (1962) that the Hall
éé@pénent is very smali while the Pederson and direct
c@ﬁponents are of the same order. Thus the deviation from
i;thOpic conductivity in the magnetospheric heights is
nnégliéible while that in the ionospheric heights will be
déminapt, Hence the ideal conductivity distribution would
#@whave tensorial conductivity in the ionosphere in which
3¢@1y the Pederson and direct will exist as we increase the
: fheight. We have taken such a conductivity distribution in
’? £5'account; Secbhdly while the conductivity is a function

o 0f’magnetic field, it could, in general be a function of
i;:Velocitykfield’;} and the electric fiéld3§,besides being an
 Tekplicit function of ¥~ . It is cbvious that the conductivity

 used by Baker and Martyn (1953) could be a special case of

f¢theytheory developed here. The wind velocity pdtential adopted

‘fhégéwis based on thelréSult\developed by Lindzen (1967) and

we have adopted the diurnal mode in the iondSpheric heights

and this coﬁld match well with that existing in the‘magnetbséhere;
The second problam is an attémpt to determine the foéﬁg

of’thé solar quie£ day va;iation (Sq) current system/froﬁ fher

data of a single station. The earlier attempts in the detefmin

ngtion of the Sq focus are from a chain of stations disﬁribuﬁed

over a longitude circle and lying between 45° + loO in latitude

 and the limitations of these have been discussed at length by



17

HﬁéggaWa (1960) . The present method is devoid of these
;&ifficulties and furthes-more this also gives the motion
”5¢f the Sq focus during a_day - a result which could not
 havg been derived from the earlier methods. This method
,Eherefore gives the existence of a global perturbation of
 the wind system and shows that any harmonic of tﬁe velocity
potential will now have a phase which has a latitudinal and

 iiongitudinal dependence (or space time dependence) .

1.5. Brief Description of the Chapters.

In this section a brief description of the chapters

of the present thesis are given.

The Second Chapter deals with the wind systems.v The
work initiated by Lamb (1910) and carried through by Taylor
(1929, 1930, 1932, 1936), Perkeris (1937, 1939), Wilkes (1949)
etc. has recently been given a fresh consideration by Chapman»
and Lindzen (1970). It has been shown by Lindzen (1967) that
the theory predicts a dominant diurnal component of the wind

System at the ionospherjc heights even though this component
has a negligible amplitude at the surface of the earth. We
have revicwed this theory in this chapter and have shown the
critical role played by the temperature diStribution with

height.

The third chapter discusses the new conductivity tensor
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e’have developed recently (Pratap and Gandhl, 1975). It

has bcon shown that just as the conductivity depends on the
magnetlc field giving the direct, Hall and Pederson conducti-
,Viﬁy, it could also depend on the other vector fields as

Qell as fields generated by the combination of these fields.
’We have shown from the general piasma theory point of‘view
;hét this could happen if one includes nonlinecar processes
ﬁ%ﬁtJCould possibiy‘exist'in the ionospheric heights. We
,gﬁave also discusséé ahd justified our taking the dipole field
?  ihstead of a field ofé%% components as considered by Sugilura

_ and Poros (1969).

Chapter IV gives a general review of the currents existing

__ at various heights responsible for the magnetic field variation
%  as observed at the surface of the Earth., We have discussed
"“the magnetospheric current systems, ionospheric current systems,

_ ring currents and polar current systems, We have also shown

the necessity of a general global three~dimensional dynamo
theory which could explain these separate current systems in

a unified manner.

Chapter V is devoted to the development of the three-
dimensional global dynamo theory. This incorporates the eséential
’features of the theories developed by the earlier workers and:
we have obtained the current density variations as a function
of latitude, longitude and height. We have also derived the

 corresponding magnetic field variations.




19

:In'tka sixth cﬁapter we Lave devéloped a new theory
tof5£udy the dynamics of Sq.focus ffom a single station

’:ta' This theory is different from the éxisting one and
sﬁgéﬁtionéd in (1.4) would enable us to study the movement
' kathe Sq focus duringva day. We have applied this theory to
data from Alibag and Tashkent and>have discussed the results

in detail.

The last chapter gives the summary of the thesis and
we have also discussed some of the consequences of the theories

developed in the earlier chapters.
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CHAPTER II

WIND -SYSTEM

2.1 Iﬁﬁrodﬁction

‘*Tides are raised by the Sun and the Moon in the neutral
atmosPhere. Those raised by the Sun are both thermal and
Vfav1tatlonal in origin and therefore Wlll have the same
perlOQ as that of the rotation of the Barth. Lunar tides,
are, on the other hand ralsed by the graVLtatlonal force
;due to Moon, and hence 1ts period would debend on the perlod

{of rotatlon of the Moon around the Earth.

Lord Kelvin (1882) prOpounded the resonanée thcéry té
explain the seml-dlurnal barometrlc pressure Vrrlatlon observed
ibn the ground. Lamb (1910) made a serious attempt to develop
Té ﬁathematical theory by taking into consideration the
;éémﬁerature distribution and showed that the solar component:
iié'more dominant thar the Lunar, the ratio being 1135. Taylor
1 (1936) worked on this tidal theory again and showed that the
,fémeSphere can have more than one free mode of oscillation. |
 ;§érkeris (1937) undertock a reexamination of this problem and
VShowed that there can exist a freeperiod of 10.5 hours beSi&és
12 hours. He also showed that the semidiurnal vibration can
,ihave a nodal plane at 30 km. altitude. He pointed out the
éprSlblllty of the semidiurnal mode having a Very high amplitude

at/a height of 100 km. (of the order of 200 times) which was
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”éd by Chapman (1919) in the developmént of the dynamo

y. An exhaustive review of this till 1949 has been given
Wilkes (1949), in which he has shown that the thermal

y available for exciting the atmospheric tides should
§ﬁlérger diurnal,component\thah the seni~diurnal one;.
thaﬁ the atmosphere has a vertical temperature distri-

én favourable for trapping the diurnal wave between the

ﬁhd and mesosphere. This apparently attractive theory had
be revised when it was realized through rocket ekperiments
at_the peak value of mesospheric temperature is lower than

e expected one, and unsuitable for this resonance (Haurwitz 1964).

Pratap (1954b) has made an attempt to obtain theoretically
ﬁm;the-dynamo theory the nature of the atmospheric oscillation
@ﬁhrin phase as well as in amplitude, at‘the_ionQSph@ric level
hiph,is supposed te be the seat of the dynamo current. Hev’
ﬁS;QlSO discussed how critically the geomagnetic field variations
épend.on the nature of the atmospheric oscillations. It was
@ﬁha;by Kato (1956, 1957) and Maeda (1955 , 1957) that the
1i§nQ8pheric periodic wind system, causing an electric current
yStem which in turn is responsible for thevgeomagnetic variation
nder guiet condition (Sq), contains a larger diurnai cbmponent

han the semidiurnal one. Their results suggested that the

1tidal oscillation in the upper atmosphere is different fron that

_ar the ground. It is remarkable that Kato (1966a, b, ¢) and
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  ﬁindzéﬁ (1966 .) independenﬁly and almost simulténeously
theoretically predicted the existence of the diurnal negative
  mode which is eﬁaneSqent’in the vertical direction. Further,
': Kato found that the first negative mode can explain well the
wind pattern causipg thg geomagnetic Sq va:iation. This
 findin§ gavé eﬁidenée forkﬁhe existence ofiﬁhe negativé'
‘mode ih the‘atmOSPheres Based on rocket observation in the
‘meSOSphere Lindzen (1967 ) discussed the thermal excitation
of the diurnal and Semidiurnal tides by ozone and water vapour
 absorbing solar radiation. He explained fairly successfully
_the observation near the ground as well as in the mesosphere

but not in the dynamo region, which the negative mode exclted

- in' the mesosphere cannot reach,

In Section (2.2) we have discussed the approximations

'made by Chapman ‘and Lindzen (1970) in developing the tidal wave
theory. In Section (2.3) we have given complete theory

as developed by Chapman and Lip@zen.‘ In Section (2.4) we
_have discussed the two modes viz., semidiurnal and diurnal

with temperature profiles with respect to height. In section
(2.5) we have discussed the plausible modes whiéhicould’
explain the geomagnetie variation observed on the surface of

" the earth.
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242, HApproximations.

WL shall present here the theory as developed by Chapman
,‘and Lindzen (1970). The'follow1ng approximations have been

°;made by them in solving the problem:

(1) » The atmosphere is taken as a compressible fluid obeying

Navier - Stokes equations.

(2). The heating of the atmosphere takes place through a-
series of continuocus equilibrium states and hence the equation

of state is same as that for a perfect gas.

| 7(3) The atmosphere is regarded as a thin fluid layer; the
‘thickness being small, compared to the radius of Earth. This
'cnableu onc to taPe the acceleratlon of grav1ty g as a

conotant throughout the lwyer.
(4) The atwmoesphere.is in hydrostatic equilibrium.
(5) The Barth's elllpt1c1ty anc surtace topography are ignoreds

rhb dissipative processgs such as turbulencp, v1uc051ty,etc. hav

also been neglected.

(6)  They have linearized the equations and adopted a perturbation

method.

(7) They also assumed that the basic flow is zero and that the

unperturbed valuesof temperature and pressure are uniform.
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2.3, Theorvye

Approximations 2, 3, 4, 7 will give the following equations

respectively.

° (2.1)
o= YT | (2.2)
lwfé,} — - % | (2.3)

Substituting (2.1) in (2.3) and realizing the fact that

it has a distribution with height we can cbtain
-X

P.oo= Py € (2.4)

Q
where PO(O) is the pressure at the ground level and
1 .
\ VAN
* = (2.5)
D B

with \_\ — P\Tg/% | (2.6) ;

The equation of motion of the fluild after neglecting inertial

term, and viscosity, is given by

%—}E v 203N =T Q v A ' (2.7)
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3 () = angular velocity of the Earth

—)

G = - S\ (2.8)

_ J\w being gravitational tidal potential.

In this equation the coriolis term  QJ ?Q'\,' describes

the advection of Earth's momentuh due to its rotatione.
We can assume = PQ%‘S? , = Jor . with

(30 and ?b the values of pressure and density in the static

cases. This equation in @ (increasing southward), <$ (increasing

eastward) and 7. (fadially outward) coordinate system can be

- written as

| -\ 2 g? O
’%\% 2w wme - L 2 + L)
(209)'
\ ’b
0V 4 2 LSS = T "CS\Q
Y A s\ MP " (2.10)
'BSL
%%3 - -—% &% — Q ST
‘YC , (2411)

In writing (2.11) we have assumed \W to be independent of time.

In the above equations

W
AV,

ft

northerly velocity

westerly velocity

i



W= upward velocity

A = radius of Earth.

The equation of continuity is

c - R |
88 X - (8ND =0 | C(2.12)
RN -
“In the linearized form, this ecuation is written as
%%? W Q\“{“ Jr— % &i] \]\ : (2,13)
Y AL
0
We can define an operator fii such that
V}Q réég ¢ *;] SESQ
ST At 3%
Dt O =

and (2.12) then takes the form

Q_E - }ijﬁ A W d“i:‘ =-S5 QX# | | (2.14)
e Y AL
where
P ""> . ) . 'B\’\)
=SV 22 (usiwe) L DY 4 N
L= CL'S‘\Y\@'\'B& - qw\e 0 3h.1s)

Further, the equation for energy transfer in the linearized
form is given by
o ——— -.'\. ‘ 3 : .

AL

SIS AR fe DL

In writing equation (2.16) we have taken into account the
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:jhédt.generated by adiabatically compressing the atmosphere.
The solar heat received by the.atmOSphere is the second
~ source of energy which is included in the equation through

 J - the source term and X/’:(;?)QV.

From (2.1) by taking the variation, we have

= = .Y 3 | (2.17)

i
™~

Substituting 5. from (2.17) in (2.16) we get
A

D A INR ' ) e

We will define a new variable G which is related to ‘Sﬁf

St

'”in the fellowing manner

~ O\ e
3L~ — Zl
o Pse DT

Fields in tidal theory are complex and are generally

(2.19)

functions of time and longitude. Any general field component
SIN ST~ SP) | ‘
T =% (o,1)¢@ (2.20)
where zwyg—represents either a solarvor lunar day or some

suitable fraction thereof

g =0, TV, ¥, ~---

e
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If we take the appropriate terms in ‘) and N as given
in (2.20), and substituting in (2.9) and (2.10) and solving

foril and VvV , we get ;
. . AL ; - G'\S S, S
A D4 SCute 3 ' \ )

g e o

Ao (-Gl o)

(2.21)
.0 D < S sﬂi |
. Y 2 x> N\ (¥ ol
S O il e
P G S G\ |
(2.22)
where \S& — S/ZN :

‘ ‘ D SN ®
Here %? is a complex function, and ( %-E‘ -—--S-Sm :
Ly ® (_b_ Ny _..:g_.. '
S 30 Sw\e
(2.21) and (2.22) do not imply that W lags 90° in phase behind

and are different operators; hence
\}) in the northern hemisphere. In addition, \h and \} may
change sign at different latitudes; thus there may exist a

latitude band where » leads D . (Blamont and Teitelbaum 1968).

It also appears that for a certain value of © , % ana \3 may

become singular when ‘% -~ X (XD

Substituting (2.21) and (2.22) in (2.15) we get

-

-= =\ ¢ 2 - (2.23)
0L Aot 5. 3 ' |



where F is an operator given by

. N QW\Q PR
XN - oo N0

(2'* 24)

Using the equations (2.11), (2.14), (2.18), (2.19) and (2423)

. P N
~ and eleninating K:y{.l épl av \ W and X _successively and using tHe
 fact that the variables depend only through harmcnic terms, we

can write the final equation for G as

< | S R &S
\\’BC\ NGRS

VLE AT Akly Z; 'k
. S
- _f_’___“, ck\\ 3\, KX Qy Y
Ao A

(2.'25)
Qhere | \<‘ _ j(w\

Since we have assumed a shallow atmosphere the variation
of.!L.through the atmospheric thickness will be small; hence
the second derivative of [ with respect to =z éould,be neglected o
’I‘hic gives,

\ : e S i
o (N - 3%\ _q \Lcm Jr\qg, RS

w—\&m L | ‘{03\4 B
(2.26)°
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‘This 1s solved by thc, method of Separatlon of varlable.:.

S
5 Q‘i may be written as

S5 .
LSS < k,“ QL\ (J (%\

(2.27)

[y g 6_\3 N v . \
rhe set \\QM CHN % for all “f\ is a complete set of functions
defined on a unit sphere. J can alsc be expanded in a similar

manner viz.

s N N ’ SN
T - 5 ‘f\;\(\ CTY Q*y\\ N
(2.28)

Substitution of (2.27) and (2.28) in (2.26) yields the

. . . 6 \S \ \
following set of equations for L"r\ and Q.N\‘ . Vviz.,
. & - Q\ \Q &S
F\,G)'Y\ QQ)\ &y 8 Q\,\ 5. 29)
o~ (2.29
| A TS
~and \-\ d\ \~ -~ 0‘;\ \\ ‘\‘\‘\(\ X ’L«‘* \&d‘,& _\V\g\ Ly
A2 ALY AL PRV
NN
W : |
pad = &3 _S\q . (2.30)
€ 3 \(':\\'\ LN
where \\.4\{\\ is the constant of scparation.
RN

The boundary conditions bn @Y\ (&) are that they are
bounded at the poles (i.e. at @ = 0, T\ ), With these conditions,

(2.29) defines an eigenvalue problem with W, as the eigenvalues.

n

Laplace first derived (2.29) for the free surface oscillation of
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a spherical ocean enﬁélope}  By historiéal analbgy.with this
problem, S\\\y{& is oftéﬁ called the set of equivalent depths
(Taylor 1936). The eigenfunction § ®. | is called the
Hough function after Hough (1897, 1898) who pioneered the

solution of (2.29).

Ecquation (2.30)1% an inhomogeneous equation which;

given two boundary conditions, has a unique solution for

the vertical structure. Equation (2.30) is called the

~ vertical structure equation.

We shall now change the variable 2z to x by using equation (2.5)

or (2.4) as

y Rl
* - s A ( Pl (L;l)

and shall try a solution of the form

‘*!r
L= |
AN M (2.32)
This transforms the equation (2.30) to
2 (i“ \ 4 ;
‘ ; Ve \\3 A AT
V] \L\ Q ey N e

,dml AT

Equations (2.11), (2.14), (2.17), (2.18), (2.19) and

(2.23) together with equation (2.27) imply that
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”F¢ - T DT 9\\ | (2.34)
- E_g%m"\x\ %MH (2.35)
DY = S ST LD O (2.\36)
W = E,Ww\ﬂ\ﬂ\\ I (2.37)

Since the above equations are linear, we can obtain the coefficient
functions by comparing the harmconics as

RO T fan =X Al “ Ve ANy o
3 = Tl \ MNP Yhm & 'LQ \\\\ ‘m)}
\\b*\ Q e

g \3\\&“&

(2.38)

| QQ\ ¢ \ Q\\'\
'8%“'\.& Gd\c\'\ \y” L Q ( N \'\ &;}

_}f(‘é\f\\\ /9.{&\Jr \ Q\\ K&\\S“ \ \

\6' d
\a \ AW
+ Q\ AR m\ﬁ X

(2.39)
-
Ny

. ST.\(\K?‘L\, 1L S :\,\\b“ k)\\)\ %\‘\\(\ [‘\\\\ . &&\ﬁw\ \\ )l
e

R \\ Ik e
(2.40)

+\§§_}\}

\ G
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;%\i %"ﬂk*‘\\\ \'\“\\:\
%

(2,41)
rom (2.21), (2.22) and (2.38) it also follows that
N LUSRC S \J“\O"\ C (2.42)
V- T VIR QA z\/.“(Q“) | (2.43)
' S QQ)\ B 3 _
) Q O
C(2.44)
L n :_ - K‘\S 3] d@
VM- wve Y Y 90 siwe ) T
C ‘ AN REY (2.46)
W LR :\/3\\\,\ AW HABQ
L | */ ,
’\9\,\&'1.\ - \“(35\(\\\ , Q}_:’LY‘ 2 N ,\ o 2. (2447)
-\G\L\) AN 5

In writing the above, we have already expanded L as

N = L™ S | (2.48)
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" We shall now obtain an estimate of /\ the wavelength of the

 tidal modes. At the lower boundary if W = 0, then equation
~ (2.41) would give a condition on %\Y\ viz., ,\3“ should be a

solution of the differential equation

o\ AN <~ :\E._” |
;’w\”\&\m Q\\w\ \(%\\\f\'\“ <;2.49)

At the upper boundary the outward flow of energy should
. \ kA - C o .
be zero i.e. E%\) 3y as [ —A R . This implies
that '\j“ should remain bounded as L —)®Q. If we consider
an isothermal atmosphere with constant H and solar radiation
input to be zerc i.e. "X,Y\ ~— Y , we can simplify the equation

(2.33) in the following form

N |
AW L (V- AMN NN ES
N =8 N (2.50)
AN N
Equation (2.49) gives harmonic solution for \(\e\{\ (\4\(\4\'\.
For \(.\Y\ > A \{Y the equation (2.49) yields an hyperbolic

solution; therefore | ceases to be bounded as N —=N .

hl
I | |
Hence boundary condition \(\r\(\ 4:.’\\4\\ gives a real number P

as

- S NN
N LS N S ' (2.51)

with this 7\ X N - can be written down as
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Mg = AR A Re (2.52)

2.4, Excitation of Semidiurnal and Diurnal Modes

General methods for solving tﬁe vertical structure
équation (2.33) and Hough function equaticn (2.29) have been
given by Chapman and Lindzen (1970). In considering the
heat input into the atmosphere they have considered the direct
reception of heat from the sun as well as the heat input from
the ground. They have also discussed the mode excited by

gravitatione.

(a The propagating semidiurnal thermal tide:
€ propag J

<, S :
The heat input functicn 7Y ""which was used for a thermal

~

absorption mode can be represented by

o N6, S N NNl i, (VR
T, = Re T \g ISR (2.54)
Q,:\ ,\‘,\1% L3N |
NS S was expanded in terms of Hough Functiors and
e Cz,6) I

RSN

the equation (2.26) was solved for a propagating semiciurnal
mode § = 2. ~and % g GUGLQQZ\' The solution was

separated into symmetric and antisymmetric parts with respect
ﬁo equator and then coefficient (lﬁﬂ!wv\ was obtained. The

specific advantage of this method is that one can obtain
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the velocity profiles for different temperature profiles
obtained from the absorption data of ©Ozone and water vapour.

> is dominant and that

One infers from this analysis that C);T‘
the equivalent depths associated with this are of the order of
8 km. The quantity ) in equation (2.51) was then found to be

almost zero showing thereby that this mode has a very long

wavelength.

The propagating diurnal thermal tide.

For diurnal thermal tide we take 3 =) and ¥ T~Cr/zbs“ 5
and then we set up the series for the temperature distribution
(7Y ) we get Hough function with negative indices showing the

existence of negative equivalent depths. This implies the

pxistence of internal gravity waves and one may consider the
atmospheric tides as one particular excitation of the internal

gravity wave. Using a similar expansion, one can alsco obtain

the variation cf the pressure. It is found that the diurnal
pressure oscillation due tc the solar heat input is very weak

and irregular.

(¢) Relation between Hough Functionsand Legendre Functions,

The Hough function can be expanded in terms of the
asscciated Legendre function. Both Hough functions and
Legendre functions are orthonormal functions. We can therefore

write




. Q%QKN&QS
e : SN
@«\‘\(93 *.‘-< Q\'\ A (2.55)
’ NN

where one can determine (:2? by using the usual orthogonality
; condition. It may be observed fhat the Hough function and
Legendré function have the same degree but different orders.

One can sec that (5: anél‘Qf\ have the leading term f§ \Q(QSQE SO
and hence we have used this to develope the three-dimensional

Ql dynamo theory instead of the entire_Hough function.

7.5, Discussion and Conclusion.

The general tidaf theory suggests that the diurnal
thermotidal fields dominate the semidiurnal fields in the
upper atmosphere in the belt of # 400”1atitude. It also
‘shows that the solar diurnal tidal winds constitute the
major component above 80 km. in height in the belt ofMjBOO
latitude. Nonpropagating components also contribute to

northerly component of the diurnal tidal wind below 15 mb.

In conclusion one can gcn rally infer that the agrecment
between theory and cbservation is fairly good uptc 105 kme while
the theory fails to predict the decay of amplitude above 105 km.
The theory again is to some extcnt unSdtlsiwctory SlnCQ it
neglects the transport features such as viscosity and conductivity
and the nonlinear aspects, thus- we have neglgctod the nonllneal
inertial term ( <Q-<Q<? ) . InClUSlOn of this temm would not

have been possible since we could hot have expanded the relevant
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CHAPTER III. | 38

MAIN GEOMAGNETIC FIELD AND CONDUCTIVITY TENSOR

3ele Main-geomaQneticffiéld'

The main geomagnetic field observed in a magnegtic
survey as conducted at various points on the surface of

the Earth could be written as the one generated by a

potential
. ’ ol (VA i \{\ ) . o \{\'Y\ . ™
' - o TN N : Yoy (S
, \} :&Z.. [ \ g\‘_,\.\ &l&) Y &\*C—f\,\ \& h{\) : \i%\‘\QQS"N\@
Ny Ty : \Y

v e N N o “ﬁ*\; o~ ,}: .‘Mw~:
i s\ %‘a\ﬁri\—-s\lﬂ\“%\ 3\““3,\\““6?5

oM N
[\D'\,\ Qm&b‘)}

(3.1)

herein ‘a' is the radius of the Earth o Cayvadana Boo |
wh a e rad - ¢ Vo O A Vg NN AN
are tesseral harmonics.

A Yo T ~ ' . s .
C;W\ and %3\\ are positive numbers representing fractions

of the harmonic terms of external origine.

AN \\‘(\
: and are Gauss coefficients.
A 20 Ny -

As can be seen from the above equation the potential
is written in two parts, one with a source inside the Earth
and the other with a source situated outside. It has beén'
shown by Vestine et al. (1947) that the part due to external
source i1s very small l.e. of’the order of 100 }/ and that |

due to internal source is of the order of 300007 . Having




removed the external part if we express the potential of

internal origin as,

s QA A '
L
AV QL... T K “”\ % 3 KQ'%"‘“Q\ i ‘f\\\ S\mﬁm%? ?\,\ KQT&%\
A\f\ -9 '\"("\ .n—l B
(3.2)
then according to geomagnetic reference field ‘%?1:-—30339‘()
\
qg.: —~ 2123 and \\\ — 57387 with an equatorial value
of Has \+ = 30950 7Y .

This analysis clearly shows that the dipole term_gives
‘most of the field while the other harmonics constitute only 10%
of the total field. Sugiura and Poros (1969) have taken 48
components of the series (3.2) in their theory of electrojet.
As can be seen the change in the dynamo field will mainly be
from the dipole component and hence in our éhalysis, we retain

only the dipole component.

3.2, Varging Eloments.

The part of the geomagnetic field of the external source
has a very complicated space-time structure because of the
different sources such as the Sun, the Moon, etc. This varying
component is denoted by X (northwards) , y (castwards) and
z (vertically downwards) or by a set of elements H the horizontal

component, D the declination and I the inclination or dip.
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- The variations in these elements can be considered as due
to the current system existing outside the Earth and also
due to the induction effect within the Earth by the outside

current system. These components are written as

AX= DWW TOSD — WAD S\nD (3.3)

AN = Aw SAND W AD Cash (3.4)
a1 = AF SinT T EAT ST | (5.5)
AW = A Cesi- FAaTsini (3.6)

Stewart (1882) postulated a lafge movement of ionized
air in the dipole field of the Earth generating current system-
as in the case of a dynamo, at a time when the existence of
the ionosphere was not known. Schuster (1889, 1908) gave a
mathematical formulation of the dynamo,probieﬁ where he used
the conductivity as a scalar quantity which is‘a function of
the zenith distance of the Sun thereby taking the Suh as the
source of ionization. He wrote down the geheral relation for

the integrated conductivity as
oA S'j(
O QNS N
g, =5 = . S
’ S (3.7)
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where g’ - is the 't;onduc”civity of the vshell,
e thickness o '
: is the thickness of the shell,
and 7(. is the zenith distance of the Sun given by
ot = SIS COtG A 08 AN O LR (-
| (3.8)
with g; as the declination of the sun,
Q@ the colatitude of the observer,

and (®-$,}is the local time of the observer reckoned from the

local mid-day meridian,
aS are constants to be fitted with observations.

The dynamo equation with this conductivity %\ in an

ionospheric sheet then can be written as

Qm\ﬂ (\Wl\* LMy m\gﬂ

=g ’a_‘}*\_l x*mQMX

R

Sim@ V- 09 EX o

I N N
— ) IINQ
SO VP o N 0%

DR RS,
TREYS

(3.9)
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where \I. is the northerly velocity,

\) the easterly velocity,
W a current function ,
0.  the radius of earth,

and ‘\'\,L the vertical component of total field H.

Schuster solved this equation using a method of successive
approximation and in this he truncated the series for g by
retaining only the first two terms. Chapman (1919) used the
same method but extended the Schuster's analysis by retaining
the first three terms in the series viz., S =0,\ 2. | He

o Y - € C L e~ C\ 3 ) ~ 3 . LI
chose (A, =} & (and M5 = 7 G, to make the conductivity

positive definite., The conductivity then becomes
. . Y
= » R 'QQ)\'FK }
¢ =(8ey = A\ VT Yy (5,10

Later attempts made by Chakrabarty and Pratap (1954) and Pratap
(1954a, 1954b, 1955, 1957) in sclving the dyﬁamo equation were
based on a more exact method using the orthogonal property of
the Legendre harmonics. A new condition was then obtained

.y

betweén qu) Kk‘ Ovz‘ Vize
)
7 ' o
a, = Ao

— A ‘L’ (3.11)

which could make the solution exacte.

Baker and Martyn (1953) for the first time used a tensor
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\ conductivity iﬁ the dynamo'problem for the ionoépheric
medium. They used a,coordinate system in which the

magnetic field formed one of the axes, and wrote the

direct, Pedersen and Hall conductivities based on the

theory of mean free - pafh developed by Chapman and

Cowling (1960). Tensor form of conductivity used by Baker
~and Martyn (1953) was written in a generalised coordinate
system by Mbhlménn (1972) as

— S S 0 A (6, - ) NN A 5, ¢ ‘\’x\\«\\?‘g, 12)
where direct conductivity

R |
G N T
Gy QQ\/ \ YO Ve TNV (3.13)

Pederson conductivity -

“ CQ~ RO N W)QV\
T, = Ne'Ve NS Z ST AR
\ m R R\){\\‘\( ﬂ—(‘\e_\ R \ \D \"7—“,‘“\'\‘1(\ )i\( 3.14)

and Hall conductivity

5 v NLee SU e

<.

r ”;'Y\ R Uy g 2.. - R R 2. -
6«7” Q.O\I &1 e () ;Y\'\"«ﬂ'tcz) AU Q\) ‘w .*.51?}\) (3.15)

with AW\ - = cyclotron frequency of electron,



Sb\= cyclotron frequency of ion,

\UQY\: collision frequency of ion with neutral,
MWe., = collision frequency of electron with neutral
"N ¢ = density of electron,
CV%:: charge of an electron in e.m.u.

The derivation of G’O) 6—\ \ gﬁl‘ is given inv

Section (3.5).

These forms have been used very extensively in recent
years in constructing the models of electrojet, (Sugiura

and Poros (1969)) as well as Sq current syStems (Mishin, (1971)).
The above discussion brings out the following features.

1. The scalar conductivity taken as a Series in equatioﬂ,-
(3.7) explains the general pattern by a dynamo theory based
on a '\Ni wind system (Pratap, 1954b). The fact that a

T
Semidiurnal wind system generates a diurnal magnetic field

variation of the form \ﬁ% shows the importance of the space

A

dependence of the conductivity function, since it is this that
converts the second harmonic in wind to a first harmonic

in the current by the method of beats,

2. Tensor conductivity given by equation (2.,12),
however depends on the magnetic field, the number density as well

-

as collision frequency appearing through the functions S})) ﬁ\
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and'fﬁi . Baker and Martyn (1953) could explain the
enhancement of t'heSCr in the ecuatorial region. The theory

however was a poor model in explaining the global feature,

3+4s Generalized Conductivity Tensor

We, therefore, come to the conclusion that
(1)  the conductivity should be tensorial in form, and

(2) its elements must be space-time dependent as well as\‘
depehdent on the field cuantities. Onef.théfefbré
is faced with the problem : what is the general fFform
of a tensor conduétivity whose elements are funcﬁibns
of space-time and fields, and secondly, can we cerive

this consistantly from plasma theory?

Sen Gupta (1965) answered the first part of the question,
viz., that the most general form of a tensor whosSe elements are
N

— . -.—-/ - . )
functions of a vector field & and which obeys the usual

transformation laws of a tensor is given by

o f . ™ ‘..; {
T T RS RN T M e

The above tensor consists of three narts, the first being
a diagonal tensor, the second, the symmetric mart and the third,
the antisymmetric one. The functions QP > d?\, and ~QD?m
Q 3

are arbitrary functions constructed out of the scalars formed
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_ ' . -
in turn from the vector field A. If there are two vector

———
J— [

~=)
fields A and H, then the tensor T is given by

e

- AN @ i ' . A e AL
\ ‘\3 — \‘PQ E)LA - (13\1:\ Y (\‘\ T dP"{;QL§\.F~ \<
TP MMy T By S M

R (AR YRR
2.
_— (3.17)
T P (AR NURYY
3 |

One can easily see that equation (3.12) is a special case

——

of equation (3.,17) when the vector field H is a magnetic field

- ‘ e
and A = O. But in general, in addition to the magnetic field,
-“w> ———
we have dynamo electric field E as well .as the velocity field V

.._‘.9
besides the intrinsic field Y. Thus the general conductivity

tensor should be a function of these fields and hence be of the -

form |
}"L'\ = (:ng'l\ﬁ A C\:\ ¥ 'Y\‘\ TP, Sl W
R T A S, &y
te E‘\ EXS RIS Q‘\'.\\a = VL
X 3‘\\\4\"\8;\3 M QiSK\}V\
A ‘}Z\ ( “%“'L\i YW ‘\Y\)\ Jr% (¢ W ) m\,\.\'\[\i\

. _ _ L 3 .
+5~;{3Q\(\\t3‘\‘\1\“{\53’* -:?—K\(\\ [ t\“(\\\:w

/’

-
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(3.18)

where, as has already been mentioned, \? Jly L )‘\ 0& \‘)5
and yl are all arbitrary scalar functlons of the scalars

constructed out of different vector fields.

3.5, Derivation of Conductivity Tensor.

The fluid equation of motion for particles of charge q{ .

mass YY\ ., and particle number density Y\ is given as
> \ -
N Qéﬂ'\"*\l \1\7\ \\%(\__%VX\-\ 3
ox ~V Y - MW &

(3,19)

—>
where V is the velocity of the particle,
E the D.C, electric field,

qf' the stress tensor,



($‘ the gravitational potential,
.-‘;:? " .

and \“J‘the net momentum gain.

We shall make the following approximations in the equation
(3.19): |

1. The charged particles experience a very negligible force
due to gravity as compared to the force due to electromaghetic
fields.

2. We shall assume that the pressure is isotropic and

——

constant, so that,’ \—f becomes \3 E\ and N P = 0 .

N D
3. We shall neglect nonlinear inertial term (V'S V) .

4. Density of neutral particles is very high as compared
to that of electrons and ions in the ionosphere; therefore we
have negl ected electron-el ectron, electron—ion, ion~ion and

ion-electron collisions.
5. We shall consider the system in a steady state,

6. We shall assume that ions are singly charged i.e.
Z = 1, and that there exists charge neutrality, i.e.,

=T

Let us choose the electric field in the X% plane ang

03 3 . ‘,\' » 0}
magnetic field in the 2 direction.

In the light of the above assumptions, the equations of

motion take the form
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NG R’\w%\l X\\ﬂ\*’?w (3.20)
Q *:_*-\\LQ\/ X L A \1 X\d\ ]ﬁ-—(\@j\ (3.20)

where

- - \f\'\\\(\\_\)&"v\\/ L
(\\\ —

- - i Y\L ‘JQ‘H Vi»?.

r—

D
Do |
Here we have assumed that the neutrals are stationary.
—y *"-) :
Substituting {° in equation (3.20) and \ €.vy

LN
in ecuation (3.21), we get

S N .
< = X A
Wiy Vi U\/'\‘\-‘:‘ VY }‘ (3.22)
- ~=3 e R
| {7 ~ -G, &E * Ve x B (3.23)

Writing equations (3.22) and (3.23) component-wise, we get

VAW L N U ™ N L. O‘fi\{i‘y\j\ (3.24)
A N T A T (3.25)
N\ \3\\\1 O\/ L"z_ (3.26)
‘\W\Q\)i\!\\]‘iw\,t ”O\'Q\EXM Q\IQ\%‘\)Q\T\ (3.27)
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| | ‘ (3.28)
ANATIRLIEEE ¥ N e Ven W .

. — - - (3,29)
e VeiaVer =~ VoS |

Solving (3.24) to (3.26) we get \J,. Nt Ny
UW LS R R
and solving (3,27) to (3.29) we get \,Q\ \‘Q"j) \5’91 B
R ‘ 2.

Substituting these values in the following equations,

..:X.X ,:“'\{\Q‘O\/QQ\}"_(X‘—-'\/Q’K\) | (3.30)
_ (3.31)
T ~ NN (N i Ney) ,
N - Nl (3.3'2.)‘
T = MeAe SV i T | :
we get .
e [ e N Sk
St Netved AN QJQ.\(\% L ce\ \Q\SW\A“SLC\\ x
; N (3.33)
o - LR T\ -
=N :
T\ﬁ \C%C\ \"1\9(\_)@2;"\' e ) \’x\ S L 2. W S\-Q\J ‘E E}
f (3.34)
ol L =
N
T = Mee \_’\\'\e“m 3 TE
(3.35)
Making use of the notations for (,{‘Q ({"\ and Q‘l

we can rewrite the equations (3.33) to (3.35) as,
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Ty =%y Ex ) ’\2\315;1\2\3 | S = S &g (3.36)

From the above discussion it is obvious that a series
of untenable assumptions has gone into the derivations of
’; the simple formulae for GTA] GT\ and 8§ o . We shall
considér in the foilowing, a more exact formUlation and'show
the possibility of the field components entering into various
quahtitiés. Our starting point would be the equations bf
motion for a three component plasma consisting of electrons,
ions and neutrals. Welshall also include the electron-~ion
and ion-electron collisions in this formulation so that we can
consistently go over to 'F'~region and beyond where electron-
‘ion aﬁd ién»electron collisions are more important than
electron-neutral and ion-neutral.
x\q\m\qi%\/{_}v\, LIV \M -\ e X X_E - \Jtvw\ X V\“e_ |
~M MNP Y \ (3 37)
- =
AR '?3%‘.% A N Iy <N, X MA | E \J ﬁ\«l V\‘ <
i SN + \3 o ?LE
(3.38)
ﬂ(\ X}rb\lw\ + \,\r\ ‘q\) ] ‘-'\(\y\ \,\QQP \3“

>

A+ Pt "v\\\k

(3.39)
—

The momentum transfer term F%Rl could in general be a highly
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nonlinear one and it is~this term that introduces the
nonlinearity into the problem besides the inertial term.

If, however following SpitZer((i96® we write
—

Py = 7™ smm v N A> - (3.40)

Then substituting this term in (3.37) to (3.32) and using
the usual definitions for the mean velocity and the bulk current
we can eliminate electron velocity and ion velocity and obtain
equation of motion and generalized Ohm's law as,
¢V - T xw - oA .
ST I XW ij\\\%ve—&\?««.\\ VA
puoacg
4 ['\1\ ‘i\\'\> ""\(\_RW\‘E\)Q‘\B

<o

QY\(
3 S 0 ARV RSN )mz\{“”\ \\) o mﬁ‘)%\e\\j

SN (NN 0MLy)
— e

Y\ \"ﬂ\ \'JV\(\ Q\“\

N 2. 3.4
>\~_“__A_ T Q‘ﬂ__ \_\“(\ YO AN Ye ) & E X N ’(\‘\ 3 ( 1)
}1)[ 'Y(\"\(\\ P '\N\>

oLy =Y AR Ll (Mg — —
+€ SX\/\ imwm\"\-“’“ n =y k e 2. mf’ \)“\3
MM SN e C \JX\QAT\)”\\w
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where

Q = ML = MM M

As one can see from the equation (3.42), in a steady
state system we have currents due to the gravitational term
and pressure term and this equation in general can be written

as
-

-3 - —y

(3.43)

R
By inverting equation (2.43) and writing | in terms
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electric field as

: >
- — .
Y = N t

(3.44)

o
—

It becomes very obvious that § can be a function of the
, v . -3
velocity and it can also be a function of the electric field E,

 implicitly through Y%l 3 dp « 7o avoid this complication
_we wrote the general form of the concductivity as given by

equation (3.18) .

It may now be observed that if the limit éf neutral dehsity
goes over to zero (;'L.'e."\.g'\y.\"é Q ) we do not end up with Sy
énd therefore when one includes ion-electron and electron-ion
collisions and goes over to a region where neutral density . is
negligible, w¢ do not get infinite parallel conductivity and

hence the magnetic line does not become an equipotential line.

346« Discussion and Conclusion

The above theory has been developed by linear momentum
transfer in the collision process. One can generalize this
theory by taking nonlinear momentum transfer processes.
Recently Jayram et al. (1973) made an effort to obtain the
transport coefficients by taking into account the nonlinear
processes. It is in the light of this‘analysis that we have

written the general form of the conductivity tensor.




CHAPTER LV

| IONOSPHERIC AND NON~. IONOSPHERIC CURRENT SYSTEMS

A\ Introduction

It was always thought during the first half of the
’century that the geomagnetic variations could be completely
explained in terms of the two dimensional dynamo theory.
With the advent of the satellite and the discovery of thei
solar wind it was found that besides the iOHOSpheric current
system there could exist other sets of currents such as
magnetospheric currents and magnetopausic currents etc. These
currents could also give geomagnetic field variations similar
to Sq. At times it was even thought the major Sq system could
be the magnetospheric one and that the ionospheric contribution
could be negligible (Sarabhai and Nair (1969a,b 1971)). Tt is
at the moment however realized that while a significant part
does come from the ionosphere, the magnetospheric part is not
negligible. Kane (1970) has tried to study the magnetospheric
contribution and the ionospheric contribution and hevshowedvthét
during day time the ionospheric contribution is the morea domiﬁant
one. Olson (1970b) made a model calculation and came to the
coﬁclusion that the magnetospheric current systems contribuﬁe
about lo’ﬁlvariation to the Sq field. He has also concluded
that the large fluctuations in the solar wihd parameters éould

make significant contributicn towards the variability in Sq.



Kane (1971) also came to similar conclusions.

iﬁ the next sectioﬁ we have discussed. the ionospheric
current systems. In the section (4.3) we have considered the
non-ionospheric current systems and we have later posed the
. problem.as to whether we can connect these two and obtain a

_coherent picture.

~ 4.2. Ionospheric current systems

In fig. (4-1), we have plotted the AX variation of
Agincourt (geographic latitude 50.5° N, longitude 2° E and
geomagnetic latitude 55.0O N) and Alibag (geographic latitude

18.5° N, longitude 72.8O E and geomagnetic latitude 9.5O 1)
It could be seen that aAlibag has maximum at 1100 hours while
Agincourt has a minimum at this time, which implies that the
two stations travel under opposite current elements and we
therefore have a system of closed currents inAthe northern
‘hemisphere. The two stations we héve selected are on the
either side of the centre of the system. This point is called

the focus of the system.

The situation is hvwever different if we plot ﬂﬁe[}&l'at‘
Alibag and that at Trivandrum (geographic latitude 8.5° N,
longitude 77° B and geomagnetic latitude 1 .1o S). We observe
in fig. (4-2) that while Alibag gives an amplitude of about 407§

that of Trivandrum is about 100'5‘ which is far greater than the
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Sq contribution.at‘Triyanerm as calculétéd on thé basic

of Alibag variation. Trivéndrum may ﬁave'a variation of 60“{
~when extrapolated from the Alibag data but the actual variation
is 40'\/more. This,phenomenon was first observed by |
McNish (1937) from the Huancayo (geoqraphic latitude 12.108;
longitude 75.3Ow; geomagnetic latitude 0.608) data and
Chapman (1951) proposed a new equatorial current system Called
'eleétrojet' to explain this abnormality. Thus while Alibag
variation is due to Sq current system, the one at Trivapdrﬁm

is the combined effect of Sq and electrojet.

The global phencmenon of Sq variation was theoretically
investigated by Schusker (1889), Chapman (1919), Chakrabarty
and Pratap (1954) and Pratap (1957). Pratap (1955) has plotted
the current contours based on his solution of the Dynamo
equation and it compares favburably with that drawn by
Bartles (1928) based on world wide observations. The
electrojet phenomenon was however investigated in steady
State by Chapman (1951), Baker and Martyn (1953), Untiedt
(1967), Sugiura and Porps (1969), Forﬁes and Lindzen (1975).
The above authors have however not taken into consideration
‘the local irregularities existing in the ionosphere. Recentiy
the role of local irregularities were investigated by
Fejer (1959), Farley (1963), Kato (1965, 1972), Rogister

(1971), 1972), Sato (1971), Ricmond (1973), Kaw et al. (1974)
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invoking cross-field and two-stream instabilitiecs.

The S current system was observed by an in-situ
;mllar meas urements were made by Sastry (1968) at Thumba

whenbthc rocket crosses the 105 Km (E—reglon, electLOJet laycrf
mhesé measuroments conclusively showed that the BE-region is
indeed a sheet of electric current with a thickness of about
'Q‘km; Praﬁash et al. (1970, 1970a, 1971b)khave also studied
he electron distribution at night at equatorial region using

Eangmuir probe and plasma noise probe and the detected

irregularities in this regiocne.

4.3. Non-Ionospheric Current Systems
a}; Magnetopause current systahs

‘The solar wind from the Sun at supersonic Spéed impinging
bn the Earth's dipole field, creats a cavity in which the
Eérﬁh's dipole field is compressed on the daylit hemisphere
and blown out in the night hemisphere. Thi s cavity is called
the_magnetOSpﬁer and the surface of separation is called the
magﬁetopause. Olson (1970Ca) has shown that the positive and
nogatlve chargcd particles coming from the Sun interact with
the Earth s main field and drlft OppOSltely. These charges

then form closed currents on the magnetopause as shown in the

easurement by means of rocket-borne magnetometer (5inger et al. (1961 f

and it was found that the magnetic field oxpcrlencbs a dlscontlnulty
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fige. (4=-3). Viewing from the Sun the currents in the northern
hemisphere will‘go counter clock-wise while those in the

- southern hemisphere are clockawiée. These current systems are
more or léss parallel to Sq current systems and therefore
could enhance the field due to ionospheric Sq current systams,
Olson (1969,1970a) has estimated the contribution of this
_current éystem to be 3 - 4§ (i.e. on the average ~ 0% ).
This current system is identical to the one propounded by
Chapman and Ferraro (1930, 1931) when they developed a theory

for magnetic storm.

(b) Ring Current

Olson (.1970b) has also suggested that there could exist a

ring cufrent, the ring being confined to the ecliptic plane. .
Siscoe (1966) has argued that such a ring current should
necessarily be antisymmetric with its centre displaced towards
the Sun i.e. the ring will be closer to the Barth.in the night
hemisphere than in the daylit hemisphere., The particles in thé
ring currents move faster in the night side as they see greater
inhomogeneity in the field. Olson (1970b,1974) made an cestimate
of the contribution of this ring current which turned out to”be 
“of the order of E‘X . This indeed is a feable contribution to

the equatorial station.
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(c) HNeutral Sheet Current

Olsoﬁ (1970b) has developed a model iﬁ which he has
shown the set of currents antiparallel to each other on
eithef side of the neutral sheet to join together in the
magnetopause. These currents again were estimated to
contribute about 2 7 at the Earth surface; the ring field
and the neutral sheet field being in the same direction.
Olson and Cumming (1970) have shown from a model calculation
that the magnetopause, the neutral sheet as well as the ring
currents can describe most of the variation observed by
A-T-5S.1, It may be concluded then that the effect of these
currents at A.T.S. height viz. 6.6 Rp may be significant but
at the ground level the contributions are small and hence

justifies Kane's (1973) finding.

4,4, Conclusion

We now come to the important problem,viz.,whether one
can have a three dimensional current system in the ioncspheric
layers which could consistently be joinéd to the current system
in the magnetosphere and magnetopause. Pratap et al.‘(1973)
developed a dynamo thecry for the magnetosphere and we propqsed~
to work a three dimensional dynamo theory in the ionosphere which
will then be matched with their model in the magnetosphere.

This theory is presented in the next Chapter.
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CHAPTER V

THREE DIMENSIONAL TIONOSPHERIC DYNAMO THEORY

5.1 Intréductj_on

We héve discu58ed in Chapter III the conductivity tensor
‘as an explicit function of position vector t§2‘g;,ln this
- chapter we shall:diécuss the three‘dimensional,dynamo-theory
with the conductivity tensor given in Chapter III. We shall
represent the magnetic field by the dipole component siﬁCe
that represents the major bart (about 90%) as diSCUSSed’in

~ Chapter III. We shall also take the diurnal mode in the

velocity potential following the discussions in Chapter II,

In the next section, we shalligive the three dimensional

~ dynamo theory in which we have formulated the relevant equaticns;
‘We get a systeﬁ of coupled differential equations for the radial
'partrof the poﬁential function by imposing the conditioﬁ_that
the current véctor is diyergence - free. Secondly we sqlVed this
equation by taking separately the different components of’the
conductivity tensor and this is possible since the equation is
linear in condﬁctivity. In Section (5.3) we have shown the
method of obtaining the magnetip field induced by this current
systeme. . In the last section we have high-lighted the remults
~anc given the discussion._ In solving the differential equation

in § we resorted to the numerical method and this is shown
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in appendix I. For the sake of completeness we have added
another appendix giving the recurrence relations for the

Legendre functions which we have used here.

5.2 Three Dimensional‘Dynamo~Theory

Our starting point of the theory would be the Ohm's law

:T.%,X@%\?i?x“\?f\ |

(5.1)
) '
is as discussed in Chapter III, \J is the velocity
=
is the magnetic field of the Earth, = is the electrostatic

—
field and 1 1is the current density vectors

We assume that there is no accumulation of charged particl es

~ and this necessifates a divergence - free condition, viz.,
-
~ . - - (5.2
7T =9 (5.2

Substituting (5.1) in (5.2) we get

W\EMa’\'/\%;‘RUK\“’?\ﬂ (5;3)

-
all

N
il

The Lorentz force appearing in equation (5.3) was taken by
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M&8hlmann {1974) following the Helmoltz theorcn as -

.-) — P, - o '".—> :
VX == U Y N X W (5.4)
;! , —>
where 1l is a scalar field and W is a vector field. Electric
- : \
field B is given as
— .
E =-VilL (5.5)

where{l 1is the electrostatic potential. With these equations
(5.4) and (5.5) the equation (5.3) would be read as

SRS IR ER VAT S AVET RANE: }(

N S5 5.6)

Mohlmann wrote the equation (5.6) in'three parts; one
being homogeheous and the other two, inhomogenecus. It may
be pointed out here that this separation is really arbitrary.
By this separation he achieved the following s

i\

quis the solution of homogeneous equation. The second

equation 1s satisfied by

.\,O\.__ \ - - W (5.7)

So he was left with the third inhomogeneous equation.
By this method he determined part of the electrostatic field.

Nevertheless, when one takes the divergence - free condition of
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J one still is left with'(idpg be determined.
Thus)

one has to solve the thlrd equat1on to determine *AL'Z
by this separation.

Therefore,
mathematically we do not. have any special advantage

In the development of the theory here we have taken
-3
where )/

)

s

1s the velocalty potential and

(5.8)
R (5.9)
with q; as the magnetic potential so that
-3 “") \ )
VX W = WXV{b Vx&l‘ (5.10)
We therefore have the equation for current as
with & =

is given by

XtuxﬁfvxC¢V®71
M Rese

(5.11)
the explicit form of the equation (5.3)
.-Y\(..
(\5 3.0 Z_gv'gir 4 | P
?Y‘ & L
fl D (gan
Tsing 29
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Where-\\";is the dipole moment of the Barth, q}q CP‘\ @2 ¢

—— ) .- ‘3 I
( ST Py
JDC\' 3 ¢§ ) \:P S

are as diocussed in Chapter 1II, \}J is the
velocity potential given by X(Y“) f \ E\‘\f\‘b .
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We 511_&111 obtain the soiutign of the ébove equatbion_ by
taking the diagonal symmetric and antisymmetric parts of
i;he conductivity tensor one at'a time. In this method while
~we do separate the diagonal term as %\l part we have a
’ diagonal tem also appearing in the symmetric part. In
principle we could have absorbed that part in 8»\:\ tensor,
However, by taking it Separately, we shall have no loss of
| ‘-"generality. We shall expand electrostatic potential in a

series of harmonie terms ‘as

wa NN ATS (W) AN V\m
Nlee )™ i \Q“ ® e \f

(5.13)

v

A ; : A . . '
where C_.\“ and Q‘Y\ are functions of Y + the radial distance,

We shall write the function (¥ © ®)appearing in the
O o

conductivity tensor as
G OT, 8 ) = § Py (3 B \00) L05G + Py 60 Smocos gy

'(5.14)

- Loa 9 \ e . A
A ) ; -
where Cpo,o ) ) C,DQ _’\(‘)and CPQ )\QX\\ are functions of " only. |
It may be remembered that from this equation, one can obtain the
(‘_GS\/Q dependence of CD by defining suitably the functions Q., %
' )
since we also know the dependence of conductivity on height through

the electron density profiles. One can choose these functions
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\w:LLh this in mind : we get the final egquation by using the

_ orthogonality property of \\\,\(\ . In this we have collected
A Ny T N
 the terms in the L.H.S. as coefficients of ﬁ.‘;\ cand Ywm. g
. . ! A
. as
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where the operators \j:;\\ ‘ \I\(\ and \N‘\:\\are defined as
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In soclving the equation (5.15) we multiply it by
\

~ey - ) A . '
\ﬁ"‘ﬁ\ c \X'\(\‘ ] and integrate over © and

QZ. We realize that the only surviving terms would be

those harmonics that exist in R.H.S. of the equation., Since
q\j.\ﬂ‘(;and\)(\ﬂ‘% are independent functions. We can write
 the above equation as two sets and then we find that on

~ R.HeS. we do not have any term of \iw\ ytherefore we get a set

‘”of equations for \j\r\t Again we get a series of equations by

\\settlngmznv—Z,m=1andn==2,n=m==1, and n = 2, 1, O

When m = O,

Form =n = 2 we gét the differential equation as
2 < N vt ot y N
$ Q\x\) \)\ C,7 JT ~:—b—' QPQ"."\Q, 'e,‘,\: N'Z. A 1\ .\V QT;G“\Q{\ \}LQ‘
L 1 S “Q\ ’ 2" \
B\ ) | 2 \< SR
- Q) ‘ N'L Q\S R Q \\ IR
\\L\—

=m!

———

e ot YT

IEGIC @"-'Q\\ ‘B%&‘ —J (5.19)
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(5.20)
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As on2 can realize that this set of equations forms a

: X X . ! \\ .
‘hierarchy of equations i.e. to determine C-\ we should know

f
Lf) we have to know higher terms., Therefore we shall be.

2 - 2. ™ ’
Q\\ : QL [ 3 and (__,z; » Similarly in determining

getting an open chain with Y\ and ™\ going to infinity,
However all the higher equations‘ would be homogeneous with the
ReHsS. being zero. Therefore one can break this hlerarchy

by defining L°\ = Q - Q 3} Q% = 0O, A similar

definition can be imposed on g\‘::‘ as welle. Under this assumption

the equations reduce to

Qo \Q\Q Y \ Q) &
SRY S

___—-.-——-o

L
Qw —%T) AU \tﬁy\ «B/X%C\m

S
\qa SO xm A, &N]
i\ ™) S 5
- %Yﬁ‘&Q A~ A | (5.21)

and

Qg &“5‘5[\ch! Ku“?x )—*C)N{\OW P, \(““3(} X \W)“Q

(5.22)

In solving these equation (5.21) and (5.22) we have to choose

: e L - . : i
the function. q')() < (%‘) and &(‘() «» Since the electron density
profile is a combination of a Gaussian and exponentially decaying

function of height, we choose here the radial part of conductivity
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. \3 . ’ 2. . ) o ?'-, \3 .
G G e W exe - RU W) .
g Q \/ ) .
This Gaussian distribution has a maximum at r = h and then
decays with neight. We shall leave \(\ and (A as two parameterse
The function §§vaappearing in the velocity potential may be
~ taken as proportional to Y i,e. X(¥) =" and hence
feeding these forms into the above equations we get the final

‘equation for Cl\ as

. o
R O G Jares
L A L \ N~ l \\ N /No'wx

— £ﬁ~$\-zmﬂwawvin\1 U (5.23)
'f\qu 5 |

and similar equation for S\

=l AR R NS SR - 3/ 1| SIO= 0
(k.kl A \ N A : A
~ 7 o
AT A
(5.24)
when we take m = 1 n = 2 we get the defining equations for Cﬁ
and ‘g\ as follows.
. - q
VoAl N R IR RN G
I VR Lk O WY RIIRERRN
2.\~_ Qg N \ e (ﬁ“f‘ N

R <A . ““ﬁ'YC{\ QL %V . Q L)
R e A AL

(5.25)
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(5.26)
In the equation (5,25) Q? can be determined  once

. . Q
we know U, from equation (5.23). Similarly < \ can be

\
determined when once we know Sy from equation (5.24).

: . Q
In this way we get a set of coupled equations viz., C—-\

. ~\ -9 <\
being coupled to {_\ and S, to >\ .

The choice m = 0 and n = 2 gives the defining ecquations
for Qj\\ and \' as
2
Py — Sii_.gm S SN PO ;WC )
Z. ,,4 Ql '\S\‘L '\V \ N ‘ ( » ’3 i dz\{\, /,\{\ J’ \
= S 4 J Q
RS et S S S A E R N < S A RN S
S A I SNt v 'Y‘i \
— 2 o X N T e
T e RIS \ A~y BQ\ Sy
Ay - Qo v

FYVAN | (5427)
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(5.28)

We shall take now the set n = l« In this m can have either
. . ) N p Q
O or le The set m = 1)n = 1 gives the defining equations for "C_wi.‘

and 32: . The explicit form of these equations is

LT Qs § A A J \ Q. )
Z\.&}%‘% 3 — 2 Y \C)\ T Q

~-
R R W W
L Q&\ ) &XY\ AN
Y (5.29)
L - 4 A ‘\ e® \
%j S%;Sm“¥ \\ 5: —~ 2K Q“& "V\\ \< x| ch}r
< c o 72, .\ S\ =
Ac\ QLNAY i\f.*;\»m\fﬁh\r\\k — /\6«;—-‘& ) >

N X 4 (5430)

The remaining member in this set ism = 0, n = 1 and this
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. -\ ~—
glves defining equations for C:z' .and ehzy . These

equations are both homogeneous, il.e. they are explicitly
independent of velocity field but they arc however implicitly

: . :Q > O :
dependent on the velocity field through {‘0 and Q;\ or

3 C “H
AT Ay \‘* — 2R R ‘& */«» X
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oA X AN A ‘

1T G T -ty L - ]R\( 0=

kY

(5.32)

The final set,viz.,m = 0 and n = O gives the compatibility




condition between these determined coefficients and this

condition turns out to be

\

LI N N S WV G S \S J \Q\'\ W)
LoLAg v | | A

IR 4 et U9 et
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L < . AN (O

N SR I REFPTE SRR S W
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T =Y -

(5433)

Equation (5.33) can be written in algebraic form by using

equations (5.23), (5.25), (5.27) and (5.29) as

3 . N VYM \ -



78

25 = PV - e e )= AR £ (_w_\ﬁn\\,,\j
\ .\6\?\— Yq -

A :""l')/\,’ew -\ (» &) \J

™
WK\~#“VQT M\\"* 4

Q= Y \\ﬂﬁ

— ?/ 2. C_\\ NN A‘_\
X\{\—

. ™ o O
il 2y Tﬁ"‘ (] = 2w (W

n._mY‘Q*wHW\"jﬁ Q\__ZyjﬁQ?wM\}}(

N Y Xﬁq QL -z C-W))
\6\ - .

_— 72
+'4”&:T:;q (
?Y_

(5.34)

~ With the above sct of coefficients we can write the electrostatic

potential function ‘JL as

-~

St o.9)= P T Qg £ 10w S|

T N A S G R
e SV R POV
e, iq\(\f\,cmq) E\\‘w\\\*\\bj
T N e
\ LCQ”“ Cat® — S, 00 Sing |

(5.35)
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- T en—mry)
o =Y — Py
bos L Onmany) (5.36)
in (5.35)

This gives the final form of the current vector as

> T : 3o | | |
< - @Q}B.%\AS\\;& IS voxw |  (5.38)

where E s

W

components of equation (5.38), we have,

is the diagonal tensor. Writing the Y @ @O
3} 1

a o 20 g O aR SINE €S e
T\/» — WN \o X\) -\\A‘;)k k\&"‘\(\\ \ﬁ :\\ + WU\ G '>Y SN Q.&BQ\\‘)\

a —

k {M LY Y N DL
35 s

(5.39)
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(5 440)
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~where \'3: = 3\M0 | \\ = 030 /

We shall now take the second part of the conductivity
sor viz. qj*(v“{s . If we again expand 5L and GP\‘, we
the dynamo eguation as

G o~ O ¢ M ey Y
P, }GU\) Q,\ :g) \ Con 06 =% Sy U )

k SO oW
é;gmgv<$\iwﬁ(Jn\\ch§$\%s“ﬂtm}

N\

—

AN )

B S U\\
\\U\\ 0\\S\Q\(\*\( B %

(zm%ﬂ

\
(203D

- \ N \ o o'“\"\
QD\ )\ K\‘\\ Q\B\ i C“{\ﬂ:\(‘(\w "\“ 5\{\‘\\\(\\ }

NN
C_\ 3 W \H") Q\)\RQY\&\—\‘E“‘\%\ ﬂ
DA o




81

WA X 2 kY
£ )00 Irma) oveat sy S\cﬁ‘\\*’\\;\\ NS

— o \Ory Oa=ry (=Tl R
W - Q\\XQ'\(\\Q*‘\)‘\"R 1‘3\5

S22 en-D
— M\‘F Las 2P 3\ QP\ ™ e - 5O %CDN\\M\X
G‘(\ %*v N
S 06 | Q ¢ g .
AY V‘Z.Q&))Qp - QD\ )\;:‘\‘\ S (\'\(\5 ‘5\\(\\ Q}\ Q?\ Q((“)‘\X
Ehy ERSEERTUS

NDRN TGN o v
\5 \ q) ;» CP\ )“1 ' 3; U™ + %( ) C)\ P \ﬁ&\ﬂ }
S NS Qe

2

'“'T P?. R ‘>\Q \ C T O\CP\:\&\»\\'
T de

} ~a \
o
+ ?0 i__(p\ﬁ\ M) X'K\(\'\ _ S&E:S‘:} QXQ‘-}\}\\Q\tw' |
- 3" |

A




82

z X AN D .ap(‘* \o Q@ C“ﬁ L..

(5.43)

p and g take the values O or l.

Here again we do not get odd harmonics in the R.H.S.

but only the even harmonics. For the 1st term P CodzH

 we can takem = 2, n = 2 and we get the equation for C {‘(‘)

w

Tt A oty s*.q NS
K A M g\ | ' \ 3w | .
- w}’\/ 4 \:‘\ — 2N \N{v-\\\] (5.44?

The corresponding equation for \ ¥)is homogeneous
P \

Vizol

2 |
st i A A Ty = o
[ g ny \ - 2ot \/\ﬁ Ay VU G

where we have chosen this time, the ‘{\dependence of\() &‘f“\

and@(‘f)as QXPS\OCQ* \\33

For m = 1, n = 2 we get the defining equations for L

P, (‘Y')
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(5.46)

As we have seen before the eguation for S% depends only

(“\ ) :
on Sy otherwise we have no term on the R.He.S.

Similarly for the set m = 0, n = 2 we get the equations

-\ -\
for Q_\ and S

\
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When we consider next set of valuem = 1, n = 1 we get

) .. . ~Q =
the defining equations for L‘c\ and o as

k%}‘& 4‘-3\%& ~ 2R\ N% m\{\‘l QE e
“‘ri LAV { AN N‘L:%H\'-\\\\j Q\f\:X NS

(5450)
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L {cx“:* R s zmwwﬂ} %\;3 Qe = o

AN~
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As we have seen in previous case, for o = @ %»Li
we got the compatibility condition for m = O, n = O, Here
also we get a compatibility condition form = O and n = O

as

z K_ “i?}; X 3\ {—i{: - 2600 \\\} g\-{\x RN
-w_i ax\ﬁ :\..._ T AN Q\ ‘\Q Q)

s - A oy b T O
*KQ}—%«L | i\. (Y 3 Ml \

(5¢52)

TP S ACENNY
\\(‘ar

BEquation (5.52) can be written in algebraic form by using

equations (5.44), (5446), (5.48) and (5.50) as

R P W R Q‘\m\{\~ w\
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- With the above set of coefficients we can write the

electric potential function {\_ as

B . .\\ . —"| R \
1 Vg iy AT SIS
A0t e @)= f) y QLI LE® 5, 5
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N \;\\ c MY (,.,Q\, Y
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N

(5.54)

We use equation (5.36). This gives the final form of\theb\\

current vector as
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.Where r\{»\\{\& is the symm'etric tensor. Writing the components
of equation (5.55), we have,
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(5.56)
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where P\\ and ?\ as defined earliers

The next symmetric term in the conductivity function is the

ohe containing the magnetic field i.e. E; = Q?~. \e\‘\\'\i R
- A

Slnce on the R.H,S. we have the term 7;;2 + the scalar pr0cMcf

‘»of the tensor <3 with the vector ‘V X.N\ becomes zeko. Thuv

e get a homogeneous equation.

The fourth symmetric part is the one containing ?Eﬁi&fi\\xl

AW “f\) The general equafiqn corresponding to this is gilven

| as 2 ST
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) e
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As in the previous case we get the defining equations for
S T
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2 A= O x\\ﬂ \Uy

(5.61)

For m = = 3
) R ”]N_ Sy
T d»ﬁf&i. Qu(v;k\wah’*i ERS E o
| 2 . ' ’ o -
N E “ U5 } - mww\\\j - 3 %\C _ j:\«.\ (o)
; o %W4 &(FQ MVS} (5.62)
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In this set we get two compatibility conditions for

m =1, n =1andm =0, n = 1. However, we write here only

one compatibility condition for m = 1 and n =

= 1.

ool - T P
A e o CAS S IO T R TR SERVO N U 4
=\ 3 LN S VSN SRS LN
A3 LV SRR N S T S S SIS IS

l gt 3 3 At T l

-\
ka_ .* (24\> -*%CKLX\\A\N> Qx \ ifiamﬂmef\yx\gkjglczx

Q.2 Q- AN 9 e
5;;;% *{(; \p.‘ﬁ ‘%WQKA%\ x:\\v CtV\—x - %

=\ |- 'i:““ 5 L”\";Wﬁ & - (5.70)
RN

Using equations (5.60), (5.62), (5.64), (5.66), one can write
(5.70) as a first order differential equation: Here the
compatibility condition cannot be written in algebraic form, as

has been done in the previous case.

With the above set of coefficients we can write the electro=

static potential function as

\ﬂn("(‘,‘@‘@\ - m\ \ Q\ g P + S %\\r\c‘r X

Y YOOy A Gl
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We use egn. (5.36) in above equation (5.71).

This gives the final form of the current vector as

T = e R DT TR
2.

(5.72)

where Q\(\{\‘\i Y \T\‘\V\\\\\, is the symmetric tensor.

the components of egn. (5,72),

Writing
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‘iThis compl etes odr analysis on the stmetrié part of the

.
——

tenscr Cf .

The antisymmetric part of the tensor consists of

T, Tabip e TSN,

~\\{N~, . When we substitute this in the dynamo equation,
\

the order of equation reduces by one i.e. either we get 1lst

order equation or algebraic equation. The solution depends

" on the boundary condition. We have chosen a boundary condition

for the coefficients of J\_ in such a way that they vanish
at the lower boundary and are contiguous at the upper boundary
with the values obtained by Pratap et al. (1973). These

coefficients vanish because of the lower boundary conditions.

We therefore derive an important conclusion viz. the part
depending on the magnetic field in the conductivity‘reduces
to a set of homogeneous equations when we take symmetric part
of the tensor and depends very critically on the boundary

condition for the antisymmetric part.

When one considers the conductivity such as direct, Hall

and Pederson this effect will show itself up, This is a result

which is not recognized before.

The significance of this is that the Lorentz -~ force
or the dynamo force does not play any vital rol® as far as

symmetric part of the field is concerned.
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' We have numericaily inteqfated the aﬁove eqﬁations and
boundary conditions have béen such that the coefficients are
Zero_at'ﬁ\= 1.01 Rg. This is the base of the D layer. At
the upper boundary ( M z\'Su R§ ) the condition., is
contiguous with Pratap et al. (1973) i.e. the coefficients
are zero at the upper boundary.‘ The integration has been
carried out from Y = 1.01 Rp to - = 1.5%Rp in steps of
0.01 RE.iizﬁﬁtD 3000 Km, The discussion of the results is

given in the Section (5.4).

-5.3. Induced Magnetic Field

In this section we shall discuss the magnetic field induced
by the current system. Since the magnetic £ield ié-divergence -
free one can write the same as a combination of tofoidal fielcd

p
T,

)
and a poloidal field F. - Thus

- -3
M= B

(5.76)

where

- -
T NI

(5.77) |

-
and \_\% = N XN OEV)H | (5.78)
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where WL and ™9 are scalar functions of (Y @, % ).

Maxwell's equation for induction is given by

-s-\
<J 3(1:\ = 4“’:

(5,79)

Substituting equation (5.76) in equation (5479) and writing

the components, we get

LL\}V\,\ = aq Tw

(5.80)

R N S WY P W C I N

A N NN S SN IR &\J \ '\A) 4‘“36
(5.§1)

Lo 0y (9 (L))= a4y, 60

AT O N e A

Expanding \)_and \¢ in terms of spherical harmonics,

v ' AN . P*“
W T LU O e Bl (o NN IR

A | (5.83)

. ' _ e
N r i\):r«\n@q\(\'\ Ve A \Q\\W‘%\“\‘“ﬂ‘(}s‘fam
™ '

We can evaluate \\ from equation (5.80) as
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' ax
\\M\Q\X Jr\’w\ x\\\\x R M

(5.85)
'\(\ ‘
A simple compari son of coefflc:.ent cf harmonics gives

™
A
the function \ nweg oo

We can substitute this in the equation (5,81) ang we get a
defining equation for \) ;:(\len terms of \9 and \X'\(\(
The equation (5,82) wili trivially be sqtlsfled since J is als
divergence - free, We can get, thus the rnagnetic field induceq

by this current System,

5.4, Discussion

In this Sectlon we shall discuss the nature of variation
of the current components T Ve , _Sq% for different
values of %:': « We would again like to mention the fact that
our solution does not contain the homogeneous part becauSe ¢

- @8 we have already mentloned, this part would not contain the

dynamo terms,

In figs. (5-1a, b, ¢}, we have plotted xq% ‘Sgand _S\:(\
as functions of © and.} ‘at Y" = 1,02 Ry with é— <\3 and
fige (5-1d) gives TY“ as a function of W~ at C{:~_0(m1d-day

meridian) ., -

One could observe here in fig. (5-1a) which gives the
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‘vafiatibﬁ or in other words .the bQ(variation,vthat there is

a change of phase at about _-i_-.40o in latitude.' We can also find
the maximum in equatorial latitﬁdes occurs at about 0900 hours
local time, while the observed variation has a maximum at

1100 hours, Tﬁis is primarily because we have not included

- a phase in the velocity potential function. The fact, that the
'~ phase in velocity potential is very crucial, was discussed at
length by Pratap (1964), If we include the phase of 270 as
discussed by Pratap, we would get maximum at 1100 hrs. local

time,

The fig. (5-1b) is the plot of g which corresponds to
[§\3 showing that it is asymmetrlc about the equator. Here again

a phase shift will bring this curve in line with the observed one,

The fig. (5-1c¢) forfglkshows that there exist maxima in
the northern hemisphere while feeble minima exist in the southern
. . o Lo
hemisphere. Here again a shift of 270 will lead to a minimum

at noon consistent with the observed variations.

In fig., (5-1d) we have plotted the valué of “SWNas a
function of when CP‘tan i.ed mid~aay meridian and & = o)
=4+ 363and.¢ 66? In this calculation 'Sw&increaSea as we go
from 1.02 Ry and then stabilizes and takes.a constant value

as 1increases further. Again it is observed that the rate of

© increase of ‘Sw_is more at the equator than at higher latitudes.

I
W
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For 30°N and 30° S the curves are more or leés'parallel but
the magnitude at the northern latitudes is higher than that
at the Southern latitudes. This implies that while the rate
of change is more or less the éame, the intrinsic value ofA
MS%is greater in northern latitudes than the southern
latitudes. The same feature is obtained.for 60° N and 60° S

as well.

This asymmetry is mainly due to the asymmetry in the
conductivity function. This asymmetry has been introduced in

- the choice of the function ¢, . If we had chosen C@uas
P, = Ay CotTAL

where Co\Vf_ is as defined by equation (3,8), then this function
would be asymmetric for the solstice when é\ is 23% . On the

o~

other hand, the function becomes symmetric when ¢y 1s zero.

Hence our calculation would be akin to the solstice part.

In the second set of the curves ksec fig. (5-2a, b, <))
corresponding to :QP,.XQ :TY” , the variations. are not very
prominent, expect thosg of X}P’ We observe that the maximum
value at local noon decreases as height increases. It continues
to decrease till it saturates finally. This can be seen in
fig. (5.2d) where we have plotted 'YYwaS a function of Y~ . for
the various sets of latitudes. Here again asymmetry creeps in, for

PRI

the reason given carlier for the case \Y 'l.qug;(i .
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For the third set of calculations where the symmetric
form of tensor formed by gf' and \\ , v1a.,fT = QP§§:€‘\\3
-\ “{“\the contrlbutlon for ) % ‘SB N "&,\\ at the equator
is negligible while at higher latitudes, the current components.
obtained from this part of conductivity tensor exhibit a semi-
- diurnal feature, since Sq field is essentially diurnal. We
remarkvthat'the contribution from this part of conductivity
does not conform to the observations. This completeé our

discussion of the results.
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CHAPTER VI

DYNAMICS OF Sq -~ FOCUS FROM A SINGLE STATION

6.1. Introduction

Hasegawa was the first to suggest that the centre of
the SCI current system (Sq‘focus7 need not be stationary but
éan have motion both 1atitude:and longitude~wise, A first
attempt to discover this phenomena was made by Ota (1950)
and was followed by Hasegawa (1960) himself. The method
adopted by these people has béen to find the centre of a
potential contour system which generates the Sq current
system and sets it identically equal to the focus of the
SCI current system. Hasegawa (1960) however tried to gét
Sq focus from a chain of staticns distributed in the same
longitude circle and between 25° to 40° on the latitude., The
basic principle involved in this method is to plbt the maximum
value of \\\ or C&X as a function of latitude as shown
in fig. (6-1). The latitude point at which AW changes its
sign is taken as the focus of the current system, While they
could obtain day—to—day Variation of the Sq focus, they have
not been able to get the daily variation of theVSq focus.
Ota has taken three longitude éircles far-east (110° to 1500)}

. o
american (270° to 300°) and Europ ean (07 to 20°) and also
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tried to ebtain the seasonal variation.

There are inherent difficulties in the determination of
Sq focus from different stations on the same longitude circle

as follows 3

(1) The effect of‘the internal current system induced by
the external source woulds, very criﬁicélly depend omr the
conductivity of the crﬁst and the upper mantle”justnbe16W'the
stations. This could introduce phasé 1ég‘in the magneticffield
recordings and therefore one ends up in an_erfonEous-detenninationf

of the Sq focus.

(2) Again the distribution of land and ocean also has
an effect on the recordings of the magnetic variometers and

this will again give inaccurate detemination Sq focus.

(3) It is very hard indeed to determine the contribution
of the disturbance field towards the quiet day variation and

this can again cause ‘errors in the determlnatlon of Sq focus.

The method originally suggested by Hasegawa was followed
by Matsushita (1960) by taking three American stations
Fredericksburg (geographic latitude 38O 12' N, longitude 77O
22" W; geomagnetic latitude 9, 6O N), Tucson (geographlc 1at1tude
32° 14' N, longitude 110 57 W; geomagnetic latitude 40. 2 N)
and Sat Juan (geographic latitude 18° 23' N, longitude 660 07" W;

geomagnetic latitude 29.9° N). He plotted the deviation of the
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determine” value of the focus.from its central.position for
the three stations and thereby he obtained the seasonal
variation of the central position of Sq current system,

While Ofa has taken the data for the entire month,.Matsushita
confined to ten inﬁernationally quiet days every month and
observed that the focus is iocated at a higher 1atitude in
local summer than in local winter. One can easily see that
while the internationally quié£ days are cuiet with respect
to the other days in the month, it is not certain £hat these
days are really cuiet. To ascertain this one hés to really
take into consideration the other parameters such as sclar
activity indices like Ap or Kp. Hence the basic_difficglty
which Hasegawa has pointed out still remained in Matsushita's

WOYK o

Tarpley (1973) followed Matsushita's line of thought and
made an exteﬁsive analysis with four stations in the northern
hemisphere and two in the southern hemispherec. Of the four
in the northern hemisphere the three,.Membetsu‘(Geographic
latitude 430 54', longitude 1440 12'E; geomagnetic latitude
34.OON), Kakioka (geographic latitude 36O 14'N, longitude_14oo
11'E; dJeomagnetic latitude 26.OON), Kanova (geographic latitude
310 25'N, longitude 130O 53'E, geomagnetic latitude ZO.SON) are
on Japanese island and one, Lunyping (geographic latitude ZSON,

. (@) . .
longitude 121O 10'E; Jeomagnetic latitude 13.7 N) is at Formosa. The
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southern stations he has chbosen are Tsumeb (geographic latituge
197 13" S, longitude 17° 42' E, geomagnetic latitude 18.2° g) -

in south?west Africa déep inside the land mass while Hermanus
(geographic latitude 34° 25% S, 1§ngitude'l9o 14" BE; geomagnetic
latitude 33.3° 8) near the Capetown on the coast, The difficulties
pointed out by Hasegawa are very much inherent in this choice

of stations as well. The main results of Tarpley again are

the seasonal and day-to~day variation of the focus and he has
inferred that the existence of this variation during very low
magnetic activity suggests that the perturbation is ionospheric

rather than magnetospheric.

Gupta (1973) repeated the same analysis by taking three
different sectors viz, B&merican sector, European - African
Sector and Asian ~ Australian sector. ‘He has inferred that
the foci in the two hemispheres move together in the same
direction. He has also inferred that in general the foci
are closer to the equator in local winter than in local -
summer. This could be due to a geomagnetic control. Thirdly .
he found.that the focus variations are larger in the north
American sector than in the Asian - Australian Sectors If one
assumes the Sq focus system tc be globai one, then thig variation
could partly be due to the structure of the continent. The
north American stations are distributed mainly on the land mass
while the Asian - Australian stations are appfoximately closer

to sea~shore.
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In a recent discussion Kane (1974) has pointed out that
the non-i6n05pheric contribution towards the observed daily
H variation should not be taken negligiblef We have also
discussed this point in Chapter IV. Kane has argued that the
non-ionospheric contribution may be small but could effect the
dyhamics of the Sq focus more So becauSe we are locking fdr

that latitude for which AVis zero.

642, An~alternative Method

In this section we prbpose a new method of determining
the Sq focus from the data of a single station. We do believe
that from the single station data the focus determination would

be free from the main objections levelled by Hasegawa for a

single station,

(1)  the crust-mantie Structure will be the same ang
therefore any time lag introduced by the induction process

would be uniform through out the period.

(2) the effect of Sea or land will also be the same and

hence the Sq determination would be more reliable,

We propose to devélope the main theory in this section and
applicaticn of thisg theory in determining Sq focus dynamiés is
givgn in the next section. The final section cohsists of a detailed
discussion of results obtained from our calculation of the Sq

dynamics from two stations Alibag and Tashkent (geodraphic 71 a+1411da
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41.25°%, 1-ngitude 69.0° &, geomagnetic latitude 32.5° N),

(a) Thecry

We have made the following basic assumptions:

(1) That the current loops forming the Sq current systems

‘are concentric ellipses.

(2) The induced magnetic field due to this current sheet
~is taken as that due to an infinite sheet and hence the magnetic
field induced is directly proportional to the over-head current

vector.

The first assumption that the current contours form
ellipses needs some Jjustification. If one goés through the
diagrams given by Hasegawa and Ota (1950) from the observed data at
Ehe interval‘of every two hours, one can see clearly that while
the cbntours close to the focus are indeed realis#ic ellipses
(or circles which are degenerated ellipses), this approximation
breaks down as we go to morning or evening hours. Hence this
approximation is more and more realistic as we approach the focus,
Secondly if the contour is nqt a regular geometric figure viz.
circle or ellipse the focus looses most of its meaning. However,
oﬁe can sce these ellipses have their principal axes not
Necessarily parallel to the equator or to the longitude circie.

We give a typical contour in fig. (6~2). In this figure we
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have drava a current contour wiﬁh C as its centre, whose
coordinates are ( X 5% 5. These current contours are fixed
with reSpeCt'tO the Earth - Sun.line and is contained in the
surface which is normal to the plane containing the Sun - Barth
‘line and normal to ecliptic. 1In this configufation, the
Barth rotatgs below the sheet containing this contour : The
station is taken along the line ST and will be under the
centour at two points A and B at two different localbtimes.
The station will observe a current vector at A pointing down-
wards while at B pcinting upwards. Hence the induced magnetic
field for the stgtion will have an upward trend at A and
downward trend at B. Opposite will be the case above C. If
therefore we know the magnetic field variation af A and B we
shall then know the current vectors at A and B which are
tangenﬁs to ellipse. We shall then be able to determine the

centre C.

The magnetic field inducedby a current element of strength
‘ - —
I and flowing through a line element ¢_Lat a distance Y ois

given by

L -
A 2 o (6.1)

—

Since the element is over-head the vector Y will be normal
b

to the surface of the Earth. Therefore CLX* will be parallel
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_ IS
to the surface of the Earth. (A\\ will be changing its

direction and magnitude as station proceeds from S to T.

If Ai—\—?\ has components AX and DY parallel to latitude
and longitude circles respectively, we then have as pointed
- out in Chapter III

2)

G e
— G ATy Y o ' YAD
A = LX) AT Y = %(A\\j Tivan g o

and the slope
A™N

T

(6.3)

It may be remarked that to determine the slopes of the
contour at any point we should consider Q\J'\ defined as equation
(6.2) rather than A\-\ measured in the observatory,., AS one can
see from this analysis \W\\WAQ is often cémparable with AN,

This is a fact which is usually ignored by analysts.

The slope of the current vector can be written as

' -\
“fY\T - ~&““‘\® (6.44)

Since these two are mutually orthogonal, thus as we go from:
S to T we find the local times at which /ST\ takes the same
value and at these local times we then determine 0\ W ana Y W2
and hence 'Y\ 7y and '\ﬂ(\—j,, . The problem reduces to one of

coordinate geometry in which one has to determine the equation
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for a conic with two tangents at A and B whose equations are
written as ) =0 and L, = © respectively and the chord
_of contact AB with the equation giVen by XA,=Q .« The

e

general equation for a set of concentric ellipses is then

given by
L‘L?’ - K ):.3'\ =Q C (6.5)
where |
L= Ny, T ) =0 (6.6)
(6.7)

N : - ¢ ™ — L. :QQS
T T TR )
[
(6.8)
— - - N\ - ¢
Q_\ - \ﬂ Jy =
K forms a parameter which characterizes any particular

ellipse. Substituting (6.6) to (6,8) in (6.5) we get after

some reduction

- ~ 2
o Nt
L LT = UMY o) 3&\3'_ U
45N 0 LY~ NP SR T ‘3 K
R AT AL T —2 M, =y Y Y

E N 5 { \ - '& zj\- ’ — \.‘
Y AN 3(\*\4'\_ SV (R0 AT ) R L\S =0
(6.9) !
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The condition that equation (6.8) should represent the

System of ellipse is

5 |
R '>\ ARRERAEED /Ar‘v(\ NNEY (6.10)

This implies that one of the slopes "*n\\ or Y\, must be
negative definite. For these system of cllipses the coordinates of

the centre (< \"q Vis given by

— 2=y \;‘n‘\ N T AN At AR IR A R PR O
L‘)(\ t 4 r ) ‘ - i !z‘
AN 5 (A=Y = (00 AN SN 6

and

3 Tz O =Y (0 =00
N o= Myt = | 2 e
- \ AN YN V-1 = o 3

——e

We can determine M\ by knowing K which in turn can be
determineq if we know .. On the other hand if we eliminate K
between (6.11) and (6.12) we get the locus of the point Q’—\i)“:\ Y.
In the first case we shall deﬁemine the focus knowing the local
time at which [ﬁ is maximum or minimum while in the second we

shall be determining the movement of the Sq focus in a day.
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(b) Focus Determination

We have chosen 28th March, 1964 Which.satisfies bofh the
equinoxial and the solar manimum conditions, to test the theorys
In fig. (6-3), we have plotted ZS}A with local time for Alibag
station. We have taken readings on ‘the magnetograms at a
very close interval (10 to 15 minutes) since the time of
minimum occurrence is very crucial on this day .\<i3t;\~_ and
hence a real quiet day. In Table (6-1) we have given [XV\ :

A and \—\AD from which we have calculated /N\X and A,\i .
One may note A X and ﬁx\ﬂ here are comparable. We have

same value of AN\ at 1030/1215 and 1015/1230 etc. We also
“have maximum as .zzii at 1145 local time. Taking 1145 as X
(converting in to degrees) we determine (1-K) from equation
k6.11) and substituting this in equation (6.12) we determine

—

\j . A5 can be.seen,lfhe deviation of consecutive value of

Ki goes on increasing as we.go down the list in the table (6~1).
This clearly indicates the deviation from the ellipse is more
dominant in the 0936/1312 pair and 0930/1324 as compared to
1030/1215 and 1015/1230. As it has already been pointed out

the theory would be more accurate when we take the neighbourhobd

close to 1145.

We repeated this calculation for Tashkent (geographic
latitude 41.25° N, longitude 69.0° E, geomagnetic latitude

32,6° N) for the same day. The minimum occurred in /AW at
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11 Q0 hrs. local time is seen in fig. (6-4). The difference
betWeen the occurrence of maxima and minima at Alibag (11. .
and Tashkent (1100Q) could be due to the effect ofb induced
field and may be due to the fact that Alibag is on the |
sea~-shore while Tashkent is land-logyed. Further-more
Tashkent is very close to focus and hence the magnetic field
variation at times is like that of &Alibag and at other times
is like that of Agincourt. Nex}erthenass-thef} determined from
Tashkent agrees remarkably well with that determined from
Alibag data. This clearly vindicates the correctness of the

assumption. Table (6.2) gives the QW, DY ana WAD  values

for Tashkent station.

6.3, Dynamics of 8§y focus

As has been pointed cut, if we eliminate (1-K) from
equations (6.11) and (6.12) we get an. equation connecting QT

and X and can be written as

tr

AR

L (54 - LR 0N 5 IR - ) o

(6.13)

We can consider the above equation as an cguation connecting
X and N with YN, ana YY), changing in time. Since YW\ and Y®q
AN \ L \

are determined at (.?y~\3\ﬂ\ ) and ( IB\thﬂﬁ\ ), we can
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write this equation separateiy
V. NN NN =
S U ) O8O =0
A AW

AN =Y =0 =) = (6.14)

\1--
If we draw these lines at various local times ( BQQ_ )

. » \‘ L} L] ] b
and on the station line ﬂ\ keeping in mind "X | and X 5 are

\
on either side of the centre C, we can draw a curve which is
an envelope generéted by these lines. This curve will then

be the 1écus of ( Ei )(% ) to which (6.14) gives the tangent
at various points. This curve therefore represents the motion
of Sq focus as a function of local time during the_day. In

fig. (6.5) and (6.6) we have generated this curve for Alibag

and Tashkent. The 5\ﬂ axis in both these cases are drawn in

. O \
arbitrary scale. They are of the order 3O to 4 latitude

6.4, -Discussion

We have discussed in this chapter a methed for obtaining
Sq focus from a single station data and we have shown this
method is much supericr to the methods already known. We would
however like to point out the following facts as regards the

choice of data as well as plotting.

le We have taken in this case a very quiet day during an

equinoxial period of solar minimum. If we take other days the
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disturban e field must be comjletely removed to obtain the

pure'SCI fields This is discussed by Kane (1973) at length,

2. &s has already been pointed out, we should take A\
as defined in equation (6.2) instead of N\\ since W Mvfean

effect ﬁ;\\ considerably.

3. The time of occurrence of maxima or minima depending
on as to whether the station is south or north of the focus
is very crucial. Hence in digitising the magnetograms one

should take very close interval in this neighbourhoode.

4. In taking the station like Tashkent whose latitude is
very close to the focus, extreme care has to be taken in
determining the slopes as well as the envelope curve since we

do not get a change in sign of slope as was observed in Alibag.

——

5« In calculating \i we have considered the magnitude of
Slopes and not its sign since sign has already. appeared in

eliminating (1-K).

| The oscillation of the Sq as determined from this could
be either due to rotation of the dipole field since the dipole
axis and rotation axis do not coincide or it could also be due
to a time dependent phase factor in the velocity potential.
Pratap (1955)>has shown that the inclination of the dipole axis
to the rotation axis introduces only a very insignificant
contribution towards the Sq fielde Therefore one should really

seek for the reason for this movement in the velocity field?
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Recehtly it was found by Spizzichino (1969, 1970) that
the velocity‘potential,hés a time dependent phase factor ang

this in turn would imply nonlinear processes at these heights,

There could be a non-ionospheric contribution towards
the oscillation of Sq focus duriné a day as well as day-to-
day and season-to-season. It has been shown by Olson (1969, 1974)
that there could exist currents on the magnetopausé which can

have its focus in the neighbourhood of the cleft.

In the figure (6-7a) we have shown the Barth as a rotating
sphere. The inclined axis represents the magnetic axis and
the plane of the paper is the plane containing the geomagnetic

axis, the rotation axis and the Sun.

In the figure (6.7a) the magnetic north pole is in the
daylit hemisphere while in figure (6-7b) it is in the neight
hemispheres. _Points A and B are the singular points at the

surface as the magnetosphere and point S is the subsolar point.

The figure has been largely exaggerated to make the points

mentioned below clear.

C ana cf ére current contours. It is not clear that the
points 4 and B are the focd of C énd Cl'reSpectively. Neverthel ess
if we rotate the Earth from mid-day to mid~night i.e. a to b
we find points Iv and B shifting north-ward while compieting
the rotation in a day. These points come back to their original

positions., This implies that the segment AB slips up and down
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on the magnetopause as the Earth rotates and therefore exe—
cutes an oscillation. It can be seen that as the Earth rotates
from dawn to dusk, the points ccme from above to_below and then

again go up.

This shows that the focus comes towards the equator ang
attains the nearest point to the equator at local noon and then
goes up. This is brecisely what we have obtained in the

analysis,

Pdint A 1s on the éxis of-the cone which fotates around
the north pole since &4 and B are always on the mid-day meridian,
the magnetic‘axis comes in the dawn-dusk meridian plane. The
cone will be twisted when the magnetic axis goes baék intolnight
meridianbi,e. the apex of the cone goes into midnight meridian.
The axis of the cone goes from this point across the pole of

Barth to the daylit ‘hemisphere as shown in figure (6-7b).

This cone therefore will be wobbling around the}rotation
axise. Thus while the Base of the cone makes a small retrace
on the magﬁetOSphere the apex of the cone is fixed at the pole.,
This could thus enhance the oscillation of the S, focus. Between
the equinox ang solstice the magnetopause will have changed.in "its
orientation by 231/2O and this can again contribute to the Seasonal
oscillation of the Sy focus as observed by Tarpley (1973) and

Gupta (1973),



124

The implication of this method is that from a station
like flibag, having a long record of magnetic data (for the

past 120 years); we can reconstruct the solar activity and wind

D atterns.
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CHAPTER VIT

SUMMARY

Recent advances in the study of the upper atmospheric
physics have shown that the usual assumption of the linear
tidai theory is a very crude approximation and that the actual .
observations reveal a high degree of nonlinearity. In developing
a three dimensiocnal dynémo_ theory we have considered this
aspect when we‘generalized the conductivity tensor and writing

it as a function of various field quantities,

The velocity potential that one observes on the surface
of the Earth is essentially semidiurnal in natufe, while Lindzen
has shown that the nonlinear effects could atténuate'the semi-
diurnal and amplify the diurnal mode in the presence of
temperature distribution. In Viéw of téis we have taken the
didrnal mode of the atmospheric oscillation in the development
of the three dimensional dynamo theory. We have shown that the
.symmetric part of the conductivity tensor containing the magnetic
field only does not contribute towards the dynamo field. This is
abresult which has not been realized by Baker and Martyn and -
later authors, The results we have obtained conform the obser-
Qations if we introduce a phase of about 270° for the velocity
potential. The currént intensity decreases with increasing-f* when

we take the conductivity tensor to be dependent on the intrinsic
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vector fielad “&

We havé developed a new theory for ébtaining the dynamics
of Sq focus from a single station data and we have shown that
this method gives a new feature viz. the daily variation of the
.Sq focus in addition to' the already known- dwy—to—day and seasonal
vgriati@ns. U51ng this fermula. we calculated the motion of Sq
focus for two different stations Alibag and Tashkent for
March 28, 1964.We interpreted this motion as due to the presence
of a phase in the velocity potential which could be time dependent.
This is a clear and direct manifestation of the nonlinear effects
present at the seat of the current system. Such a motion has not
been discovered before and we propose to continue the study by
taking the data for the past century at Alibag and thereby
obtain the history of the solar activity in the past.  We would
like to irterpret the small differences in the variation between
Tashkent and Alibag as due to the fact that Tashkent is landlocked
while Alibag is on the sea~cost, This justifies the conjectures

of Hasegawa.
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@ppendiX:I

NUMERICAL, METHOD FOR SOLVING THE BOUNDARY VALUE PROBLEM

In obtaining the solution of the set of equations we
required the numerical method. It is to be noted here that
the ratio of the dipole moment M and radius of the Earth Rp

\\/\

i.e. —— is taken as one., Parameters =1 and h = 1.01Rgz.
Rt

Now we discuss the method of solving the linear inhomogeneous

differential equation of the type

2.
DUz Sy \Q\f‘\i‘}\\)\-\-‘g(\(ﬂ\)\ U

TP
With the boundary conditions
u(.%\mi\r\\ =0 \*vaw\\

We Zirst choose an arbltrary value for \}_Q”f;‘v\\.h\ - E\
and solve the equation as an initial value problem by Runge -
Kutta method of fourth order followcd by Adam's predlctor -

corrector algorithm of the same order upto Let -

‘*‘“N\Qn& : |
. . . G . s (% T
this solution be \Q\(“> . OSimilarly write LL(“{'\_.“\‘.\_Ys = \:L\J_ﬂ L\\.
We obtain another solution \"\1&%\ . For any Scalars QQ.\
and YS\_ '
\'Y ~;_\)(‘\'\)\\AY &«5\\}1 satisfies the differential equation

(1) if, DC\AVTS\:\ since
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The condition at the lower boundary is automatically

satisfieq, Another condition is obtained by imposing the

only remaining condition at the upper boundary

\\/L(N‘(Lmbot\ = Ky W \\“ﬁ“\QQ A O Al _tx\\.

Solving for Q%\ and Yg\ ,'from these two equation, we

oy = U W) / LU ,7_Q-<\W'w\ -\x\\“vm\ﬁ

have

AT
With these values for(x\ and ‘5\ '+ ‘the two solutions are

combined to get the solution of the boundary value problem,
Very often. it is necess

>

ary to use this solution WO

and its derivatives as known functions in the Successive

eduation.
In some cases, the equations are of the form
1 _‘ ll : b
_ A D : 5 2 Ny L
UYWL G Uy 0 Uy

= terms involving lower order derivative

Cy R \ . \
%Z\m\\ \x,\\ 4\ N S W A 9,0 \*‘1\

= terms involving lower order derivative
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DN gL YWY g Oy Wy

N

T terms involving lower order derivative

While solving these equations, simultaneously as an
initial value problem, the second derivative, necessary

for the Runge—Kutta—Adam"s method, were calculated by

inverting the matrix (5 = Y‘(% \& »]
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Appendix IT

The recurrence relations for the Legendre functions which '
have been used in this analysis are given herce for thé sake of

completenecss,
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