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STATEMENT

The electromagnetic state of the interplanetary n:edium
is a sﬁbject of great interest. Studies of cosmic ray tirre
variations and geomagnetic field perturbaticins provide excellent
means of probing tie spaticl and temporal variations of the

plasmea in interplanetary space,

The investigations reported in this thesis cover: (a) A
study using crossed East-West cosmic roy telescopes ot oo
equatorial stztion. A compariscn of the daily variation of the
intensity measured by the two telescopes,l ns they scan the
celestial sphere provides a clue to the relative contributions
~of the anisotropy of primary cosmic rays nad of a source due
to an uncorrected meteorological effect or of other loenl |
origin, Chapters 1 and 2 deal with this study. (b) Using the
records of magnetometers from low l:titude staticns, the
extent to which the features of the daily variation of '# caa he
related to the characteristics of the interplanetary plasma
impinging on the magnetosphere are investigated Chapters
3 and 4 summarise these investigations. b(c) 1.2 Chapter 5 the
sixrrimary and the conclusions of the above studies are reportad.
Therein it is also pointed out how AH, the d-ily range cf the
horizontal compo.ent of the carth's mngaetic field at a low
latitude station away from: the effects of the equatorial
electrojet, can be used for probing the electromagnetic stote

of interplanetary space, in the neighbourhood of the earth

In April 1963 the author undertook the construction of

directional counter telescopes pointing to east nnd'west at



-
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Trivandrum (Geographic lati-tuaé 8. 401\1_51:1& geographic longitude
76. 90E) close to the dip equator. The uait functicned frem
Jenuary 1964 to December 1968, The nutnor also maintained
verticnl meson telescopes whict were alre.dy ia operntion at
Trivandrum. The author wis closely assgociated with the
construction cf all the Geiger counters used in the units. Data

for the pericd January 1864 to December 1966 is analysed.

Fer the study of the solar Wind-magnetosphére interactio ,

the author used geomagnetic field data from Alibag ( “vfeomdgnetic

latitude 9. BON), Henolulu (Geomagnetic 1ntitude 21, 39N ), Guam

(Geomagnetic latitude 4. OON) and Trivandrum (Geomagnetic
atitude 1 1OS) along with sgolar wind plasma data from IMP-1
satellite and interplanetary magnetic field data from satellites

IMP-1, IMP-3 and Explorer~33.

The material presented in the thegis covers the followin
F

investigztions:

—_
o0
—

~——

Computation of the varis:t;‘mna.l coefficient
for deriving the effect related to the primary
component of cosmic-ray, from thé Ob’served_
variations cf the secondary intensity, by

directional telescopes .

(2, 2) Fatel et al (1968) hove reported the direction
and amplitude in space of the diurnal and
gsemi-diurnal enisotropy cand B, the exponent
of the variational part of the eaergy spectrum
of the primery arisotropy oa a dayw‘to-.day

besis. Using their values, the expected



(b.4)

i

amplitude and _phasé of the diuraal and
gsemi~diumial components due to prirary
anisbtrc;py at the respective instruments
(aleng east, vertical and west directicas) ot
Trivandrum on a day-to-day bosis for tihe
pericd 1964 to 1966 are evaluated. Tiwe
maodulation of Fﬁ;nin.eson intensity, prcbably
due to temperature variations in the
atmosphere is studied through o comparison
of the observed pressuz‘-e-corrected daily

variction and the cornputed daily variatiosn.

The question whether AE—I, the daily range of
the horizontal cdmponent of the earth's
magnetic ficld at a low latitude station awny
from the effects of the equntorial electrojet
represcints primarily an increase on the day

gide over - base level H_ . . or

minimum

alternatively it is n decrense on the night side

from a base level at H . is investigated.
maoximum -

The ioncspheric and magnetospheric contri-

butions to A are estimated.

Iavestigntion of the strength of the equatorial
electrojet in relation to the drift speeds of
the irregularities in the E nnd F regions of

the ionosphere at Triva.drum is corried cut

A study of the exhancerent of the ecuatorial

electrojet during equinoxes is made.



iv

(b.5) The deformation of the magnetosphere by the
impact of the solar plasma and its etfects on

A\ & are studied.

(b.8) The effects coused by tie fluctuations of the
north-south component of the interplanetary

magnetic field, on A\ are locked into.

(b.17) The experimentally observed shift of the time
of miaimum of H from moraing hours duriag
quiet days to evening hours during disturbed
days is exarrined on the basig—of the drift
motion of charged particles, injeoited through
the tail of tie magnetospnere ia the presence
cf a co --rotétis::a.al electric field and geomagnetic

field gradients i

(c) . Relative contributions of (i) the dynamo current
mainly ~t the ionospheric E-region (ii) the
surfrce currents at the magnetospause ond (iii)
the currents i the magnetosphere nam:ely the
tail currects, the eccentric ring current and .

the partial ring current, to ANH are examined.
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CHAPTER -~ I

1.1 Introduction

- Time variations of cosmic ray intensity have proved
themselves to be very powerful tools for probing the electromagnetic
conditions of interplanetary plasma. This aspect has been discussed
in great detail by Dorman ( 1963, 1989), Parker { 1966, 1969 )
Quenby (1967), Webker (1668) and Somogyi (1969). |

The present work deals with directional cosmic ray
Vmeasurernents and determination of the atmospheric temperature
effect on the daily variation of /\A meson intengity. For this
directional and vertical telescopes were operated at Trivandrum .
(geographic latitude 8.4v°-1 geographic longitude 76. 9 . E) near
the dip equator during the period 1964 tc 1966.

1.2 Primary cosmic rays
1.21 Energy spectrum

. The differential energy spectrum, can be expressed in

the form of a power law given by
N(E) dE = K.®" 7 ..(1.01)

where E is the energy, K is a constant and 7V is the exponent which
is dependent on energy. Meyer and Simpson {1958) have reported
that the differential energy spectrum changed considerably from
1941—8 to 1956 and that the exponent v, in equation (1.01), increased

from 2 to 25,



1'. 22 Geomagnetic effects

)

The cosmic ray f)ax'ticles which arrive at any point on
the earth's surface are deflected by the geomagnetic field.
"Asymptotic direction of approach' is defined ag the direction in
which the particle was moving in space before coming under the
- influence of the geomagnetic field. Figure 1.01 shows the
asymptotic direction of approach of a cosmic ray particle which
arrives at the ecrth from the direction JN_ and*q/“ in space.
Evaluation of the asymptotic directions were originally made
through model exp'eriments. (Malmfors, 1945; Burnberg and
Dattner, 1853), But with the advent of electronic computers,
the trajectories were determined by numerical~integration
(Jory, 1956; McCracken, 1962). In cosmic ray time variation
studies ~nother important concept is that of the "Asymptotic cone
of acceptance of = detector', which is defined as the solid angle
containing the asymptotic directions of approxch whick make ~
gignificant contribution to the counting rate of the detector. It
has been pointed out by Rac et al, 1963 that these concepts are
extremely useful in the study of anisotropic changes in cosmic ray

intensity.

The motion of a charged particle in the earth's magncetic

field is given by the Lorentz equation

2> = ’
R -
m.‘.i.._:_ =_Z.§( dR x H) .. {(1.02)
dtd . c dt

where H is the magnetic field, m and Ze are the relativistic mass

and charge of the particle and ¢ is the velocity of light.

The components of & along r, {9 and g/Jcan be written as
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Hr e coes (1,03)
1 &V ' ,
f_e —I: é“é . c e (1.0[.#:)

oV | ' ... (1.05)

Here r, ) and ct: are respectively the radial distance co-latitude
and longitude ~nd V is the magnetic potential at the point on the

earth!s surface.
YLt

AT "
veed ) (2) RlcasoGeomarignmt .1
n=0 ™=\

where 'a' is the average radius of the earth, an ( Cos@) are the
associated Legendre polinomials of degree 'n! and order 'm! and
gnm and hnm are the Gauss coefficients. Using the sixth degree
expansion of equation (1.36), Jenson and Crin (1962) have worked
out the Gauss coefficients, Making use of equations ( 1.02) to
(1.08), the cut-off rigidities along verious zeniths and azimuths

for a station caa be calculated.

1.3 Secondary cosmic rays
1.31 " Production

Primary cocsmic rays while passing through the
atmosgphere collide with the air nuclei and the resulting nuclear
interactions produce mesons ( malnly T s '7]’— ), nucleons and heavy

o
mesons. The 7 decays into two '}’ ~ rays wihiich in turn generate

r+

soft cascades. 3 decay into /u: which form thc main constituents

of the penefrating component at sea-level.

1.32 Atmospheric effect

The changés of the atmospheric parameters, namely the



pressure and the temperature have considerable influence on the
changes of cosmic ray intensity recorded at the ground. The
cosmic ray intensity as a function of stmospheric pressure can be
described by an exponential law. It follows that tne counting rate
I, recorded at a given altitude, can b_é corrected for variations of

pressure by the formula

= o A3. ’ e (1
1=1 exp (BAP) | (1.07)

where /\ P refers to the deviation from the mean barometric '

value for the given altitude and § is the pressure coefficient. For
the meson component the pressure coefficient B = =0,14%/mb and
for neutron component g5 -0, ’7%/mb at the e(juator for sea level

stations.

The temperature variations in the upper atmosphere
mainly affect the mescn comrponent. Due to an increase in the
atmospheric temperature, the height of tie meson forming layer
incf"é‘é-ses resulting in on increase in the pxth length of the
mesons reaching the detector. The grecter the path-length, the
greater will be the probability for the /\AmeSOn to decay and hence
the intensity will decrease with the increase in temperature. This
effect is called the negative temperature offect. Tegether with
the above effect there is a positive temperature effect arising from
the competitive processes of g —/‘«Cdecay and nuclear capture of 7
mesons near the production level ( between 100 to 200 mb). As
the temperature cof this region rises and the density falls, more #
mesons decay ~nd fewer interact, since the interaction distance
increases. The result is that with increase in temperature at
these levels more/\{,mesons can reach the ground detector. The
temperature effect for the neutron component is less than

QQ',Q@%/OC change of temperature nenr the top of the atmosphere.



Bercovitceh (1968) hag Ziven a compre.iensive review of the
atmospheric effects on mMmeson and nucleonic Components of

- cosmiic rays,

1.4 Relation between primary and Secondary veriations

Since ground staticns record only secondary cosmic
rays, it ig hecessary to find how t:e Secondary Ccmponent is

related to the primery cosric rays. Several workers have

tried to establigh Semi-erpirical relationships between primary

cosmic rays and their 8ecendary components. ( Neher, 1952,

Treiman, 1952 Sirrpsecn et al, 1953; Dorman, 1957),

. . . i, . .th
The observeq latengity N,)\ {(n) of the i con:ponent of
cosmic radiation ( mesons, neutronsg and soft comiponents) at
a station with geomagnetic latitude N | and height h, can pe

Written ag { Dormen, 1957).

P

i i , L

N)\ (h) = j 2{E) n . (E,h) dE ... (1,08)
fC i

_ N

where D(E) is the differentia] energy spectrum of the primary

particles, l’l‘li (E, h) is the n:,ultiplicity function, defined ag

the number of Secondary particleg of type 'i' at height 'h!

produced by a single primary particle of energy B, and E)(i is

the geomagnetic cut-off energy at the station latitude.

Variation in ?T)\ (h) can result from variations in D(E),
m,(E, h) or ES\ - Tous differentiating equation ‘1. 08) with
respect to all the above parameters, thg change in intensity

cair be written ag



! . e .
6N » (h) . .c i { & D(E) i
. = — =-(p . W, (E,h)+ | - W (E,h)dE

J ° Cmi(E,A) W:L)\(E’h) dE
E)\ mi{E,h)

where

T e T\x’ . . ’ }
W;\ (BE,h) = DiE) m; (E.h) ....(1.10)

i

Ny (h)
is called the "coupling ccefficient between the primary and
secondary variation. The first term on ti.e rigat hand side of
equation /1.09) represents variation due tc change in the
geomagnetic cut-off energy which can he only a smrall contribution
even during large geomagnetic disturbances. The last term can
be accounted for by proper meteorological corrections. Thus
neglecting the chaonge in E(;\ , the variation in 1‘{;\ (h) observed,
after proper meteorological correction, can be expressed as

NS (7 o '
O () )FC LB wlmude ...01.11)
=N

i D(E) A
NA (h)
From the latitude survey of cosmic ray intensity variations,
coupling coefficients for 1 eson and neutron compcnents at
various heights zbove sea-level have been derived { Dorman, 1957 ;

Quenby and Webber, 1969; Webber, 1962).

From the computed values of coupling constants one can

relate the observed varictions in the intensity of secondary
{D(E)

D(E)
the variational part of the primary cosmic rays.

, Which is called the energy spectrum of

cosmic rays to



1.5 Experimental evidence of the time variotions of cosmic

ray intensity

' Cosmic ray meas Lrerpents on a long term basis are done
n’ostly by ground based neutron monitors and meson monitors.
‘These ingtruments measure the secondary cosmic radiation. As
described in section 1. 32 it is possible to correct the intengity
of seconda.ry cosmic rays for barometric effects. From the
knowledge of the coupling constants it is possible to relate tae
secondary cosmic ray variations to the primary variations. The
primary cosmic ray variations can be classified into regular and

irregular variations.

~ The regular variations have periodicities rangmg from
few years to few rﬁmutos They zre (1) 11-year variation which
is in pﬂase~opp051t10n with the 11-year variation of solar activity,
(2) seasonal variztions, (3) 27 day recurrence connected wita
the synodic rotation of the sun and {4) diurnal and semi-~diurnal
variations connected with the rotation of the earth and the
anigotropy of cosmic ray intensity in the interplanetary space.

Dhanju and Sarabhai (1967) have reperted time variations in the

range of a few minutes.

Among the irregular variations we have: (1) Forbush
decreases, (2) day-to~day changes, and (3) sudden increase which
are mostly low energy phenomena and are related to the entry of

solar flare particles.

The most important cause, of these effects which are
discussed in detail in section 1. 7, is the modulation of cosmic ray

intensity due to changes in solar wind and interplanetary magnetic



field. Thus to understand these varlauong in detall it
becomes necessary to investigate the influence of solar activity

on the electro-magnetic conditions of interplanetary space,

1.6 Properties of Iinterplanetary Space

1.61  Solar Wind

Geomagnetic storms have been sttributed to me 1mpaci
of the solar corpuscular radiation with the geomagnetic field
(Chapn:an and Ferraro, 1930) From the observations of ionised
comet tails, Biermann (1 951 ,1952) concluded that the solar
corpuscular radisticn s; 1ou1d be present continually in tﬂe
-interplanetary m edlun Parker (1958, 1960) showed that since
the inner part of the solar corona nas =z temperature of the
order of 106 degrees K, the solar corona should expend hydro-
dynamically against the solar gravitational force, resu]rtlng ina
continuous emigsion of corpuscular matter called the solar wind.
The initial velocity of the solar wind ig few km /sec, at the
photosphere and becomes supersonic beyond a distance of about
10-20 sun's radii and remaing almost independent of the

distance. The solar wind density falls off at the rate of I/Rz.

By means of satellites and space probes it has become
possible to obtain direct evidence of the solar wind in the
Interplanetary medium. The first measurements of the solar
wind were carried out by Cringauz (1 961). The early measure-
ments concernmg the solar wind parameters namely ve1001ty_,
density and temperature have been reparted by various authors
(Bridge et al , 1962; Snyder et al, 1963; Wolfe et al, 1966;
"Gringauz et al (1966) ; Neugebauer and Synder, 1966} ang
Pai et al, 1967 and Fundhausen et al, 1967, 1970).
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The quiet day solar wind velocity is in the range 300-
500 kms/sec near the orbit of the earth with a direction almost
away frdn‘z the sun (taking into account the appropriate correction
for the aberration due to the orbital mdtion of the earth)+ Its
dengity is nearly & protons cm—3 and temperature IOLl'to 105
degrees K. The high velocity solar wind streams have exhibited
a pronounced tendency to recur at intervals of 27 days and this
recurrence persists for several solar rotations ( during
Mariner-II and IMP-T périods) While it has generally been
believed that the uolar wind velocity would exhibit an 11- -year
cycle of variation, Gosling et al (1971) from satelllte observations,
during 1962 to 1970, have observed that the solar wind velocity
does not at all change from year to year and that most of the
years the zverage sclar wind velocity was found to be ~ 400 km/sec.
Detailed reviews on the subject are given by Dessler (1967),

Axford (1968) and ffudhausen (1968, 1970).

1.62 Interplanetary magnetic field

Parker (1958) showed that the interplanetary magnetic
field is the result of the extension of the lines of force of the
general solar field into space by the expanding chiromosphere
and corona. e heg estimated the strength and directions of the
interplanetary magnetlc field under the assumption that this field
is of solar orlgln and is carried along by the solar wind. The
rotation of the sun and the radially moving solar wind stretch

the magnetic field lines into an Archimédes spiral given by

- D 2
oY
Y= V(’;ﬁ_ /_h) ..(1.12)
0
where r is the radial distance, V is the solar wind velocity,

- Ll is the angular velocity of the sun and ¢ is the heliographic
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1ongitﬁdé 1n§ésu1"ed from ﬁ_)é reference longitude ¢O. The

. Archimedas spiral structure of the interplanetary magnetic
field, in the equatorial plane of the sun, i"esulting from extension
of the general solar field by an idealised uniform 300 km/sec
quiét-d’ayéolar wind is shéwu in figure 1.02. From the study

of the arrival directions of solar flare cbsmgic rays McCracken
(1962 a) gave experimental evidence for the spiral structure.
Ahluwalia and Dessler (1962) have proposed that the spiral

field, on an average should corotate with the sun so that the

solar wind could move radially outward,

The streaming angle €, often referred to as the "garden-
hose angle'' is defined as the angle between the field direction
and the radius vector as shown in figure 1.03. At any distance
r from the sun, & is given by

-1 av .. (1.13)

6 =
tan 7

The components of the interplanetary magnetic field are given

by
Re, 2 -
By= Ba( =) ... {1.14)
;o ol |
Bg= 0 ‘ ... (1.15)
o {LRep, Ro, ..
B! B@T( *1:-)811’19 ‘ ...(1.16)

along any given spiral line of force. Here, r is the radial

distance, © is the polar angle, ¢ is the azimuth measured

around the sun, Reis the radiug of the sun and B@is the

magnetic field at tae solar surface. Small-scale irregularities

in the general pattern given by the above equations 1.14, 1,15

and 1.16 are to be expected, as a result of small-scale irregularities

in the solar wind,
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During recent years the magnetic field in interplanetary
' Space has been measured in great detail and accuracy. The '
time reéolution of the magnetic field measurements ig higher
than that of the plasme Mmeasurements in the interplanetary
Space. Even before the golar wind parameters were determined,
the J'nterplanetary magnetic field was measured by Coleman et

&l (1960a,b). The energy density of interplanetary magnetic
field is only' 1% of the solar wind kinetic energy density. The
early measurements of the interplanetary magnetic field were
not very reliable due to contamination by the magnetic materialg
in the space craft. One of the earliest reliable information on
the interplanetary Mmagnetic field comes from the work cf Ness
et al {1964) from magnetometers on board IMP-1 satellite. The
Strength of the field at the orbit of the earth was found to be
about 5Y. The direction of the field on an average confirmed

the predicted spiral structure. The field-component normal to

" the ecliptic plane wag about 1 to 2v and the direction was for

most of the time towards south.

Wilcox and Negs (1965) have shown that the interplanetary
magnetic field is often divided into sectors, the field direction
in.adjacent sectors being cppOSite, one away from the sun and
the other towards the sun. The sectorial s-t,r.:ucture shows a
27-day recurrence equal t¢ the synodic rotation period of the
equatorial region of the sun implying that the interplanetary
" magnetic field co¢'rotates with the sun. Figures 1:04 shows the
aector-structure of the interplanetary magnetic field direction

for solar rotaticn 1784 to 1786 ag observed by IMP-1 satellite.

Comprehensgive reviews on the experimental and

theoretical studieg on this subject have been given by Lust(1 967),
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Fig. 1.04 The observed sector structure of tie interplanetary
magnetic field during November 1963 to February 1964. ( Ness and
Wilcox, 196F).
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Axford (1968), Hundhausen (1968), Deséler (1967), Wilcox(1968),
Parker (1967,1969) and Hundhausen (1970).

1.7 Modulation of cosmic ray intensity

Different medels have been proposed by several workers
on the basis of modulation due to static and time varying electric
or magnetic fields. In this connection it is worthwhile to refer
tc the works of Jznossy ( 1937), Nagashima (1981), Alfven (1954),
Davis (19%5), Morrison (1956), Beisser (1958), Singer (1958),
Parker ( 1958 a, 19686), Ehnt.erf 1960), Sarabhai and Subramanian
(1966), Subramanian and Sarabhai (1967), Jokipii ( 1967, 1968),
Gleeson and Axford (1 968), J-'::kip_pﬁi, (1969), Parker (1969) Fisk
(1970) and Burger (1971),

1.71  Diffusion~convection model

The diffusion-convection model, originally suggested by
Parker (1958 a), is now generally accepted, as it can explain
most of the observed variations of cosmic ray intensity. In this
model the magnitude of the modulation depends on the total
number of "scattering centers' and the diffusion coefficient which
is a function of energy as well as distance from the sun. Due to
plasma instabilities, magnetic field irregularities are produced
which act as scattering centers for the incoming cosmic ray
particles. The depression of cosmic ray intensity at the orbit
of the earth conﬁpared to the interstellar intensity can be
understood in terms of & balance between inward diffusion and
outward convection of cosmic ray particles by irregularities in
the interplahetary magnetic field carried out-ward by the solar

wind. The model prvedicts that the cosmic-ray density U (r), at
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a heliocentric distence 'r!, can be given by

R
U (r) = U, exp [- dr] ' (117
I '

where K is the isotropic diffusion coefficient, V is the solar

i<

wind velocity which ig assumed to be spherically symmetric
around the sun, R ig the radial size of the modulating region
beyond which V = Q and/or K =90, and U, is the unmodulated

cosrmc ray density in the interstellar Space.

The 1ll-year variation of cosmic ray intensity is due
to the veriation of —%E - Similarly the variation of YK@ with
the coronal znd magnetic field conditions around the sun leads

to the 27-day variation in cosmic ray intensity.

The isotropic diffusion coefficient

K =1/3AcP ... (1.18)
where cf is the velocity of cosmic ra ay pa[rticles and >\ is the
mean free path, )\ dependu on the scale length of the magnetic
irregularities and the Larmor radii of the cosmic ray particles.
Parker (1964) h=g shown that g charged particle, moving along
a field line having irregularities, is most effectively scattered
by the irregularities when the Larmor radius of the particle is
comparable with the scale length of the irregularities. On the
contrary when the Larmor radiug of the particle ig small, then
the particle snnply follows the field line and passes smoothly
through the irregularity, while particles of ¢ eppreciably large
Larmor radius are practically unaffected. This shows that the
dlfoSIOn coefficient is a function of P, the rigidity of the

particle. These factg suggest that in general K=f (r, t,P,B)
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where r is the radial distance from the sun, t the time and P

the rigidity of the particle.

The radial size of the modulating region, R was believed
to be the radial distance where the energy density of the solar
wind bzlances the energy density of the galactic magnetic field,
Sarabhai and Subramanian (1966) have suggested that the
medulating region extends upto a distance where %JI' tends to
unity., Here Kyand K, are the diffusion coefficients, parallel
and perpendicular to the interplanetary magnetic field. Jokippi
and Davis /1969) have proposed that the region extends upto a
distance, where the waves, responsible for scattering the cosmic

rays dampen off and K i tends to infinity

The diffugion process ig generally anisotropic since
the cyclotron frequency of cosmic rays is generally more thaﬁ
the scattering frequency. The diffusion along the field line K“
is more than the diffusion perpendicular to the field line K.
For an idealized spiral interplanetary magnetic field, the cosmic
ray density at a radial distance r and co-latitude 6 is given by

Parker, (1 965) .

- 2
_ v ¢ L.Sin 2 2
U(r,e) = Uo exp K- E‘!(Rnr) &1+1/3 ( V% (R™+Rr+r )ﬂ

where UO is the interstellar density, that is the density at a
distance > R, {1 is the angular velocity of the sun and V is the
solar wind velocity. The radial gradient for anisotropic diffusion

is given by

16U _ v (\1-1— r®ri.? gin® i .. (1.20)
ir

U K 3 V2
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, Oﬂa"ﬁllagh;ér' {3.“67) has reported 'mc 1"'1d18.1 intengity
gradient for both protons znd Helium nuclei from 1 A.U. to 1.58
A. U, based on the deta of M. riner IV during 1985. In the
diffusion o onver‘tlon model ’r‘ﬁ s ‘“‘019,1‘ modulation, the inward
transport of particles resulting from these gradients is hals nced
by the outward convection of particles in magnetic field
irregularities curried by the so].ar wind. e has calculated the
diffusion coefficient KH , from the measurements of the radial
gradient cf the cosmic ray 1n’censuy.and the velocity of solar
wind, The estimeted value of Ky=3.2x 1021 cmz/sec for

Px1ov, »

Jokipf}i a 967) has generalized the diffusion convecfion-
processes by considering an energy dependent diffusion coefficieat,
Gleeson and Axford (1 967, 1968) have consider ed the energy
losses in the diffusion convection model and have uhOWﬂ the
intensity of galactic cosmic rays within the golar system can be
related to that at i infinity through an energy loss parameter,

Joklpli (1968, 1967) has relzated the power spectrum of the inter-
planeiary magnetic field irregularities with the diffusion of cosraic
rays. The scattering of cosmic reys at the magnetic tield irregu-~
larities depends cihiefly upon the power in the iransverse component

of the interplanetary mapgnetic field near the frequency fO defined

by
2% VE
T emam——. O /
o = Zw T L.l {1.21)
FAnlie

where 'V i the solar wind velocity, 7) ‘is tue cyclotron frequency
of the cosmic rays, W is the velocity of cosmic rays, Bo is the
strength of the mé.gnetic field and P is the rigidity of the cosmic

ray particle. The power spectrum M ( f ) can be related to
frequency ag

M(f) = or @ , ... 11.22)
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and K”. far a power spectrum of this typ\, ig griven by
2 o]
K = g _uc B Pma . ,,,(1;26)
i 37 B

where ¢ ig the amplitude and o is the slope of the power spe-
ctrum, The rigidity dependence of V“ is decided by the slope a
(Jokip viand Parker, 1958). The observed change in cosmic ray
modulation wag found to be congistent with a corresponding cicngo
in magnetic field powor epectra as cbtained from Mariner-2 and
Mariner-4 dat:. (Toklf)pl 19€8), aoklpbi (1971) has reviewed this

subject in great detail.

1.72  Daily variation of cosmic ray intensity

Extensive analysic of data obtained from ion chambers and
meson and neutron monitors have been carried out by many
Investigators and the exigstence of diurnal and gsemi-diurnal
components in the daily varlatlon of cosmic ray intensity hao
been well establl.;,}}ed. A 22-year variation of the prase and
amplitude of the diurnal vari-tion has been reported by Sarahhai
and Kane ( 2195%), Thar mbyahpillai and Elli—o’c'(l 955), Forbush(1987)
and Wada and Kudo (1 968) MecCracken and Rao (1966) have shown
’clﬁa’c_, on an average, the strength of diurnsl wnigotropy remained
constant during the pericd 1957 to 1965, However, Duggal e al
(1967) have pointed out a decrease of the strength of diuranal
anisotropy by about 28% from 1958 to 1965 Willets et al(1989)
have pointed out that the sverage amplituce of the first harmonic
increased by ~55% from 1985 to 1866 and remained constant
thereafter. On an avérage the diurnal variation in free space has
an amplitude v ¢, 4% with a time of maximum arcund 18. 92 hours

local time ( Bercoviteh, 1963 MecCracken and R Rec; 1966; and
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Faller and Marsden, 1966). Jacklyn and Humble (1965) have
reported that the average diurnal variation is energy independent
within the energy range & GeV to e~ 100 GeV; and that the upper
limit of E varies with the lavel of solar activity. Sandstrom .
et al (1962) have suggested that the diurnal amplitude shows a
Cos N dependence where ) is the mean asymptotic latitude for

the station.

Based on the measurements of the daily variation bver a
net work of super neutron monitors, Patel et al (1968) have
derived the spectrum of variation, the amplitude and the principal
direction of maximum and minimum intensity in interplanetary
space for each day during 1964-65, They have provided
confirmatory evidence tc the four suggestied processes
significantly contributing to the anisotropy in cosmic rays. They
are (1) the -azumﬁthal streaming (Parker, 1964; Axford, 1965;
and Krymskiy, 1964), (2) streaming due to non~uniform diffusion
in a longitudinal sector-structure of the interplanetary magnetic
field (Parker, 1964), (3) sca\ttering at irregularities along the
interplanetary magnetic field short circuiting latitudinal
gradients ( Sarabhai and Subramanian, 1966), and (4) latitudinal
gradients in a relatively smooth magnetic field (Subramanian

and Sarabhai, 1967 and Leitti and Quenby, 1968).

Sarabhai and Bhavsar (1958) have shown, the existence
of a 27-day recurrence of the phase of the diurnal variation.
Patel et al (1968) have suggested that the diurnal anisotropy
caused by latitudinal gradient should reverse as the magnetic
field or the gradient reverses. When the cosmic ray gradient
is such that solar activity to the north of the equatorial plane

is greater than to the south, the latitudinal gradient should
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give risé tc a diurnal anisdfropy with its avefage_direction of

| maximum along 150C hours Wheﬁever the field is directed away
from the sun (+) and along 0306 hours whenever the field is
directed towards the sun(~). They have shown that during
IViP-1 period, whenever the interplanetary magnetic field was
directed away from the sun the amplitude of the diurnal
anisotropy was larger compared to what it was when the field
was directed towards the sun., Venketesan and Mathews (1968)
have reported that enhanced diurnal variation was observed
when the avefage interplanetary magnetic field vector was |
directed out-wards during IMP-1 period.v Sarabhai et al(1965)
reported for the first time that on a majority of days there exist
a virtual sink of galactic cosmic rays along the garden-hose

directicn.

The data from super neutron monitors of very high
counting rate enables one to examine the daily variation even
during a single day, since the statistical uncertainity in a hour's
counting rate is as small as~ 0. 1%. Duggal and Pomerantz(1962),
Kane (1966), Mathews et al (1969), “ashim and Thambyah%illai
(1969) and Kane (1970) have reported that the day-to-day variability
of the diurnal variaticn of cosmic-ray intensity is very large.

The amplitude of the diurnal variation varies from nearly zero to
several percent. For certain groups of days there are large
increases of~ 1 to 2% from the 1800 hour direction and large
decreases of ~v 1 to 2% from roughly the garden-hose direction.
No satisfactory theoretical explanstion of these features is

available at Dreuent

From a study of the time variation of meson intensity

at Ahmedabad during 1957 to 1958, Rao and Sarabhai ( 1961) have
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observed, on many days a diffefence of about 6 hours in the
diurnal time of maximum for east and west directions. However,
they have reported that there are many days on which the daily
variation has a maximum near noon for both east and west
directions. They have attributed this to a modulation by some
local source situated within the influence region of the

geomagnetic field.

Various theories have been proposed by different -
investigators to explain the observed diurnal anisotropy (Dattner
and Venkatesan, 1958; Ahluwalla and Dessler, 1962; Parker, 1964 ;
Axford, 1965 (a) and i rymskiy, 1966). Ahluwalia and Dessler
(1962) have argued that a smooth spiral sclar magnetic field which
corotates with the sun can produce diurnal anisotropy of cosmic
radiation. Tc an observer on the earth, the cosmic ray particles
crossing the stationary frame of reference seems to be aubJected

to an action of an electrlc field.

q
B =

l‘:J v

1 -
— (VX ) -...(1.24‘)'
c

: 2. — .

where B is the magnetic field strength at the orbit cf the earth.

~ Under the action of this electric fleld E and the magnetic field

the observer sees the guldmg centres of cosmic :my par_;cles

- EXB
drift in the directicn B 3 B with a drift speed of VD‘ c 5T -

The cosmic ray particle gains energy as it moves in the B
direction of the electric field and losses energy wien it mov
against the field. The anisotropy due to relative motion between
he earth and the isotropic cosmic ray flux has been derived using
Co:mpton-Gettinsr effect ( Compton and Getting, 193’5) Their model
fits in well with the experimental results on the energy spectrum

of variaticn. But the model suggests that the direction of maximum
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cf the diurnal anisotropy must always be within fhe quadrant to
the east of the sun-earth line, and never in a direction making

an angle more than 9¢° witi: the earth-sun line. This ig in
contradiction with the experimental observations of Bercovitch
(1963). Moreover the particle drift has a component directed
radially outward from the sun which would make it 2ppear that
the sun is a source. Stern (1964) has criticised this model.
According to Liouvillae's theorem, the cosmic ray density in .
phase space should be pregerved in a conservative system (i.e
where 3 x E =0). Hence, if the cosmic ray intensity is the

same in all directions =t any given point outside the solar system,
it must be the gome in all directicns at any accessible point inside
the solar systené. ‘This means that no time independent magnetic
field system (ft—’—g = () can produce an znisotropy such 2s the

diurnal variation.

Parker (1964) hag proposed a model in which there are
two heliccentric, spherically symmetrical regions. The inner
region containing the earth has smooth spirial magnetic lines,
The outer region, just outside the orbit of the earth as its

~innerboundary, consigts of a large number of magnetic
irregularities. In the inner region the smooth spiral magnetic
lines of force rotate rigidly with the angular velocity of the sun,
A= 3x 16*6 radians/sec. The conservative electric field

E) S é— (? XE?) in the fixed frame of reference ( here V ig
the solar wind velocity and B is the spiral field cerried in the
wind) deflects the cogmic rays ccming into the solar system,
producing a density gradient in the direction of L. The resulting
cosmic ray gradient produced in the incoming particle is given

by .
V (Y2 NMW®) + q N9d= o o .o (1.28)
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where § is the clectrostatic potential ( B JL)U N is the
cosmic ray particle densrcy, M and q are the massg and charge
per particle and W ig the particle velocity perpendicular to the

field B. Thisg pressure gradient leads to a streaming U given

by
- I‘F@? 2 :
U =22 xS (Y2 Nw?) ... (1.28)
Bgw -
Sc using equation (1.25) in 11, 26)
>
U=-c(=X2, .(1.27)
. . VB‘J
= -
ZxB

If U is added to tue electric field drift = + c ( which ig

A%}

part of the regid rotation of the particles Wiﬂ’lB the spiral
pattern) there ig no net streaming left, hence no anisotropy.
But the cosmic ray particles have a "random walk' in the frame
of reference moving with the wind, In thig fr'a:me of reference
there is no electric field. This situation leads to diffusion,
which reduces the o pressure gradient. If there ig sufficient
diffusion in the omall scale irregularities to reduce the initial
Y ( 1z I‘TIV"\/\_L) to negligible values, then U = 0 and there
would be rigid rotation with the spiral pattern leading to a
diurnal amplitude of 0.7% and the direction of the anisotropy
would be along the 1800 hour direction. On an average the
observed amplitude of the diurnal variation is a) 0.49%, which
sugges sts that the diffusion wipes ot about half the initial pressure
gradient(r_’ Parker, 1967). Jckipii (1967) has shown that the
small-scale mametlc irregularities in the spiral field observed
by Mariner.IT in 1969 {Coleman, 1966) give % = 1672 for
brotons. Here Kyand K, are the diffusion coefficient, parallel
and perpendicular to the magnetic lineg of force. Parker(1l 967)

has reported that %1“ =107 ig about the right order of magnitude
_.L . .



to account for the observéd amplitude of the diurnal vériation.
Recently, Subramsanian (1871) has suggested that the reduction
in amplitude, 17 cen be explained by the proper choise of
E,m,;\?\ ,‘ the maximum energy in equation (2. 21) and by allowing
/LL in equation (1.30) to have values between 1.5 to 2.5 in the

energy range 2 to 15 CGeV.

Axford (1965 a and 1965 b) treated the above by
congidering the spiral magnetic field lines having small scale
irregularities which cause scattering of galactic cosmic ray
particles. It has been suggested that the main contribution to
the diurnal variation of the cosmic ray intensity is due to co-
rotation of the cosmic ra2ys with the sun The streaming velocity
U pzrallel to the earth's orbit is given by

R AL

i+ (1/W5 8 8)° - 1 1.28)

U =

where W is the gyro-frequency of cosmic ray particle, 7 is the
collision interval, & is the garden-nose angle, (7 is the angular

velocity of the sun and R is the heliocentric distance.

The streaming produces an anisotropy which is apparent as a
- diurnsl variation of the cosr ic ray intensity, with the effective
local time of maxirnum intensity at 1800 hours, and an amplitude

of the variation is~s 0.6% ( Cleeson and Axford 1968). Tais is

caleulated from Compton Getting formula

Amplitude = ( 2 +a) ufe . (1.29)
when the differential energy is of the form

D(E)=A,ETH/ - ,...(1.30)

and/“v= 2.5. This model does not contradict Liouville's theorem,
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- as they have ivoked hon-congervative processes associated with
irregularities in the magnetic field.  Gleeson (1969) has modified

this model.

It has been reported by various workers ( Sarabhai et
al, 1955, Katzman and Venkatesan, 1960; Rao and Sarabhai,
1964; Ables et al » 1966; Patel et al 1968; Hasim et al, 1969; and
- Rao and Agrawal, 1970) that after correcting for the atmospherlc
effects there exists = semi- diurnal component of cosmic ra
intensity. This anisotropy has an amplituder 0. 1% with a
direction of maximum along 0300 hours in space. The semi-
diurnal component is approximately proportional to the first

2
power of the rigidity of the particles and seems to vary as Cos )\ s

rather than Cos \as in the case of diurnal variation,/\\being the mean

asymptotic latitude for the station ( Subramanian and Sarabhai,
1967; Quenby and Leitti, 1968; Patel et al, 1868; and Rao and
Agrawal, 1970). '

Subramanian and Sarabhai (1967) have s suggested that
the semi-diurnal component of the cogsmic ray daily variation
arises as a result of particle density gradient perpendicular
to the ecliptic plane. Viewing in directions parallel and anti.
parallel to the interplanetary magnetic field lines, a detector
on the earth measures cosmic ray fluxes characteristic of the
equatorial plane. Viewing in a direction perpendicular to the
1nterp1anetary magnetic field, a detector samples particles
arrlvmg from higher heliographic latitudes, corresponding to
the gyroradius of the partlcle under consideration. A detector
on-'the spinning earth mes :8ures, in the course of a day, cosmic

ray intensity twice along the interplanetary magnetic field and

twice perpendicular to it. A positive gradient of cosmic ray
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density with increase in. he_liblatitude can give a semi-diurnal
‘component with a maximum perpéndiculz—:r to tie direction of
. interplaﬁetary magnetic field. They have considered three
different types of cosmic ray density distributions with
helio-latitude. They have reported that the amplitude of the

semi-diurnal anisotropy

2 2
r, (P)dp =1/4 gnp? P Cos' A

dp .. (1.31)
2

( 45H)
B determines the over-all decrease between the pole and the »
equator, n deterrnines the rapidity of decrease of cosmic-ray
intensity with decreasing keliolatitude, i is the interplanetary
meagnetic field strength, >\the asymptotic latitude of viewing
of the detector, P is the rigidity of the particle and B determines
the rigidity dependence of the latitudinal variation of cosmic ray
intensity. B is usually less than 2, suggesting a positive spectrum
of variation. Moreover the anisotropy hag:\Coszh dependence.
When the exponent ( 2 - f) is positive, a neutron monitor which
responds to lower mean energy can show a smaller semi-diurnal
component than a meson detector. The same effect could be
seen at a neutron monitor situated at a higner latitude with a
lower mean energy of response than a neutron monitor situated
at the equator. The latitude effect of semi-diurnal component
is further accentuated by its COSZ/\ depe;ndence on asymptotic

latitude of viewing of the detector.

Lietti and Quenby (1968) and Quenby and Leitti (1968)
have proposed a more or less similar mechanism to explain the
semi-diurnal anisotropy. They have considered an interplanetary

field model in which particle scattering centres are superimposed
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on the quiet time spiralvpredicted by Parker. Galactic particles
arriving over the solir poles experience easy acce.ss', since they
diffuse along almost straight field lines, but those entering in

the solar equatorial plane are constrained to follow many spiral
loops. Thus the cosmic ray density should increase on each
side of the solar equatorial plane. An anisotropy should be seen,
with maximum amplitude, at right angles to the mean spiral field
direction for the particles, arriving in those directions, having
gyroradii approximately one Larmor radius above or below the
equatorial plane. They have shown that the peak to peak
amplitude of the semi-diurnal variation.

-

A, 7y 0,005 P% .. (1.32)

where P is the rigidity of the particle.

1.73 Study of cosmic ray daily variation at Trivandrum

A study has been made by the author to gather
information concerning the daily variation of /Ukmeson intensity
at Trivandrum, which is clcse to the dip equator, with inclined
east-west telescopes and vertical narrow angle and cube
telescopes during the pericd 1964-1966. The experimental set
up for the study, the method of alqaljsis of the data and th’e
main results arrived at from the study is reported in Chapter-it

II-



CIAPTER - II

2.1 - Experiniental technique

2.11 Introduction

In April 1963 the author undertook tie construction of
directicnal Ceiger Counter telescopes pointing to east and west
directions at Pihysical Research Laboratory (outstation) located
in the Observatory, Trivandrum ( geographic latitude 8. 4O}N
and geographic longitude 76. QOE) wiich is close to the dip
equator. The unit functioned from January 1964 to December
1966. The author also maintained vertical meson telescopes
~which were already in operation. A description of the

experimental set up is presented here.

In an ideal gituation the experimental set-up should

have a counting rate 1~ rge enough to enable to study on a statisticall A
significant basis, the daily variation on individual days and also
he day-to-day variations. The lin-itations imposed by the
available facilities and difficulty of running Geiger Muller
counter telescopes successiuily for an exteaded period of tirze,
may not allow one to realise this sort of ideal set up in practice.
Since self-quenched counters have limited life, counter failurcg
are not uncommon and duplicate sets of telescopes not oaly sa2rve
to improve the statistical accura cy of the result but also enakle
one to standardloe and normalise tihe rates Wﬂeﬂ the counting
rate ig altered in cne of the telescopes due to replacement of a
faulty counter by a good one. Satisfactory operation of the
unit can be Judged by inter-comnpariscn between the independent

units of the same geometry in the same direction.
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For the study of the behaviour of long term changes of
cosmic ray intensity, the long terir stability of the unit is
essential. This necessitates the regulation of all A.C. and D.C.
power supplies. Counter faiiures can be minimised by using
external electronic quenching units  Proper shielding, Whesxe
ever necessary, is done to avoid undesirable spuricus

electrical pick up.

2.12 Ceiger Muller Counter

A Geiger Muller counter ig g gas-~filled diode whicn
operates in a region of the unstable corona discharge. The
passage of a single ionozing particle produces a few ion pairs
in the sensitive volume of the counter The free electrons
trigger an avalanche and a discharge which rapidly spreads
throughout the length of the counter. The discharge lasts only
for a few micro-secondg and finally gets quenched due to the
development of pogitive Spece charge near the central wire.

As a result of the discharge 2nd quenching of the counter, a
small voltage pulse is developed across the counter, which

can be suitably amplified and recorded. The quenching of the
diSCharge is helped by the addition of a polyatomic vapour such
as ethyl acetate to the counter gas, The decomposition of the
qQuenching vapour following each diSCharge sets a limit to the .
useful life of the counter. The important property of Geiger
Muller counter is that the magnitude, duration and general
character of the 'discharge is independent of the specific ionising

power of the initial particle.

The important characteristics of a Gieiger counter are

the threshold voltage, the length and shape of its plateau,
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efficiency, stability with use and time, Vtemperatur'e dependence
and useful life. All these features.cannot be achieved simulta-
niously to the maximum degree. Méntegomery (1940), Wilkinson
(1950) and Korff (1 955) have studied extensively the theory of

counters and their characteristics.

We have used metal counters in the present investigation
and all the G. M. counters were prepared at Trivandrum and
the author was closely associated with tie construction of all the

G. M. counters used in the units,

2.13 Geometry of the apparatus

To study the time variations of cosmic ray intensity
the author has designed and constructed directional eiger
Muller counter telescopes pointing to east and west directions
at 45° to the zenith. Figure 2.01 shows the geometry of the
east-west telescope; Each unit consists of three trays of eight
G. M. counters with an absorber of 10 cm of lead plates
interposed between the middle and bottom trays. To increase
the counting rate, long counters of length 91 ¢cm and diameter
3.8 cm are used. The distznce between successive trays is
45.5 cm. Four adjacent counters are connected in parallel

and their outputs are fed to one quenching unit.

The block diagram of the electronic circuits used in
each section { same for both east and west) is shbwn_ in figure
2.02. Here the symbols have the following meaning. 'Q' stands
for quenching unit, 'M' for mixer circuit 'C'! for coincidence
and 'S' for scal'ar unit. C2 gives a triple coincidence output of

Q/l’ Ql// and Q/l// which is fed to S, forming a 10%x45°

2



Fig. 2.01 Geometry of east-west teloptopes,
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telescope . Similarly C gives a triple coincidence output of
Qé , Qz// and Q/// Whlcfl is fed to S forming another 10 x45
telescope, 1\/11 ‘M, and M_ are mixer circuits for ( Q/ + Q/ )s
Q// + Q// ) and /Q/// + Q/ / ) respectively. C glves a
triple coincidence output of I\/Tl, M2 and M which is fed to S
for-mmg a 20%% 45° telescope. The scahng factors of Sl’ S2
and 83 are reSpectlvely 16, 4 and 4. The set up is identic_:al

for east and west telescopes.

The geometry of the cubical meson telescope and the
vertical narrow angle telescopes is shown in figure 2.03. The
Unit consists of 48 Geiger Muller counters each of length 61
cms and diameter 3.8 cm. In each tray there are sixteen such
counters arranged with their axis along the geoinagnetic north-
south direction. There are three such trays as shown in the
figure 2. 03. The separation between the top and the middle
trays is 23 cms and that be’cween middle and the bottom: is 61
cms. The entire sensitive B rea between the middle and the
lower most tray is packed with 10 cms of lead to filter out the

soft component in the secondary cosmic rays.

The block diagram of the electronic circuits for
vertical telescopes of 45° x ¢5° and 10° x 36° are shown in
figure 2. 04, Groups of four adjacent counters of the top tray
are connected in parallel to quench iing units Q/, Q/, Q/ and Q/
Similarly for middle and bottom trays Triple coincidence of
Q/ Q‘l// and ¢ ’“/// corresponds to a telescope of semi-vertical
angle 10° in the ea.at~west plane and 36° in the north-south plane.
Thus we have four similar independent coincidence outputs of
1 CZ’ CI3 and C4. The outputs of C1 and CZ

are mixed in Ml and is fed to scaler SZ' Similarly the .outputs

1¢° x 37° namely C
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of C, and C are mixed in V. and is fed to scalar S.. The outputs

from Q// Q// Q// and & "//L are fed to mixer M agnd similarly
Q /// Q, /// Q, 111 and Q/// to M,. The double coincidence
M and M is acnleved through nom(:ldence C and the output is
ted to Sl’ formmg the cube telescope of 45° x 4._! geometry. The
scalling factors of 5 Sy S2 and S3 are respectively 128, 8 and 8.

The narrow angle telescopes have independent power supplies.

The outputs from various scalers, both east-west and
vertical telescopes, zre fed to different electro -mechanical
recorders which are kept inside a light proof camera box. An
automatic photographic devide is used to obtain nourly records

-of cosmic ray intensity. All the units Vare designed to work from
stabilised D. C. supply voltage of +300 volts and -75 volts. The
details of the different telescopes along with the counting rates
and probable errors in the amplitude of the daily harmonic G‘?,are
given in the table (2.01)

TABLE 2,01
Details of different teleacopes showing bitourly counting and
probable errors in r.

—-—--.—--..............n.q-....,..‘..._..- ___________________ el LS a.»..-‘—

s | Ioioounty [ scang [ (o
45%45%y 85200 123 MEEP?
10%45%v 14400 8 Tlaa
10°%x45° K 5200 4 I osn
20%x45°E ' 2806 16 T as
10°x45%w 6200 4 T 52
20%%45%w 11560 16 BT
. DI S T

L4 R00 -
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2.2 Method of analysis’

2.21 Data procegsging

From the hourly pnotographs of the mechanical recorder
for vertical cube telescope(45 x45 ) reading for 00.00, 01. 00,
062.¢0, .... , 23 00 hours local tinze are noted. The difference
between successive readiiqgggivea the hourly }V meson intensity
.of cosmic rays centered at Y2, 112, 212, | 23Y2 hours. In
the case of vertical ( IOOXSGCS, east ( 10° x 450), east { 20 X4"O),
west ! 100x 450) -and west { 200x450) telescopes readings from
recorders fof odd hours namely 23,00 ‘previous day) 01.00,03.00,
«.. , 23.00 are noted. The difference between successive
feadings gives the kihourly /\/Lnieson intensity centered at G0, 00,
02.00,.... , 22,00 hours local time, recorded by the particular

telescope. .

2.22  Test of self consgistency of the data

The data fron: 10°x36° vertical, 10°x45° east and 10%x45°
west telescopes are subjected to the test of self consistency in
the following way. Consider tue series of bihourly values of two
identical but independent telescopes, a_, Bgs e, a1 and b1

1

by, ...., bﬁ . A third series c sC is obtained by

2° 1> %2°
subtractmg tt e flI"o'L" series from the second. In the ideal
situation L ¢, = 0. However in practlce it is seldom achieved,
due to sllght dlfferences m geonjetrlcal set up and circuitary.
The mean values of <, i.e. }__ c. /n may i lave a value ‘d' which
is different from zero. The variance, and (:_*7_ of the
tWo series 'a' and 'p! may not be the same, and Ga the variance

J-,.
of '¢' series will be equal to (G| +G4_ ). If one assumes a



normal dlstrlbutlon for the 'e! serles then the prokability that

any c value exceedu al 2405 is 4.6%. If there are more than
+ oo :

4.6% ¢, values which exceed d -/ f} » then the individual

series 'a' and 'b' are further checked for any systematic error.

2.23 Normalisation of cosmic ray intensity

This is done when a finite number of bihourly values from
one series are either not reliable or not available. If the 1tn
value in the 'a' series is missing due to some known cause,

- then the normalised value ai can be obtained from the five

preceding values of 'a' and 'b' series.

ai5+a, +ai3+a12+ai1
a; = by X pe——res b, . +b, .~ Th . P XN ..(2.01)

1-5 7 P54 T Piag TPy T

Von the other hand if there is a level change in the mean
intensity, due to change in sensitive area or efficiency of the
detector ( this happens when a G. M. counter is replaced in
one of the sets) a new normalising factor NZ is found by using
tho relation

a, +a, +a, +a +a :
+5 + + + i
N = _it5 i+4 i+3 i+2 i+1 ..(2.02)

+
2 By TPy R B F D

. . .th ' . .
The series 'a' after the 1Jc value is normalised by multiplying
N1 :

the values by 5

This procedure is adopted after evvexfj} break

in the data.

2.24 Pressure correction to cosmic ray intensity

Wada (1960) has calculated 't}-xeoreticallty the total
barometric coefficient ag a function of momentum, zenith angle,

latitude and altitude, using momentum spectrum of mesons
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For an equatorial sea level station such as Trivandrum, the
pressure coefficient is~, -0, 14%/m.b. for vertical telescopes.
Moreover, Pai (1962) has reported = pressure coefficient of

-0:14%/m.b. for mesons of vertical incidence.

To derive the pressure coefficient for/u,meson intensity
“in inclined directions, two factors have to be considered,
Apart from a factor sec 8, related to mass absorption where 0
is the inclination with the vertical, one has a factor related to
the difference in the mean energy of radiation incident from
inclined directions which alters the survival probability of the
secondarieg ’Rao end Sarabhai (1961) have suggested taat the
change of barometric coefficient wits inclination is expected to
be quiet small. They have used the same pressure coefficient
for east, vertical znd west telescopes. Considering these, in
the present study a barometric coefficient of -0, 14%/m.b,
Is used to correct the cosnic ray intensity along vertical and

inclined directions.

2.25 Elimination of the long-term trend in cosmic ray intensity

The data corrected for pPressure variations sre subjected
to moving average to Separate out the daily variction from
changes which have periods of more than a day. For bihourly
data the average velues of cosm.ic ray intensity are found out as

. N

66-5=%-2- Xci .. (2.03)

S
Where Ci -4 are t}'lie bihqurly values and bar donones the average
Which igs centered at 6. Sth bihourly or the value corresponding
to 13 60 hours. Simlj,/],arly
& _ e

7.5

5,

;. Ci .. (2.04)

9=

;{»—a
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which is centered at 15.00 hours and the mean of these two
averages is centered at 14.00 hours. Ag the calculations are
continued for other bihourly values, successive means are
obtained which are devoid of any periodic variations, with period
of a day and harmonics of it. Tlis series therefore represents
the long term trend of cosmic ray intensity. This trend is
removed in the series, which therefore contains only short

term variation with periods of a day or less.

2.26  Harmonic analysis

Every function satisfying certain conditions can be

expressed as an infinite series of circular functions.

£

Fm =a \T' fa_ cos (nt) b Sin(nt) ) ... (2,05
where an, b are the coefficients of the ntml harmonic.

m-\

The following expressions are used to detern:ine the

coefficients,
s
‘. e e
aozi’\,;.—_, 2’* }‘*--'fx ..(206)
"o
o
% T L C Costonk), o)
,_.i‘:l
9 X ..
byt 2T Cu Sie (mED. . (2.08),
ﬂ '
D=

A th
The amphtude r, and phase 7/}‘] of the n” harmonic are found

from the relation,

ro Cos ( nt - '\7%1) = an Cos nt + bn Sin nt) .,..(2.09)

from which it follg_x_ivs that
/2 TE N n \
r \/én +bn and 7511 = arc tan = ce..(2.10)

n



The first two harmonics are sufficient to study the
daily variation of cosmic ray intengity Fromn: the harmonic
omponentu of first two harl onice namely a 2y bl’ 9“2 and b2

a daily Luilt up curve can bz d;rlved using the relation

= + int, + os 2t, + Sin 2t, ....(2.11
Vi a, Costi b1 Slnti a, Cos ti b2 in 2 tl (2.11)
' From the theory of probability it is found that the
distribution of a_ and bn are gaussian if the hourly or bihourly
values have also the same distribution The standard error of

the various harmonic coefficients are

2. i C,’:L' 2. P
o =G o . e '
DO o= L for bihourly and ™ L for hourly (2.12)
& 2
Where( is the standard deviation of bihourly or hourly values.
oo > Y,
M TRy = Gﬂ and . *r’ B \\-:-‘-—-—‘i\—— e (2. 13)
Ve
The error in built up curve is \/ YRR ce. (2.14)
2.27 Correlation analysis

Wiien variables X and Y are correlated rather than
functionally related, one could no longer speak of a 'best!
Y-value to correspond to eackh ¥-value but only of a nost
probable Y-value about W iich observed values may be distributed
according to some frequency distribution law. Obviously, the
closer the observed values are to thie most probable value, the
more definite is the relationstip between X and Y. This
postulate is the basis for the various numerical nteasures of
the degree of correlation. The correlation coefficient is

glven by

{“/?,t\z:( )’ EV 2 , ... (2.15)
~..‘l"l"‘ (2 7“ —~ S : |
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he error in correlation Coefficieht is given by
F LT '
o \f’r._/- : - .(2.16)

Generaily, two regression lines can be calculated for the case
of two correlated variables; (1) the regression line of Y on X -
the least squares line obtained on the assumption that X values
are exact, and (2) the regresgsion line of X on Y -~ the least

squares line obtained on the assumption that ¥ vzlues are exact.

The slopeg are

c ;o
w! - X £) ;‘* ) e (2.17)
(X -X)
!/ - e AV > V
ol 2)Y - ¥) ... (2.18)
1 (Y - 7 )2
The slope m is then
1 / '
= =
m 7 (m +.1_//) .. (2.19)
m
2.3 Results and discussions

2.31 Introduction

The daily variation of cosmic ray intensity has been the
subject of extensive investigation, mainly because of the
information it can give about the anisotropy of the primary
radiation and the modulation mechanisms responsible for their
production. Continuous monitoring of the intensity, has been
made through the recording of secondary radiation at sea-level
or mountain altitudes, with the help of neutron monitors,
ionization chambers, Geiger-counter telescopes and plastic
scintillators. Adequate corrections have to be applied for

atmospheric influences and deflection in the geomagnetic field
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in order to relate the observed variations to those in the primary

variations. This is discussed in sections 1.32, 2.24 and 2. 32.

In spite of the difficulties in correcting the/\«”\meson data
for temperature variations, counter telescopes possess an
advantage over neutron monitors in their ability to record the

cosmic rzy intensity along different directions.

2.32 Variational coefficient and its application to the daily -

variation of cosmic ray intensity

Cosmic rays, detected by instruments on the surface of
the earth, are subjected to geomagnetic deflections and they
come from: directions scattered over a large part of the celestial
sphere. Dorman (1951) has developed the concept of coupling
coefficient to relate the variation measured by a detec_tor to the
strength of the anisotropy in space. McCracken et al ( 1985)
have evaluated the variational coefficients for neutron monitoré
for several stations. The author has used their method to
compute the variational coefficients for/‘{- meson intensity along

vertical, east and west directions for Trivandrum station.

The energy spectrum of variation of the prinary anisotropy

can be represented by the relation

= aEB for E max 7 E ) E min ... (2.29)

In the present work, for ezch detector the author has used in

equation (2.20) geomagnetic cut off energy as E and

minimum

250 BeV as E . . The choice of 250 BeV asg E ,
meaxintum max

eventhough arbitrary,  has some physical significance. For a
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5'finterp1ahetary magne.ti'c field, charged ﬁarticles of energy

225 BeV have a gyroradius of 1 A.1J, Tie choice of Emo is

still an unsettled problem ( Subraménian, 1871), The cut off
rigidities for Trivandrum for different zenith and azimuth angles
using sixth degree simulation of the geomagnetic field have been
calculated following the computer procedure used by Daniel and
Stephens (1966). Figure 2.05 shows the variations of cut off
rigidity with azimuth, for different zenith angles for Trivandrum.
The cut off rigidity for east ( zenith angle 450) ig 2.5 B.V., for
vertical is 17.4 BV and for west ( zenith angle 45°) is 12.7 BV

for Trivandrum.

Using sixth degree simulation of the geomagnetic field,
the asymptotic directions (. VPN ) for particles of rigidities, Rk
from cut off to 750 BV along vertical and inclined directions for
T'rivandrum are available (McCracken et zl, 1965). Extrapolated
values are used in the present work for zenith angles greater
than 320. The errors which could creap in the values of Y and >\
for given rigidities are negligibly small for rigidities above 20 BYV.
However in this process, very near to cut off rigidity along west,
for zenith angle 55° the uncertainty is as high as ! 3°. Since the
rigidity resolution (IQSY - 1C, 1965) at the cut off rigidity range
is 2 GV this error is not at all important. To avoid any
controversy the longitude resolution for the variational
coefficient is restricted to 50. Figure 2,06 shows the asymptotic
directions of approach for the primary cosmic rays with energies
from geomagnetic cut off along respective directions to 750 ReV
along east ( zenith 450), west ( zenith 450) and vertical at
‘Trivandrum. It can be seen that all the detectors scan the near
equatorial regions of the celestial ephere ( -6° to +11°

asymptotic latitudes).
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Thé variational coéfficient A% (50, 6] Which gives the
reiative contribution to the counting rate from the asymptotic
longitude belt between (Pand (4P v ) for B, the exponent of
- the variational part of the energy spectrum of variation of the
primary anisotropy, is given uy

2505V, T R o
V(£,8) =/' "/lﬁ W(R,) g3 ¥ (Wé’ _Rk) cOs)\de. d XN
Codoby WL Y(4”’R1<) L (2.21)

Here W { Rk)s are the normalised coupling coefficients, after
giving due weightage to the radiation sensitivity of the detector
along appropriste directions. Radiation sensitivity of vertical
and inclined telescopes hé.ve been calculated using the procedure
outlined, by Kane and Rao (1958, 1960). The coupling coefficients
for vertical direction have been obtained from Webber ( 1962) and
those for inclined directions from Rao and Sarablai (1 961). AThe
function YL, Rk) is evaluated in the following way. The
Y ( 4W,Rk)

regions where i = A values from -90° to +90° at intervals of 5°

celestial sphere is divided into 2592 units of { )L )
latitude and j =¥ values from 0° to 360° at intervals of 5°
longitude. For a particular value of R = R, ifa particular {134
is accessible from the direction ( 8, §# ) where 0 is the zenith

and ¢ is the azimuth then RS ?'n';i Rk) is counted as one, otherwise

T Y{ 47, R ) _

it is counted as zero. The k/ sum of all the values namely
28 N <M
S| V€045, RO || Y (s R
A LY O R ¥ (AT R | e (2.22)

Cos Aappears in equation 2. 21 is due to the assumption that
the anisotropy has a Cosg /\dependence. Ti.e relative amplitude

th |
of the j° harmonic, R, is given hy

i8

R, = '
Rig = A By | , L. (2.23)



46

where A,  is an arbitrary constent and -

iB
B N ... (2.24)
B M T T T8
. 2T ‘
XjB = / V(L,D,B) Sin (j ) df ... (2.25)
(4 I .
i
Yip 7 ',/ V (L, B) Coe (34 d .. (2.26)
tany . = XjB ' ...(2.27)
iB v
is
. . . .th . A
The geomagnetic bending for the j harmonic is f’;xgﬁ where
f ot
et ~ . . ' ’
e = ¥iB - jL  hours \
J' iB ""'1'3'—3-—- ...{(2.28)

L ig the station longitude ( 76. 9 © for Trivandrum)

The relative amplitude and geomagnetic bending for
B =-1.21to0 +1.0 at intervals of 0.2 have been calculated for
vertical and east and west pointing telescopes inclined 45° to

the zenith at Trivandrum.

Rl West
Figure 2. 07 gives the expected ratios 5 et and

R, West | 1

2 7" for different values of B. It can be seen that the ratic
R, East

ZR v
of "1W  decreases with incrcase in the value of #. Also in

RiE

figure 2.07 is shown the geomagnetic bending for easgt, vertical

‘and west telescopes. Table 2. 02 gives the computed values of
) . : 2 - : e 5 .

(%lw CPIE)’ the difference in the phase of the 1st harmonic

between west and east for B values from -1.2 to + 1 .0. For

values of 8, from +ve to -ve it can be seen from table 2. 02 that

(:FIW - 7L1E) decreases.
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TABLE 2. 02

Computed values of the difference in the bhase of the first harmonic between
west and east for different values of 3

T s e e e s e e e e e v e e e e o

...--——--———..-......._.ua_-._...__..._.-,___...-n........_-..——-.-._._._.,.-...—-_..._1...._—..._._—_......_....._--.

3 4.5 4.7 4.9 5.2 5.4 5.6 5.8 6.0 6.1 6.3 6.3

2.33 Determination of temperature effect to the daily variation of

cosmic ray intensity.

A Modulation of/4 meson intensity due to temperature variations
in the upper atmOSphere hag long been established. However, the 7
evaluation of its contribution to the daily variation, poses many'problems
(Sarabhai et al, 1853; Wada and Kudo, 1956; Dorman, 1957; Quenby and
rPhambyah@ﬂlal 1960; Wada, 1961; Bercovitch, 1965; and Bercovfcch
1968). Because of the relatively small amplitude of the diurnal and -
semi-diurnal variations (- €.4% for diurnal 'mdf\f 0¢1% for semi-
diurnal) in the da11y variation of cosmic ray 1n1,en°1ty, special care is
required to correct for varintions which are of atmospheric orxgm In
the case of a meson component, the diurnal temperature Varlatlon in
the atmosphere is expected to produce an intensity wave with a time of
maximum during early morning hours, more or less opposite in phase
to the observed diurnal time of maximum of the primary ’\nlsotropy of
cosmic rays, which ig ‘approximately along 1800 hours local time

(Quenby and Thambyah/#illai, 1860 and Bercovitch, 1968).

Temperature effect for the neutron component is less than

"0'0'2%/ C change of temperature near the top of the atmosphere and



a9 -

for all practlcal purpose, thls effect can be neglected (Berecovitch,
1968). Thus 1t is pogsible to estlmate the anisotropy of cosmic
rays in interplanetary space, from the daily variation of the
neutron intensity measured ot a net work of stations with neutron
monitors . The variational coefficient calculated in section 2. 32
then provides a means of translating the anisotropy in
interplanetary space, to the respective telescopes for Trivandrum.
The difference between the observed pressure corrected daily
variation of M-meson intensity and the evaluated daily variation

at the telescopes, can be attributed to a temperature effect on
the daily v;ariation of /U meson intensity along with any other
local source of modulation which may be affecting the cosmic

ray intensity.

Pztel, 1970 and Patel et 2l, 1968 have reported the
direction and amplitude in Space of the diurnal and sen:i-diurnal
anisotropy and B, the exponent of the variational part of the
energy spectrum of the primary anisotropy, on a day~to-day
basis. To compute the above parameters they analysed the data
of neutron monitors from Churchill, Deep River, Sulphur

Mountain, Climax, Dallas and Hermanus.

The method employed by them is as follows. In
determining the energy spectrum of variation, 36 combinations
of #( ~1.2 to +1.0 at the interval of 0. 2) and E in (%, 4 and
8 BeV) in equation (2. 20) have been consmered For each
comblnathn of 8 gnd Emin the attenuation factor a. k by which
the amplitude of the J harmonic is reduced with respect to its
free space value and the effective geomagnetic bending anglej" ik
have bheen calculated for a station 'i'. From the observed diurnal
and semi-diurna] components ( aj, bj) the free space values

( denoted by *) have been estimated following the method of



Sarabhai and Subramanian, 1966

a, X, .~ b.. Y.

* o _ 13 Tijk ij “ijk o . (.99
aijk az co..{2,29)

’ ijk
« 8 Yoo b X
b =l 1 e (2.30)
ijk 2

a ..
ijk

= ooerT. L, 2.31
B = K €08 Gy (2.381)
Y. = sin . 2.32
Yie T %k Slfl ijlc ( | )

A measure of the goodness of the fit of the calculrted values for

an assumed value of k with the observed values, from differént

detectors is given by
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where the bar denotes valueu)aver(..ged over all stations. The

denominator represents the variance of the corresponding terms

in the numerator and is givcn by
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The spectrum which gives the minirrum value of SE 1s considered

to fit the data best.

Even though 36 different spectra have been considered,
the inherent resolution that is possible in discriminating between
>

Spectra hag to be taken into account, Tre stondard error cf S mm
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namely (X (N) is used as a criterion. )( (N) depends on tie
number of stations, N. In = group of spectra for which S& values
[ |l
differ from Sinin by more than '\7(\ (N), the value of EZ for which
the minimum occurs, is deemed to he the spectrum of choice.
On the other hand if the range of 82 ;ff)r the different spectra on
a particular day does not exceed ~)< (N), then the determination
of the energy spectrum is impossible. By setting up an upper
limit of Szmin it is possible to igolate days on which major
Forbush decreases have occurred or when data from one or
m.ore of the stations ig errstic, With these as ground rules, a
spectrum corresponding to S?nm and one or more equivalent
spectra are identified for each day. Takle 2.03 shows how the
days h=ve been ciassified according to the energy spectra of
variztion of the primary anigsotropy along with tie total number

of days in each group during 1964 to 1964.

Using the computed values of s by, 89 b2 and as
described above ( Patel, 1978 and Patel et al, 1968), the
author hes computed the expected amplitude and phase of the
diurnal and semi-diurn=1 components due to primary anisotropy
at the respective instruments ( 2long east, vertical and west
directions) at Trivandrum on a day-to~day basis during the ,

period 1964 to 1966.
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" TABLE 2.0

Classification of days according to energy spectra of variation

 and the total number of days in each group during 1964 to 1966

- A e e - e o . ._..-..-........--_...........—....-.._-....-.-.__--.—.-.-_-...._..._‘........-...-_-—-.—

. of
Classification dN: soln Exponent of the energy spectrum of
y variation
each
group
B = — 166 B =~0.6t0 -1.2 with E_, =2,4 and 8 BeV
min .
5=0.0to -0.4 with E . = 8BeV and
min i
B=-0.4withE , =4 BeV
min
545 0 944 b =+0.41t0 -0.4 with E =2 BeV
’ f=0.2with B ., =4 BeV
min
B =+Ve 222 £ =+1.0t0 0.8 with E_, =2,4 and 8 BeV|
9
Ambiguous 464 S"< X (N) and
>
Smin # 400 ( in arbitrary unit)

The method employed to compute the expected amplitude and
phase of the diurnal and semi~diurnal anisotropy is smnllar to the

method suggested by SaI‘Clbhcll and Subran:anian, 1966,

%

Leta. i3 amd b i are the harmonic Con”poneu’cc descrlbmg the

daily vafiation of cosmic ray intensity in free space %nd aJ and hJ
that expected at the instrument for the Jt hermonic of the daily

variation. They can be r-elated as

a =gt . o .
1? >-373 BCO ?7J 313 QJB bin 7 iB .. (2.29)
‘ a Ze 30)

. ‘ i 7T
j JB QJBCOSJ g~ Q‘d jBSln'jB (2
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where aj(‘ ﬁnd 73 are tue attenuation factor and the neonﬂngnetlc
: - Qn
bending angle of the Jt harmonic And B is the exponent of the

spectrum of variation.

Table &,04 shows tae aveilability of good data from
cosmic ray detectors at Trivandrum during tae period 1964 to
1966. Frequent power failures at Trivandrum not only disturb the
continuous operation of the units ut also increase tie frequency
of failures of the G M. Counters. Humidity at Trivandrurn.is
generally high, with the result difficulties were experienced, at
times, due to electrical pick up. The plateau characteristics
change earlier with 91 Cm counters, which were in operation in
east-west units tian with 61 Cm counters, which were in operation
in vertical units ¢ With the i*esult the continuity of .data is more
often disturbed in east west telescopes than with vertical

telescopes. This can be seen in table 2.04.

A comparison between the observed pressure corrected
daily variation and the expected daily variation would repreoen’c
the modulation of/lmeuon intensity due to temperature variations
in the atmo.:pnere together Wl’m modulation due to a locz1 source
of non meteorological origin, if there is any. The methed adopted

here is similar as that reported by Meir and Sarabhzi (1967).

In the present analysis, the author has used those days
when the primary anigotropy responsible for the diurnal variation
is same as primary cosmic ray spectrum { § = @) during the
period 1964 to 1966. During the period 1964 to 1966 for those
days the diurnal =nigotropy had an average amplitude of v 0. 4%
With a time of maxirmum around 1800 hours in gpace (Patel et 21

1968). The selection of such days is justified for the reason that



TABLE 2. 04

Table showing the availability of good data from cosmic ray telescopes at
Trivandrum

R R e Rl T T —— w-._.-.A..—-.,.-......_...—.g.._-._..._..-.’-..._..._._...,..u.u-......-....... e Ao e e e

45x45° 1964 2 28 31 30 26 19 24 24 21 28 27 29 316
Vertical 1965 16 25 3 ¢ 25 13 25 22 28 31 28 27 293

1966 28 26 25 17 23 17 23 28 28 20 25 31 291
10x38° 1964 27 23 27 27 21 286 29 19 25 26 30 27 307
Vertical 1965 21 24 28 350 11 ¢ 26 26 30 28 25 290

1966 31 28 27 15 18 28 28 29 28 23 23 31 309
10x45° 1964 -- -~ o 27 .. 2 21 22 21 29 28 27 182

T e e e e e e e e e e e e S, e i e T JL U USSR

20x45° 1864 -- - -~ 18 .. .. 16 19 17 -- 13 19 102
East 1965 27 25 19 25 .. 18 25 03 30 351 24 20 247
1866 24 25 27 18 27 26 27 11 94 26 15 06 958
10x45 1964 26 17 24 28 -~ 26 20 27 30 20 21 26 268
West 1965 27 25 27 .30 28 35 12 26 26 31 24 14 295
1966 16 28 27 51 22 80 37 55 12 11 17 -- 238

--....-.........‘.--.h...._n....-..-.__....__-.--._...,.....,.-...-....-_.....v_..._..mA.»v.......,,.....-_.......-..._...,.—--......_..-........-.

T N i e o o - U TR M e e tm e et e e e ) - -
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the physical processes, capable of producing diurnal anisotropy
of galactic éosmié rays in interplanetary space are well under-
stood. Theoretically for such days tiie diurnal a anisotropy has
been expL ined on the bagis of azimuthal drift of cosmic rays
(Parker, 1964, 1867; Axford, 1965), Moreover in the present
study, the temperature effect for days when B is either positive

. or negative cannot be evalucted so accurately as can be doner for
days when 3 is zero, due to the following reasong, It can he

- seen from equation 2. 21 that the variational coefficient, (/ B)
s a function of the coupllrm const’mts rigidity to the power ﬂ
and also to the cones of acceptance of tihe detectors. When By s
the computed values of the relative amplitudes are directly
comparable. But when 8 is negative or positive, unless the
value of B is ex‘creme'ly Accurate, large errors could creep in
while translating the anisotropy in free space to the respective
telescopes at the station. Another error which is more important
is that, for the determinaticn of the energy spectrum of variation
as explained earlier, Patel et al (1968) have used either 2,4 or
8 BeV as E min’ Where as for Trivandrum Station E min for west
(4-50) =12.7 BeV, for vertical =17, 4 BeV and for east (450) =
29.5 BeV. This will introduce further uncertainties while
translating values. from space to instrument for days when Bis

-ve or + ve ( but not so when B =0).

It can be seen from table 2. 01 that the standard errors
in the dzily harmonics renges from 0.14% to 0.57% ( 0, 14% for
vertical cube and 0.57% for east 10%x45 ) and so the data

analysed over a number of days alone are m eaningful,

Figure 2.68 (2) shows the | Aarmonic dials for the average
(ObueI‘Ved—-colrputed) diurnal variations along east, vertical

and the wesgt telescopes at Trivandrum for 202 days during



(a) [ossenvep-compuTin}

{b) DORMAN'S METHOD

{C) EARLIER DETEAMINATIONS
OF TEMPERATURE LFEECY

1 1
o5 07 0o 0o
™ RUM (64~ 66 TEMPERATURE B
wmz%z o».v(s ) EFFECT AT I OORMAR  (1957)
1 WEST (437) LAJES FIELD I GUENBY AND
It VERTIGAL (45) {56 ~ 58) THAMBYAR PILL.‘A\I Y
B EAST (45%) (19807

m  mori et al (iees)

oz

]

Fig. 2.08 Harmonic dials showing

(a) Present estimate of the ( observed — computed) vectors along east,
vertical and west for Trivandrum.

(b) Present estimate of temperature correction vector for Lajes Field
uging Dorman's method.

(¢) Earlier determinations of the temperature correction vectors by

(1) Dorman (1957), (2) Quenby and Thambyahpillai (1960) and (3) Moxi
et al (1966).
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the period January 1964 to December 1966, when 3 = 0. If this
residual effect can be attrikuted on_ly to temperature variations
in the upper atmosphere, the diurnal time of maxinmum of the
residual effect along east, vertical and west directions should
remain practically constant within statistical errors. It is
observed that the residual effect has a time of maximum almost
‘same along east, vertical and west directions as ig expected and

is around 0500 hours local time.

However the diurnal amplitude 7’; of the residual curve
obtained from the present study shows different values along
east, vertfcal and west directions { 7Y, (east)= -011 : 0.03%

“}/}"(vertical} =9,24 ¢ 0.061% and 'ﬁ*(west} =0.25 & 0.03%. The
mean energies of response of the detectors at Trivandrum along
east (450), vertical and west (450) are respectively 64.0, 53.5
and 37.5 BeV. This shows that the mean energy of mesons
arriving from esst is higher than the mean energy of mesons
arriving from west. The relativistic life time for}uk mesons
arriving from eagt is cohsequently longer than that arriving from
west. With increase in the atmospheric tempera‘tture the path
- length forf/‘\ mesons, from their production level to th_e ground,
increases. So the low energy}/‘— mesons arriving from west
decay more compared to the higher energy[‘«k mesons arriving
from east. Thus it is expected that the amplitude of the
temperature effect should be maximum along west and minimum
along east. Assuming the residual effect to be entirely due to
temperature effect on meson intensgity, it can be seen that the
present estimate is consistent with what is expected,

In principle the temperature effect on the daily variation
of /\kmeson intensity couid be removed if sufficiently frequent

and accurate atmosgpheric temperature sounding data were
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availablé . Unfortunately_ even thiough meteorological radicsonde
observations are available for Trivandrum very clocse to where
the meson monitors were housed, they are only twice per day,
which is insufficient to determine the diurnal wave. Moreover
data up to 50 mb are available only for few days, and their

accuracy is doubtful due to radization errors.

At present there are only a few reliable studies about
he daily variztion of temperature =t various altitudes, ranging
from ground to say 50 mb height. Harris et al ( 1962) have
computed the diurnal variation of temperature at Lajes Field,
- Terceira, Azores for 30 isobaric levels between the surface and
10 nfb Rawinsonde observations spaced at intervals of six
hours during the period 1856 to 1958 have been used by them to
determine the annual mean values of the diurnal variation of

temperature which is shown in table 2.05. Tue relation between
’ 450 - a

the phase and the time of maximum is given by t ax - 18
max 5

hours. It can be seen that the amplitude of the diurnal temperature

variation in the atmosphere decreases from surface level to
500 mb but increases from 500 mb to 10 mb. The diurnal tem-
perature variation hag a time of maximum around 1402 hours
local time at all levels. Their observations enable one to

~ calculate the temperature effect for Lajes Field. The computed
value of %@'{ for Lajes Field during 1956-58, using Dorman's
method as described below, is ~ 0.1% with a time of maximum

around 0020 hours local time. This is shown in figure 2. 08(b).

- Comparigon of figure 2.08(a) with figure 2. 08(b) shows
that the diurnal amplitude and the time of maximum of the
temb‘erature effect determined by the (observed -~ ccmputed)
me’éh@d and by Dorman's method are not in agreement. The

probable reasons for the inconsistency may be due to (1) that
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TABLE 2.05

Table showing the diurnal amplitude and phase of the atmospheric

‘temperature, the temperaturc coefficient, and the temperature

effect on meson intensity at Lajes Field using Dorman's method

;??e;é;; ii;m Diur-'n:alu Diurnal Temperature .Temperatureﬁ -
mb amplitude | phase of | coefficient effect on
{(Pressure of tempe-~ | tempera~- { K, in % per meson
scale) rature in ture in pér degree C| intensity
degree C degrees in %
Surface 1.12 260 -0. 026 ~-0.022
200 0.16 221 ~-0.021 -0.003
800 0.16 208 -0.022 -0.004
7GC0 0 14 245 -0, 024 ~0.003
600 0.18 239 -0.025 -0, 005
500 0.19 239 ~-0.025 -C. 005
400 0.20 247 -0.028 ~C 006
300 6.27 264 -0.033 -0.009
200 0.29 263 ~-0.038 ~-0.011
100 0.40 a7é -0.031 ~-0.012
5¢ 0.68 263 -0.023 | -0.016
e SR o
| Total -0 086
’ _

tﬁe diurnal vériation of the temperature at different altitudes at
Trivandrum ( geograpaic latitude 8. 401\1) is more thahftha’c at

Lajes Field ( geographic latitude 380-44’}1) and the studies are-
related to two different periods namely 1956 to 1958 and 1964 to
1966, (2) ‘thglt a local source of modulaticn of meson intensity
having time of maximum around 1200 “ours local time as suggested
by Rao and Sarabhai (1961) is operative at Trivandrum during the

period, besides the temperature effect.
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For the purpose of comparison, the results obtained by
other authors are shown in figure 2. 08 (c). Dorman and
Feinberg (1958) and Dorman (1 957) have proposed an elegant
method for correcting cosmic ray intengity for tempercture
variationg in the upper atmosplere. They nave calculated the
temperature coeff1c1enfo, K for various isobaric levels, which
are shown in table 2, 05, Tn.e total temperature correction to

/,4. meson intensity is given by |

il

éN'-o\., - "\':'- .
Mo L Ky 6Ty | .. (2.81)
12
6N,J« . . . . .
where o 18 the relative variation in the ff meson intensity

due to variations in temperature at various layers, and K and
cT are respectively the partial temperature coefficient and
amphtude of the temperature variation for the iJd layer. Figure -
2.08(c)~I shows the temperature correction vector to }"';--k-meson |
intensity as derived by Dorman (1957), using the above method.
The temperature effect hag an emplitude €. 2% with » time of

meaximum 0300 hours local time.

Under the assumption that the response of the neutron
monitor and the ion-chamber to primary variations is likely to
be similar, Quenby and Thambyahpillai (1960) have determined
the atmospheric temperéture contribution to /IA meson intensity at
Huancayo by taking the difference between the pressure corrected
neutron and meson data. This has an amplitude of 0,11% and a.
time of maximum around 0550 hour local time, which is

shown in figure 2. 08(c)-II.

The atn{ospheric temperature effect on the diurnal
variation of Ib&.meson intensity has been derived by Mori et al

(1966) by comparing the expected intensity variations, to the



61

- observed pressue oorrecfed intensity variations for days when

B =0, durmg 1957-.1958. It is interesting to note that for
Kodaikanal, Huaric:ayo, Mazkerere, Lae and Churchill, the
residua‘l effect hag an amplitude-v 0. 2% with time of meaximum
around 0600 hours, which is consistent with the preéen’c estimate
(Figure 2.08 a ). Figure 2. 08(c)-III shows the vector average of
17 stations during the period. The mean vector has an ampliude
of G, 095 ir 0.018% =nd the time of maximum is 2t 7.1 f C.7 hours
local time. Mori et al (1966) have pointed out that ”irreSpecltive
of the magnitude, the phases of the temperature vectors deduced
from cosmic rays are concentrated around 0600 hours local

time and are considerably later than those obtained from
meteorological data'. The results obtained from the present

study are consistent with the observations of Mori et al (1966).

Measurements of temperature at xigher altitudes { say above
30 kms) have been carried out by Rocket-sonde and at still higher
heights ( say about 200 kmg) through satellite drag observations.
It is interesting to note that the diurnal variation of temperature
above 50 mb height &lso shows a time of maximum between
140C hours to 160C nours local timme with a significant amplitude.
The meteorological Rocket Net Work (MRN) has made possible
the examination of the gross atmosplieric circulation patterns on
a global scale * From extensive analysis of MRN data, Webb(1966)
has reported that the diurnal temperature in the upper stratospnere
(~ 50 kms) has an amplitude of 15O to ZOOC, with a time of maximum
between 1400 to 1800 local time. Beyers et al (1 966) have
reported the diurn-l variation of temperature between 40 to 60 kms.
Data data, from Rocket Soundings at 6 hour interval, equipped with
4.6 m. parachute wind sensors and Arcasond~1A temperature

measuring system, cver White-Sand Missile Range, has been
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‘uged in tre analysis. Table 2.06 shows the amplitude and time
of maximum of diurnal temperature variations at various neights

between 40 to 60 km.

TABLE 2,06

Amplitude and time of maximum of the daily variation of temperature

over White Srnd Miggile Range during 30th June to 2nd July 1965,

i Ampliadon °c | Timo of mazimun
time
40 1.4 14 4
44 3.6 17.3
48 5.5 | 15.3
52 g.2 36
56 7 4 12.3
60 9.8 12 1
b e e A

From satellite drag observations Jacchia (1966) has reported
different types of varictions in temperature at about 3850 kms. They
are {1) the 11-year variation, (2) the semi-annual variation, (2) the
latitude dependent season=] variations, (4) the variations associated
with geomagnetic activity and (&) the diurnal variztions. The diurnz]
variation is the most regular of éll these variations. There ig a
pronounced diurnal variation with time of maximum around 1400
hours =nd time >f minimurm around 0500 aours, and araplitude
r 250°¢C during high gclar activity andr’90°¢C during low solar
‘activity - Both extreme ultra violet rays and corpuscular radiation

from the sun sre important in the heating process.
I3



4 Conclusions

s8]

In spite of the low counting rate of the cosmic ray
detectors at Trivandrum and disruption of data due to frequent
power failures and limited life of ¢ M. Cduntérs, the present
study has enabled us to estimate the residual modulation of
/U, meson intensity. This regidual modulation sppears to be
mainly due to modulation of) smeson intensity by temperature
variations in the atmospiere and to a certain extent to the

modulation due to a local source of non-meteorological origin

The station was discontinued from January 1967,
Studies which are beiﬁg conducted with data from high counting
rate directional east, west, north, south and vertical scmtlllatlon
telescopes operating at Physical Research quorqtory,A hmedabad
would give better ingight to this problem { Surabhai and Kargathfa,
1971). The hourly counting rate of these detectors are v 1. 8§
million for vertical telescopes'and v 02 million for inclined

telescepes.



CHAPTER - III

5.1 Introduction:

| A number of types of georragnetic indices, like Kp,Ap,
Dst and AE’ have for long been known to be influenced by the
particle radiation from the sun. These indices however, are
not strictly related to physical models of the magnetosphere.
- The present study is devoted to an exploration of a possible
relationship between the electromagnetic state of the interplanetary
redium and ANH, the daily range of the horizontal component of
the geomagnetic field at a low latitude station, away from the

effects of the equatorial electrojet.

From the global study of the daily variation of the
geomagnetic field, Schuster (1889) estimated the electric current
systems which could be responsible for geomagnetic field
variations. He suggested that the location of these current
systems would be mainly external to the surface of the earth.

The ionosgpheric dynamo current system has for long been esta-
blished toAthe only source of gquiet day daily variation of H,
However, the development of megnetospheric physics in the last
decade has shown that there are atleast four other current systems
which are external tc the earth's surface, which exist even during
very quiet conditiong. They are (1) the surface currents at the
magnetopause ( Beard and Jenkins, 1962 Mead, 1964; Clson, 1969
and Alfven and Falthammar, 1971) (2) the tail currents (Williams
and Mead, 1965; Axford et al, 1965; Siscoe and Cummlngs 1969;
Alfven and Folthammar, 1971 ) (3) the symmetric ring current
(Singer, 1957: Akasofu and Chapman, 196%; Hirshberg, 1963;
Frank, 1967; Yan Allen, 1959; Schield, 1969 a,b), the eccentric
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rmg current .(Kav’anagh ét el, 1968;-Reofderer, 1969 and Olson,
1970) and (4) the partial ring éurrent ( Fejer, 1961; Cummiﬁgs,
19_66; Freeman and Ma.gmire, 1967; Kavanagh et al 1968; Schield
et al, 1969; Chen, 1970).

In order to test the above theofetical models and hypothesis
and also to study the solar wind effects on /\I, the author has
analysed the geomagnetic field data from Alibag ( Geomagnetic
latitude S.SON) Honolulu ( geomagnetic latitude 21. BON) Guam
(geomagnetic latitude 4. OON) and Trivandrum ( geomagnetic
latitude 1. IOS) along with solar wind plasma data from IMP-1
satellite and interplahetary magnetic field data fron: the
satellite IMP-1, IMP-3 and Explorer-33. These studies are
reported in Chapter IV.

3.2 Magnetosphere

The first stage of thie interaction of the solar wind with
the geomagnetic field is the formation of a bow shock. The
shock is formed for the reason that the solar wind '_sfpi'vee.d exceeds
the two principal wave propagation speeds namely the velocity
of sound in the medium and the Alfven velocity. The properties
of the solar wind get modified while passing through the shock,
increasing the plasma temperature and density and reducing
the bulk streaming velocity to zero in the vicinity of the
magnetopause. The second stage is the overall confinement
of the geomagnetic field. This is due to the effective high
electrical conductivity of the solar wind and the dynamic balance
between the pressuré of the geomagnetic field and the total

-pressure of the impacting solar wind and the interplanetary
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- meszgnetic field. The third effect is the stretching of the high
latitude geomagnetic field lines over the polar cap behind the
earth to form sn extended magnetospheric tail. The field in

the northern half of the tail is directed towards the sun and the
field in the southern half is directed away from the sun, leading
to a fairly well defined neutral sheet between the two halves and
running length-wise to the tail ( O'B Brien, 1967). The present
 day view of the geomagnetic field and the tail as distorted by
the solar wind in the noon-midnight mwagnetic meridian plane

s shown in figure 3. 01,

3.21  Models of the magnetosphere

Roederer (1969) has stressed the importance of a reliable
quantitative model of the magnetosphere in understanding the
motion of charged particles and the nature of spatial and
temporal field changes in the outer megnetosphere. Due to the
azimuthal asymmetry of the magnetic field in the outer magnetos-
piiere, say at 7 earth's radii, for trepped particles Mecllwain's
L parameter ( Iy cllwain, 1961) ceases to be a measure of the
radial distance to the equatorial point of a field line, shell
splitting becomes prominent, and the pitch angle distribution of
particles gets modified. Moreover for the studies connected with
particles mapping in the outer ma gnetosphere, trappednparticle
time variations, plasma convection, high latitude congugate point
phenomena and low energy cosmic ray propagation it 1s neoe.;.sary
to have a very accurate model of the magnetosphere. In studies
related to magnetosphere, the following three models are used

very often.
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' 3.211 Mead - Beard Model

The surface boundary between the solar wind and the
gcomagne’clc field has been computed by Mead and Beard (1964),
With the assumption of zero-temperature, field free solar
wind plasma incident perpendicular to the geomagnetic dipole
and undergoing specular reflection, the boundary shape has
been determined by them, by equating the stream pressure of
the ions on one side of the loundary, to the magnetic field

pressure on the other side.

The contribution to the daily variation of H due to
deformation of the geomagnetic field due to the surface currents
at the magnetopause has been Worked out by Mead (1964). An
approximate analytical expression for the daily variation of H

namely 6 & (A C}:) produced by this process for a given

‘CF
local time :}; and for a given latitude A\ is given by the

relation.

6 Hep ( \/)({)\ 4yt / \)j)gammas ..(3.01)

where 7/(/\ \b)—-—

YN . 2290 Sin A\ sin > gammas ..(3.03)

Yy

The stand-off distance of the magnetopause from the

(J15OG

Cos 2 /\Cos c‘/ gammas .. (3.02)

centre of the earth, in earth's radii, is given by

s %
o 7L | © |
!

. (3.04)
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 Here Bo is the field strength at the earth's surface and 'n! ig

the ion density, 'm!' is the ion mass, 'v! the stream velocity

of the solar wind.

Olson (1969) has developed a model, which is an
improvement of the Mead and Beard's (1964) and Me=2d's(1964)
models, which represents the shape of the magnetopause for
 different angles of incidence of the solar wind on the earth's
dipole. In this model, the equatorial cross sections are
almost independent of the tilt angle, whereas the meridional
cross sections are highly dependent upon the tilt angle. This
model can be used to calculate quantitatively, the spatial
distribution and temporal variations in the magnetic field

produced by the magnetopause current system.,

3.212 Mead-Williams model

This model (Williame and Mead, 1965) uses the
boundary surface derived by Beard (1964) and places currents
on that surface in such a way that they cancel the total field
(earth's dipole field plus the field due to boundary currents).
outgide the magnetosphere. The earth’s dipole is taken as
stationary, and perpendicular to the ecliptic plane. A current
sheet, in the geomagnetic equatorial plane, is added in the
night side to simulate the neutral sheet of the tail. The
magnetic field configuration in the noon midnight plane due to
the addition of such a current sheet has been calculated by
them ag

- —
B=B.+B +8B ... (3.05)
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Here B, is the contribution due to internal sources,. BS due to

d
currents at the magnetopause and B .. due to currents in the

el

neutral sheet within the magnetospheric tail.

= 0,82 Cosf —3 0.31 Sin4 - |
Bd___(._....__.___g _—)UI‘_(WS . )ee ..(3.06)
r r A
ﬁo = _“'gci . Cos B+ 2 s Ig‘zr Sin @ Cos @ Cos_,@)g\;.
- - -.5...—,-)1 2 —_
+ ( g Sin & ~/3 gF (2 Cos” 8 -1) Cos @) ey
"_]- g . - [y
+(J§ g2I‘COS‘331H‘ﬁ}eﬁ ... (8.07)
-0 _ 0.2515 -1 0.1215 e .
where g, 7 - 3 gauss and 8y =~ — gauss. r, is the
“b b

stand off distance of the sub-golar point of the magnetopause as

defined in equation (3. 04)

->

B _=(B_Sin6 CosP-B Cos8)e
cs x v r
o ‘ L] —)
+ (B, Cos 0 CosP+ B Sin0)%,
+(-B Sind) og 3. 08
(m Xtﬂﬂ#) e? . ...{5.08)
where BX = -2 ( Gzr— el) A 3'.09)
P 2 .
. and By Zglog-r-;—:—- ._:.7(3‘10)

kA
here j is the current per unit length in the sheet. The X axis
points away from the sun and the Y axis points south, R2 and Rl
are the near and far off distances to the edges of the tail currént

sheet respectively.

3.213 Taylor-fHones Model

In the image-dipole model due to Ilones (196 3), the effect

~ of the magnetopause current is simulated by a large image dipole
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moment to the earth's dipole moment and the distance 'S’
between the two. For a stand off distance of the magnetopause
of 11 earth's radii the values of r and S are respectively 28 and

40,

Taylor and Hones (1965) and Tzylor (1966) have modified
Hone's model by incorporating the effects due to neutral sheet
at the anti-solar side and the electric field in the magnetosphere,
over and above the effects of the solar wind pressure on the

sunward side of the earth.

Antonova and Shabensky (1968) have proposed the two-
dipole model by synthesising Mead-Beard's and Hone's models,
incorporating the effect due to the temperature of the solar wind

- plasma.

3.22  Electric fields in the magnetosphere

3.221 Electric field in the outer magnetosphere

The generally accepted mechanisms about the origin of
large-scale electric fields in the outer magnetosphere are due
to Axford-Hines (1961), Dungey 1961), Alfven (1964), a'nd
further improvements to it by various authors ( Axford, 1962,
Dungey,'1963; Axford et al, 1965; Levy et al, 1964 ; Dungey,
1967; Brice, 1967; and Alfven and Falthammar, 1971).

In Axford énd Hine's (1961) model the magnetosphere is
assumed to be electrically shielded from the interplanetary space,
and the bulk motion of plasma across the magnetopause is
prohibited, They have assumed that the geomagnetic field is

enclosed in a limited volume ( the magnetosphere) with no field
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line going to infinity. The electric conductivity along the field
line is high, as a consequence, the potential difference between
any two points at thé magnetopause will be eliminated by the
current flow. Thus the megnetosphere is electrically insulated
from the interplanetary medium. They ha.ve postulated the
existence of viscous-like interaction between solar wind and
magnetosphere by means of which a small part of the momentum
of the solar wind is transferred to the magnetosphere. Due to
this viscous interaction, charge separation occurs and polarisation
charge is accumulated at the inner edge of the boundary region.
The magnetospheric plaénla' is dragged by the solar wind, with
a .velocity EI;, which is related to the electric field‘f}), caused by

polarisation, through the relation

= 1 =
E+—5(UXB)=O ... (8,11)

The equatorial view of the flow pattern within the magnetosphere
to be expected in the presence of rotation of the earth and a
viscous-like interaction between the solar wind and the surface

of the magnetosphere is as shown in figure 3.02.

Dungey (1881) has pointed out that the southward component
of the interplanetary m=zgnetic field could merge with the earth's
magnetic field as shown in figure 3.03. The earth's merged field
lines would then be pulled over the polar caps by the solar wind
and become reconnected in the antisolar side of the earth. The
interplanetary electric field»Ej, which is associated with the solar

. - ) g
wind velocity V acrcss the interplanetary magnetic field B by the

relation
E F - "'é" ( V X B) .. (3- 12)

- is thought to enter the magnetosphere (Obayashi and Nishida, 1968_).
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"The dlrectlon of the drift of particles from the taii towards the

earth is opposite to the direction of the solar wind. This happens
for the reason that the geomagnetic field component is perpendicular
to the equatorlal plane of the earth and is opposfce to the direction
of the magnetic field in the interplanetary space. The electric

field is directed from the morning to evening side, so that the
associated electrostatic potential is lérger on the Ihorning side

~ then on the evening side.

3.222 Radial electric field

The role the earth's rotation plays in determining the
characteristics of the electric and magnetic fields in the
magnetosphere is not fully understood. Axford and Hines{1961)
in their model have included a circulatory pattern of plasma
convection driven by the rotation of the earth. Davis (1947, 1948)
has shown that plagma surrounding a rotating magnetised
conducting sphere, should rotate with the sphere if the plasma
pa;‘ticles are constrained to move along the magnetic lines of
force. Under these conditions, charge will flow in the plasma
until the electric field
—13:-% (WxD x B .. (3.13)
(as seen in a nonrotating reference frame). is established in the
‘plasma. Here 'v? is the angular velocity of the sphere, 'J'f? is the
radial position vector, and B is the magnetic field vector. The
potential of this electric field for a dipcjle_ whose magnetic
moment ig anti-parallel to the axis of fotation,_ just as in the

case of earth, ig given by

2 E
1 -~ Sin~ 6
o= LR ul
OSLI\/IE = (3.14)

ﬂ COrotation
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where {1 ig the angular velocity of rotation, ME is the magnetic
moment and 6 is the co-latitude of the earth. R is the radial

distance from the éentre of the earth ( Taylor and Hones, 1965).

3.23 Plasmapause

From Whistler data, Carp;enter (1963) deduced that in
the equatorial plane the electron number density drops abruptly
at a radial distance of several earth radii, and he used the Word
'knee' to designzate this abrupt density decrease. It was later
found that the knee represents an essentially field - aligned
structure, nand the term 'plasma pause' was introduced to
emphasise the three-dimentional qualities of the phenomenon
(Carpenter, 1966; Angerami anvd Carpenter, 1968). A persistent
feature of the plasma sphere is the bulge in the dusk sector.
Nishida (1966), Rrice (1 867), and Dungey (1967) have treated the
bulge in terms of an interaction between the convection of plasma
from the tail of the magnetosphere and the flow associated with
the rotation of the earth. On the assumption that the outer limit
of the bulge includes a stagnation point in the combined flow,
the plasmapause radius in the dusk sector has been considered
a8 a possible measure of the intensity of the convective electric
field (Vasyliunas, 1968). Carpenter (1970) has reported that
the intensity of the convective electric field, EYSM within the
plasmaphere, inferred from the stagnation distance and from
the motions of the bulge iz ~~ 1-4 mv/m during substorn:ls, and

™~ 0.1 mv/m during prolonged quiet periods.

5.24  Geomagnetically trapped particles

Stormer (1936) from trajectory calculations has shown
that there are possible orbits for trapped particles in the

earth's magnetic field, Singer (1957) has proposed the formation
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of a ring current due to the motion of trapped particles. In
early 1958 Van Allen (1959) discovered the existence of the
radiation belts through instruments carried by satellites,

Explorer'-l and Explorer—.?,,

3.241 fotion of 2 charged particle trapped in the

geomagnetic field

A charged particle in an undistorted static r agnetic
field B in the absence of an electric field, has a circular
Ir otion in a disk perpendicular to B, a motion in latitude

parallel to B, and & drift in longitude.

A charged particle, of charge 'Ze' and rest mass ’mo'
->
nroving with velocity 'v' at an engle a with §, gyrates about the

direction of B with a radius of curvature ! f:’ " given by

E ~mvyc y
E-Z-*-e— e e ( o 5)
where V, is the component of v! perpendicular to B and
S22
'Y=(1-——.3-) ' c...(3.18)

<

C

Due to the gyratory motion the particle will have a magnetic
moment /L\ given by '

2
M ey, Sin“g (3.17)

m. v

=

Ia a steady mwagnetic field, /J‘-/ls constant wita the result Sin“ o
B

is constant. As the particle's guiding center noves along the
line of force towards higier latitudes the value of « and B

increase and at a point m, a will have = velue 7/2 and B will
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have a value Byy. The particle cannot go beyond the point m
because its direction of m:ction reverses and it begins to
come back. This reversal cccurs at m’also on the other
hemisphere. m and m’ are known as mirror points. The

. - : /
particles should thus oscillete between m and m

In addition to tie above two motions, the trapped
particles should drift in longitude, toward east if they are
negatively charged and towards west if they are positively
charged. As the guiding center follows a curved line of force,
there ig a net centrifugzl force acting away from the earth.
This gives a drift to the particles and the drift velocity v .. due

dil
to this ig given by

—\? . YTmv - M
d1 - Bx ( %/ B) ..(3.18)

ZeB

where /| B is the component of \/B which is perpendicular
to B. The magnetic field is weaker as we go away from tre
earth. This gradient in the field gives rise to a drift, the drift

velocity V4o is given by

.(5.19)

Thus both the effects work in tae same direction and the total

drift velocity of the particle, v q is given by

- =_JX\_L >
vy Va1 +Vd2 ewg ("}’ mv11 +_1_? “/mvé) ..(3.20)

The total current including the current produced by

gyration and drift ig given by

-
= < : Fg-P > B ’
MTTD; \7pn+_%1 (B.7) 9-——] .. (3.21)
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where P_ and P] are the plasma pressure along and perpendicular
' 5 i

to —gjand Pm ig the magnetic pressure ( Hoffman and Brachen,1967)

The motion of gebmagnetieally trapped particles are

governed by three invariants.

1) Magnetic moment inveriant

2
) 1/2 3
/Uv =—L-.—l——ni—-‘-f*l* is constant ... (3.22)

2

. . .__,>
The cyclotron rotation of the pzrticle about B has a cyclotron

frequency
.(8.238)

N

1
W = eBz_D
c Tme 7]

The instantaneous center of cyclotron motion is called
the guiding center.
2) Integral or longitudinal invariant.

]
T=$v,, ... (3.24)

If a particle drifts in the geomagnetic field so that [*\and J are
constant the particle must drift in such a way that it returns to
the sarre field line from which it started. The latitudinal motion

of the guiding center along-]% has a period.

Jis]

‘m
- 9 .
fj?:;( = ... (3.25)
) 11
3) The flux inveriant
- [ . ds. ... (5.26)

where ds is the element of area. The constancy of ¢I0 requires
that if the geomagnetic field were slowly to contract or expand,
the integral invariant surface must change its size accordingly so

tha‘tCP is conserved. The longitudinal drift has = pericd



o 2.7x10%x g (0 )
~ m
LxVv

7

w

seconds ' <0l (3.27)

where L is the magnetic shell radius Ineasured in earth radii,
V is the volt-equivalent of the particle energy. Tae numerical
factor g ( Qm) varieg monotonically with the mirror colatitude Gm

3.242 Diffusion and acceleration of charged particles in the

earth's radiation belts.

Diffusion and acceleration of magnetically trapped
perticles require that one or more of the adiabatic invariants
be violated. The electromagnetic waves with frequencies in the
gyro-frequency range can change the magnetic moment, and
waves in the bounce frequency range can violate the second
adiabatic invariant, The third adiabatic invariant is violated by
field variations of the time scale of the azimutinal drift period.
This happens due to (1) compressions and expansiong of the
meagnetosphere due to changes in tiie solar wind pressure, (2)
internal magnetic field deformations associated with variablé
ring currents and tail curreﬁts and (3) time dependent electric
potential fields associated with magnetospheric plasma convection

(Falthammar, 196 8).

Radial diffusion is now believed to be the main process
by which changed particles, probably from the solar wind, are
transported inwards from the outer regions of the magneto‘Sphere
populating the Van Allen radiation belts. This process of radial
diffusion may be accompanied by, or directly related to,
acceleration mechanisms. If the first two adiabatic invariants
afe conserved during the radizl diffusion Process, the acceleration

is of the betatron type ( Kellogg, 1959 and Roederer, 1968 a),
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| Nakada and Mead (1965) héve shown that the chzng}es in the

kinetic energy density of the solar wind, in time short con:pared
to the longitudinal drift period of the particles, result in an |
inward displecement of the particleg, violating the flux invarient

leading to particle acceleration.

The electric potentinl field variations, associated with
fluctuating plasma convection with or with out deforming the
Mmagnetic field, has been praoposed as a dominent contributer
to the diffusion process ( Dungey, 1965; Falthainmar, 1965, 19686;

and Birmingham, 1 969).

Radial diffusion can also result as a consequence of pitch-~
angle scattering (Herlofson, 1960). Although in a symmetric field
this contribution is small, The asymmetry of the magnetosphere
would enhance it very muck by shell splitting (Roederer 1967,1968
a,b). This has been experimentally verified by Pfitzer et al(l 969).
Cuantitative analysis of the radial diffusion has been carried out
by Roederer and Schultz (1969) and Falthammar and Walt ( 1969)
and Walt (1971),

Roedergr (1968 a,b) has pointed out that particles would
experience repeated accelerations by first travelling inward
conserving /-Juand J, then outw:ard conserving energy, then again
inward ,conserving/\.{, and J and so on, thereby finally reaching
very high energies. This process is known as ''bimodel diffusion",
This multi-step aceeleration process has » bagic similarity with

the "magnetic pumping'' process introduced by Alfven (1958),

The energy supply needed for the radiation belts including

the ring current is only a fraction of the power carried by the
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splar wind over an are2 such as the magnetospheric cross-
section. Falthammar (1970) while reviewing diffusion and

‘ acceleratlon of particles in the radiation belts have stressed
tLe 1mportance of the interplanetary electric field and its
fluctuations, as sources of energy input to the magnetoepnerlc

plasmna.

5.243  Plasma flow in the magnetosphere

Many authors have discussed trajectofies of charged
particles in the magnetosphere under the influence of agsumed
electric fields and geomeagnetic field gradients. (Alfven, 1939;
1956; Axford and Hines, 1961 : Taylor and Zones, 1965; Block,
1967; and Brice, 1967).

The drift paths of charged particles, in the equatorial
plane of the earth’r‘ dipole field with convective electric field
and corotational electric field superimposed, have been computed
by Kavanagh et al (1968), Chen (1970) and Wolf (1970). The drift
velocity of charged particles, Vd would be the same ag a pure

,-:)
E x B drift in an equivalent electric field, where

e 7 . . L
PR <§:> | .. (5.28)

and
1 ;
b =~ N % - E_ R Sin(p+ Mg (3. 29)
_(ii:‘{-B . . . &2
In equation 3,29 the first term ( —~QME %) represents the

potential due to corotation of the plasma with the geomagnetic
field, the second term ( EOR Sin 7[) ) is the potential due to

convective electric field and the third _term/x'

= 1s the potential
qR”



)
[op3

due to geomagnetic field gradient. M., and {Lzare the magnetic

moment and angular velocity of the ea?th, R is the radial distanee
defining the position of the particle, 4 is the azimuthal angle
measured counter-clock wise from the solar direction,/’ﬂ.and o]
are the magnetic moment and charge of the particle and Vd’ the

drift velocity of the particle

hr
V. o=@ B x4 .. .(3.30)
d 2 . |

v

3.25 Particles and fields in the magnetosphere

The earliest study of the spatial and temporal variaticns
of the energetic electrouns in the outer radiation zones was
conducted with low altitude sztellites ( Van Allen and Lin, 196C;
Forbush et al, 1961; Pizzela et al, 1962 and Forbush et al,1962).
The significant aspect of this study is that the intensity of
energetic electrons in the outer radiction zone is well, but
negatively correlated with the Kertz geomagnetic 'ring current’
measure, thne 'U' parameter and with the geomagnetic'index a

(Forbush et al, 1961).

ATS-1 geostationary satellite observations ( Freeman,
1968) have confirmed that there is flow of plasma from the tail
of the magnetosphere, in the equatorial plane as shown in |
figure 3.04. The flow velocity is approximately 30 km /sec and
the observed direction and magnitude are consistent with present
theories of the motion of charged particles in the magnetosphere.
The electric field required to account for the observed flow
velocity is-/ 5 millivolts /meter and the electric field direction

is across the magnetosphere from the dawn to dusk side,
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From observations of a number of Soviet space probes
Gringauz and Khokhlov (1 865) have inferred the presence of low-
energy electrons in the outer radiation belt, Vasyliunas (1 968)
has sﬁggésted in a sketch of the average low-energy electron
distribution in the equatorial region of the magnetosphere, on
the basis of the OGO and Vela surveys as shown in figure 3.05.
The view is from north pole. The density of dots is intended to
convey a rough qualitative iden of the flux of electrons with

energies from 100 eV to several KeV.

Van Allen (1969), Vernov et a1 (1969) and Gringauz(1969)
have reviewed different aspects of the particle distribution in

the magnetosphere,

The first magnetic field measﬁrements of the cuter
regions of the magnetosphere were made in 1958 on Pioneer-1
Space probe by Sonett (1 968). A comprehensive survey of the
geomagnetic boundary and the first magnetic Mneasurements of
the collisionless shock wave were performed by IMP-1 satellite

in late 1963 ( Ness et al, 1964),

Magnetometers on board ATS-1 satellite have measured
with high accuracy the true diurnal variation of the geomagnetic
field at the equator at an altitude of 6. g earth's radii. The
amplitude of the diurnal variation of H for quiet days ig néarly
35 to 457 ( Cummings et al, 1971 and Coleman, 1970), This space
craft orbits with the same velocity with which the geomagnetic
field is corotating and so the esymmetries in the inter'ﬁal field
are not important and radic] metion of the space-craft through
spatially varying field ig not a complicating factor. Figure 3. 06

illustrates the diurnal variation of H ( in the DHV system)
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on five qulet days at ATS- 1 altltude as repor-ted by Cummmg et al

L)

(1968). Sugiura et al (1969) using data fr om OGO satellitesg 1 1, 2

and 3 have computed contours of/\ *3 the constant deviation of

" the measured field magnitude from the reference field. It can be

seen that even during geomagnetlnally quiet periods, at an
altitude of 6 earth's radii in the equatorial plane, there is a fleld

depression of sbout 307 during night side compared to day side.

A numerical description of the geomagne’clc field
intensity at the equator, reasonably good in the region 1. 5Rér<7 Re

is given by (Roederer, 1970)

K
' :_.._CL - W a
B 3 +K1 A,ZrCouk_F ... (3.31)
r
3 103
where K =31100 gammas. R, K. =1¢% ( 5—) gammas and
o) e 1 Rb :

Kz =277 ( 10)4 gammas/R . Here' ig the longitude eagt of -
midnight znd bRb is the distznce from the center of the earth to
the subsolar point of the magnetopause in earth's radii and R is
the earth's average radius. The values of K1 and Kz are based |
on AT3-1 magnetometer Farveys ( Cummings et al, 1968).Accord’ing
to relation &, 3 s Tor a stand off dists ance of 10 R .» currents outalde
R could produce a day-night difference in B of~v 8,37 in the
form of a night decrease at 1.5 Re'

The contours of constant field magnitude in the
equatorial plane have been cons tructed by Fairfield (1968), using
the data from the satellites IMP—I, 2 and 3. It can be seen from
figure 2.07 that contours of constant B, with B¢ 15.07 are not
symmetrical in the equatorial plane and they are nearer to the

earti on the anti-solar direction compared to the subsolar direction.

This is due to compression of the magnetic field by the solar wind
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‘on the dayside. The eccentricity of the constant B contours is

enhanced when the solar wind pressure is high.

3.3 Earth's magnetic field

3.31  Sources of the magnetic field at the surface of the earth

The major contribution to the surface magnetic field of
the earth comes from its main field, The main field is
probably produced in the earth's fluid core where the magnetlc
field and the convective motions of thermal origin are coupled to
ctonstitute a self maintaining-dynamo. There are variations due
to crustal anomalies and due to sources external to the earth.
The external contributions are mainly from (a) 1onosphe1"1c: currents
(b) ring currents in the magnetosphere (c¢) solar wind induced
currents at the magnetopause and the geomagnetic tail ( d) the
electric field in the interplanetzry medium and its couplihg with

the magnetosphere,

3.32 Geomagnetic co-ordinate system

The geomagnetic field vector is described by three
orthogonal components, by magnitude and two angles specifying
the direction. X, Y and Z are the three components measured
positively north-ward, east-ward and vertically down-ward

respectively. The m=gnitude of the field vector
o Iy 1 ('1 )
(X2 +vP 4 gh .. (3.32)
The horizontal component

) 1
H:(X9+Y2) /2
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' The angles, specifying thé direction of the field vector, are
D the declination and I the inclinationn. Here D is the angular
~deviation of the horizontal projection of the field vector from
geograﬁhic north, taken positive when eastward and is given
by

e

-1 e
=t — ...(3.34
D an 7 ‘( )

I is the inclination, or dip angle which is defined as the field
vector from the horizontal plane, taken positive when down-ward
and is given by |

1

I =tan" ... (3.35)

TN

3.4 lonospheric effects

8.41  Flectric conductivity in the ionosphere

The E-region extends from about 90 km to 140 km hejght.
The ions there, are mainly NO+ and O +, with N; ions as
secondary constituent. The steep increase in the electron
dengity in the lower part of the E-region is due to the ionization
by X-rays. Hydrogen Lyman at 1025.6 X and C-III at 876 é?; are
also important ionizing agencies. The maximum electron dengity

o

5
in the B-region is of the order of 10 electrons/crno.

If the ionized gas in the ionospheric heights is set in
nmotion an electric current is induced because of the presence of
the earti:'s permanent magnetic field. However, the manner in
which the current is produced is complex, because, in an ionized
gas permeated by a magnetic field, the electric current produced
by an electric field does not flow in the direction of the electric

field.
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In the absence of magnetic field, the currént density, j,

can be written ag

‘-, .
J = -A,__-; r)E . (d. 36)
1 N o0
where (= { { - +(n_, ~—— ) { {3087
Zl . *e ,:’/' e «j

'N' is the number density, ' &' the charge, "2/ ' the collission
frequency and 'm' the mass. The subscripts 'i' and 'e! refer
to the ions and electrons respectively.(, is often referred to

as the direct conductivity,

A charged particle moving in the direction parallel to
the magnetic fiéld, the particle does not experience any force.
But if the particle moves in a plane perpendicular to the
magnetic field, the magnetic field exerts a force on the particle
in the direction perpendicular to both the velocity of the particle
and the magnetic field. When the motion of a charge particle
has components both parallel and perpendicular to the uniform
magnetic field, the particle spirals about the ma_gneti_c field
along = helical path, with the component of its velocity parallel
to the magnetic field unaffected by the presence of the field.
When the electric field and the magnetic field are m'utually
orthogonal, the component of motion along the x- ~axis (Darallel
to E) produces a Lorentz force in the y-direction(perpendicular
to both B and B) which, in equilibrium, must b.é balanced by
the frictional force. P:arallel to the x-axis, the frictional force
is balanced by the combination of the electric force and the
Lorentz force due to the motion perallel to the y-axis. These
relat-ions give the mean velocities in the x and y-directions
and hence enable one to derive expressions for the components

of the electric current densitieg j and
X
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i
,/;297: and(ﬁ,&é nre tae cyclotron frequency ( ia angulor reasure)for
long and electroas respective Iy. (| and G, are respectively the
Pedersen and Hall conductivities. Electrons and ions both move
in the same diréction of the negative y-axis. Due tc the
difference In the mean velocities for electrons and iong, the
boundaries of the ionized layer cannot remain electr-icaily neutral
and the two sides bf the layer will be oppositely charged.. The
electric field due to this chirge separation is prr~h as to oppose
the Hall current. This polarization electric field E _producesg

p
e

the Pedersen current (C1® and this current and the ¥211 currcat
p

Gz B are equal in magnitude and opposite in direction. Thus

equilitrium, the polarization fie 1 d is Gb__l_:_ tirmes the

Ry
]

: ]
originel electric field E. Due to polarization electric field, Y

there will be a second 7all currentl driven in tiie direction of

P . . . T . - . N o .
the x-=xis, which is LI or X wm Hence in the x-direction

pv
the total curreat is the sum of the direct Pedersen current due to

~

E and the H:11 current due to the pvolarization fielci}thus
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b= (G SV E C‘“E e

(j; is called the Cowling conductivity. Between $0 to 130 kms
Ge >G7 and Ga > C7 with the result (G3 is important at

p~

these heigh;cs. Above 160 Pms Gois large and (5, (5. 5 and GT are

much smaller,

3.42 Sq. variation

All the components in geomagnetic records occasiohally
show very smooth traces that indicate clear patterns of daily
variations with respect to solar local time. This sort of variation
is called solar quiet daily variation or Sq. variation. Chapman ’
and Bartels (1940) have suggested thet five quiet days per month
having low international character figure are to be considered
as quiet days. One difficulty with their definition is that depending
on season and phase of the solar cycle, five quiet days per month
are not always similarly quiet. It has long been a difficult
problem to determine a datum line for each comi)onen’c from
which to measure the amplitude of Sq. variation. Some Workero .
use daily mean value as the datum line, while others prefer to
use night time mean value. There should be at all times and
even during quiet periods & field reduction due to symmetric
west ward ring current which ig mainly at 3.5 earth radii,

(Shiéld 1969 a,b). The variations in the current strength lead
to a variation in the level of the geome gnetic field at the ground.

Thus unfortunately it is difficult to fix a proper datum line.

3.43 Ionospheric current system for 9q.

Large scale motions of air at high altitude (4100 kms).

are probably mainly horizontal. Such ionised gas motions in the
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presence of the earth's magnetic fleld 1nduce an electric field,
which ig perpendlcular to both the 1omsed gas velocity and
magnetic field. This electric field is called the dynamo
electric field. The horizontal current generated in the
lonosphere in this way accumulates charges over som e parts of
the globe, creating an electrostatic field which, in turn, drives
an additional current. From the magnetic observations from a
net work of stations distributed over the earth one can draw
equivalent current system in the ionOSphere that could produce
the observed magnetic variations, if such magnetic variations
are caused only due to ionospheric E-region currents (Sugiura
and Heppner, 1965; Chapman and Bartels, 1940 and Matsushita
and Campbell, 1987).

Rocket-borne magnetometers have observed the magnetic
field discontinuity at E-region heights in the equatorial electrojet
region. But at low and middle latitudes the results are not
consistent. The explanation given for the ill defined detection
was attributed to high values of the dip, I at these regions, The
rocket instruments measure the scalar magnetic field B which

is equalto 2 x 0.6 x H x Cos 1. So e

A B =2x0.6xAH x Cos 1 | ... (3.43)

and in consequence A H is small for large values of I and hence

below detection limits for high latitudes.
l

3.44  Short comings of dynamo theory

The dynamo theory was first suggested by Stewart (1882)
to account for the daily variation of the geomagnetic field and

quantitatively developed by Schuster (1908). Chapman (1519)



94

‘ extended the work to account for solar and lunar daily variations.

The basic steps are ag follows. The sun and moon
produce tidel forces in the atmosphere, the periods being
fractions of the solar or lunar day ( 24 and 24. 8 hours
respectively). These forces set up standing waves in the
atmosphere below 100 kms, which result in (primarily horizontal)

| air motions. There is evidence to believe a natural resonence
of the atmosphere of about 12 hour period, which selectively
amplifies the solar semi-diurnal component. The motion of
ionized gas across the geomagnetic field induces electromotive
forces, which drive currents at levels where the electrical
oonduc’civity is appreciable ( principally in the E-region), thus
causing the solar quiet and lunar magnetic variations. Because
of the vertical and horizontal variations of the conductivity,
currents cannot flow freely in =211 directions; and polarization
charges are thereby set up, modifying the flow of currents, The
electrostatic fields agsociated with thege charges are transmitted
to the F-region, through the highly conducting geomagnetic field
lines, where they produce electromagnetic drifts ( Sugiura and

Heppner, 1965).

Thus it can be zeen that the development of the dynamo
theory has been based on the assumption that ionospheric
currents, induced by atmospheric motions, flow horizontally
ina l'elatively thin conducting, layer in the E-region, It is
wreng to assume thét the thin shell be bounded by an upper as
well as a lower insulating medium, so that the currents can flow
horizontally. In the actu=l physical situation only the lower
medium is an insulator so that at the lower boundary surface the

current flovvs.horizontally. But to fix an upper boundary is not
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meaningful, hence a three dimentional approach to dynamo

theory is necessary (Princev, 1968).

3.5  Geomagnetic variations in relation to interplanetary

conditions

The present day knowledge, of the interplanetary space
from theoretical studies and informations gathered from
experimental studies of data obtained from satellites and space
probes is dealt with in section 1.6. In this section the present
status, of the interaction of solar wind plasma with the
geomagnetic field and the pzrt the interplanetary magnetic field

plays in geomagnetic variations, is reported.

3.51  Solar wind plasma and geomagnetic effects

Chapman 2nd Ferraro (1931, 1932) have suggested that
a cloud of ionized gas emitted from the sun at the time of a
solar flare would exert a pressure on the geomagnetic dipole
field resulting in the Suddén commencement of a geomagnetic
storm. As described in section 1,62, Bierménn’s (1951, 1952)
comet tail observations, Parker's (1958, 1960) theoretical
prediction and satellite observations ( Gringauz, 1961, Bridge
et al, 1962 and Snyder et al, 1963) ﬁave proved beyond doubt the
the confinuous bombardment of ti.e corpuscular stream from the

sun ( the solar wind) on the geomagnetic field.

Faiand Sarabhai ( 1964) have pointed out that the
recurring variations of the geomagnetic field during a storm
with a typical period of 40 minutes, can be attributed to large

scale inhomogenities in the solar wind plasma impinging on the
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magnetosphiere with scale lengtias of tae inhomogenities in the

solar wind 0.02 A. 1.

Snyder et al ('1963) aave saown, on toe bagis of Mariner-2
data, that a positive relaticaship exists "f;retwcee.;; solar wind
velocity, VS and the daily sum of the geomangnetic index, E‘Kp
Meer and Dessler (1984) have reported a power-law relation ship

between V_ 21d the geomagnetic £ index.
8 p

Verzariu et al (1969) from tee comparis.a of the golar
wind data obtaized from Veln 2-A satellite Wi‘ch the positive Dst
values have shown tint even during maga etically quiet days, the
square root of the solar wind pressure is found to be linearly
correlated with the positive D#t values, From the study of the
mognetic field data obtained from Explorer-12, Nishida and
Cahill (1964) have shown thnt » positive sudden impulse on tie
ground is accompanizd by cn incre~se in the field strength.
everywhere within the magnetosphere - +d that a negative sudden
irmpulse on the grouad is associated Witll a decrease in tre field
strength i: the magietesphere. They have also siown that tae
mv.a.gnetOSpherm boundary mwoved outward at the time of a

negative sudden impulse.

Theoretical studies relating to the interaction of tie
solar wind plasma with the geon e;.gnetic field have been carried
out by various investigators ( Beard, 1960; Kellogg, 1962;
Spreiter and Briggs, 1962; Axford, 1962 Dessler aad Prrker,
1859; Fejer, 1964; Parker aad Ferraro, 1989 Spreiter and
Jones, 1963; Mead and Beard, 1964 Maad, 1964; Willinms and

MMead, 1965 and Olsc1, 1969).
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Geomagnetic distur.banc_'es show a tendenc-y of recurrence
at regular intervals of 27 days, which isvthe rotational period of
the sun as seen from the earth, It is generally assumed that
from certain regions on the rotating sun and enhianced corpuscular
radiation is emitted continually during certain period of time
These regions on the sun have been called the M-~regions.
Sarabhai (1963) and Dessler ~nd Fejer (1863) have examined the
situation, when a fast solar wind overtakes a slow solar wind.
This process should lead to = turbulence and or a shock wave
towards the leading edge of each sector. Dessler and Fejer
(1963) have argued that the leading portions of the sectnrs
would be responsible for the recurring geomagnetic

storms with out solar outburots.

Axford and Hines (1 961) have postulated the existance of
a viscous-like interaction between solar wind and the
magnetosphere by means of which a small part of the momentum
of the solar wind is transferred to the magnetosphere. Through
this process the plasma, in the boundary layer of the magnetos-
phere, convectu to the rear part of it and the return flow takes

place through the interior of the magnetosphere.

3.52 Interplanetary magnetic field and geomagnetic effects

Fairfield and Cahill (1 966), Wilcox et al ( 1967) and
Rostoker and Falthammear (1967), using satellite data, have
shown that K,p is higher when the interplanetary meaegnetic field
has a southward component: Nishida (1 968), from the comparison
of the worldwide geomagnetic field data with the interplanetary
mngnetlc field data obtained from IMP-1 satelllte has reported

the coherence hetween the geornagnetic fleld oscillations with
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tfie oscillations in the north south component of tue interplanetary
. magnetic field:Ballief et al ( 1967, 1969) have snalysed the data
of the interplanetary magnéﬁc field obt%iﬁed from Mariners-2, 4

and 5 and have reported that thefe exists a good correlation
between geomagnetic vé.riability and the fluctuations of the
interplanetary magnetic field in the plane normal to the sun-earth
line. Wilcox and Ness (1965) have shown the effect of the

sectoring of the interplanetary m agnetic field on Kp.

A positive correlation between K and the strength of the
. interplanetary magnetic field has been P:)b’cainéd by various
workers (Coleman et al, 1961; Greenstadt, 1961; and Wilcox.~
et al 1967). Behénnon and Ness (1966) have reported a positive

correlation between B_,, the tail field magnitude and Kp.

However Mihalev et alT (1968) from: the data of Explorer-33 have
rep&rted that the relation connecting Kp and BT is nonlinear
andf\n:ore linear relationship exists between BT and ap. | The
mogt direct evidence for inter-connection of the geomagnetic
and interplanetary magnetic fields is from the observations of
solar energetic particles ( Lin and Anderson, 1966; Lin, 1968

and Van Allen and Nesg 1968).

Theoretical studies of Alfven (1958, 1963, 1967 énd 1968)
and Dungey (1961) have shown that the interplanetary magnetic
field plays an important role in the studies related with the
interactions of fhe solar wind with the geomagnetic field. Dunggy
(1961) has suggested that the merging of magnetic field lines |
across the neutral sheet in the geomagnetic tail causes flow
of plasma toward the earth. Recently Alfven and Falthammar
(1871) have propbsed a new approach to the theory of the solar

‘wind-magnetosphere interaction. They have considered a
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simple model which can éxplain'the transfer of solar wind energy
to the magnetosphere, They have suggested that " the southward

interplane’cary magnetic field favours release of energy that mey

drive geomagnetic activity'.

Several reviews on the solar wind-geomagnetic field intera-
ctions are available ( Mess, 1967, 1969; Heppner, 1967; Sugiura,
1969; Spreiter and Alksne, 196 9; Williams and Mead, 1964,
Fairfield, 1970; and Wolf and Intriligator, 1970).

3.6 AH in relation to changes in solar wind conditions

Recent experimental observations and theoretical studies
as reported in thig chapter have shown that there are currents
at the magnetopause and in the magnetosphere which are
related to the interaction of the solar wind with the geomagnetic
field. In the next chapter the author hag investigated the extent
to which the features of A H, the daily variation of H at a low
latitude station can be related to the characteristics of the
-8olar wind plasma Impinging on the magnetosphere and the

interplanetary magnetic field.



CHAPTER -1V

4.1 Nature of /\ i, the daily variation of & for low latitude

stations

A study has been made using tiie magnetograms from the
observatories at Alibag ( geomagnetic latitude 9. SON), Honolulu
(geomagnetic latitude 21. ION), Guam ( geomagnetic latitude
4. G-ON) and Trivandrum ( geomagnetic latitude 1. 108) to understand
the nature of the daily variation of ﬁle horizontal component of the
geomagnetic field, H for low latitude stations. Figure 4.C1 shows
a magnetogram alt Alibag on a typical day s« Here :Im"x’ Hmin’
and AH are respectively the ' maximum value of H, the minimum

value of I and the range of Hdefinedby (31—~ H . ). T
max min max

and Tm'n are the time of maximum and time of minimum of H
during a period of 24 hours from local mid-night to mid-night.
Figure 4.02 shows for the individual years 1961, 1962, 1963 and
1964 the histograms of the frequency of occurrence’ of T ox and
Tmin of H for Alibag e It can be seen that there is no qtflalit;’zive
change in the histogram from year to year. Figure 4.03 indicates
the normalised polar histogran s of Tmax and Tm:in of H for

~ Alibag for the period 1961-1964 separately for (a) all days combined,
(b) quiet days, (c¢) days with sudden commencement storms (d}
days with grédual commencement storms (e) disturbed days and
(f) internationally disturbedi days but during whieh sudden
commencerieat and gradual commencement storms did not occur.
T a# histograms are relatively unaffected by the degree of
gerf)lmagnetic disturbances and is arouand 1100 hours lacal time.
However, Tmin occurs at 0500 hours significantly more often

on geomagnetically quiet days than on all other groups of days.
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ALIBAG MAGNETOGRAM

6-7-1966
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Tig. 4.01 A typical magnetogram at Alibag.
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 NORMALISED POLAR HISTOGRAM OF TMax & Twm
OF H ALIBAS 3611964

ALL DAY : ' 1EY ’
AYS o (&) QUIET DAYS o (4
o N,
/ *
.Tum

ko)

Fig. 4.03 Normalised polar histograms of local
times of maximum and minimum of H at Alibag
from year 1961 to year 1964, showing separately.
(a)-all days combined, (b) quiet days, (c) days with
sudden commencement storms, (d) days with gradual
commencement storms, (¢) disturbed days and (i)
internationally disturbed days but during which
sudden commencement and gradual commencement
storms did not occur.
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The zlirost absence of Tmin of H between 0200 to C560Q aours

" on disturbed days is also noteworthy.  In section 5.134 &

theoretical interpretation is proposed to explain tie occurrences

of T in of ¥ in the moraning quadrant for quiet days and eveaing
it .

quadrant for disturbed days.

4.4 A as a coisequence of lowering of Hmiﬂ’ th.e minin um

value of M during nigut time

It is irrportant to investigate wnetaer at a low latitude
gstation, outside tne influence of the équatorial_electrojet, VAN Eod
represenis an iacrease o1 the day side over = basge level at
Fmi’n’ or»alternatively—‘it is a decrease on tie nigut side from. a
base level at Wmax' In the former case, one should nave a

positive correlation between A H and gmax wit}: poor correlation
J
hetween AH .and Emin' Cn tiwe other hand, in the latter case,
one skiould get 2 negative carrelation between 7Zi7 and H in and
m

a poor correlation between /\H and H x’
m

Figure 4, 04 shows the scatter plot of E{min sgainst A\ T
for thie year 1961. Here 21l trhe days in the year have been
counsidered for the analysis. X and {5) respectively indicate days
on which sudden commencement and gradual commencement
storm s occurred. The correlztion hetween the two is negative
~and quiet significant.. The corresponding scatter diagram for

/\H and I oy 18 shown in figure 4.05, where the correlation
between the ;r.wo is only + . &15 : 0.047. The characteristics
described here are seen at Alibag not only in 1961 but in all
years‘ of thie solar cycle 1854 to 18¢4 ( Sarabhai and Maijr,19€2 a}.
In order to confirm the experimerntal results from the analysis

of data fror Alibag, the author has exaniined dota from. the
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magr.letic observatories at Zonolulu and Guam erc like Alibag,
-é.re lowilatitude" stations outside ﬂxe e'ffect- of the equatorial
electrojet. Figuré 4,906 shows the scatter diagrams of ANE
against H and /\ H cgainst Erﬁin for Alibag and Honolulu
for the year 1954 and figure 4.07 that for Alibag and Guam for
the year 1961. Here Hmax and Hmin are respectively the
maximum and minimum hourly values during the day and A#=
is the difference between them. It can e seen that A His
negatively correlated with Hmin with a high correlation and not
- well correlated with Hmax’ even though, the correlation between
AH and H is positive.

The successive annual mean values of the magnetic
elements at an observatory show that the earth's magnetic
field undergoes secular changes, thougn not necessarily or
usually at o constant rate. ZBhargava and Yacob (1969) have
determined the secular variation of the horizontal force at
Alibag by the application of digital filters: They have evaluated
the secular trend in the annual mean valies of ¥ at Alibag for
the years 1860 to 1954 and for Honolulu for the yeafs 1945-54.1t is
seen that the rate of increase of H at Alibag is about 407 per
year between 1924 to 1964 while for Honolﬁlu the rate of decrease
is about 237 per year. The secular variation varies from place
to place and from time to time. To eleminate the influence of
secular changes in H, the author has derived {{:'nin and [_\H*
by taking 27-day moving average of the daily values from the
corresponding values on the 14 day fzlling in the middle of the
interval. Since [\H* is defined as (/) H = ./S;.:{), there are
negative values of /\ H* which can be seen in figure 4. 08.

&
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. _f::: ..f"{ . . .
The relationship ofhmin and A H during each of the four
years for Alibag can be seen, in figure 4. 08, from the scatter
" diagrams and statistically best fit lines derived Ly correlation

A sk b

analysis. During each year, /39 =znd §

i
fan

are unegatively
mip 2Te uegatively
correlated with a coefficient of about -0.8 ~ 0.02. The points
in the diagram indicated by 'XX' and '®) ' correspond to days
when sudden commencement and gradual commencement storms

occurred. It would be observed that by and large there is no

qualitative difference in the relationship of A = and Hr;in with

increasing degree of geomagnetic disturbances. The fundamental
character of AH and Hmin during the period of a solar cycle

is best brought out in table 4.01.

TABLE 4.01

] b 3
Correlation coefficient and slope between H, ;. and .Z-\HIa at Alibag

Year Correlation coefficient Slope
Mt oo e br o o o o o s m o] o b e b e o e e e o e . o o o o o e e v i e o e o o e - . b

1954 -0.61 i , 03 -G.620
1955 ~0.60 5 03 -0.630
1956 -0.72 5 .02 -0.730
1957 -0.88 - .01 -0.880
1958 -6.8G = .02 -G. 797
1959 -0.79 - .02 -0.800
1960 -0.82 - .02 -0.850
1961 -0.85 - .02 -0.835
1962 -0.79 - .02 -0, 813
1963 -0.79 » .02 -0.794
1964 -0.74 - .02 ~C.756
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Disregzrding for the time being the small but systematic difference
in the slope of the regreSSioz3. line ( Table 4.01) during the years

from 1957 to 1962 compar_ed to the ye‘ars of low solar activity

Pd

1954 to 1956 and 1965 to 1964, it can be seen that AF |, in

relationship is relatively constant

% i<

The overall relationship between I 'min and /\ H is best

e
. for
min

each individual day for all the eleven years from 1954 to 1964

brought out in figure 4.09, where data for A ¥ and E

have been included. The area of each circle is proportional to
the number of days having appropriate pzir of values of A H and
EAd

H_ .. Figure4. 16 shows such a plot for Honolulu for the period

1963 to 1967, By all standards the relationship between /\ & and
anin is remark%ble.' Since the correlation is negative that with
increasing A :I, H;ain decreases, we can conclude that Hmin is,
predominently produced by the removal of the field on the night
side ( Sarabhai and Nair, 1969 a, 1971),

In deriving A EI* we have subtracted the 27 day moving
average of /AH namely AX from the value of AH on each day.
The eleven year variation of AZl for Alibag is shown in figure
4.11, where the normalised yearly histograms of AH are plotted
for individual years 1954 to 1964 and also for all the eleven years
combineds AH has & minimum value of 40 Y even during years of
low solar activity. On the other hand during years of low solar
activity there are days when /\H is as low as 20Y. The
observation of Nzir et al (1970), that the ionospheric contribution
is about 177 2t Alibag is consistent with the present evidence. A
note worthy feature seen in figure 4.11 is that during the years of

high solar activity, not only is the mean AH about double of what

it is at low sunspot activity, but the spread of AH during a

%
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particular year is also larger ( Sarabhai and Nair, 1671),

4.3 Magnetospheric-and io_hospheric contribution to A IS

At Trivandrum, which at the dip equator, the magnetic
efféct of fhe electrojet cufreh’t has been experimentally verified
in rocket flights ( Maynard and Cahill, 1965; Sactry, 1968). Cn
the average at Trivandrum the daily variation has an amplitude,
about 1.8 times the daily variation at Alibag. Since magneto-
spheric currents would be located at distances exceeding about
20000 kms. above the surface of the earth, their effect mu.st be
almost identical at Alibag and Trivandrum, 1100 kms south of
Alibag but situated at the dip equator; neglecting differences in
the induced field arising from local ground conditions, ©Cn the
other hand the well-known enhancement of /\ 3 at the dip equator
is caused by the influence of the equatorial electrojet. A confor-
mation can be sought, about the proposition regarding the
interpretation of A i at Alibag being largely due to magnetospheric
currents, by taking the scatter diagram of ( A H’I‘rivandrum’*
A EAlibag) against H_A_libag' Figure 4-12 shows the plot of 2\ 0,
7~ Al
the two is negligible and insignificant, clearly confirming that

against (AH ) for the year 1981. The correlation between
the basic process operative at Alibag is not directly related to

the known ionospheric effect which is more important at
Trivandrum. In consequence { £ }EiT- L\HA) must he related to
purely ionospheric currents. Here it is worthwhile to examine

the validity of these assumptions particularly because they are

at variance with the dynamo theory, according to which the
contribution of ionospheric currents should predominate at both
stations on days which are not geomagnetically disturbed.

Moreover the author has derived an estimate of the relative
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contributions due to ionospheric and magnetospheric currents

at Trivandrum snd at Alibog.

Fig. 4.13 shows the normal_ised‘histogram of
(AHT— LLI—EA) for different ranges of /\ H, for the years
1962, 1963, 1964 and for all the three years combined. It is
observed that on a day-to~day basis aAHA is more or less
independent of the purely ionospheric contribution namely
(A Hp - AH )+ Similarly as shown in table 4.02, AH , s
independent of the changes of F region ionospheric electron

density related to the middey mean value of foF over Kodaikanal,

2
also close to the dip equator. These facts suggest that ,Z_\HA

does not track the chénges in the ionosphere.

TABLE 4.02

F - A ;'._I . I{_ a“l‘ 1 » ':'—
(A_IT A) and foFZ at Kodaikanal for different ranges of A:J;A

T e e B e e m v am e ar ae ] o e e e e e - e wm - e rm e v e v e an e e A.-—_r..._-.-g-,-.‘.-—
- Mean Mean midday Number of
AH, ( range) ) i e

A AN SR 151 S
A (I\F p A_‘!.A) fOA o in MHz day:
“iny ’

B me A e mas e e M e e o WS .---—‘\ ———————————————— P- —————————————————————————
31to 50 v 53 7.3 31¢
5110 70 v 51 7.6 314
71 ¥ and above 4G 77 292
31 v and above ] 50 ’ 7.6 925

From these studies it is possible to estimate the relative
contributions due to magnetospheric and ionospheric processes at
Trivandrum and Alibag. Acco/rding to the dynamo theory, the

— /

mean current density J = (3 s E) Wheretz: is the height
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int'egratéd conductiVity'and-E is the priméfy electric field. The
- derived values of E /for B-region 2t GO, 300, 6‘00 and 900 dip

latitudes ( Maeda, 1953) enable a smooth curve to be drawn to

express the variation of conductivity with latitudes. For this,

the ratio of conductivities at Trivandrum and Alibag derived ag

- -8 '

7.98x10 . 2.9. It is seen from Txble 4.02 that on the average
-8

2.61 x 10 ‘

the ionospheric contribution at Trivandrum is about 507.

T

Consequently, the average ionospheric contribution to /A= A would
50 -

be ;-~9£¢ 17 v ( Nair et al, 1870).
Lo

4,4 Relation between ( AH . - HA) =nd the electron drift
1 . -

speed at E-region at Thumba.

Since January 1964, regular measurements of the drift
dpeeds of the ionospheric irregulsrities in the ¥ and F regions have been
'r;;dte Thumba, near Trivandrum, by recording the fading of radio
reflections at three spaced aerials. The drift was always towards
west during the day time hours. The mean drift speed during the

midday hours ( 1100-1300 hours) correlates well with (AHT SPaN:! o)

as éllan in Fig. 4.14. Rocket borne magnetometers have
measured the magnefic field of the éiect:_i—‘ojet current in the
E-region ( Maynard and Cahill, 1965 ; Sastry , 1968) -

R. Rdghava Rao ( private communication) has shown, taking curprenf
density darived from similarp measufements and simultaneously
observed elegtron density, that the average electroh velocity is
comparable with the drift velocities measured with the spaced
aeyrial techniquﬁ. A linear relationship between the drift speed in
the E-region and (A LT - AEIA) 1s therefore consistent with the
interpretation that the drift velocity measured by the spaced aerial

technique is proportional to the electron drift velocity in the
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electrojet and that moreover the_latter at noén can be deduced
from (A HT“"L\ HA), derived exclus;’ivelyvfrom ground measure-
ments. In the F region, the currents due to electrons and ions
would produce equal and oppositely directed msgnetic effects,
and therefore the correlation of (A,I{T - ‘./_.\I-IA) with F region
drifts indicates +thadt' the later are themselves correlated
with the E region drifts. Cn comparing the magnetograms from
Tamale ( dip 10-14‘) and Legon ( dip 100-11'),Osborne (1963) has
earlier argued that the electrojet cannot be = simple enhancement
of the normal current in a belt of high conductivity. IVIoreovér
Osborne and Skinner ( 1963) have shown a correlation similar to
one presented here between the electrojet strength and the F
region drifts. The conclusions of these authors are therefore
consistent with the present study. Moreover the preseﬁt study
lend support to the view that drift velocities measured by the
technique of spaced aerials is related to the drift velocity of

electrons in the electrojet.

4.5 Variability of H =t different hours releted to day-to-day

changes of the daily variation

In section 5.1 the author hes identified the ionosphere,
the magnetopause =nd the magnetosphere as three regions from
where currents or drifts can contribute to the observed daily
variation of H nt a low latitude station. The contribution from
magnétopause currents is small compared to the contributions
from the other two and in consequence one can confine attention
to ionospher-ic anbd magnetospheric current systems. For a
atatlon like Trivandrum, which is at the dip equator, AH is
con‘crolled mainly by dynamo electrojet currents and in

consequence the variability of the currents would exhibit itself
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through a large variance of hourly i from: one day to another
duri‘ng day time hours on'l;'y. But at a iowl.latitﬁc.ié stotion outside
the effect of" the equator‘iali electrojet thé situaticn would be guite
different if /N is controlled 1afge1y by the magnetospheric
currents systems which are effective during day g well as
night hours, contributing a variance from day-to~day which is

insensitive to local time.

In order to confirm the view that there are two
independent processes contributing to /\ ¥ even during quiet

days, the guthor has studied variations with local time of the
r

. r . 4
variance of H__ and &
T A

and Alibag for internationally quiet days during high end low solar

th . .
, the v hour values of X for Trivandrum

nctive periods. Figure 4.15 shows the local time dependence of
the variances (@;)Z and @i) % for the years 1958 to 1960
and for 1962 to 1964. We observe thzt (1) the variance at
Alibag is insensitive to local time while at Trivandrum it is
much larger during day time than at night, as expected; (2)

the variance at night at each station is of the same magnitude
indicating a common source for both stations during night;

(3) the variance due to both factors is larger during years of

high solar activity than When the sun is quiet.

1.6 Fquinoxial maxima in equatorizl electrojet streﬂgth

.
The monthly mean values of ( AHT-— \ & A) and /\ 5 A
are shown in figure 4.16 separately for the years 1958 to
1966 and for all the nine years combined, (AE-IT— AE{A) which
is purely due to ionospheric currents, shows clear equinoxizl
maxima. It is Satisfactory to note that drift speéd as measﬁred
by spaced aerial technique, at Thumba very néar to Trivendrum

also exhibit equinoxial maximum ( Chandra and Rastogi, 1969).
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Fig. 4.15 Daily variations of ( ( ; H,r,)“ and ( L, !-I;;) for
quiet days during 1958, 1959 and 1960 combined and 1962,
1963 and 1964 combined.
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In contrest with the p‘u-reljr_ionospheric effect, A H A has no
consistent geasonal Vez.riation, 'The absence of equinoxial

maxima in AHA is surprising gnd is not well understood.

| According to “Tones and Bergeson (1965) a radial
electric field generated by the wobbling of the earth's magnetic
axis in the magnetosphere, distorted by the solar wind, should
cause charged particles to experience net energy changes over
a number of revolutions arcund the sarth. From this theory,
an explanation for the enhancement of the strengtn of the
equ-torial electrojet at equinoxes can be visuzlised as follows.
If one assumes thot the kinetic energy denéity of the solar wind,
which compresses the magnetosphere in the sub-solar direction
is constant over a period of one year then, since the earth's
magnetic axis is more nearly ‘perpendicular to the solar wind
flow at equinoxes than at solstices, the compression of‘the
magnetosphere and the radizl electric field produced in tﬁe
ionosphere would be maximum during eguinoxial months.
This effect should be more pronounced at the equator than ot
higher latitudes. This zlso supports the contention that there
are two independent processes which are operative, and that
at Trivandrum the ionospheric contribution is similar in magnitude
to the magnetospheric contributions-on a normal doy, while at

Alibag the icnospheric donfribution is only about a third of Ai—-A

4.7 Z_\ HA in relation to changes in K. E. density of solar

wind and & BZ of the interplanetary magnetic field.

By means of spacecrafts it is now possible to obtain

direct information regarding the electro-magnetic state of the



interplanetary medium. Different types»bf plasma nrobes have
been uséd iﬁ space vehicl_e's.. Cne is a piaszria cup which is used
essentially as an integral analyéer for the energy, with a wide
angle of acceptance for the arriving.particles. Such instruments
have been developed by'the group at MIT ( Bonetti et al, 1963).
Similer devices, cclled ion traps, have been used in Russian
Space-cr:fts ( Gringauz et al, 1861). Another type is an
electrostatic differential energy analyser with a narrow angle of

acceptance ( Neugebauer and Snyder, 1963).

There are different types of magnetometers which have
been developed and used in space measurements. They arce (1)
Induction or search coil (2)' Fluxgate or saturable core (%)
Proton precession (4) Alkali vapour self - oscillating and (5)

Helium vapour low-field.

Ness et al (1964) have discussed in detail the magnetic
instrumentation used by them on satellites IMP-1 and IMP-3.
They have used two types of magnetic instruments, namely
rubidium-87 vapour mognetometer to measure the absolute
scalar intensity of the magnetic field and two mono-axial flux-
gate magnetometers to delinecte the vector characteristics
of the field. The Ames megnetometers used on IExplorer-33 are
of the flux gate type, specinlly designed. A detailed report
of the instrumentation used by the Ames group is available

(Mihalov et al 1968).

The solar wind plrsma data from IMP-1, used in the
present analysis, have been experimentally me=sured by the

MIT plasm= probe on board IMP-1 satellite. Pai et 2l ( 1967)
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have reported tic three hourly averages of the velocity, Vg;
dénsity;' ns‘; flux, ¢s and kinetic energy density of sol»:-;rrwind
plasma. The primary interplanetary magnetic field data, in

the solar magnetospheric co~ordinate system, used in the

present analysis, is obtained by N.F.Ness from magnetometers
on 'boavrd IMP-1 and IMP-3. In the solar magnetospheric
coordinate system the positive X axis points towards the sun,
while the Z axis lies in the plane formed by the X axig and the
geomagnetic dipcle axis; Z is pesitive in the northern hemisphere.
The ¥ axis of the right-handed coordinate system is always
orthogonal both to the sun-earth liné and to the geomagnetic
dipole axis ( Ness, 1965). The primary interplanetary magnetic
field data used in the present analysis consists of hourly

averages of B, the magnitude of the interplanetary magnetic

field and(jﬁx, (_,Ey and((B_, the standard deviations of B_, B,
and BZ the field components along X, ¥ and Z directions,

derived from 5.46 m.inute values. From these, daily values

have been computed for each parameter.

During IMP-1 period ( 27-11-1963 to 15~2~1864) a fairly
well established sector structure has bheen observed (Wilcox
and Ness, 1964) in tl.e interplanetary plasma indicating the
stability of the regions of activity. In order to improve the
statisticzl accuracy of these parameters the author hag
derived, by super-position of successive 27~day values, the
average B, Bx’ By and ]3Z for each heliographilc longitude =t
the central meridian passage ( CMP), Similarly the values
of Vs’ the solar wind velocity; kinetic energy density of the
solar wind ( K. E. density); \H ,, the daily range of I at
Alibag and }:Kp the daily sum of Kp have been computed.
"Figure 4.17 shows the average 27-day pattern of these
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parameters. . Here \7 is-in Kms/sec, K. E. dengity in units

. . ~11 . - - R
of 8.8x10 ergc‘/rm B, (B (JB , ( B_ and &EAA are in
gammasg, Table 4,03 shows the correlatlon coefficients between
the geomagnetic and interplanctary parameters during IMP-1

period,

TABLE 4.03

Correlations between interplanetary parameters and geomagnetic

field parametelu during IMP-1 pemod (for 27-day average pattern)

v n . K. B, »
S Yls density B C_éx ng ng

Mo P S A e A A b e A e B e et e e e e e e TUTT SR T R e e om0 b e e e em ew e em e e e e e

+ +

Ad, 297 o607 073 o060 o.56% o577 0,77
0.18  0.13 6. 08  0.13  0.13  0.13  -.08

X + + +

SK 0797 0237 0567 o0.42F 067% 069F o074t
P ooor  oa7r o.14  o0.14 011 0 10 C. 09

The correlation coefficient of ZKP is best with V
agreement with the observations of Snyder et al, 1963, In Ehép-
ter § the 'r*elatlonf‘hlp of V and C}é with Kp is explained in

the light of the interaction of the solar' wind with the magnetosphere.

It is observed that /) HA is well correlated with K. -E,

denolty and (S and 1r181gmflcantly so with V .,/\L has the

1/4 L /.9 .
and therefore a Lneanlngful physical

o

relationship can be expressed by congidering ( AE’A)A and

dimensions M

observed kinetic energy density of the solar wind plzsm.a, both

having the same dimensions.



The correlation between the two is 0.78 f'@. 08 for tnc
27 -day superposed values "'!ur'nb IM'P 1 reriod. The scatter
diagram of K. E. density against ( AH )‘d is shown in figure
4.18, Tre expression coanecting the tWo quantities during

IMP-1 period is

+ - +
K.E. density = (20 -~ 11) . 10 10—!— (3.65 - 0,45) (A_.A)

ergs/mma : ceee. (4.02)

Figure 4.19 shows tae scatter plot of the 27-day values
of the K. E. deasity of the observed solar wind with ( C]g )
during IMP-1 period. Tu‘:‘ correlation between K . density
and ( ‘f:z)z is 0. -'30 - 0.07. This is not surprising since an
incresse in K. E. density due to enhancement of solar wind
velocity must simultaneously result i- a compression of the
plasma in interplanetary space :nd a coange in the interplonetary
magnetic field. In this connection Sarabihai (1963) aad Dessler
and Fejer (1963) have earlier examined the situation When a

fast solar wind overtakes a slow solar wind.

Figure 4.20 shows the scatter diagram of tiie average
27~day values of [_\H‘ and (\B duriang IMP-1 and IMP-2
perlods corﬂbmeu The correlation between ALID and (JBZ

¢.75 - O 06 suggesting that there is a statistically significant

relation between the two. It can be gseen that tie relation holds
good in the same way for two different periods ( 27-11-1963 1o

15-2-64 '\xxd 15-6~1965 to 26~1-1966).

‘In order to confirm the relation retween GE’BZ end A\H A
tiie author has conducted the cnalysis for the vears 1967 aad

1968. The interplanetary magnetic field data, from Ames



129

eporaad -porrad 1-gWI Supnp ‘SeANV 30 L (HY)

4 Z
z reUap 1 4 XETOS Syl 3O AISudp X "I IO Senisa
-1 Suranp mA g6y ) wim HI8uep “FE 3 wfﬂ 10 pue @Mﬁp Jeios 8yl .*,.o %..Nm: wvnﬁ mw M.: g
\ ‘H - A 2 oy 1Be &1
santes Lep 17 o8nishie oyl jo j01d J2PBIS 61'% "SlA Aep 17 adeisae 8y} JO 101 11808 ¥
{ [ ]
mr.wr Wi ww lw& N\M mﬂxﬁ
004 Q-2 09 oF 02 ) oo 2008 o0oY aa
{ T T ¥ ! T T i 1 i ]
\ - .m.\ ov
ﬂa 3 -
°/ b i . i
N s @ ¥ 00l o - ATEEY :
e ° P pu o )
Y g z
@ @ o = N . . ,. oy &
s S _ g - ot
% 4 : = @ \.. . 3
/ -0 2 . ’ ./ 1081
# 7 =
o“0® 5 /
¥ &
\\ <
v S - \ « ~ gog m
\ @ : 7 s
—) =]
| ) | %% « - \ oz o
L ¢ =
L ; ,
5 - / ~ ogz @
/ " /-
- 00 z Iy
¥ oo% m - \\% Jaze 1
. “ b
: =
& / nﬂu
OO0 F£08-0= & o \m - 882 B
o]
/ =4
I. \\m - CO¥F H
/ L0 0Tl 0=
N \ T R
& Y, N
!




130

- magnetometers on Expl_oré’r—SS in the solar magnétospherié
coordinate system, used in f?rle p_'reéent work nave been obtained
‘by C.P. Sonnet. |
The primary data consists of hourly averages of I3, BX,
S and Bz' Tue daily values of Cﬁz for days when there is

no break in tie data have been computed using the relation

/ L .
03, (daily) =/=. ¥ (g -5 )2 (4. 08)
7y, 24 L Tzi Z o

. =

It has been noted that.during 1867 and 19¢8 the 27-day
recurrence of tae interp‘lanetary magnetic field strength |
was poor. Consequently averaging data according to
Synodié rotation, supresses detniled inforrmrations. However,
since data gre available for 382 days during 1987 =nd 1958, it
is meaningful to group the days into different sets according to
A HA values ot intervals of 107, Figure 4.21 shows the
scatter plot of the mean values of 'AHA and <’~§z for
different sets. The area of each circle is proportional to the
number o,i;.‘ days naving fppropriate paif of values of A?{A
and Cﬁz. The $olid line in figure 4,21 corresponds to the
regression between 'A’HA and C,\B: for IMP-1 and IMP-5
periods ( figure 4.20). It ig remarkable taat the relationship
between A HA and G*Bz remains relntively unaltered during
the solar cycle from 1963-64 (IMP-1) through 1965 (IMP-3) to
1967-68 (Explorer-33).

It has een shown earlier that during IMP-1 period

the K. E. density is correlated wit:i (L\ .-::TA) - Drta for dengity
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and \}élocity of intérplanetary.plasma from IMP—S and
Explorer—BS are not avai_lé.ble with the author, but during IMP-1
period it is p‘c')ssible to study the relative contributions of the
K. E. density and Cﬁz of interplanétary plasma and other
causes such as ionospheric currents, to AI-IA. Tine multiple
correlation of the average 27-day values for (Af{-_{A)z, “the
observed kinetic energy density of the solar wind :;nd the
variance of Bz for {JMPJ period shows that while 619% ofA the
variation in (/\H A)a is attributable to changes in K. E. density
alone and 58% only to ( ng)z, 66% can be explained by
referring to both K. E. density and ( E;Ey)z. This leaves

34% of the variance of (A HA)Z attribu’tadble to other causes
such as ionospheric currents.

In the light of these experimental evidences, it is
shown in €hapter V ! that the time dependent azimuthal
electric field in the magnetosphere play a very important part
in populating the inner shells of the magnetosphere. These
enhance the eccentric and the partial ring currents, and the
tail currents lowering H during night time and contributing to

an increzsse in/\3

4.8 Conclusions

The studies 1"egaorfed in this chapter indicate that AEL
the daily variation of the horizontal comisonent of the earti?s |
magnetic field for a low latitude station away from the effects
of they equatorial electrojet, is largely due to & reduction of

the field on the night side. Since E-region currents ane very

weak during night time , the reduction of & on the night side
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snould be caused by an 'asymmetric ring cuifrelit in the mag:etc-
sphere. - Fora norrmal ddy it has been shown trat 2/3rd of tae
oirserved armplitude ofA 7 is due to such an asymmetric ring
current in tie magnetospiere. We Lave proposed in section

5.1, a conceptual representation of fne effects of various
processes contributing to /{H. It has been shown tict currents

in the magnetospi:ere which give major dontribution to A—“AJ are
controlled by temporal changes in the solar wind. These findings
enable one to use AH for probing the electromagnetic state of

the interplanetary space.



CHAPTER V

5.1 Morpnology of £) H.

- If one wishes to use geomagnetic field changes

to Iﬁrobe interplanetary plasnia, one should Lhave an apprecia-
tion of the various current systems in the ionosphere, magne-
tosphere and at the magnetopruse, which could affect the
tlnpgrturbed geomagnetic‘ field. Evidence has been presented
( Sarabhai and Nnir, 1969 {a), 1969 (b), 1989 (c) and 1969 (d);
Neir et al, 1970; Nrir and Sarabhai, 1970 cnd Sarabhai and -
Nzir, 1971) which indicates that the daily V-s-.ri’ation of the
geomegnetic field ~t a low latitude station away from the
influence of the equaterial electrojet, is dominated by’ urrent

systems outside the ionosphere.

To make credible the proposition that the observed
geomagnetic effect is significantly related to magnetospheric
currents, it is necessary to demonstrate that experimental
observations and theoretical studies of the drifts of particles
in the magnetosf)here provide an overall view which is consistent
with the above assumption. Some direct observationsl evidence
is available in respect of the currents, in the icnosphere and the
magnetosphere. Moreover, from theoretical studies one can now
infer the existence of currents in the magnetosphere due to the
convection of the plasma driven as a result of reconnection of
interplanetary and geomagnetic field lines ( Dungey, 1981); due
to the viscous interaction of the interplanetary plasma with
the magnetosph.ere ( Axford and Hines, 1961); and due to

gradient and curvature of the field lines ia the magnetosphere.

o
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- The dynamo- theory suggests that the currents in tne
ionosphere occur in the E-regions due to the thermal winds
~and electric fields. The éffects of the currents on the
magnetopause, in tae n'zagne’msplv:».ere- and the ionogphere, and
theizj progressive contributions to the unperturbed geomagnetic
field at a low latitude station sﬁch as Alibag can be conceputally
‘and diagrammatically depicted as shown in figare 5. 01 ( Sarabhai
and Nair, 1869 d ; Sarabhai and Nair, 1971). For the time
being the effects due to the induced earth currents is neglected.

The darkened portions indicate tihie contribution of AH, due to

decreases, and tne hatched portions due tc enhancements. H
represents the assumed value of the surface unperturbed dipole
field as would obtain if the sources of electromagnetic and
particle radiations from the sun were éut off, The different
effects can be summarized as follows+ It is suggested that the
various processes are all operative on each day, though their

relative importance varies depending on solar, terrestrial and

interplanetary conditions in the neighbourhood of the earth.

5.11 Dynamo gurrent.

The effect of the ionospheric current in the equatorial
electrojet has been measured with rocket-borne mdgnetometers
(Maynard and Cahill, 1865; Sastry, 1968). Moreover, Nair
et al (1870) have demonstrated the high correlation between the
drift speeds of the ionospheric irregularities at Trivandrum
(dip equator) and the differences between the daily range, of
the H component of the geomagnetic field at Trivandrum =nd
Alibag. It has been estimated that on an average day the
ionospheric contribution to /NE at Alibag represents a day time
increase of about 17 Y, while at Trivandrum it is about 507.

This effect is shown in figure 5.01 as aHI
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5.12 VIlVIagnetopause' gurrents.

. According to Mead (1964) the effect of the surface
currents on the magnetopause due to the quiet day corpuscular
flux ~of the solar wind would give rise to an increase of nearly
27 on the day side and a reduction by about the same magnitude

daring night time at the surface of the earth. This is shown in

figure 5.01 as BHCF'

5.13 Magnetospheric currents.

5,181 The tail currents

Siscoe and Cummings (1969) have repcrted that an
increase in the tangential stress at the magnetopause which
is associated with an increase in kinetic energy density of
the solar wind, ghould increase the magnetic energy stored in
the tail. In consequence the tail radius should increase and
the inner edge of the neutral shect should move closer to the
earth. The effect of the neutral sheet and the 8 type current
system in the tail is equivalent to a small magnetic dipole,
cf opposite magnetic moment to that of thermain geomagnetic
field ( Axford et al, 1965; Williams and Mead, 1665). This
should cause a cecrease in the field during night time shown

as B'IHT in ‘figure 5.¢1.

5.132 The symmetric ring current

There should be at =11 times and even during quiet

periods a field reduction due to a symmetric westward - ring
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current which is mwininly situated at 3.5 eartli radii. - From the

observed values of particle drifts in the magnetosphere, Schield

Y

(19692, 1969 b) has estimated that the quiet day ring current

Pt

would have a magnetic moment of 0. ZI'ME, resulting in a
decrease of 28.4 7 at tae surface of the carth at the equator.

This ig shown ag aHSR in figure 5.01.

5,133 The eccentric ring current

The contours of constant field magnitude in the
equatorial plane have been constructed by Fdi_r’field (1968),
using the data from the satellites IMP-1, 2 and 3. The contours
of constant B, with B £ 150 7 are not symmetrical in the equa-
torial plane and they are nearer to the earth in the enti-solar
direction compared to the subsolar direction. This is due to
compression of the magnetic field by the solar wind on the day~
side. The eccentricity of the constant B contours is enhanced
wnen the solar wind pressure is more. Moreover, Kavanagh
et 2l (1968) have worked out the energy contours in the outer
magnetosphere for protons and electrons which are nearer to
the earth in the night side compared to tae dayside. Thus
particles which conserve the first adiebatic invariant and do -not
change their energy within the period of taeir drift arouu_vd the
earth, have to drift along centours of constant B, forming a
west-ward eccentric ring current whicu is nearer to the e,ailjth
on the night side compared to the dayside., In consequence the
clecr‘ease of H during nigit time is more than during day time.

This effect is shown as SHER in figure 5.01.
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Nakada and Mead (1965) have examined the diffusion
of protons in the outer radiztion belt due fo violation of the
fhird adiabatic, iﬂvariant, when the kinetic energy éf the solar
wind increases in time short compared to the longitudinal drift
period of these trapped particles. The net effect is an inward
displadement and acceleration of particles, The above mechenisr

enhances the eccentric ring current, which in turn enhances the

range and lowers the level of H for equatorial stations.

5.134 Partizl ring current

The nature of the partial ring current can be under-
stood in terms of the inward drift of particlés from the tail.
The computations due to Roederer (1969) reveal that particles
mirroring at low letitudes, on the night side, are seen to
abandon the magnetosphere, before reaching the nocn side.
Anderson (1965) and Anderson and Ness (1966) have reported
experimental evidence relating to partial trapping zones .
called the cusp region. During geomagnetically disturbed days,
as explained by Freeman and Maguife (1967) and Cummings et ‘al
(1968) protons drift closer to the earth than electrons, even-
though in the tail they havé the same energy. Moreover in
the process, energy of protons is increased through betratron
acceleration. Therefore the currents produced by the protons
which drift towards dusk are stronger taan those produced by
electrons ( Kavanagh et al, 1968), and one can e¢xpect a

minimum value of H in the late evening, as is observed.

The experimentally observed ghift of Tn’ in of H,
1

from dawn hours during quiet days, to dusk hours during
. b 5
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dlsturbed d"myu ( Sarabhai and Nair 1969 b) as shown in section
4,1 is a feature of gre@t interest, It can be understood as

follows:

The drift paths of conarged particles, in tue equatorial
plarie of the earth's dipole field with convective electric field
and corotational electric field superimposed have been computed
by Kavanagh et al (1988), Chen (1970) and Wolf (197¢).

A

The drift velocity of charged particles, Vl would be
- >
the same as & pure B x B drift in an equivalent electric field,

E  where
eq

<)
— - .
= -—-\7’# ..(5.01)
eq
' M
~t 1 1 P )
'#j‘ -—--c,;(lME B Eo R Sin(p+ 5 ..(5.02)
qR
. : | 1 K
In equation 5.02 the first term ( \(\LM ﬁ = ﬁ) represents

the potential due to corotation of the ple sma with the geomagnetic
field, the second term ( E R 5in Lf is the potential due to
convective electric field qnd the third termp E is the potential
. ng

due to geomagnetic field gradient. ME andf{ lare the magnetic
moment and angular velocity of the earth, R is the radial
distance, L{) is the azumuthal ~ngle measured counter-clock

wise from the solar direction,/Lh and q are the magnetic moment

and charge of tie particle

. .__‘é’ '
__,y (13
V = o H X—V » . (5. (:‘3)

d 52
EN ; 3/*&ME A
= (R - % E Sm(f {Z,%, +
g’ /
(& B cCosip) SP .. (5.04)
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The fifst term on _'the.right hand side of é-quatidnf}. 04 represents

the azumuthal component, Vd () and the second term represents
- - .

the radial component Vd (») of Vd’" At 00.00 hours local time,

L,O = -1800 and therefore
o 3 Mo | ‘
Vy (Y) =\()&R-—i_/_,___‘_ﬂ : .. (5.05)
g ¥R

Fer electrons q is -ve, but for protons it is + ve. Thus the
azimuthal drift for electrons is eastward irrespective of their

energy, while for protone the azimuthal drift is ezstward when

M o

‘\*L< l:})) KRZ

and westward when

2

| KR
I B

M 5 \_qg

At a radial distance R from. the centre of the earth, protons

would have a critical energy E c above which the charge and
p

energy dependent magnetic gradient drift predominates over

the charge and energy independent electric field drift,

E. .= (&. . B fﬂq, RzB(R)
(pe) (pe) (R) 3€

..(5.08)

where B(R) is tue magnetic field strength at R. Figure 5.02

shows the variation of & with R,
pc

The westward ring currents due to the drifts of protong
and electrons in such a situ-tion have different che; acteristics

depending on tine value of Epc' Mcoreover, Kavanagh et al(1968)
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have shown that the fbrbiddéh region for the drift of protons is
nearest to the earth ét 186¢ hours; while for electrons it is
nearest at 0600 hours local time,
L

During geomagnetically quiet days, the energy of
protons injected frorn the tail of the magretosphere must be
less than Epc and in consegquence protons as well as glectrons
drift east-ward. Tle szimuthal component of the drift speed
for electrons is more than that for protons, as a result of which
relative motion of electrons with respect to protons is set up ‘
congtituting a westward ring current, which is nearer to the earth
on the morning side. The magnetic effect at the ground due to
this asymmetric ring current is a decrease of the field during

morning hours.

During geomagnetically disturbed days, the energy of
protons injected from the tail of the magnetosphere must be
more than Eoc . Hlectrons drift eastward and protons drift
westword cozlstituting a strong westward ring current which
ig nearer to the earth on the dusk side. This is so because for
protons and electrons of the s-::ine energy in the tail, protons
can drift closer to the carth than electrons ( Kavanagh et al,
1968). The geomagnetic field depression at the ground :dq‘ge to
this asymmetric ring current is more on the dusk side comfpared

to the dawn side.

5.2 Solar wind affects on AX and K
5.21 E{A wnd the deformation of the magnetospaere

In section 4.7 it is shown that during IMP~1 period
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there exist o statistically significant relationship between (AﬂA)
and the observed kinetic cnergy density -of the solar wind. This

can be understood as follows. .

Apart from on effect due to currents at the magnetopause
contributing BHCF of4 %Y d'liring quiet days as computed by IMead
(1964), Nokada and Mead (1965) have pointed out the effect of an
e'nhancement of solar wind pressure’ &' the magnetopause in
augrnenting symmetric 20 well ns asyrrimetric ring currents. In
consequence there should be a depression of £ as well 28 en
enhancement of AH through the lowering of Hmin' Computations
due to Roederer (1968) reveal that particles mirroring in low
latitudes on the night side pseudo-%;l‘apﬁing regibn (‘particles
mirroring less than 180 © 1011gitudina1 dfif’c for the guiding centre)
are seen to sbandon the mognetosphere before reaching the noon
meridian, The westward current which exigts only for the night
side decreases the horizohtél-field during night time for low
latitude stations. Fbr days' with high ¥, E. dengity the pseudo-
trapping reéion is pronounced and with the removal of the field

on the night side large values of AH aie observed.

According to Roederer and Schulz (1969) the azimuthal
asymmetry of the earth's magnetosphere enables pitch-angle
scattern"._ng to violate the thif‘d ~diabatié inveriant of tropped
particles, thereby causing radial ﬁliffusion . The radial diffusion
coefficient .

o -8 1 9
D, R & (= ) cee . (5.07)

i
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-where RS ig the stand-off distanée to the maghetopa,use given
’ :

by equation (3.04)

/uo= Cos a A ...{56.08)
o}

where a is the equatorial pitch angle at the night meridian

and iris the life time of the particle agrinst pitch angle scattering.

From equation (3.04) and (5.07) it can be seen that

- 2 4/3 n Mo | A
D. ru {_’%_EEIL‘_’.} i, L-—) .. (5.09)
L 2 o
B T
(e}
Thus
D'L o (K.EvDensi’cy)4/3 : ..(6.10)

The enhancement of the K.E. density of the solar wind
thus enriches the inner shells of the magnetogphere and thereby
promotes portial, eccentric and symmetric ring currents. In
consequence there should ke ~ r.lepressibn of ‘H as well as an
enhancement of AH through lowering of Hoin®

in

5.22 Interplanetary magnetic field fluctuations and AH A

From the study of the observed interplanetary magnetic
field para.rneters from satellites IMP-1, IMP-3 and Explorer-33,
it is shown in section 4.7 that Céz, the fluctuation of the north-
south component of the interplanetary magnetic field is linearly
correlated with ,E—IA. The relationship between the two remains

relatively unaltered during the solar cycle from 1963-84(IMP-~1)
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- through 1865 (IMP-3) to 1987-68 (Explorsr-33). A probable

mechanism for this relationship cnn be visunlized as follows.
. . ~

Falthammar (1968) has examined the cronsequences of
the variations of the electric and magnetic fields in the magnetos-
phere, resulting in diffugion and acceleration of charged particles
into the magnetosphere, by the violation of the flux invariant.

The diffusion coefficient DE for the particles, due to east-west
clectric field fluctuations is given by

' 2 Ts Yl
D (W, L, € )= ~—-2> ( Bge (L,n2) ) ....(5,11)

where P (L, n» ) is the power épectrum of the time variation
of the nt spatial Fourier coefficient of the electric potential
field in the equatorial plane. W is the energy of-the particle, Gm
is the co-latitude of the mirror point, L is the Mcllwain's
parameter and Bp is the polarfield strengfh of the earth's

N

meagnetic field. The term Ph is a function of Cﬁym, the f‘luct'ua-
tion of the east-west component of the electric field in the outer
'mq_gnetosphere' » From the field line reconnection process it is
péssible tc understand that Cﬁym ig related Wlh CEZJ the
fluct‘u‘a’ci'ons. in the north~soutl: component of the interplanetary
mégﬁ_etic‘ field.( Obayashi and Mishida, 1968). Thus the term P
“is a f.unvctidn bfcgz. So when Cﬁz is high, Pn is high and in

-consequence D_, is more. This suggests that the radial transport

K
of particle by the violation of flux invarjant is more when (jB_
is high. - Thus the time dependent azimuthal electric field playsg
a very lmportant part, along with the nzimuthal o.symme’cry cfl -

the cuter magnetosphere in populating inner shells of the
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‘magnetosphere, which in consequence, as explained in section
5.1 enhances the eccentric ring, partial ring and tail currentis

which in turn enhance A,

. > .
5.23 The relationship of V_ and CTZJZ with Z_,Kp

| The relationship of T];; and ng with }'_Kp as shown
" in section 4.7 can be explained in the light of the interaction

of the solar wind with the magnetosphere.. In Pungey's
unshielded magnetospheric model, it is nssumed that the inter-
planetary magnetic field has a south-west component. In the
presence of the interplanetary magnetic field the solor wind is
associated with an electric ficld.

>
A%

- - : N
E = — x B ) .. (5.12)

o

(

when observed in a frame fixed to the magnetosphere. This

elec’pric field is" 'thought to enter the magnetosphere'(Cbayashi
and Nishida, 1968). The fluctuation of the east—west electric
field in the magnetésg)here, Cﬁym would be high Wh_en-{?s OI{B—Z
or both are high. CEym promotes convection of plasmea from
the tail of the magnetosphere. Through the above process the
auroral electrojet strength gets enhanced, which should result
in the enhancement of ZKp. This is so because Kp is based on
magnetic records from 12 selected observatories lying bet\{veen

47.7and 62.5° geomagnetic latitudes.
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5.5, Recent studies on AH

Until fecently tie d_aiiy Va‘riatic;n of the geox_nagnetic field
was believed to be primarily r_eléted to current systems in the
ionospheric E-region, particularly in the absence of geomagnetic
disturbances. FHowever, in terms of the dynamo theory a number
of anomalies were seen to occur and muc.: evidence has heen
accumulating recently to indicate that tize classical representation
of dynamo currents on a thin sprerical shell is inadequate to

explain the observed variations, even during geomagnetically

quiet days (Price, 1968 and Matsushita, 1969).

With a growing understanding of the solar wind interaction
with the magnetosphere, it became clear tnat a small contribution
to /AH even on quiét days could arise from currents at'.the
magnetopause. Tuis as well as the dynamo effect should produce
an increase of H near noon, compared to night. OCn the otherhand
evidence reported here has been presented by Sarabhai and Nair
which indicates that the dominant effect at low latitude stations
outside the influence of the equatorial electrojet has the character
of a decrease of the field at night time. Since the E-region
current system is very weak during night time, an ionospheric
contribution to A .F in the form of reduction ofn the field during
night time is not significant and one must look to current systems
in the mapgnetosphere to understand the observations. Their study
has stimulated further investigations ( Sarabhai and Nair, 1969d
and 1971; Bhérgava and Yacob, 1970; Matsushita, 1970; Olson,
1970;. Nair et al, 1970; futton, 1976 and Kane 197C).
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A Bhai‘gava and Yacob (187 {}) using data from Alibag for a
périod 6f 37 years ha%fe computed ti.e Vafi.ation in ©, the mean
daily horizontal intensity ( after removing secular varietion in
E, applying a high-pass digital filter) and AH, the daily range
of H They have shown that for very guiet days (Apm C) to
moderately disturbed days, T ‘decreases linearly, while AH
increases as _A_p increases. They have}pointed out that ''this
is incongistent with the dynamo theory and that a depression
of the field during night tirne is necessary to account for the
above, as suggested by Sarabhai and Nair (1969)"". Bhargava
2nd Yacob (1971) have further shown that A iz composed
"primarily of a northward directed field of the dynamo currents
in the day time and southward directed field in the evening or
night sector''. The southward field occurs between 1900 to
2100 hours local time and accounts for an appreciable part of
/N H. The magnitude ofl the scmthward field increases lwith

increase in A .
b

Matsushita (1970) has reported that ' at low latitude
stations such as Guem, the H componeht at night decreases 10
to 20 gammas as Ap increases from 1 to 10, although the H
component around noon remaing almost the same or shows a
very sligiht decrease ( less than five gammas)'. He has argued
that ""Bince the electrical conductivity of the dynamo region
during nignt on quiet days is extremely small, westward ring
current ( instead of ionospheric currents) in the night side of
the magnetospiiere even on quiet days need to be assumed to
explain this night time decrease'.

The results from synchronous ATS-1 satellite ( Coleman

- and Cummings, 1967; Curmnmings et a1, 1968, 1971 and
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Coleman, 1 970) show tha;t" on the night side even at an altitude
of 6.6 earth's radii at the équat_'or on geomagrietically quiet
days, the magnetic field in tie anti-solar direction is less than
the field in the subsolar direction by about 35 to 45 gammas.
Sugiura et al (1969) using date from OGO satellites 1, 2 and 3
héve computed contours of AB, the constant deviation of the

- measured field magnitude frém the reference field. It can be
seen that even during geomagnetically quiet doys, at an altitude
of 6 Farth's radii in the equatorial plane, there is a field
depression of about 307 on night side compared to day side.

A variation of this type cannot be due to ionospheric currents.
A semi-~empirical description of the geomagnetic
field intensity at the equator, reasonably good in the region of

1,547 < "R is given by Roederer (1970) as

P ... (5.13)

[O]

I{O
B=— +XK ~¥K_r Co
.,\{\é

here (_P is the longitude east of midnight and K‘o = 31100 gammas,

The values of Kl and K? based on ATS-1 magnetometer surveys,

10,4 -1

are X, =12 (E%_q )3 gammag and X, = 2.77 ( =) gammas R
&

1 7
Re is the earthbs radiug and Rb ig the stand ofibdistance of the

magnetosphere in units of RC.

According to relation 5.13, even during quiet period
(1.53._ for a stand off distance of 10 RC) currents outgide 6.6 Re

could produce ( B ) =8.37 in the form of night

day ~ B, ight

decrease at 1.5 R . This effect should be more pronounced

when there is enhancement in toe kinetic energy density of the
solar wind. Thus equation 5.13 can explain part of the daily

variation in H.
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Feet

Recently Olsoh_(l 970) has rep'orted'tizét tne calcula-
tions done with models of tae még’netopause, asymmetric ring,
and neutral sheet current systems show t”’c they all produce
variations in the earth's gurface magnetic field similar to tue
observed .Sq. pattern and fhat, after giving allowance for tue
induced earth currents, the combined fields of these three
non-ionospheric current systems account for more than 107 to
the Sq. variation. He has concluded that "because of the large
observed fluctuations in solar wind parameters ( which
determine the strength:: of these currents), it is suggested that
magnetospheric currents niy make a gignificant contribution
on tiie day-to-day variability m Sq. " OiSOn has ignored the
effect of the partial rihg current, the existence of wiich is

now well accepted.

Hutton (1970) hes reported from the analysis of
geomagnetic field data from Mi'Bour that "' when the hourly H

alues are corrected for IR it is found that, for all days,

1

there is a significant positive correlation between /\ = and Hmax

and a significant negative correlation between A& und Hmin'

Table 5,01 shows the correlations between AH and Hoo and

between [\H and H_. for the years 1969 to 1961 for M'Bour
-

reported by Hutton (1970).
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TARLE 5.01

and between AH cnd H for

Correlation between /\i7 and H min

_ 18X
M'Bour ( Hutten , 197¢)

o = ——

_______ B R
' Number | Correlation Correla‘ugr:
Year Data between AH
of days | between AH
. and H .
and H min
max
. T ~e
All days 365 0.15 - €. &6 ~G.76 ~ 0.0
1959 | ... e R R e
Quiet days 59 6,71 - 0.07 -6.18 - 0.13
RS e e ] R Sthatrsl R ELEE TS
All days 366 0,09 - 6.05 -0.80 -« 0.02
1960 S e S e
Guiet days 50 0.68 -~ §.07 -0,13 - .13
________________ B B O EEEEE
1981 All days 363 .29 - .05 ~-0.76 - 0.02
R LN R ISpu by N R uhg N Ml it RN FER FRBEDRERE "
Quiet days| 57 | 0.67 1 0.07 -0.36 - 0,12

It has been suggested by Hutton (1970) that "in general,
A :
it is clear bot.: from ti.e comparison of quiet and disturbed days
and from the solar cycle dependence that = in is very sensitive
’ mir

to the degree of magnetic disturbances. Also, tie contribution of
changes in H_, and H to changes in /\Z is approximatel

ang min - ges in /\ pp y

max

2:1',

From the enalysis of quiet day daily variation of ¥ on
213 days ( Ap F @ to 8) at Alibeg for the yeor 1964, Kane (1970)
128 suggested tnat'it is caused mainly by day time increases

(in midy and low latitudes) and not by aight time depletions as

proposed by Sarabhai and Hair (1969). It does not follow, nowever,
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thet the source of these variations is necessarily the ionospheric

current system. Lorge day to day fluctuations in A\ even during

quiet periods are still a mystery. AS pointed out by Piddington
(1968), Kp,or Ap are not adequate indices of the measure of
disturbance, particularly at low values and it is suspected that
solar wind interaction with geomagnetic field ig not fully reflected
in these indices. Results of Cummings et al (1 968) indicate that
even at 6.6 earth radii, /\IH can be about 25-3C gamimas,
indicating possible magnetosphreric contributions to A H

observed at ground. Such effects need furt-er quantitative

gtudies''.

The contention of Kane (1970¢) to rave a magnetospneric
contribution to A in tie form: of a day ennancement cannot be
casily understocd. Tuls is so because as poiﬁted out by Roederer
(1970), the net contribution to AH from magnetopause currerits,
tail currents and partial and eccentric ring currents outside
6.6 Re ig in the form of a decrease during night tirce rather
than an enhancement during day time. Moreover, it is difficult
to understend how a  Westward asymmetric ring current can
give rise to . day time ennancement in H for low latitudes.

The reason for this is tuat the geomagnetic field gradient

increases towards the earts: and conseguently protons drift

‘westward and clectrons eastward constituting a westward ring

current.

Kane's result is analogous to the positive correlation
Letween [V H and :{max during geomagnetically quiet days as
reported by Hutton. The results of Tutton considering all tae
days in a year,are similar to those reported by Sarabhai and

Nair, end show that there is only a quantitative rzther than a
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ualitative change of phenomena with increasing desree of
: _. . - o

geomrghetic disturbance. -

In summary the resulte of Bhargave and Yacch, Matsushita,
Olson, Hutton and of Kaene are consistent with tue picture-
préseﬁted in section 5.1, wherein it nas been suggested that AH,
the daily variation of the horizontal component at a low latitude
station outside the influence of tae equatorial electrojet is
caused oy (1) the dynamo current, mainly at the ionospheric
E-region, (2) the surfrce currents at the magnetopause and
(3) the tail currents, the eccentric ring current and the partial
ring current in the megnetosphere., It is suggested that all
the processes are generally operative on each day, though
their relative importance varies depending on solar, terrestrial

and interplanetary conditions i the neighbourniood of the earth.

The capability which now exists, of simultaneously
measuring the doily variation of H at ground stations in low
latitudes away from the effect of the equatorial electrojet and
at synchronous altitude with geostationary satellites, should
make it possible in tiie years to come to estimate with refinement
the relative contributions of tire differeut mecnanisms under

varying conditions.

5.4 Summary of tie results and the conclusious

2.41 Cosmic-ray studies with directional neson telescopes ot

Trivandrum

(2) Computation of the variational coefficients for deriving

the effect related to the primary component of cosmic rays,
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fro_:mfhe observed variations of the secondary intensity nas :
been m.f.:,dé by thie aﬁtf‘aor.. "he calculated difference in the time
B of maximum hetween West-and east telescopes (ffi}'i_?w_w Cll?g) i
between 4.3 to 6. % nours for »ulues of B betweea ~1.2 to +1 .0,
where 8 is-t};.e exponent in ihe relation, representing the energy

spectrum of variation of the anisotropy o galactic cosmic rays.

(b) Patel et al (1968) and Patel (1570) nave reported the
direction and amplitude in sp..ce, of tie diurnal and gemi-
 diurnsl anisotropy and the value of # on a day-to-day bosis.
Using their values tihe author Lss evaluated the amplitude and
pnase of tiie diurnal and sen.i-diurnal components due to
primary anisotropy at tue respective instruments ( along east,
vertical and west directions) at Trivandrum, on a d=y-to-day
basié for the period 1964 to 1966. Comparison of the computed
daily variation of the cosmic ray /\/’\neson intensity wit: the
otserved pressure corrected daily variation shows o residual
effect. It is observed tiaat the diurnal time of maximum of the
residual effect along east, vertical ~nd west directions remains
practically éons’cant witiiin statistical errors and is around 0500
nourse local time; which ig in agreement wwtn tie O)SGI‘Va'tJ.Ol'lS
of Quenby and Trambyanpillai (1960), Mori et al (1966) and
Bercoviter (1968). However, tae diurnal smplitude of the
regidual effect along west siows larger value compared to
vertical and east ("he < ¥y < Yi., ) suggesting that the effect
is energy depef;ndent. This residucl effect can be attribufed‘z to
temperzture variations in the upper otmospinere. Comp .rison
of tiig residual effect wit: ti.e termperature effect derived by ;
Dormen's metiod suggests the possibility of a 100“1 source of

O

non-n:eteorological origin.
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5,42 ° Geomagaetic plasm~ proebe for solar wind

(a) The time of maximum of the daily vari~tion of E for
a low letitude station, outside tiie effects of t.1e equatorial
electrojet such ns Alibag, is relotively unaffected by the
degree of geom agnetic disturbance =nd is around 1100 Lours
local time. The time of minimum of ¥ occurs at 0500 hours
significantly more often on geomagnetically quiet days than
on all other groups of days. The shift of the time of reinimum
of H, from dawn hours du.fi:.n.g Guiet deys tc dusk hours during
disturbed days, is explrined in Section 5.1, as a consequence
of the drift-motion of chrurged porticles injected from the

teil of the distorted magnetosphere ia the presence of corota-

tional electric field and geomeagnetic field gradients.

(b) For low latitude st.tions sucn as Alibag, Honolulu
cnd Guam, which are awey from tne effects of tue equatorial
electrojet A\H, the daily ringe of H is negatively correlated
with Hmin’ the mEnimum valﬁe of I during tie day with &
fairly good correlation and taere is no significant qualitative
difference in the relationship between the twe with increasing
degree of geomagnetic disturbance. On the other itand the
correlation betﬁreez'l A = and Hmrrx; the maximum vslue of O
during the day, is positive but not highly significant, These
obgervations suggest, thnt AH is largely due to a decrease of
the ambient field on the night side along wits a sm-11 enhance-

ment during day time.

(c) . Itis shown, that on o dey-to- d"'y basis, AH

1uore or less mdependeﬂi of tue purely ionospneric contribution
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nomely ( AHTW'AEA)'::- Moreover the mean drift speeds of
the ionospheric irregularities in the E and F regions at Thumba,
very near to Trivandrum, | during the niid-day nours (1160-1300¢ |
hours) measured by the spaced aerial technique correlates well
with ( AHTu——A H " ). Whaile =t Trivandrum the ionospheric
contribution is similar in magnitude to the magnetospheric
contribution on a normal day, at Alibag the ionospheric
contribution is only zhout & third of AH x A well pronounced
equinoxial maximum in equatorial electrojet strength is seen

in the seasonzl variation of ( AHT*“A HA)A A probable
mechanism for the enhancement of the equatorial electrojet
.strength during equinoxes is discussed. The study of the
variabiiity of H at differe‘n‘t hours related to day-to-day changes
of the daily variation of ¥, confirms tie view that there are

two independent processes contributing to AH A even _during .
quiet daye and that the variance, due to both the factqrs; is

larger during years of high solar activity than when the sun is

quiet. ' (

(d) | It is shown that during IMP-1 period there exist
a stotistically significant and piysically meaningful relation-
ship between (AHA)Z and the observed kinetic energy density
of the solar wiad. This is attributed to asy mmetric ring
currents in the magnetosphere due to deformation of the

magnetosphere by the solar wind,

(e) | From the study of the observed interplanetary
maghetic field parameters from satellites IMP-1, IMP-3 and
Explorer-33, it is shown that ng » the fluctuation of the north-
south component of the Interplanetary magnetic ficld ig linearly

correlated with AH, . Thae relationship between the two remaing
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relatively unaltered dui"ing tzie solar cycle from 196;‘%64 (IMEF-1)
arough 1965 (IMP-3) to 1967-58 (Explorer-33). It is suggested
that time dependent azimuthzl electric fields in the magnetosphere
along with the azimuthal ac symmetry of the outer magnetosphe re

play an important part in enhancing /\ =

during night time.

(1) It is suggested that AE, the daily variation of the ,
horizontal component at & low Iatitude station outside the mfluence
of ti.e equatorial electrojet is caused ] by (1) tae dynamo current,
mainly at the ionospheric E-region, (2) the surface currents at
the magnetopause and (3) the tail currents, the eccentric ring

current and tue partial ring current in the magnetosphere

Studies reported in this thesis reveal that AH, provideg
an index for probing the electrom agnetic state of the interplanetary

space in the neighbourhood of the earth.
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