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STATEMENT

Even though the galactic cosmic radiation as observed
within the solar system is largely isotropic?lthe presence of a
significant diurnal wvariation with an amplitude ~J/1% has been
known for the last 2 to 3 decades. Realising that the observed
diurnal variation is the result of the modulation by the solar
system magnetic fields, the earth based observations have been
successfully used for inferring the electromagnetic state of the
intefplanetary medium, Since unlike the 'in situ' space-craft
observations which refer to the condition only at a particular
point in space, the cosmic ray particles have in their memory
the electromagnetic condition along the entire region of space
through whiéh they have traversed, the study of cosmic ray varia-
tiong assumes a considerable importance in the understanding of

the interplanetary physics,.

The time averaged characteristics of the diurnal aniso-
tropy of cosmic radiation have been well established by a number
of experimental workers using observations from a large number of
neutron and meson monitors. Theoretical interpretation of the
same has also been attempted by a number of workers in terms of
electric and magnetic fields in the interplan@tary medium. Where-
as the experimental observabtions on a day to day basis showed
significant departurces from the average characteristics, the theo-
retical interpretation of the diurnal anisotropy in terms of the
cosmic ray particles corotating with the sun has not been able to

account for the large variability observed on a day to day basis.
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The poor statistics, particularly in the earlier observations have
rurther complicated this problen,

The author was inmcharge_gf the neutron monitoring cosmic
ray station at Ahmedabad, India, during 1970-74%., The data collected
from this equatorial monitoring station have been analysed by the
author along with the data avallable from the world wide netework
of neutron monitoring stations to egstablish the time averaged as
well as the day to day characteristics of diurnal variation for the
entire period 1965-72, Extending the theoretical interpretation of
the observed low energy solar induced cosmic ray anisotropy measure-
ments to the relativistic particle observations, the author has
proposed an unified concept based on radial convection and field
aligned diffusion to explain the cosmic ray flux distribution in
the interplanetary medium., The present thesis describes in detail,
the above concept and attempts to explain the ground based obser-

vations in the 1light of this concept.,

A complete theoretical formulation of the cosmic ray
streaming in the interplanetary medium can be described in terms of
contribution from four major components namely (1) radial convection
(2) field aligned diffusion (3) transverse diffusion (W) tfansverse
gradient currents. Assuming that the transverse diffusion and
transverse gradient currents are negligible, it is clear that the
obscrved anisotropy is completely described in terms of radial con-
vection current and field aligned diffusion current. The succegss—

ful explanation of the observed anisotropy of solar cosmic ray



particles at low energies (mJ10 MeV) in terms of convection and
diffusion shows that the perpendicular diffusion component is

in fact negligible most of the times, Natural extension of this
concept to relativistic energies would essentially mean that the
diurnal anisotropy results when the particles are convected out
with the full solar wind velocity. On an average condition, a
baiance between convection and diffusion currents exists which
results in a 1800 hours corotational diurnal vector of the right
magnitude. On a day to day basis such a balance need not exist
due to the varying conditions of both solar plasma and inter-
planetary magnetic field which should yleld a resultant diurnal

variation having a maximum either earlier or later than 1800 hours.

Tn order to verify the applicability of this concept
it is necessary to calculate the convection current using the
observed solar wind velocity values., The diffusion current is
then derived by subtracting the convection current from the
observed diurnsl anigotropy vector., It is then only necessary to
compare the azimuth of the diffusion vector with the observed
interplanetary field azimuth derived from 'in situ' observations,

in order to establish the correctness of the above physical concept.

Using the data from a large number of ground based
éneutron monitoring stations, the author has first examined the
time averaged diurnal anisotropy characteristics, The”results
clearly indicate that the yearly average as well as 2/-day average

diurnal amisotropy during the period 1965-72 is consistent with
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the above physical concept and the estimate of the radial

gradient e/ 9%/AU obtained from the observations is in good agree-

ment with the presently accepted measurements, The author has
extended the analysis to the explanation of the observed diurnal
variation on a day to day basis and has shown that in spite of
the large variability in diurnal anisotropy observed in both
amplitude and time of maximum on a day to day basis, the observed
anisotropy on more than 80% of the days are explainable in terms

of simple radial convection and field aligned diffusion.

The solar terrestrial relationship on nearly 20% of days
on which the above concept does not fully explain the observations
have been critically examined. Such dayse on which there is a signi-
ficant contribution due to transverse diffusion currents are shown
to be associated with interplanctary field irregularities with

scale sizges ranging from 4 hours to 1 day.

The thesis is divided into four main chapters. The

first chapter gives a brief survey of the subject of cosmic ray
time variations. The second chapter deals with the peutron monitor
set up at Ahmedabad and a brief account of the methodology adopted
for the processing and analysis of the data. In the third chapter
the proposed convection-diffusion physical concept and its applic-
ability for understanding the time averaged diurnal variation is
described. In chapter four, the analysis is extended for a critical
understanding of the observed diurnal anisotropy on a day to day

basis. The important results that emerge from these studies are



briefly summarized below,

(1) The yearly mean and 27-day mean diurnal énisotropy observed
during the period 1965-72 can be cdmpletely understood in terms Of
an equilibrium egtablished between a radial convection current
and a field aligned diffusion current in the interplanetary medium.
ThHe radial density gradient derived (m5%/AU) from the observa-
tiong at these energies are quite congistent with other observa-

tions.

(2) On an average basis diffusion perpendicular to the magnetic

field and gradient currents are negligible (K mu OJ%%%E&JO)Q

(3) The enhanced diurnal variation observed on a day to day basis
can be described as a resultant of radial convection and an enhahced
field aligned diffusion current in the interplanetary medium. The
enhanced field aligned diffusion is caused by a significantly
enhanced radial gradient (= 10%/AU) established in the inter-
planetary medium due to the preéence of either a "sink" of cosmic
ray particles in the garden-hose hemisphere or a "source! of cosmic

ray flux from the anti-garden-hose henisphere,

(L4) On a day to day basis onrw 80% of the days the large variability
observed in the amplitude and time of maximum of the diurnal ani-
sotropy can be explained as a consequence ol variable convection

and field aligned diffusion current in the interplanctary medium.
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(9) Nearly 20% of the days which show departure from the pj%posed
Cénvection~iiffu810ﬂ.COﬂcept are found to be qssociated with mag-
netic field jrregularities of scale sizpexihours indicating the
presence of significant Lransverse Jiffusion current in the inter-

ﬁs’f\,/ 1 ) .

planetary medium  ( Tt

In addition the author has 2180 examined the complex
Forbush decrenses which were observed during hagust 1972, The
author 1in association with nis colleagues has proposed 2 qualita-
tive model to explain all the observeld comnlex features associated
with the above Torbush decrease event. Since this does not form
the main body of the thesis a reprint giving the results of the

apove study 18 sttested at the end of the thesis.
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CHAPTER-T

INTRODUCTTION

1.1 General survey:

Since thelr discovery in 191k, cosmic rays have served
as an unique tool for investigating a large variety of problems
in High energy physics, Tlementary particle physics, Astronomy,
Astrophysics, Cosmology, CGeophysics and Heliophysics. The
scales over which cosmic rays serve ag an effective space probe
varies from atoms to the environs of our planets and even
beyond. The spectacular progress in the last two decades
have contributed enormously to our understanding of the earth's
immediate environment and the properties of the interplanetary
medium through a large number of ' in situ ' space-craft obser-
vations., Whereas the direct measurements provide point obser-
vations, it is only through cosmic ray studies that we can
infer the electromagnetic state of the interplanctary medium
as a whole. The ' in situ ' observations however provide the
boundary conditions within which the complex propagation
scheme of cosmic ray particles in the interplanctary medium

can be constructed.

It is now known that the solar system magnetic ficlds
cxtend over very large regions in space (M2 100 AU) and have
high cnergy density (;aﬂo times) compared to galactic magnetic
fields. Consequently the cosmic ray propagation in the intor-
planctary space is dictated by the characteristics of solar

system magnetic fields, the large scalc propertics of which
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are now known to be consistent with their being stretched in
the form of an Archimedean spiral by the radially blowing solar
wind. Superimposed on this uniform field are present large

and small scale magnetic field irregularities which act as
effective scattering centres for cosmic ray particles of diff-
erent energies, Using extensive cosmic ray observations from a
chain of ground based monitors well distributed in longitude
and latitude and the large amount of 'in situ' space-craft
obgervations of the interplanétary plasma and magnetic field
parameters, it i1s possible to gain a complete understanding of
the electromagnetic processes which operate in the interplanetary
medium,

The most spectacular cosmic ray variation is the en-
hancement of cosmic ray intensity observed in association with
large solar flares. During the solar flares sun produces a large
number of cosmic ray particles of low energies (<l 100 McV),
sometimes extending even to higher cnergies (321 GeV) which
can be recorded by a ground based detector. In fact the first
inference on the Archimedean spiral character of the inter-
planetary ficlds was actually obtalned from a detailed study
of the cogsmic ray particle anisotropies observed at ground
based neutron monitors. (McCracken, 1962). Direct 'in situ’
observations of cosmlc ray anisotrepies carried out onboard
Pioneer and IMP space-crafts (Ness et al, 196l4; McCracken and

Ness, 1966) have conclusively established the spiral nature



of the interplanetary magnetic fields,superimposed upon which
exist the small scale irregularities. A comprehensive review
on the low energy cosmic ray phenomena has been recently pub-

lished by McCracken and Rao (1970).

Bven though there are a large nuber of space-crafts
continuously monitoring the behaviour of particles and fields
in the interplanetary medium, the ground based detectors play
an unique role in the investigation of the characteristics of
the interplanetary medium as these are sensitive to only high
energy galactic cosmic ray particles (;;;1 GeV)., The cosmic
ray time variation studies by ground bascd monitors not only
provide information on the long term characteristics of the
interplanetary medium but also on the electromagnetic condi-
tions of the 'inaccessible! regions away from the planc of
the ccliptic as well as at large distances away from the orbit
of the carth,. Detailed comprchensive reviewson the various
aspects of cosmic ray time variations are avalilable in the
litcrature to-day. (Lockwood, 1971; Pomerantz and Duggal, 1971;

Rao, 1972).

1.2 Atmospheric effcects on relativistic cosmic ray particlcs:

Before interprecting the ground based cosmic ray obscr-
vations in terms of primary cosmic ray variations in the intor-
planctary mediwa, it is very esscntial to have a clcar under-
standing of the effect of carth's atmnosphere and the carth's

magnetic ficeld on the incident primary particles. The primary



ogmlc ray particleg interacts with atmospheric nuclei and
produces various secondary particles depending on the energy
of the incident particle, An understanding of the effect

of the earth's atmosphere essehtially implies a complete
understanding of the generic relations between cosmic ray
primaries and secondaries. The evaluation of the effect of
earth's magnetic field on the incident primary cosmic ray
particles involves a complete knowledge of the motion of

charged particles in the extended geomagnetic field.

A number of attempts have been made using theoretical
calculations (Dorman, 1957 and reference therein; Wainio et al,
1968 Debrunner and Fluckiger, 1971) to relate the secondary
cosmic ray intensity with the primary cosmic ray intensity at
the top of the atmosphere. Following Dorman (1957) the cosmic
ray variation observed at any ground based detector can be

expressed as,

o0
o 5 ~ _
Q-N-f—- :mbng;L\ (B3, h) + Echm—(—E—ﬂ—@w (B, h) dE
M, - A m (E h)
Sy . | (1.1)
+ E%j 2DE) Wl (m, n) aE
D (E) A .

where Ni is the intensity of the secondary component 'i!
observed at a latitude ! :ﬁ ' and atmospheric depth 'h' having
a cut-off energy E; . D(B) is the differential energy spectrum
which can be expressed in a simple form as Aﬂfwl , where A

is a constant and Y is the spectral exponent. mi (B, h)

is defined as the multiplicity and Wa (E, h) as the coup-

ling constant or the differential response function can be



obtained from latitude surveys. The first term of the eguation

1.1 represents the variation due to the changes in cut-off en-
ergys which is usually negligible_except for few days which are
gesocliated with large magnetic storms, The second term shows

the variation caused by the atmospheric (meteorological) para-
meters such as pressure and temperature, which can be easily
corrected for and the third term essentially includes the
variation caused by the changes in the primary energy spectrum
and is of interest in all studies of cosmic ray variations. Further
it was observed that deriving a multiplicity or spécific yield
function from observed latitude effects was found very useful

in interpreting the cosmic ray secondary variatiorsin terms

of the primary cosmic ray variations at the top of the atmosphere.
A number of authors (Neher, 1952; Treiman, 19523 Simpson ct al,
1953 Dorman, 1957; Webber and Quenby, 19595 Lockwood and Webber,
1967) have obtainced appropriate multiplicity functions for both
sea level and mountain stations which are applicable to cosmic

ray variation studies,

The geomagnetic ficld acts as a spectrum analyser to
the incoming particles and at any location ')\’9 only particles
above a minimum cncrgy (cut-off) Ei are allowed to reach the
detector., The latitude effcect observed in the cosmic ray
intensity clearly indicated that the cut-off energy (Ei ) is
maximua at the equator and minimum at the poles. Though there

arc extensive calculations on cosmic ray particle trajectorics
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in the geomagnetic field are azvailable (Stormer, 1955
Schwartz, 19959; Vallarta, 1961; Bland, 1962: Hedgecock,
1963), the concept of'Asymptotic directiohs*and{Asymptotic
cone of acceptance'developed by Rao et al (1963) was found
extrenely useful for deriving particle trajectories prior to
their entry into the earth's magnetic field and for applying
them to the study of cosmic ray variations observed at a

ground based monitor.

The "Asymptotic cone of acceptance' of a detector is
defined as the cone which includes all those asymptotic dirce-
tions which makés a significant contribution to the count rate
of a detector. As the earth spins on its axis, the asymptotic
cone of acceptance of a given detector scans the entire ccles-
tial sky in the course of a day. Since the cosmic ray detect-
ors have essentially a narrow asymptotic cone of acceptance,
with a suitable choice of detectors widely distributed in
longitude, it is possible to sceparate the cosmic ray aniso-
tropic (spatial) variations from isotropic (time) variations
and thus understand the various physical mechanisms responsible
for the redistribution of cosmic ray particles in the inter-

planctary nedium,

In order to understand the cosmic ray time variations,
it is neccessary to know the average clectromagnetic condition
that exists in the interplanctary medium, It nust however be

remenibered that all neasurenents done so far cssentially relatoe
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to the conditions as the tubes of force corotate with the sun.
0on the other hand what is important is to understand the cosmic
ray effects in the field configuration along the line of force
extending upto the sun. Nevertheless the 'in situ' observations
can be considered as broad boundary conditions, which should be
taken into congideration in drawing any inference from ground

1

bagsed cosmic ray observations,
1.3 Solar winds:

Since the early mecasurement of the solar wind made by
Gringauz et al (1960) and Snyder et al (1963) establishing the
continuous emission of the solar wind plasma radlally away from
the sun, a large number of observations have been made with a
number of spaée~crafts and deep space-probes. With the avail-
ability of a large amount of data on solar wind parameters at
different helio longitudes and distances, it is now possible
to infer the large‘scale as well as small SCalé properties of
the solar wind plasma and also to study the spatial and temporal
variations of sgolar wind parameters in the interplanetary

medium.

Table 1.1 summarizes some of the bulk properties of
the solar wind plasma and their variability, The average
propertics of the solar wind at the orbit of the earth (1 AU)
indicates that the solar wind plasma on an average is cha-
racterized by a velocityru 400 kms/scc and density ro 8 part-

icles/cm® is in good agreement with the theoretical
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predictions, 4 large variability in the solar wind para-
meters such as velocity, density and temperature (Snyder et
al, 1963; Hundhausen, 1970) has been well cstablished from a
large number of space-craft obgervations such as Luna, Vela,
Mariner, Explorer and Pioncer space-crafts. Recent Ploneer-10
and Pioneer-11 space-craft observations indicate that the
solrr wind nt the orbit of the Jupiter (4.3 AU) has o velocity
L0 kms/sce,fdensityrd 0.5 pnr‘ticles/cm3 and ~ proton ten-
peraturemd SAXJ1OM K are in good ngrecement with the steady
state (theoretical) model of the solar wind. Both the theo-
reticnl aspects and experimentnl obscrvations arc extensively
revicwed in the literaturc (Desslcer, 1967; Axford, 1968

Hundhnusen, 1968, 1970; Parker, 1969; Burlage, 1971).

The solor wind propertics show significant correlations
with solar activity. Many investigators (Snyder ct al, 1963;
Pai et al, 19673 Bamc et al, 1967) havc demonstrated excellent
corrclations between solar wind velocity nnd EiKp index, the
index of geomngnetic disturbance. Similarly the 27/-day recur-
rence tendency in the enhanced solar wind velocity and theilr
nssocintion with M-rcgion mngnetic storme arce also well cstab-
lished (Snyder ct al, 1963). Though large veriations in the
solar wind propertiecs exists on o day to day basis, on a long
torm basis contrary to the theorctical predictions the observa-
tiong show that the solar wind as well ag interplanetary mngnetic

ficld paramcters rempin practically invariant with the solar
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cycle, (Gosling et al, 19715 Mathews et al, 1971; Hedgecock
et al, 1972). |

The solar wind flow though largely radial, occasionally
shows a significant component (i 50) perpendicular to the
ecliptic plane (Wolfe et al, 19665 Strong et al, 1967). For
a clear understanding of the observed solar wind properties,
Burlaga and Ness (1968) introduced the concept of scale length
(time). They have pointed out that the Macro and Meso-scale

Ly 8

propertics (fru 3 x 10 " to 3 x 107 sec"j) of the solar wind

are important to the study of high encrgy cosmic rays ( 22 GeV)
in a field ofpu 5¥&9 whereas only Micro-scale propertics

2 - L

(3 x 1007 to 3 x 10 500"1) are most relcvant to the study

of low energy cosmic rays (= 1 GeV).

Bimas

1.4 Interplanctary magnetic field (IPMF):

Since the particle energy density in the solar wind is
much larger than the magnetic energy density of the solar
dipole field, the solar wind plasma freely expands in the
interplanctary space. Due to the large conductivity, the
field lines are frogzen into the solar wind plasma and they are
constrained to move along with the solar wind (Alfven, 1950).
Under these conditions, the radially blowing solar wind trans-
ports the magnetic fields from the base of the corona to very
large distances from the sun (ra 1700 AU). Duc to the uniform
rotation of the sun, the field lines which are firmly anchored

to the solar wind plasma are twisted in the form of an
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Archimedean spiral (Parker, 1958 a,b; Ahluwalia and
Dessler, 1962). The garden-hose angle (" ) between the
Archimedean spiral interplanetary magnetic field and the

radius vector can be derived using the simple relation

v

.
- (1.2)

tan L/Z/ =

b

For a normal solar wind velocity be%i 400 kms/sec the garden-
hose angle (T#f) at the orbit of the earth (r~1 AJ) turns
out to be ofrJ RSOQ Direct observations of the interplanetary
magnetic field (IPMF) from a number of space-crafts have
conclusively shown that the large scale properties of the

TPMF are in good agreement with the predicted Archimedean
spiral configuration (Ness and Wilcox, 1966). The recent
measuremnents obtained with instrumentation onboard Ploneer-10
and Pioneer-11 space-crafts at the orbit of the Jupiter have
also confirmed the Archimedean spiral configuration of the
field even at as large a distance as 4.3 AU, where the
carden-hose angle changes from HSO to 670. The ordering of

the interplanetary field in the form of well defined structures
is now established, alternate sectors showing fileld lines
oppositely directed to each other, one directed away from the
sun (positive) and the next directed towards the sun (negative).
These sectors which corotate with the sun are found To exist
throughout the solar cycle (Wilcox and Ness, 19655 Wilcox and
Colburn, 1972). Correlating the polarity of the mean photospheric

field and the IPMF near the carth, the solar origin of the IPME
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has also been cstablished (Scverncy ¢t al, 1970). Though the
average IPMF does not show significant variations in magnitude
or in direction, the frequency of number of days with high
amplitude magnetic ficlds does show an increasc with solar
activity and thc IPMF observed on a day to day basis shows

significant departures from their average characteristics,

1.5 Irregularities imAtYm:ihtefplanetary magﬂeﬁic.fiéld:

It was found that the IPMF when obscrved with time
scales <C 1 day, showed considerable departures from their aver-
age bechaviour duc to & continuous distribution of irregula-
rities. The origin of thesc irregularities of different scale
sizes was attributed (Michel, 1967; Jokipii and Parkcr, 1969)
to the motion of promincnt photospheric featurcs such as gran-
ulations (r\i103 km in diamecter) and super-granulations
(v 10LIL km in diamcter) an the photosphere, In addition to the
small scalc irrcgularities, tic turbulent motion of the solar
plasma makes the field lines stochastic resulting in a random
wallk of the field lincs, which is geonerally attributed to the
horizontal displaccment of the feet of the lincs of force, result-
ing from the motion of granulcs and supcrgranules in the photo-
sphcrc,

The propagation of cosmic ray particles in the inter-
planetary space is considerably affected by the distribution of
irregularitics, their scale sigzes, and.the mean distance bet-

ween the dirregularitics which produceSa considerable devieotion
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in the large scale magnetic field. Since the Alfven velocity
is small comparcd to the solar wind velocity, both the regular
and irregular magnetic ficlds which are frogen into the solar
plasma arc convected out along with the solar wind and the
observed time dependence of the IPMF at any glven point can

be transformed into spatial variations. Cosmic ray particles
diffuse through the irreguiaritios againgt the outward blowing
solar plasma before rcaching the earth, The scattering duc to
the irregularitics (field) 1s maximum for particlcs whose
gyro-radius is comparablc to the scale sizovof the irrcgularitics.
In other words the scattering of particles of rigidity R GV
depends mainly on the power PXX(f) in the transverse componecnt
of thc field in the vicinity of thec resonant frequency 'f' given
by

£R) = 107 F B g (1.3)

and PXX(f),thc frecquency power spcctrum can bc cxpressced by a
powcr law in freguency as PXX(f)CX,f~O€ From a detailcd power
spcetrum analysis of the obscrved IPMP (discussced in chapter IT)
a nuwber of workers (Colcman Jr., 19063 Jokipii and Colecman
1968; Siscoc ct al, 1968; Sari and Nuss, 1969) have cstimated
the diffusion cocfficients both parallcel (Kii) and perpendicular
to the magnetic field (Kir\, and have found that the perpendi-
cular diffusion (th) ig csscentially causcd by (a) randorn walk
of the ficld lincs <K;~) and (b) rcsonant scattcring duc to the

ficld fluctuations cxpressed in the form,



R

i
P

Where RC ig the particle gyro-radius (cyclotron radius) and

K, | (1.8)

Ky the parallel diffusion cocfficicnt can be casily computed

using the simple rclations

CaprES

K‘{ = ,
‘k p for R<H
3

Where A is a constant, Ru is the rigidity at which thc cyclotron

for R > R> R1}

(1.5)

radius RC of the particlc is comparable to scattering mcan
frooapaih.Ak given by A= 3 Ky /0[5 and Ry is the particle
rigidity for which the mcan frecmpath.P\ becomes smaller and
approach D. At low encrgics o 10 MeV, Kljxé Ky and hence

Kj;gkg Ky 1éads to an isotropic diffusion and at high
encrgies 21 GeV, Ky << Ky will essentially lead to aniso-

tropic ciffusion. Recently Owens and Jokipii (1973, 1974) have shown
that the cosmic ray scintillations obscrved at high cnergics

5

(;; 1 GeV) and at low frequencies (=L 5 x 10”7 Hz) arc caused
mainly by the fluctuating component of the IPMF duc to the
strong interaction of the high cncrgy cosmic ray particlcs
with the magnetic field irregularitics during their propaga-

tion in the intcrplanctary medium.

1.6 Cosmic ray variations:

Even though the continuous monitoring of cosmic ray

data started in 1936 with the cstablishment of a neb-work of
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ionization chambers by Carnegie Institute of Washington, a
systematic observation and interpretation of cosmic Tay varia-
tions in terms of propagation of cosmic rays in the inter-
planetary space became possible, only after the establishment
of a world wide neiwwork of neutron and meson monitors during
IGY. The encéuraging results obtained from the data collected
during IGY period, finally led to the establishment of high
counting rate super neutron monitors and large area scintil-~
lation telescopes (meson monitors) during IQSY. With the
high statistical accuracy of the data obtained from ground
based monitoring instruments, it i1s now possible to study the
short term variations such as diurnal and semi-diurnal varia-

tion on a day to day basis.

The cosmic ray variations observed at ground based
monitors can be broadly divided into two classes (1) Isotropic
variations such as 11-year variation, 27-day variation and
Forbush decrease and (2) Anisotropic variations such as diurnal

and semi-diurnal variation.

ISOTROPIC VARTATION

1.7 The long term 11-vear solar modulation of cosmic ray

intensity and the convection-diffusion theory:

The inverse correlation betwecen the galactic cosmic
ray intensity and the solar activity has becn known for a

long time (Forbush,1958), The intensity variations observed



which is approximately of #320% at neutron monitors and of

~ 5% at meson monitors from solar minimum to solar maximum is
found to be strongly energy dependent, The convection=diffu~
sion theory proposed by Morrison (1956) and Parker (1958a) which
was later modified (Gleeson and Axford, 1967, 1968a, 1968Db;
Fisk and Axford,1968, 1969; Jokipii, 1967; Jokipil and Parker,
1967, 1968a; Skadron,1967) on the basis of ploneering work done
by Parker (1965, 1966) taking energy losses and adiabatic
deceleration into consideration was found successful in ex-
plaining the experimental observations for particles 22100 MeV.
The basic mechanism of 11-year modulation involves convective
removal of cosmic ray particles radially away from the sun by
the solar winds establishes a positive radial density gradicent,
Due to the positive density gradient; cosmic ray particles
always diffuse into the solar system through the solar system
magnetic ficlds and attain a steady state when the outward |
convection of particles is balanced by the inward diffusion,
For a symmetrically cxpanding solar wind carrying with it
magnetic field irregularities of uniform statistical distri-
bution, the number density of cosmic ray particles of cncrgy

"B in a steady state at any radial distance'r’' from the sun is

given by

)

R V (
U (r,B) = U, (B) exp 4 ~— J’ —E gr (1.6)
r- K }

where Ub (E) is the number density at a radial distance R

from the sun beyend the modulating rcgion, Vb is the solar
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wind velocity and K is the isotropic diffusion coefficient.
This model has been further improved by a number of workers
taking into account of various other factors such as,

(1) The adiabatic energy changes due to the non-zero
divergence of the solar wind velocity (Parker, 19695; Gleeson
and Axford, 1967; Singer et al, 1962).

(2) Anisotropic diffusion due to the  non-fluctuating
(average) component of the IPMF (Parker, 1965 Axford, 1965b).
(3) Relationship between diffusion tensor and the magnetic
field power spectrum (Jokipii, 1966, 1967; Hasselmann and

Wibberentz, 19683 Roelof, 1968),

1.8 Long term modulation:

From the modified convection-diffusion equation, the
radial density gradient of cosmic ray particles estimated was
found to be ™u9% /a1y ( for Kcu 9.3 x 1@21 cmg/sec at 5 GeV),
Recently the results on the radial density gradients at
various energies have been summarized by Rao (1972) and
O!'Gallagher (1972). The experimental observations on radial
density gradients are gtill unfortunately not clear and they
are not able to provide strong support to the existence of 2
radial density gradient. A large amount of data concerning
the rigidity dependence of the long term modulation and its
relationship with other solar and terrcstrial parametcrs arc

now available to examinc the theoretical predictions., The
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results indicate that the modulation is maximum at low energies

and there exists a residual modulation even during solar minimum.

The observed time lag between the minimum solar activity
and maximum cosmic ray intensity (peak) has been utilized to
estimate the size of the modulating region. The observed time
lag ofmg - 12 months (Forbush,1958) corresponds to Riv 100 AU
was found to be higher compared to other independent estimates
obtained for the size of the modulating regilol. Using j{Kp
index and coronal green line intensity (RA~5303),1t was shown
that (Simpson and Wang, 1967; Hatton et 21,1968; Pathak and
Sarabhai, 1970) the time lag between cosmic ray intensity and
solar activity is of ~u 1 month corresponds to Rrw 7 AU. The
size of the modulating region inferred from density gradient
neasurements obtained from both space-craft and ground based
detectors are in agreement with ahove estimates of R. Compre-
hensive reviews dealing with both experimental observations
and theoretical interpretation of long term modulation of cosmic
ray intcnsity arc availablc in the literature to-day. (Webber,

19675 CGlccson, 1971 .5 Raoy1972).

1.9 Forbush dccreasc and 27-day variation s

Forbush (1938) first noted the oécurroncc of a sudden.
decrcasc of cosmic ray intensity at ground bascd monitors
almost simultancously with geomagnetic storms following a day
or two after a large solar flarc occurring on the sun. Simpson

(1954) suggested that these worlid wide decreases arc caused by
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a sudden and drastic change in the clectromagnetic condition
of the interplanctary medium due to the flarc occurring on the
sun., The intensity variations observed which is typically of
~J 5 - 15% in ground based neutron monitors is found to be

energy dependent.

Forbush decreases are normally characterized by a
sudden decrease of cosmic ray intensity simultaneously from
all the directions followed by a slow recovery which extends
over few days. Various models has been suggested by Alfven
(195%) and Dorman (1957), who attributed the Forbush decrease
to the energy losses produced by the electric field associated
with the solar plasma beam. The two most important successful
models are one due to Gold (1960), who introduced the concept
of "magnetic bottle' inside of which cosmic ray intensity
would be reduced. As the magnctic bottle expands and engulf's
the earth the Forbush decrcase sets in. The sccond model due
to Parker (1963) attributes the Forbush decreasc to the rcduct-
ion of cosmic ray intcnsity occurring behind the magnetic shock
front (Blast wavce) produced by a sudden outward cxplosion in
the solar corona following a solar flare, The effcct of the
blast wave on cosmic rayshas been calculated (Parker, 1963;
Quenby, 1967) and the result is found to be in agrcoement with

nany of the experimental obscrvations.

In addition to flarc initiated Forbush decrcascs,

corotating FPorbush dccrcascs showing a strong 27-day rccurrcncc



tendency has been detected. McCrncken et al (1966b) ~nd
Buknta ot al (1968) suggested that the corotating Forbush
decreascs observed ot low energies (o210 MeV) can manifest
themselves as enhanced diurncl woave trainsg at high cnergics
(=1 GeV)., Detailed reviews arc available in the literature
on the subject (Webber, 19623 Lockwood, 1971) and since this
does not form the main part of the thesis, we hove only touched

upon the subject,

ANTSOTROPTIC VARTATION

1,10 The diurnsl variation:

As the carth spins on its axis with a period of 2l
hours (1 day), o ground bascd detector on carth scans the
entire celestial sky and any anisotropy of galactic cosmic
radiation in the interplanctary medium will be observed as a
daily variation of cosmic ray intensity. Brunberg and Dnattner
(195%) were the first to attribute the diurnpl verintion
observad ab ground based detcctors to nn excess of cosmic
ray particles arriving from the asymptotic dircction 1800 hours
local time. Thoy also proposed that the gnlactic cosmic roys
in the viecinity of the sun corotates with the sun, and gives
rigse to o higher cosmic ray intensity in a dircction opposite

to carthts orbitnl motion.
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1.11 Characteristics of diurnal variation snd experimental

ohgservations:

From an extensive and systematic analysis of ground
based neutron monitor data obtalned from a large number of
stations during 195465, Rao et al (1963) and McCracken and
Rao (1965) clearly demonstrated that the average diurnal varia-
tion observed at relativistic energiles (?3,1 GeV) can be ex-
pressed in the form

E%%%%l = AE"ﬁ' cos (}p -\ ) cos /N, for B £ B —_—

(1.7)

=0, forE »r B

where A is a constant found to bermu (0.38 + 0.02) x 10 7,
F}: 0 and ‘\Vo = 890 + 1,6 east of the sun-earth line.

/ 1s the declination and E is the upper energy limit

max
(cut-off) for corotation., They summariged that the average

diurnal anisotropy has following characteristics.
(1) An average amplitude ru0.38 + 0.02%

. . 0 0
(2) A time of maximum around 89~ + 1,6 east of the sun-

earth line, that is 1800 hours local time,

(3) Energy independent upto an energy quxr\j100 GeV, and

(W) Varies as the cosine of declination,
The observations of many other investigators (Bercovitch, 1963;
Pomerantz et al,1962; Kane, 1964; Faller and Marsden, 1965;

Willettset aly, 1970) are found to be in good agrecement with



these findings. The ycarly mcan diurnal amplitude and diurnal
phase remained practically constant over the solar cycle, cxcept
for a small decrease in the amplitude during solar minimum
(Duggal ct al,1967). The decrcasc in the diurnal amplitude
quring solar minimum was abtributed to the significant rcduc-
tion of the upper cut-off encrgy"EmaX. The change of Emax has
been investigated by a large number of workers (Rao c¢t al,
19633 Jacklyn and Humble, 1965). Using the ratio of diurnal
vectors observed at neutron and underground meson telescopes

at Hobart EmaX estimated to be 2100 GeV. Later using similar
methods = number of authors (Peacock, 19705 Summer and Thompson
19705 Jacklyn ct al, 19703 Atluwalia and BEricksen, 19705 Agrawal

et al, 1972) have concludcd that B

i < GeV and
max = 100 o

varics with solar cycle, attains a lowest value of v Lo - 50 GeV
during solar minimum and a highcst value of o 100 GeV during

solar maximum,

Even though ncutron monitors did not indicate any long
term variation in the diurnal variatio during 1957-70, the
obscrvations from other dotcctors such as meson monitors and
underground detectors indicated a significant long term varla-
tion of diurnal variation (Duggal ct al, 1970). From an I~
gorous anaglysis of ion-chamber and meson monitor data, Forbush
(1967, 1969) showed that the average diurnel veriation is
composed of two distinct componentsW and V. the component W

L . .. . . : 0 .
has its maximum or minimum in the dircction 1287 cast of the
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sun-earth line, which ig roughly the average IPME dircction
and varics sinusoidally with a pecriodicity of 20 ycars and
passes through its zero amplitude when the sun's polar magnetic field
ig reversed (Forbush,1973). The other component V has its maxi-
- O - - - B . g 2 " _— P > th ot 1 -
mum along 90~ cast of the sun~carth line and varies wi golnr

activity, shows a solar cyclc dependencc.

1.12 Theoretical models:

Based on the concept of solar wind and thc spiral
structure of the interplanctary magnetic ficld developed by
Parker (1960), Ahluwalia and Dessler (1962) suggested that the
corotation of the TPME lines with the sun produccs
an clectric ficld and in turn an clectric drift (E x ﬁ/Bg)
cause the diurnal variation of cosmic rays. The modcl predicted

that,

1) The source of thce diurnal variation lics in the plane

of the sun's cquator.

(2) The amplitude of the anisotropy depends on the solar

wind velocity and is maximum in the dircction perpendicular to

the nmagnetic ficld.

(3) The cxdstence of an upper cnergy cut-off Em4§\)100 GeV
el

for cosmic ray particles which takcs part in corotation and

causc diurnal variation and

(%) The anisotropy is cnergy independent ({5 =0) below the

upper cut-off cenergy E < 100 CeV.

= max -
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Though some of the predictions were found to be in
good agreement With the experimental observations of the aver-
age diurnal variation (Bercovitch, 1963; Rao et al, 1903;
gnyder et al, 1963), the observed amplitude and direction was
not found to be in agreement with theoretical predictions.,

At the same time Stern (196L) pointed out that in a highly
conducting plasma an electric field E = - ¥V x B can exist.
Tor a magnetic field which is axisymmetric around the axis,
<Fx b = -B'E/ 85t i~ 0, and the electric field will be
conservative. According to Liouville's theorem; the cosmic
ray density is preserved in any conservative system (Lemaitre
and Vallarta, 1933; Fermi and Rossi, 19335 Swann, 1933), thus
if the cosmic ray intensity is same in all the directions at
any point outside the solar system then ifﬂmust be so at any
accessible point inside the solar system. The clectric field
E in turn produces a density gradient and the strcaming pro-
duced by this density gradient will exactly cancel the strecam-
ing produced by the clectric drift and no time independent
magnetic field can producc an anisotropy such as diurnal
anisotropy in the solar system. Later Parker (1964) suggested
that the assumptioh of fields in the interplanctary space being
conservative is not completely corrcect, that is ‘a B/ Eﬁt;?:o
and in rcality onc can cxpect a large number of small scale
irregularitics to be present in the magnetic ficld which is

convected out along with the solar wind. Then in such a case
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the irregularitics present in the magnetic field will wipe out
most of the cosmic ray density gradient produced by the electric
ficld (B =~V x B) and the density gradient does not cancel the
clectric drift proposed by Ahluwalia and Dessler (1962), result-
ing in a nct streaming of cosmic ray particles in the inter-
planebary medium, While Parker (196%) assumed the prescnce of
irregularities beyond the orbit of the carth, Axford (196%5a)
assuming the prescnce of scattering centres over the entire
modulating region arrived at the same conclusion. The basic

assumptions arc,

(1) The IPMF is quite regular across the orbit of the earth,
so that the particles are constrained to move along the Ilincs of
force of the general spiral field, that is the diffusion per-
pendicular to the field lincs is negligiblc (Kﬁl;%>IQL )

(2) There are sufficient irregularitics in the magnetic
field beyond the orbit of the carth to wipe out most of the

density gradient produced in the incoming particles by the

clectric field (— V x B), that is there is no density gradient

~
. s JUy .
perpendicular to the ecliptic plane i(%é?)Lﬁ*ﬁ 0) and
R
(3) There is no net radial streaming of cosmic ray part-

icles in the scolar system,

Under these conditions the cosmic ray particles undergo a
rigid corotation with the sun and will give rise to a net
‘strecaming in the azimuthal direction and this rigid corota-

tion of cosmic ray particles in the interplanctary medium

ig the origin of diurnal variation. The amplitude of the
D
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anisotropy produced by the rigid corotation of cosmic ray

particles ab any distance "' from the sun is glven by

(Compton and Getting, 1935)

%(r) = 3 CV (r)/v | (1.8)

Where V(r) is the velocity of rigid corotation of the spiral
magnetic field with the sun and v is the particle velocity
and C is relabted to the Compton-Getting Tactor. At the orbit
of the earth (r~u»1 AU)sthe diurnal anisotropy observed at a
ground based monitor due to the rigid corotation of cosmic

ray particles in the interplanetary medium is given by

3CV
= CcO
i%co - (1.9)
Where C = (2-+CXVM)/37 v -5 1 is the corotation velocity

co
at 1 AU. For a’V&(\J 2,65 and Vcorv 400 kms/sec the diurnal

anisotropy (%ﬁo) observed for cosmic ray particles of energy
=z GeV is of mJ 0.6%., The theory predicted an cnergy inde-
pendent anisotropy at relativistic energics and a time of
maximum around ™ 1800 hours local time, that is along 900 cast

of the sun-carth linc.

Though the theorctical prodictions were found to be
in good agrecement with the cxperimentally observed average
diurnal variation characteristics (Rao et al, 1963; MeCracken
and Rao, 1965), the obscrved average diurnal amplitudend 0.4%
was found less by 4% during solar minimum (5% = 2.69) and

~J 30% during solar maximum (ﬁ& = 2.25) comparcd to the
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theorctically predicted amplitude. Parker (1967) and Jokipii
anc Parker (1967) sﬁggest@d that the discrepancy in the ob-
served and calculated\diurnal amplitudo can bc attributed to
a finite diffusion cocefficient perpendicular to the magnctic
field (K;z&0). A reduction in the diurnal amplitude can be
produced when (a) K, is small beyond the orbit of the earth

and (b) K} ds large at the orbit of the carth,

When Ky dis small beyond the orbit of the earth;
that is when the magnetic ficld is very smooth through out
the modulating region, the cosmic ray density gradients per-
pencicular to the ecliptic plane arc not completely wiped off
and the partial neutraligation of gosmic ray gradients per-
pendicular to the ecliptic will cause a reduction in the
diurnal amplitude (Parker, 1967). The diurnal amplitude will
reach the theorctical limit ofnu 0.6%ywhen Ky dis large beyond
the orbit of the carth and to cxplain the obscrved rcduction in
the diurnal amplitude it was found neccessary to assume the ratio

Ky /Ky is of r~v 1072,

An alternatce way to cxplain the reduction is to assume
a slgnificant diffusion perpendicular to the magnotié ficld
(K1 ) at the orbit of the carth. (Jokipii and Parker, 1967).
When Ky ds very large at the orbit of the earth9 the cosmic
ray particles arc not constraincd to move along the corotating
magnetic ficelds and the diurnal amplitude is reducced. The

expected corotational anisotropy with a finite Ki /Ky, ratio
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at the orbit of the earth was given by.(Krymskiy9 196L;
Parker, 1967; Form-n and Gleeson, 1970)

V(1 - Kx /Ky ) tanW+J2
§- fe

1+ (Ky /Xy ) taﬂ%&{j

Where ?;ﬁm is the corotational diurnal amplitude given by
o

(1.70)

equation 1.9 and ™\ is the angle between the average IPMF
and the radius vector. The two limiting cases follows from the

equation (1.10)

; o ‘ . S p " .
when Kiﬁ/KW§?E% 0, then D= Eao M 0.6% ,leads to maxi-
- mum corotation ,
Ky /K, &y 1, then E? - 0 , leads to zero corotation,

(1.11)
) 0.4%, gives the observed

) _ _ . 5
Ky /Ky ¢ 0.15,thenf= =—
™ . 3 75 diurnal amplitude-

Y

At relativistic energies the observed diurnal amplitude
can be understood in terms of a finite K /K, and is esti-
mated to be# 0,15 is in good agreement with experimental obser-
vations {Jokipii and Coleman, 1968). At low cnergies ~J 10 MeV
(Rao et al, 1967) K, /Ky, 72y 1 leads to an isotropic diffusion
due to the random walk or meandering of field lines (Jokipii
and Parker, 1969) and the azimuthal streaming at these encrgies

was Tound to be almost gzero.

1,13 Modified theory of diurnal variations

Recently Subramanian (19771) from a critical analysis
of the neutron monitor data of Deep River suggested that the

discrepancy between the observed and predicted diurnal amplitude
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can be very well cxplained if due allowance is made for the

four cumulative cffects of cxbra abtmospheric originevsing a
variable spectral cxponent \A‘ = 1.5 to 2.5 for the modulated
part of thc spectrum corresponding to particle energics 2 to 19
GeV,using @ EmaXr\j'QO GeV and normalizing the variational
coefficicnts by considering a significant contribution from
particles of rigidity => 500 GeV, showed That during solar
maximum the observed average diurnal amplitude is in good
agrecment with the theorctically predicted amplitude and the
assumption of a significant transversce diffusion (Ko /Ksirv 0.2)
ot relativistic energics necar the orbit of the carth (;§~1 GeV)
is not nccessary to explain the obscrved reductlon in the
amplitude of diurnal variation. Such a conclusion is in good
agrecment with low encrgy flare particle observations of

McCracken ot al (1968, 1971).

Following Glceson and Axford (1967) and Glceson (1969),
for a spherically symmetric configuration, we can write the
equations governing the diffcrential currcnt density S and

differential number density U of cosmic ray particles in the

presence of magnotic field B and electric ficld B, as,

\ gy 1 . L . ‘ —E -
Q — , (T e ( ., X "‘) < 1.712 )
or = Py > P+ T P, %5

T+
e ) ~O) TR
where!Qb = C(r,B) UV —K (m§§%} + C(r, ®) :BLL (1.713)

vy = W, WJ = eB/m is the proton gyro-frequency

o
TN IR e e e . D e . . .
O is the collision time and K = v©'0 " /3 is the isotropic
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diffusion coefficient, ¥ is the particle velocity and C(r, E)
ig rcelated to Compton-Getting factor given by C(r, B) = (2 +eX') /3
and in the presence of a magnetic field,k has components Ky =K
and Ky = K/(1 +7 2),a |

In the interplanetary space: the solar wind plasma with
a velocity Vi due to its high electrical conductivity convects -
out the magnetic field B induces an electric field E - -V x B.

P

Rewriting the equation 1.42 in terms of V, —and B we have

s - ouvy, - k(Y K gU K ( 2U . By E x DB,
i o 14:v¥2 ?ar A 1+V1f2 r* B 52
(1. 14%)

Recently Forman and Gleeson (1970, 1974%) showed that in the
interplanetary mediws, the electric field drift and convection
parallel to the magnetic field can - easilly  combine into a
simple convective flow of particles with the solar wind, That
ig the first and last term of the equation 1.4 combines to
vield a single convective term CU_YP9 then the above equatioh

reduces to the form

_ QU K 00U ”’\K
8= CUVp~ K (=53~ "3 (EMJ o 2(

1+wl Tl

Including the effects of random walk of the field lines on

L \

,:.B
X}T}) (10’]5’)

the cosmic ray particles (Jokipii and Parker, 1969) the modi-
fied equation for Tthe net cosmic ray streaming in the inter-

planetary medium is given by,

Uy ¢, (LU, QU x B ,
8 = 8.~ Ky (%’—E%FM (500 —4 5 ) (1.16)
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Where S, = CUVp ig the convection current density, V_ is the

gsolar wind velocity and

= _ i ~%
K._.L_: '[{‘i_*<B9r9b> + w_K,.LL_.__? K ( U:)

T+v { 2 oo | T
" (1.17)
A = Vg'ﬁl 2/ 3 (7 +Wq 2)

Interpreted in terms of physical mechanisms, the net strecaming
of cosmic ray particles in the interplanetary space is essen-

tially governed by (ecquation 1.16)

1. The convection of particles radially away from the
SUN .

24 The diffusion of particles parallel to the megnetic
field,

3. The diffusion of particles perpendicular to the

nagnetic field.,

L, The streaming produced by the dengity gradicnt

porpendicular to the ccliptic planc,

The observed diurnal variation follows from the

above cquation (1.16) with the following assumption that,
(a) The radial component is gzero <Sr = 0),

(b) The diffusion coefficient perpendicular to the



-3
magnetic field is negligible K™ O and
ou _ B
zoro (=2 % gl O.
O B

The transverse gradient current is
Under thesce conditions the radial convective component

CU"\Ip ig balanced by the inward diffusive component

S, =

au . e ) . . . . .
(?3%)H ond since the ficld lines are inclined to the radial
girection by an angle "\p (garden-hose angle) results in a net
x b O EL.)
o

Ky
azimuthal streaming given by CUVb tan(yu , which corresponds
corotating with a velocity Voo = Vp tan’yJ

ot

to the particles
and give risc to a diurnal anisotropy given by
3CV 3 CV. tany.
3 3 . .
Tp) = 0 2D ) (1.18)
A v o A
s (v ~Jsc) the amplitude of

a

At relativistic cnergic
v 400 kms/scc

diurnal anisotropy is '§;(r)f\J 0.,6% for

- o
Ouf}d %Jr\d L}'S o
A detailled study of the low cnergy solar cosmic Tays
from widely spaced Pioncer space-craft observations (McCracken
ot al, 1968, 1971; Rao ct al, 1971; Allum et al, 197%) showoed
that the low cnergy cosmic ray anisotropies observed during

both initial phasc as well as latce in the solar flarc event
¢ly explained in terms of simplc convection and
Extending these arguments

o,

can be complet

field aligned diffusion mechanism.
to relativistic energics, Rao ct al (1972) and Hashim et ol
owed independently that the diurnal variation obscrved

aion concept,

(1972) st 1
at relotivistic encrgics (2= GeV) can also be explained in
They clearly de-

terms

of convection and diffu
od that on an average basis wnder cquilibrium condi-

monstrat
tiong, the radial convective flow will cxactly balance tho



inward field aligned diffusive flow resulting in the observed
corotational diurnal variation. Bxtending the unified convec-
tion-diffusion theory,the author in this thesis has made a
detailed examination of the diurnal anisotropy characteristics
on an average basis using cosmic ray intensity observations
from a large number of neutron monitoring stations during the
period 1965-72 (v 8 years). Further using the 'in situ' space-
craft observations of the solar wind and IPMPF parameters and
deriving appropriate convection and magnetic field vectors, he
has demonstrated that (chapter III), the yearly as well as the
27-day average diurnal anisotropy characteristics observed
during 1965-72 can be understood in terms of - simpl@bconvec—
tion and field aligned diffusion of particles in the inter- -
planctary medium and the assumpticn of a significant transverse
diffusion currcnt (KJ/WQV;Q) at the orbit of the ecarth is not

necessary to explain the obscerved average diurnal variation,

1,14 Short term variation of diurnal anisotropy:

Though the average behaviour of the diurnal variation
is well understood, understanding of the short term variations
of the diurnal anisotropy and the large variability observed
on a day to day basis which is essentially caused by Signifi—
cant variations in the electromagnetic properties of the inter-
planetary medium is considerably less. Severnl investigators
(Rao and Sarabhai, 1961, 196hk; Patel et al, 19683 Pomerantz

and Duggal, 19715 Rao, 1972) have pointed oult that the observed



variability in the diurnal amplitude and the diurnal time of
naximun on a day to day basis 1s gsignificantly more than that
expected from a statistical behaviour. Applying the method of
variational coefficients, Patel et al (1968) determined the
energy spectrum of diurnal and seni-~diurnal variation on a day
to day basis using a large number of gtations and showed that
a large variability in the energy spectrum exists on a day to
day basis even during relatively quiet period. During geo-
nagnetic storms however the diurnal time of maxinum seems to
shift towards earlicr hours (Dorman, 1957; Tanskanen, 1968

Ostman and Awadalya, 1970).

Occurrence of trains of daoys having abnormally high
diurnal amplitude (> 0.6%) has been reported by a number of
workers during quiet as well as disturbed periods.
Mathews et al (1969) and Hashim and Thambyahpillal (1969)
showed. that, these are causcd by a depletion of cosmic ray
intensity along the garden-hose direction. The possible
existence of sinks in the garden-hose direction was inferred
much carlier by Rao and Sarabhai (196%) from the study of the
distribution of diurnal time of maximum, The large amplitude
diurnal wave trains studied by Duggal and Pomerantz (1962)
showed a systematic anti-clockwise shift in the diurnal
anisotropy for /8 days. The diurnal phase shift towards
later hours (MJ21 hours) caused by cenhanced radial gradients

was sbudicd by Rao ct al (1972).



The present thesis deals with the cxtension of convece-
tion-diffusion theory and the applicabllity in successfully
cxplaining not only the averago charactcristicx of diurnal
variation but also the characteristics of diurnal variation
obscrved on a day to day basis. The relationship with the
other solar terrestrial paramcters such as plasma and inter-
planctary magnetic ficld, which arc responsible for the
occurrcnce of significant deviations 1n the observed diurnal
varigtion from the average bchaviour are cxamined to understand
the clectromagnetic processes that operate in the interplonct ry

medim,

LR 2 B )
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2,7 Supcr neutron monitor:

Reguloer monitoring of primary cosmic radiation through
the measurement of sccondary components such as neutrons and
muons which occur as daughter products during the intcraction
of the incident primnry cosmic ray pnrticles with atmospheric
nuclei, has been extensively carricd out in the past two
decades., The comparatively large magnitude of the latitude
effect obscrved on the sccondary neutron component, which 1s
suggestive of their association with the lower encrgy part of
the spectrum of cosmic radiation makes the monitoring of pri-
mary cosmic ray variations through nucleonic component very
attractive (Simpson, 1948, 1949). However, it is only in 1952
that, an effective neutron monitor developed by Simpson and
his co-workers become available which after a fow minor changes
was adopted as a standard cosmic ray monitoring cquipment for
TGY during 1997-58, In spite of vary recliable rcsults obtained
from the data from a world wide net-work of sboutns50 IGY type
of monmitors, it was quitc apparent that the counting rates
obtained from thesc monitors were too low to permit an un-
ambiguous interprctation of many aspccts of cosmic ray time
variations. Whereas the IGY monitors were quite adeguate to
study the large cosmic ray cnhancements of solar origin and
through them the intcrplanctary ficld configuration (McCracken,

1962), these monitors offered poor statistics for the study of
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short term variationssuch as diurnal and semi-diurnal varia-
tiom on a day to day basis. This led to the design of supcr
neutron monitors (18-M-64), which employ a total of 18 large
gize BF3 counters giving a counting rate of m. 106 counts / hour
at a typical sea level station having a cubt-off rigidity

£ 2 GV (Carmichael, 196k).

Even though more thanrs 30 (18-NM-6W4) super neutron
monitors are operating at various parts of the world, conspic-
uous gaps in the longitude range 259 B to 180° B and an almost
complete absence of cquatorial monitors are still noticeable,

The establishment of a super neutron monitor (INM-64) at
Ahmedabad during 1968, a sea level station located at geographic
latitude 23.01 °N and geographic longitude 72.67 ) having an
upper cut-off rigidity ~u 15.94% GV has to some extent been
responsible to fill this big gap in the longitude range

25 OE‘U>33O °E and provide an extremely valuable input to the

world data coverage.

2.2 Description of the sUper neutron monitor at Ahmedabad:

The basic design of the super neutron monitor
(18-NM-64) abt Ahmedabad (India) essentially follows the
standard design rccommended by Carmichael (1964) during
IQSY period. The neutron pile consists of 18 large size BF3
gas filled copper proportional counters cnclosed in a cylinder
of paraffin wax moderator, Bach counter along with its

noderator cylinder ig surrounded by 18 lead rings of purity
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greater than 99,9%.cast in the form of cylinders each of length
of ~u11.5 cn, weighing about (v 89,3 + 0.6 Kg () 200 pounds).
The 18 counters are distributed'in three identical arrays of

6 counters cach, with the threc individual arrays bheing
completely shielded by a rectangular box of low density
paraffin wax of thicknessruv 7.5 cr,which acts as a reflcctor
and cstablishes a full albedo of neutrons inside the monitor.
In addition the paraffin wax also diminishes the proportion

of low energy neutrons arriving at the detector from outside
the monitor, thus making it less susceptible to the variable
enviromicntal flux of thermal ncutrons which can be often as
high asecw5%. TFig. 2.1 shows one such afray which forms a
part of thec neutron monitor assembly at Ahmcdabad. The out-
put of ecach counter after amplification and discrimination is
fed to a mixer-amplifier. The output of the mixer-amplifier
from cach of the three sections (arrays)arc scparately countcd

and rccorded.

2.3 The principlcs of neutron countcr:

The preoportional counters filled with Boron trifluoride
<BF3> gas cnriched with Boron isotope g0 are thé most cfficicnt
detectors for detecting thermal neutrons. The large sige
counters used in the neutron monitor are filled with pure BF3
gas cnriched with 96% qu isotope at a pressurce of £~ 20 crn of
Hg at 22 DC9 when operated in the proportional region with a

high voltage of aboutro 2800 V, the counters arc found to have



I’sv
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a gas multiplication ay35. These counters exhibit a plateau
over a range of mJ 400 V with a slope (™ 1%/100 V in the pro-
portional region. A resonant exothermic reaction occurs when
a thermal neutron collide with Boron (BjO) nuclens producing

Lithium and Helium following the reaction,

5B10+ On1 oy 3Li7 + 2H.e1+ + 2.78 MeV (2.1)
The cross-section of this reaction is inversly pro-
portional to the velocity V of the captured neutron ( %rden
pendence) is found to be of ¢ 3820 barns for thermal neutrons
of energies (1/40 eVy, In 94% of the reaction 3Li7 nucleus is
left in an excited state (As0.48 MeV) and the remaining 2.30 MeV
7/

energy is shared between i’ and 2HeLF nucleili. In the remaln-

3
ing 6% of the reaction 33L17 nucleus is left in the ground
state and 31i7 and oHe nuclei have a total kinetic energy of
£ 2.78 MeV. The outpubt pulse of about f4 1 milli-volt due to
the neutrons captured can be suitably amplified and discriminated

from the relatively small pulses produced by muons, clectrons

and T ~rays passing through the counter.

A‘high cnergy incident secondary necutron interacts with
lead and produces a large number of evaporation neutrons, the
nunber being proportional to the energy of the incident inter-
acting particle. Typically a parent secondary nuclel of energy
of &4 200 - 300 McV produces on an average 10 evaporation

neutrons. TIn the ncutron monitor s gpectrum of cxcitation
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energies of the lead nuclei results because (a) the incident
nucleons have a wilde range of energies and (b) the nicleons
with a given energy produces a range of excitation energies
due to the statistical nature of the intranuclear cascade
‘process s The evaporation neutrons produced are degcelerated

due to collisions in the moderator and give rise to slow or

. . ) w10 Lok
thermal neutrons, which are easily captured by B isotope
present in the counter gas. The absorption - losses of

thermal neutrons in the moderator and the counter walls is
almost negligible and the detection efficiency of the evapora-
tion neutrons in the NM-64% neutron monitor isfound to be of

U 6% (Hatton and Carmichael, 1964).

2.4  Neutron production by hHiclecons:

The nucleon-nucleus interaction is found to develop
in two stages. In the first fcascade phase® the pions and
the knock on nuclcons arc emitted with a broad cnergy spectrum
with an angular distribution peaked along the direction of
motion of thc incident nucleon. The residual nucleon at the
cnd of the first phase arc left in an excited state and further
emission of particles that is the production of evaporation
neutrons follow during the second "de-excitation" or evapora-
tion phaze. It has been shown theoretically (Shen, 1968) and
experimentally (Hughes et al, 196%) that the production of
evaporation neutrons increases with the energy of the incident

p@rticleﬁrm.also with the increase of the producer thickness-
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The stochastic naturc of the processcs loading to the produc-
tion of the evaporation neutrons which results in a broad and
cxponential neutron production spectrumn, cssentially limits the

use of neutron monitor as a energy spectbrometer.

5,5 Datn recording systems

g, 2.2 shows the data recording system of the super
neutron monitor at Ahmedabad. & Plock diagram shown in Tig., 2.3
gives complote details of the data recording system. The o 1
millivolt pulses produced due to the passage of thermal
neutbrons in the counter are fod to a pre-amplificr followed by
a three stage amplificr and a gimple tunncl diode discriminator
which will reject the small pulscs produced by other sccondary
particles such as muons, clectrons and Y —rays. The counting
rate of each counter at Ahmedabad is of N2 10,000 counts/hour,
The discriminator output from the six counters 1n cach scction
are scparabely amplified and guitably mixed in the mixer-ampli-
fier and the combined output from cach scction 1is accumtlated
in intervals of W minutes dquration. At the cnd of ecach b minute
interval, the accumulated counts arc transferred to a temporary
discrete memory systom which introduccs a known dead time of
) 6/MS during which period the decades are resct and kept
ready for continuing the accumulation for the next interval
of time, The data from the buf fer memory of o1l the three
scctions, together with the cxact time information from a

crystal clock and the atmogpheric pressure data from o digital
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sorvo-barometer with an accuracy of ru 0.1 tm arc then serially
transferred in BCD form on to a paper tape punch recorder and
in digital form on to a electronic typeﬁriter, The entire
recording operation 18 controlléd by a crystal clock which
produces command pulses at the end of cach 4 minute interval.
The hourly and dally mcan cosmic ray intensity at Ahmedabad

is derived from this L minute basic data.

2.6 Zenith anglc dependence of a peutron monitor:

The rolative contribution of the sccondary nucleon
incident at a zenith angle varying between © and @+ 4B to

the counting rate of a detector is given by
M) ao oL J(©).85(8).5in@ .46 (2.2)

Where J(@©) is the zenith angle distribution of the nucleonic
component and S(@) is the scnsitivity of the detector to this
component is a function of penith angle. S(@) is found to be
approximately a constont indicating that the neutron monitor
cgsscentially bchaves as anﬁﬂﬂﬂrdifOCtiOﬂQl detector. Phillips
and Parsons (1962) using o mobile IGY monitor showed that the
sonith angle distribution of the nucleonic component can be
expressed as J(©) oL cos59 over n range of €© , varying bet-
ween 0 - 40° and abt larger angles © L0° the function decreases
very slowly. The largest contribution to the counting rate of
o neutron monitor is from zenith dmgl@(\lQSO and lcss than 7%
of the counting ratc being accounted for by ncutrons arriving

0
at large gzenith angles | B> 60 (Carmichacl et al, 1969).
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2,7 Plateau and pulse height characteristics:
;

The proportional region of o neutron counter can be
determined by o typical plot of the variation of the counting
rate with applied voltage. It is found that in the proport-
ional region the pulses due to various secondary particles
such as muong, electrons and T ~rays (noise pulses) are
relatively smaller corpared to the pulses due to thermal
neutrons, thus making it possible to discriminate between the
two., A number of authors have investigated the relative contri-
butions made by various secondary components to the counting
rate of both IGY and NM-64 monitors, (Simpson et al, 1993;
Hughes and Marsden, 19663 Harman and Hatton, 1968; Hatton,
1971), Table 2.7 gives the relative contribution by different
secondary cosmic ray components to the counting rate of a
typical IGY and NM-64 monitor. The proportional region of a
NM-64 neutron counter typically extends from 2700 to 3200 Volts
with a plateau ofek00 - 500 V and a slope of ~J 1%/100 V.
McCracken et al (1966a)pointed out that a periodical examina-
tion of the pulse height characteristics of » neutron counter
can be effectively used to detect a slowly deteriorating
counter, Since then, this method of monitoring the health of
a neutron monitor has been well accepted as a general practice.
The pulse height analysis of cach counter using a 400 channcl
analyser has been regulnrly carried out and the resolution of

cach counter is periodically measurced. The typical full-width



Table 2.7

HE A 5
_____ U BSOS SIS

1. Neutrons 83.6 + 2.0 85.2 + 2.0

26 Protons 7.4+ 1.0 7.2 + 1.0

3. Pions 1.2 + 0.3 7.0 + 0.3

L, Stopping muonsg b.h 4+ 0.8 3.6 + 0.7

5. Interacting muong 2.l o+ 0L 2.0 + 0.k

O, Background 1.0 1.0

Table 2.1 - The relative contributions (percent) made by
various secondary cosmic ray components to the

counting rate of an IGY and BM«OL monitor
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ot half-maximum of a good NM-O6L counter is found to be of
s 11% at the operating voltage and varies from 9to 20% for

all the 18 counters uscd in Ahmedabad ncutron monitor.

2,8 Data processing:

The ratiot's of the counting rates obtained by three
independent scctions of the neutron monitor both on an hourly
as well as on a dally basis is regularly monitored and uscd
to determine the self consistency of the data. Since both the
cosmic ray primaries and sccondaries show a random distribu-
tion in time, they can be assumed to obey Poisson distribut-
ion., The sbatistical error associated with the 4 minute

count rate N is given by
L -
a- = M/ ()7 (2.3)

Whore M is the multiplicity which is of ~u 1.4 for Ahmedabad

monmitor. Thc orror associated with the ratio can be written as

b

o= O <2> (2»“)

o
Knowing the count rate obtained by the individual stetilons,
the errors associated with any two scctions can be calculated.
Using a 4O 1imit as the min}mal acceptable lcvel for both
the ratio's and the actual count rate difference betwecn any
two scctions, the pressure corrected data is then computed
from which the hourly mean and dailly mcan pressurc corrected

cosmic ray intensity at Ahmedabad has becn obtained. The
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total counts over each day ig also computed for each individual
gection and is used to compute the dally ratiofs between diff-
erent sections and these ratio's are used for checking the long

term gstability of the monitor.

2,9 Pressure correction of neutron monitor datas

Before using Ahmedabad neutron data for any further
analysis'it is very essential to correct the data for meteoro-
logical variations, as most of the secondary neutrons are pro-
duced during the interaction of primary cosmic ray particles
with the atmospheric nuclei, PBarlier observations clearly
indicated that the neutron intensity at the ground is signifi-
cantly affected by pressure variations, whereas the tempecrature
corrections for neutron component is almost negligible. The
neutron intensity N at any atmospheric pressure P can be

expressed as,
N (P) = exp(~ P/L) (2.5)

Where I is the absorption mean free-path of the neutron
component, which depends on the mean energy of the recorded
neutron component, Differcntiating equation (2.5) with

respeet to P it can be shown that

oo .1 di (2,6)
T N dp
Where oL 1 ig known as the barometric attenuation co-

efficient. Extensive investigations have shown that the



attenuation coefficient (<) of a neutron monitor is a function
of both latitude and altitude (Bachelet et al, 1965, 1972;
Carmichael et al, 1968) and varies with solar cycle having a
maximum value during solar minimuma The attenuation coeffi-
cients obtained for various sea level neutron monitoring
gtations having different cut-off rigidities for the period
19641965 (Bachelet et al, 1972 ) and *thosc obtaincd for

1965 by Carmichacl and Bercovitch (1969) from latitude

surveys show that there is a good agreement in the values of
the attenuation coefficient derived for low latitude stations
having cut-off rigidities 2z 8 GV. Following well established
methods, the attenuation coefficient () for Ahmedabad NM-6L4
neutron monitor has been estimated by performing a complex
regression analysis of successive differences (Lapointe and
Rose, 1962) of the logarithm of the daily mcan intensity (N)

and the daily mean precssurc (P) using equations

Ln(N2> e Ln<N1) = - Y (Pngq) (2.7)

Using the data of Almedabad ncutron monitor during the period
1968-73, after adequatcly correcting for the changes in the
cfficiency of the monitor with time, the attenuation coefficient
appropriate to Ahmcdabad monitor (P o 15.9 GV) has been
derived is found to be ™2 0,84 + 0.02%/mm Hg is in good agreo-
ment with the results reported by Forman (1968) and Bachelet

et al (1972). Since the solar cyecle variation of <X at
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stations with P, == 19.9 GV ig guitc ncgligible, we have used

the samc attenuation cocfficicnt

neutron monitor data for the cntire period 1968-73.

correccted neubron intensity N hag becen derived using the

tionship

W= N exp.{f)((P - PO)},

here N
W ‘o

for corrccting Ahmedabad
The pressure

rela-~

(2.8)

ig the obscerved neutron intensity at pressurce P and
14 |

® - PO)is the difference between the observed pressurc (P) and

the standard pressurc (Py)
yearly mean prossure

pressur (PQ)

(1000 wmb), and the attenuation

The

been uscd for o1l further

2,10 Determination of sol

at o

at Ahmcdabad dis

which ig basicelly chosen as the
particular station., The ycarly mean
found to be of py 750.08 1m

cocfficient 1cev 0 .84%/m Hg.

pressurc corrccted heurly ncutron data at Ahmedabad has

annlysis.

ar dadly variabtion:

Even though the solar daily

using diffcrent ncthods (Ra

v variation can be studied
0 and Sarabhai, 19643 Kanc, 1966)

most of the qualitative information on the daily varlation

obtained so far has been through the study of the diurnal

(I harmonic) and the

derived from o Fourier anolysis (Chapman and Bartels,

scrii~diurnal (II harmonic

components

1940 )

of the cosmic roy intcensity obsgerved over a period of 2h-hours

(1 day ).

seni-dinrnal andisotropy vectors

amplitude and time of m

vimu of the diurnal and

derived frem The harmonic
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coéefficients implicitly assumes that the anisotropy remains
constant over a period of 2k hours. Therefore whencever large
world wide variations and short term varintions (< 24 hours)
occur, the harmonic cocfficients and the diurnal and seimi-
diurnal vectors derived ffom above method have to be viewed
vith caution. In order te derive the 12 hour and 24 hour
periodic components, it is custonary to cmploy the well known
oli.hour moving average mothod (Dorman, 1957) to remove the
effects of slowly varying components (>24% hours). Thc data
obtained after romoving the slowly varying components are

then subjected to Fourier analysis.

2.711 Harmonic analysis:

Any periodic function Y (t), over a finitc interval
t = 0 to t = 27, with 2% equidistant points within the intor-
val, can be cxpressced in the simple form of a Fouricr's serics

as 9

2L

Y (t) = Ay + ég;ﬂ (An cos nt + Bn gin nt) (2.,9)

wherc Ao is the mean value of Y(t) in the interval 0 to 2710

: o P t . .
and i B, are cocfficients of the n h harmonic given by
A= b = ] R, cos nt
o n T2 s Nty
| 2k (2.10)
= e R, osin
Fie S Yy 3in 11ti
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s . . th .
The amplitude Rn and phase @jn of the n”"" harmonic can be

obtained from the equation

|

R, cos (nt— EBH) = 4, cos nb 4+ Bn sin nt (2.11)

Where

(u]"“

Ry = (45 + BT and € = ire tan (B,/4)  (2.12)

Assuming that the hourly counts follow a standard Gaussgian

distribution, the standard error in the determination of various

harmonics is given by
2 .2

04, = B, :(:i%m = O /12 and

o

(2.13)

Q?@
]
f

OR,/ R,
thr C? is the standard error associated with the hourly

count rate of the observed cosmic ray intensity,

2,72 Corrections for gecomagnetic field:

Before interpreting the ukohnﬂqrv cosmic ray varia-
: )
tions observed at o ground based monitor in torms of primary
cosmic ray variations in the interplanetary space, it is very
csscntial to corrcct the observations for the effects of geo-
magnetic ficld. A number of investigators (McCracken ot al,
Rao et al, 1963; Shen ot al, 1965, 1968) uging
o six degree simulation for the carth's magnetic field, have
numerically computed the 'asymptotic directinng! (the dircct-

ion before entering the earth's magnetic ficld) of primary
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cosmic ray particles having different rigiditi@é varying
from 1 - 500 GV, which are incident At differcnt menith and
azimuth angles at the top of the atmosphere. 1he conceptb

of #asymptotic conc of acccptaneeﬂ of a detector developed
by them has been found cxbremely useful in interpreting

most of the secondary cosmic ray variations obscrved at a
ground based monitor. Irom an oxbensive study of ground
bascd neutron monitor observations Rao et al 1963 and
McCracken and Rao (1969) further showed that the cosmic Tray
variations obscrved at a ground based detector corrected

for the width and declination of the asymptotic cone of
acceptance of the detector and gecomagnetic bending at cach
station can be offectively used for deriving the characteristics
of ~ cosmic ray anisotropies in the interplanetary medimn,
A brief discussion of the variabional coefficients and their

application to diurnal variatilon are presented.

0.13 The concept gﬁ;ggriat;ggg; cocfficients:

a

Ir JO is the igotropic cosmic ray intensity from all
dircctions, then the anisotropic cosmic ray intensity from
within the solid angle 425 col be represented in'a simple
form JO(1+AiR+@ ) , where Aj ig a function of asymptotic
directions, R is the rigidity (in BV) and f} ig the spectral
cxponent . This anisobropy will casentially produce a

rractional change in the counting rate ol a sround hascd
() (o)




w 50
detector given by (Rao et al, 1963; McCracken et al, 1965)

&ﬁﬁ- = v g, [00) A4 (2.1%)

Where N is the counting rate observed, when the cosmic ray
intensity is J, from all the directions and vy, [o ) is
defined as the variational coefficients corresponding to a
solid anglel’; and spectral exponent jExm The variational
coefficients however can be expressed in a simple form as
v(,ﬂ..i, (.;’ ) = {W(R) RH?’ YLy, R)/ Y(WVT , R ) dr
/

| (2.19)
Where W(R) is the coupling coefficient (Dorman, 1957) or diff-
erential response functinn of a detector (Lockwood and Webber,
1967) and Y({Li, R ) is the fraction of herisphere above the
detector which is accessible from stmptotic directions within
the solid angle,ﬁl.ie

2.14 TEvaluation of variational coefficients:

Using spherical harmonics upto and including U
degree simulation of the earth's magnetic field (McCracken
et al, 1962, 1965; Shea et al, 1965, 1968) and defining
the elementary solid anglelﬁbi bj planes of constant geo-
graphic longitude at 0, 5 and 10 degrees and by surfaces
of constant geographic latitude spaced every 5 degrees on
cither side of the equator, it is possible to determine the
fraction of the hemisphere above the detector which 1s acces-
sible from ﬂsynpbotlc directions included w1bh1n£}_lg if the

asymptotic dircctions corresponding to all dircctions (&, »f )



and for oll rigidities <Rk> are known. For evaluating the
variational coefficients, cosmic Tray particles of various
rigidities arriving from nmine specific directions namely
vertical, geomagnetic nortl, south, cast and west and at

senith angles 0, 16 and 32 degrees are used., Further it

ig assumcd that for Kth rigidity (Rk>9 if a direction (Eﬁoeii)o)
is accessible from some elementary solid angle«CLi, then for
630:#:0 A1l directions within the solid angle fﬁo + 8% amd

ctb + 450 are accessgsible from,ﬁlui for rigidities in the range

K 1o Rk + Rk4—1
2 -
2 b

Y(LL 5, R) 1is the number of above nine directions (%ﬁo, F

An acceptable estimate of

which are accessible from infinity. The variational coeffi-

cients then simplify to

. — +p T(CigsBy ) By =Ry _q)
Ry LS B 10k, <+ t=1
v(Ln 5519 ) . W(R, )+ Ry TR - (2.16)

Where the summabtion extends from near cut-off rigidity to a

value R o9 500 GV,

Expressing the anisotropy as a powel law in rigidity,

we have

AN ANG:Y 5 2
'"ZT";"%F"T -t P ey BTFcos A (2.17)

Where A is the amplitude of the anisotropy which is a separable
function of the asymptotic latitude /N and longitude W#/ and
varics as the cosine of declination. The fractional change in
the counting rate produced by the radiation fromwﬁlﬁi can be

written as,



2 -

an & ‘z,..i) ) - N /\ :
s QYD 'Vﬁﬁljﬁ15)> cos (2,18)
and suming over I ) B cquation 2.18 glves
an Q) J—
ﬂwv*JLAL~: O ) 3> v((l. fb ) cos M
N L 019y

sy e T g P

where dN(lyg) ig the solid angle defined betweel two meridional
planes 0.5 degrecs on cither side of the meridional planc at
geographic 1ongi'tu.de'\ﬁ’"je Using the above expression (2.19)

the variational coefficients V(lp' }3 ) for different asymptotic
longitudes and for a wide range of opocbrql exponents <yg )
ranging from 1. 0 to — 1,2 have boen evaluated for a large

number of statlons (McCracken ct al, 19655 shea et al, 1968)

are avallable in the 1iterature (IQSY Tnetruction Manual No.10).
5.15 Applicabion tO diurnal variations:

From o debailed knowiedge of tho variational coeffi-
cients and cosmic Tay observations ab various stations the
amplitude and phasc of the cosmic Tay anisotreopy 1n space can
be easlily prodictede Any anisotropy can be cxpandced as &
function of 'Wq 1 4n the form of a Pourier's gecrics as

f(Yl) = (R) éiﬁT&HhCOS % 1 (Yl-« Cm>} (2.20)

m="

Wh@f@(}(m'aﬂd C, arc the arbitrary amplitude and phase con-
atants and Cm ig also the direction from which n maximum nf the mth

harmonic 1s Sceh. Referring to flgure 2.4 the intensity from
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the asympbotic longitude X;f can be written os

SN N = O cos — 180=C)}
FOy) = I, (R) = O, co Ll (yr+ 15T 160 Cm%f (2.21)
ig Tthe meall

where the agymptotic 1mng¢tudo\%‘~ (51 + 2. )) is

1ongitude of 211 the particles arriving From solid angles 1y¢ng

between7¥/ = Sio ami“%/‘: 5(i + 1)°, Inserting this value

of f(lﬁ“) and summing over i 1 ' the deviation of the counting

ratc of a detector at time T fron the mean value is glven by,

™ 71 S .

L)’N( T ) e - T /

LANCT) = v Oy 3D =2 Ch. cos{n1(51+2a5+151‘»c_~18o>}
N <0 i Jgr e m m

(2,22)

5
e - ¢ /L
_— J%;B- cosikm (15T — 180 — Cm) + m%— (2.23)

=1
where
2 T;Z«» - 3] 2
B = {2 V(Y @) sing m (51 + 2.5)!
1=0 Y% (2 2br>
+K/;Z; V(O ) cog 3 m (5 2 éiag
i e \;"j‘J ’,3 7 m DL + ')_j"‘i
1i=0 .
and . . _
. é%%. v (\Pj,}B ) sin~% m (51 + 2.5)}
tan Yxnx Eﬁ? — ] (2.25)
Z"o vy ?3 ) Cosgl m (51 + 2.5)}-
1= .
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Where QJZI B and (mmCm + Y m> represents the amplitude and
phase constants of the nt? harmonic. The local time of maxi-
mum intensity at a station whose geographic longitude L 1s
given by

180m + mC,_ ' ’
- - 1 hours (2.26)

15m

T
i

The terms ( ]Am.m mL)/15y makes due allowance for the deflec-
tion suffered by cosmic ray particles in thelr passage through
the geomagnetbic' field, The amplitude and phase of the diurnal
variation observed at each neutron monitoring station are
corrected both on an average as well as dn a day to day basis
using the amplitude ard phase constants of the ISt harmonic
assuming an energy independent spectrum (Ex: 0) to derive the
diurnal anisotropy vectors in the interplanetary space during

the period 1965-72.

2.16 Space-time diagraims:

As the earth spins on its axis, a ground based neutron
monitor which looks into a narrow region in space, will
effectively scan the entire celestial sky in a period of one
day (24 hours). By using a large number of high latitude
neutron monitoring stations <Pci£_2 GV) well distributed in
longitude and having a narrow asymptotic cone of acceptance,
it is always possible to separate the cosmic ray spatial

variations (anisotropic) from time variations (isotropic) and



to monitor continuously along each asymptotic direction the
cosmic Tay intensity variations as a function of time. A
space-time diagram essentially represents the cosmic ray
intensity variations observed in different asymptotic dirce-
tions at any instant of time. The space-time contour diagrams
essentially provide an integrated three dimensional view of
the cosmic ray intensity profile in space and hence can be
effectively utilized to derive the space and time cvolution
of cosmic ray anisotropies in the intcerplanetary medium., The
mcthod of constructing thrce dimensional space-time diagrams
developed by a number of workers (Fenton et al, 1959:; Ables

et al, 1967; Mercer and Wilson, 1968; Carmichacl and Steljcs,
1969) is ideally suited for studying rapidly cvolving cosmic
ray anisotropics, for distinguishing the presence of sinks

and sourccs of cosmic ray particles and also to understand

the physical processes which leads to redistribution of cosmic

ray particles in the interplanctary mediwua,

In this thesis, we have used this technique to undcr-
stand particularly the trains of days having enhanced diurnal
amplitude. The average dally mean cosmic ray intensity observed
three days prior to the commencement of the enhanced diurnal
variation event are used for normalization purposes. In order
to derive the three dimensional cosmic ray intensity profilc
in space, the space is divided into 8 cqual sectors, cach

covering a longitude of widthes 45° (3 hours)., After
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correcting the obscrved cosmic ray intensity at each station
for the width and declination of thc asymptotic cone of
acceptance and geomagnetic bending, the 3 hourly average cosmic
ray int@néity deviation in cach sector are then computed for

4 number of sclected high latitude neutron monitoring stations
(Pc§;:2 GV). Combining similar informations from a large number
of neutron monitoring stations well distributed in longitude,
the average intensity deviation in each scctor is then derived
for cach day. The average intensity deviation observed in all
the 8 scctors covering the entire Spacé arc usced to construct
three-dimensional space-time diagrams on a day to day basis
during enhanced diurnal amplitude days. The results are

discussed in chapter IIT.

2,17 Power spcectrum analysils:

Though most of the cosmic ray time variations observed
at ground based monitorsg can be understood in terms ol the
cosmic ray particle propagation in the large scalc (Archimcdean
Cspiral) magnetic ficlds prescent in the solar system, when one
deals with the short term cosmic ray variations of periodicity
5; 1 day, it is very cssential to have a detailed description
of the magneotic fields present in the interplanctary medium,
As the ficld fluctuations ( £ 1 day) are frozen into the

solar wind plasma, the obscrved time variation of the mag-
netic ficld at any point in spacc can be casily transformed

into spatinl variations. TFrom a detailed power spectrum
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analysis of the magnetic field obtained from direct space-craft
measureuents a number of auchors (Jokipii, 1966, 1967; Colecman
Jr., 1966; Jokipii and Colemnn, 1968; Siscoe et al, 1968; Sari
and Ness, 1969) have clearly demonstrated that the large scale
interplanetary magnetic filelds are associated with irregularitics
of all scale sizes and these irrcgularitics manifest themselves
as deviations in the obgerved IPMF., These irrecgularitics act
as scabttering ccntres for cosmic ray particles make them iso-
tropic and also causc significant transverse diffusion in the

interplanetary mediunm,

The observed fluctuations in time at a fixed point in
space can be regarded as a pattern which is stationary in the
frame of the solar wind, which is convected past the point of
observation. Any variable B(t) as a function of time, gcnerated
by a random (or stochastic) process is one of an enscmblc of
random function which might be generated by the process. The
value of the function at any particular point in time i1s thus
a random variable with the probability distribution induced by
the ensemble, If we assume that the random process is Gaussian,
then for cvery n, t19 t2 "”°"'tn9 the joint probability distri-

bution of B(tj), ?(L ) ...o@oB(t )y is an n-dimensional Gaussian

or normal distribution. The enscmble average is then given by

-

. { /
B <tl> = AVe ",‘ B<tl ):{] (2, 27)
. ' )
. N P, FaTd o SRt -« B (t.)- 28
and the covariance Clj — ave {AL(Ll) r B (LJ)j (2.28)
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The random process is stationary and it is not affected by

only on the separation (ti - tj) such that

cij - c(ti - tj> (2,29)

The covariance at any time lag “(~ in single function terms
is given by

r

C(T) = ave 4 B(L) x B(t +T )}- (2.30)

Where C(7 ) is called the auto correlation function. If
the averages of all random process are assumed to be
zero, then C(T) is called as the auto-covariance function,

The auto-covariance function can be reduced to the form

[
Ty = )R 27T AT gp (2.31)
“o

Whare P(f) is the power spectrum of the stationary random
process as a function of frequency. P(f) is also called
spectral density or power spectral density. The power spectrum
can also be expressed as a Fourier transform of the auto-
covariance function given by

0
|

P(f) = 2 c(’T ) cos 2TTTf a™ (2,32)

0

Using the radial component of the hourly average IPMF
vectors obtained from fir situ! space~craft observations for
nearly 5 days, the power spectral density at cach frequency

6 i

Hez

was obtained using a Nyquist frequency of ms 4.6 = 107
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(60 hours) and applying Blackman and Tukey window in

equation 2.32. The power density distribution as a function

of frequency is studied for a nuiber of non-field aligned

trains of days as well as for a number of completely fleld
aligned trains of days. The results are discussed in

chapter IV,

LI



CHAPTHER- TIT

AVERAGE DIURNAL VARTATTON

3,1 Inbtroductions

The neutron monitor at Ahmedabad has been in continuous
operation since 1968. The data from this equatorial monitor
which forms an important link in the world wide net-work of
neutron mbnitoring stations has been regularly processed and
presented to the world data centre. In this chapter, we first
present the results obtained from Ahmedabad meutron menitor
for the period 1968-73 and then use this data together with the
observations from other world wide neﬁtron monitoring stations
(table 3.3) to establish the average characteristics of diurnal
variation and its long term variability. We also propose a
new unified convection-diffusion model to explain the diurnal
anisotropy of cosmic radiation and then critically examine the

observed diurnal variation both on a long term as well as on

a day to day basis in the light of this theory,

3,2 The neubtron monitor obgservabtions at Ahmedabad:

Before using Ahmedabad neutron monitor observations
for deriving any information on the diurnal anisotropy, it is
very essential to compare the observations with other neutron
monitoring stations to ensure that the intensity variations
observed are world wide and not of a local origin. The
pressure corrected cosmic ray data from Ahmedabad neutron

monitor (18-NM-64%) is compared with similar dala obtained




from other ncutron monitoring stations both on a long term

as well as on a day to day basis to identify and remove the

intensity variatiorsof local originn As a typical cxample,

Tig. 3.1 shows a comparison of The normalized monthly mean inten-
sity of neubtrong observed at Ahmedabad (15.9 GV), Dallas
(4.4 GV) and Kiel (2.3 GV) plotted for the period 1968-73.

The figure clearly shows that the cosmic ray intensity ob-

served at all the stations reached a minimum intensity level

in June 1969 and then gradually recovered,The intensity varia-

the

O

tions at Ahmedabad are of lecsser magnitude as comparcd to
observations at Dallas and Kiel is essentially due to the

high geomagnetic cut-off rigidity at Ahmedabzd (rnu15.9 GV).
Furthcr 1t may be scen that, whereas the intensity at Kicl
increascd by mJ 10% from Jun, 1969 - Decc. 1973, the correspond-

is in rcason-

X
=
e,
-

ing increasc at Ahmedabad is only of ~u 3%,
able agreemgnt with theorctical predictions. Fig. 3.2 shows a
detailed comparison between the normalized daily mean intensity
of neutrons recorded at Almedabad and at Kiel during the year
1973. It is seen that the world wide isotropic long term vari-
ations as well as the transient Forbush decreascs arc clearly
obgscrved at both the places, even though the obsecrved ampli-
tude of these variations at Ahmedabad is of lcesseor magnitude

is consistent with their being energy dependent.,
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3.3 The diurnal and semi-diurnal variation at Ahmedabad:

After correcting for long term variations, the pressure
corrected hourly neutron data at Ahmedabad is subjected to har-
mormic analysis (chapter II) to derive_the amplitude and phase
of the diurnal and semi-diurnal Variatioh.on each day during
the period 1968-73. Using the day to day observations, the
yearly mean diurnal and semi-diurnal variation are then ob-
tained. Table 3.1 lists the amplitude and phase of the yearly
mean diurnal variation (3.1a) and also the yearly mean gemd- diurnal
‘Variation (3.1b) opserved at Ahmedabad during 1968-73 along with
the‘standard errors associated with each observation. Ior
purposes of comparison, the yearly mean diurnal and semi-diurnal
variations obtained at few other stations such as Dallas and
Kiel are also given in the same table. The table clearly shows
that, within the errors of observation, there is a one to one
correspondence between the zuplitude and phase vof the yearly
mean diurnal and semi-diurnal variations observed at Ahmedabad
and other stations. Tt may also be noted that the yearly mcan
diurnal and scmi-diurnal variation observed are consistent with
their being time invarignt during 1968-73 (Rao et al, 1963;

McCracken and Rao, 1965; Rao and Agrawal, 1970).

3.4 The average diurnal anisobtropy at Ahmedabad

The amplitude and phase of the yearly.
variation (Table 3.71a) observed at Ahmedabad are then sultably

corrected for the width and declination of the asymptotic cone




Table 3.7

(a) DIURNAL VARIATION
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068 0.28 & .02 219 2 0,24 £ .02 228 £ 3 0.2% & .02 212 x 3

1069 0.2% .02 216+ 2 0,28 4 02 229 £ 2 0,29 x .02 218 42

1970 0.19 £ .02 196 £ 2 0,27 + .02 222 %2 0.28 x .02 213 42

71 0.16 4 .01 172 £ 2 0,24+ .02 207 £2 0.31 + .02 200 & 2
+ +3  0.,25 + ,02 202 + 2

4972 0.13 %+ .01 178 + 3 0.21 4 .03 210
3
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B AMEDABAD ) DALLAS 1 KTEL
Year | Amplitude | Phase i Amplitude ; Phage T Amplitude | -Phase -

by ) (Deg) i L b ipeg) 1 (R . 1 (Deg) _
1968 0,15 + ,01 51 +2  0.12 4 .01 7743 0.12 % .01 76+ 3
1969 0.15 + .01 51+ 2 0.12 4+ .01 7%+ 3 0,10 x .01 78+ 3
1970 0,12 + .07 69 + 3 0,71 + .01 80 + 3 0.11 + .01 80 i 3
1971 0,10 + .01 69 + 3 0,10 + ,01 69 +# 3 0,10 + .01 79 i 3
1972 0,11 + .01 72 4+ 3 0.717 + .01 72 + 3 0.70 + .07 85 + 3
1973 0.10 + .01 66 + 3 0.12 + .01 63 + 3 0.08 + ,01 77 + 3
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Teble 3.7~ The amplitude and phase of the yearly average (a) diurnal
and (b) gemi-diurnal variation vectors observed at
Ahmedabad (15,9 GV), Dallas (M.F GV) and Kicl (2.3 Gv)

during 1968 - 73,




of acceptance of the detector and for the geomagnetic bending
using variational coefficient techniques (described in chapter II1)
to derive the amplitude and phase of the average diurnal ani-
sotropy vectors in space for each year durlng 1968-73. 1In

table 3.2 the average diurnal anisotropy vectors observed at

Ahmedabad are compared with other stations such as Dallas and

8}

Kiel. It is clearly evident that the diurnal anigsotropy vectors

observed ab Ahmedabad are quite consistent with other observa-

tiong and do not show significant departures from the average

i

(]

diurnal amisotropy characteristics established by Rao et
(1963) and McCracken and Rao (1965). The systematic variation
observed in the diurnal amplitude during 1968-73 could be how-
ever explainable in terms of the change of EmaX with solar
activity (Peacock, 1970; Summer and Thompson,1970; Jacklyn et
al, 1970; Ahluwalia and Ericksen, 1970; Agrawal et al, 1972).
An interesting point to be noted is that the diurnal time of

maximum which remsined constant (nu1800 hours) during 1968-69

(McCracken and Rao, 1965) started shifting towards early hours
@500 hours) during 1970-73, the phase shift observed is being

maximum at Ahmedabad,which has the maximum energy of response.

3,5 Day to day diurnal and semi-diurnal variation at Ahmedabad:

Fig. 3.3 shows the frequency distribution of the ampli-
tude and phase of the diurnal (3.3a) and the scemi-diurnal vari-
ation (3.3b) obscrved on a day to day basis at Ahmedabad plotted

in the form of a histogram for cach year, during the observational




Table 3,2
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1968 0,47 + .02 273 & 2 0.3% + .02 280 + 3 0.33 + .02 265 + 3
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1971 0.27 + ,01 226 + 2 "0.35 + .02 259 % 2 0.441 + .02 253 + 2

1972 0.22 + ,01 232 + 3 0,30 + .03 262 £+ 3 0.33 £ .02 255 + 2
1973 0,23 + .01 217 + 3 0.28 + .02 243 + 3 0.33 & .01 249 + 2
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Mean 0.35 + .01 250 + 2 0,40 + .01 268 + 2

Table 3,2 - The amplitude and phrose of the ycarly average diurnal aniso-
tropy vectors observed at dhmedabad, Dallas and Kiel dur-

ing 1968-73,
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period 1968V73 In the Same flgure the correspondlng fre-
quency dlstrlbutlon.observed at Kiel' are also shown for puru
poses of comparlson . Though the dlurnal amplitude distribu-
tlon shows a peak around 0.1 - 0.3% and the diurnal phase
around 12 - 16 hrs., (Fig, '3.3a) which is consistent with the
characteristics of yearly mean diurnal variation (Table.3.1a),
a large dispersion in the distribution or bofh diurnal ampli-
tude and diurnal phase from day to day is clewrly ev1dent
from the histograms, A large variability in the character-
istics of diurnal varistion on a day to day basis has also
been reported by other workers (Rao and Sarabhai, 1964; Patel
et al, 1968; Pomerantz ang Duggal, 1971; Rao, 1972). The histo-
grams of the amplitude and Phase of the semi-diurnal Variation
observed during 1968-73 (Fig. 3.3b) also shows a large vari-
ability on a day to daybbasis is consistent with other observa~

tions.

3.6 Determination of diurnal anisotropy vectors

using a number of stationg:

In spite of applylng adequate corrections to minimige
the oontamlnatlon due to short term variations on the derived
diurnal variation, the qualitative evaluation of diurnal
anisotropy in space based on the observations from g single
station is not always religble} The large intensity gradients
developéd during world wide variations and Forbush decreases

wlll considerably affect the determination of diurngl
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anisotropy vectors Qn‘a'day to day basis. In order to examine
the diﬁrnal anisotropy veCths on an aVerage.as well as on a
day to day basis in a statistically meéningful way, we have
combined the data from a large number of neutron monitoring
stations well distributed in longitude and having a narrow
asymptotic cone of acceptance. Tableﬂ3.3 lists all the
statioﬁs used in the analysis along with their geographic and
asymptotic coordinates. The pressure corrected hourly neutron
data at each station after removing the long term variation, is
_hérmonically énalysed (chapter II) to derive the amplitude and
phase of diurnal variation on cach day during the entire period
1965-72 (9 8 years). The observed diurnal variaﬁion at each
station is then corrected for the width and declination of
the asymptotic cone of acceptance of the detector and also
for geomagnetic bending (Rao et al, 1963;'Mc0racken and Rao, 1965)
assuming an energy independent spectrumrQE) = 0) to derive the
amplitude and phase of the diurnal anisotropy in space. The
" diurnal anisotropy veectors thus obtained from various individual
stations are then combined to derive the éVerage diurnal aniso-
tropy vectors on an yearly basis and on 27-daj baéis during
1965-72, Similar exercises are carfied out for ‘deriving
~these vectors on a day to day basis for the period 1967;68.
For deriving diurnal anisotropy vectors on a day to day ;
basis, an additional criteria namely that there should be
a good inter-station agreement ( Gﬂﬁp < 0.1% and

T 3 , '
. (UPha 32:300 )  between diurnal anisotropy vectors observed at
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Geographlc‘ ! Mean asymptotic f Cut-off
coordinates ) coordingtes boorigidity
Lat. | Long. | ‘Lat. |} Long. |

(Deg)' (Deg) j (Deg) | (Deg) j (GV)
. Ahmedabad 23.0 72,6 19 125 15,9k
Alert 82.5  297.7 77 331 £.0,05
Alma-Ata 3.2 76.9 25 143 6.69
Calgary 51.1  245.9 28 269 1,09
. Churchill 58,8 265.9 40 286 0.21
Dallas 32,8  263.2 25 316 4,35
. Deep River 46,1 282.5 27 319 . 1.02
Durham 43,1 289.2 25 332 141
Goose Bay 53.3  299.6 S35 . 339 0.52
Hermanus =34 19,2 - 24 67 4,90
Truvik 68.4 226.3 L7 233 20,18
Kiel 54,3 10.1 31 63 2.29
. Iindau - 51.6 10.1 29 67 3,00
Mawson -67.,6 62.9 ~42 : 55 0.22
. Mt. Norikura 36.1  137.6 26 195 11.39
. Mt. Washington 4,3  288.7 25 - 331 1. 24
- 17. Mt, Wellington ~42,9 47,2 -25 193 1.89
. 18, Pic-du-Midi 42.9 . 0.3 26 73 5.36
19, Sulphur Mt 51.2 24k 4 27 270 1o
20, Wilkes ~66.%  110.5 ~56 107  <.0.05
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Table 3.3 = The geographic and asymptotic'coordinates of the
selected neutron monmitor stations whose data has been

used in this thesis.
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different stations has beeﬁ imposed pefore deriving the mean
diurnal anisotropy vectors Qh,each day during 1967-68.

Before studying the characteristics-of diurnal varia-
tion bn an average basis it is educative to compare the diurnal
anisotropy'vectors determihed using a number of neutron monitor-
ing‘étations with the diurnal anisotropy veétors observed at a
single station. Fig. 3.4 shows the comparison between the fre-
‘quency distribution of 27-day mean diurnal phase and.diurnal
amplitude plotted in the form of a histogram for the period
‘1965-72 determined from the data from a number of stations
(solid lines) and the corresponding vectors obtained for Deép

. River (dashed lines). The one to one correspondence between
the two histograms on an average basis in’thg diurnal ampli-
tudes as well as in the diurnal phase clearly suggests that
the diurnal aNisotropyfvectoré determined from a number of
stations represent. the true‘anisotropy in space. This method
of determining the diurnal anisotropy‘vectors using a number

l,bf stations well distributed in longitude not only eliminates
the data from faulty stations but also assures the constancy
of diurnal anisotropy for atleast a period of 24 hrs, Table
3.5 lists the yeérly mean diurnal anisotropy vegtors determined
.using a number of neutron monitoring stations; Fig. 3.9 shows
a plot of the amplitude and .phase of the yearly mean diurnal‘
anisotropy vectors observed during 1965-72. For a cemparison

( . .
the amplitude and phase of the yearly mean diurnal anisotropy




*24r596L Butanp {semyy peysep) Jeayy desq 1° DPRAIESQO IE (SSWFT PTIOR) SUOTYELS.
JO Iequmu € SUTST PEATISD 210%00a AdOJ0STUE TEINTD ofezean Kep-4Z 3O SpnyTrdme
.. pae esegd ayy JO 20URIIMDIC JO humaﬁmmuw i3 Jupacys swexdossTy oYL - 4 amiTd

{%) 300LNGMY TYNENIC (SHNOH} 3SVH4 TYNEALD
g % T O $X OZ % U € ¥ 0

0 SR B L L < .N.|1.l._.|1|11]a
i 4 P m
= o ¥ S I . L3 -0 M
-
&
- —“oz | - ot =
“M 0
§ -
- SNSRI - O35 b ! -4 0%
: o
. 38v
IOV HIAY-— 0¥ W < aSvEIAY —10r o
; e
o - 08 - i m - 0% -
j o =
(A |
- 409 | HE 4os £
bld | L] &
W3AIE 433G 4 \ _.LV
e . ~0iL |- BIANNMLEIIC -0z .\w
P
) Ny
s L3 4oty Jog Lo B f 4 b 0 b ot 4 fom

. O¥EYGINHY S g



PRL, AHMEDABAD
'M""T"“'"T”—'“‘H‘T“""‘T""’“T'"'"T‘"““""’i‘"'*‘\"’"‘l‘"“‘f“—r" T

o
w

ey
o

-
~

PHASE ( bhrs)

—
T
|1

L Lordeh et YOV RIS WY JUNVE JUWO B |

275G 61 63 65 67 69 71
YEAR, 1957-72

‘

Figure 3,5 - The amplitude and the time of maximum of
w,‘&zhm yearly mean dlurnal aniscbrepy vectors obasryed
during the enbire period 1957-72, Note the shifting

of dlurnal time of maximum to eariles hours during
197072, |
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’vectors for the earlier perlod namely 195H—b5 derlved by

Me Cracken and Rao (1965) are also plotted in the same flgure
aléng with the errorSvof observation. Tt is clearly evident
'from the figure that even though the amplitude and phase of
the anlsotropy are almost constant, 31gn1flcant deviations
: from.year to year do exist. . For example, the diurngl ampli-
_tude'observed dquring 1965 and 1972 are significantly lower
than the average diurnal amplitude observed during rest of
the years.- gimilarly the diurnal phase which remained

~ constant upto 1970, shows a significant shift to earlier
hours during 1971-72 as compared to the average diurnal

phase obser#ed during 19695-70.

3,7 The average diurnal variation:

From a detailed analysis of the neutron monitor data
from a world wide neb-work of neutron monitoring stations
durlng the period 195465, Rao et al (1963) and McCracken
and Rao (1965) for the first time experlmentally established
the characteristics of average diurnal variation. They
clearly demonstrated that the observed dlurnal variation can

be expressed in a simple form as,

~ |
C}J%?) - AEFIS cos (“%J "ﬁyfo) cos /\, for B 52 Emax
(3.1)

1

0, for B > EmaX
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E

Whére'[5  is the spectral index, A being the declination

max
. . » - @
characteristic features of the average diurnal anisotropy can

and E.__ is the upper energy limit for corotation. The

be summarized as follows:
1. ' The yearly mean diurnal amplitude is of ¢V 0.38 + 0.02%.

2. The time of maximum is along the asymptotic direction

1800 hours local time, that is 90O east of the sun~carth

line.

3. The anisotropy is energy independenf upto an ehergy
B, < 100 GeV. and |

L, The anisotropy varics as the cosine of the declination;

Using the concept of solar wind and a spiral configuration for
the interplanctary magnetic field developed by Parker (1960),
Ahluwalia and Dessler (1962) suggested that the (E x ﬁ/BZ)
electric drift of cosmic ray particles in the interplanetary
medium causes diurnal variation., Though some of the predictioné
- of the theory were in good agreement with the obseIVations,
Stern (19645 pointed out that in conservative ficlds, Liouville's
theorm does not permit any streaming of cosmic ray particles

in the interplanctary medium, that is, the streaming produced
by the clectric drift is completely cancelled by an equal and
opposite étreaming causcd by a density gradient perpendicular

to the ecliptic plane cstablished by the (- V x B) electric

' ficld, This objection was overcomec by Parker (1964, 1965)
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and AXford:(196Sa)who postulated the pfesence of magnetic
‘ field;irregularifies ih_the Archimedéan spiral magnetic field
-which essentially cancel the perpeﬁdicﬁlar~density gradient.
estab11shed by the (- V x B) clectric field. A large

amount of data on the propagation of low energy solar partl—
cles accumulated since then has shown that the perpendicular
diffusion of particles at the orbit of the earth is almost
negligibley,that is K4 i O (McCracken et al, 1968, 1971),
thus confirming the correctness of the theory. Further the
presence of small scale irregularities throughout the - |
modulating region which 1s now well established by a humber

of in situ'space-craft measurements of the}IPFF (Jokipii and
Coleman, 1968) essentially reduces the perpendicular density
gradients and leads to the earlier picture-of the diurnal
variation resulting from a simple corotation of cosmic ray
“particles (with the Archimedean spiral magnetic fields present
in the solar system., The amplitude of the energy independent
corotational,diurhai anisotropy is given by, ;ico = (2%%¥3V60/v;
Assuming a spectral index ' - 2.65and a corofﬁtion velocity
yﬁﬁoo kms/sec at the orbit of the earth for relativistic
particies = (v m~ c), the expression'yields a value EECOPJ 0.6%
for the corotatiohal diurnal anisotropy with a time of mgXimum

along 900 east of the sun-earth line (1800 hours local time).
A simple comparison with the experimental observations
of the yearly average diurnal variation présentod earlier

(Table 3.5) shows that the gross characteristics of the
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observetions:ere consisﬁent'with the corotation theory. However
a-few"dieerepaneies"are sﬁill noticeabie,‘ For ekample, the
‘observed averege diurnal amplitude of mu 0, 47.(Me0racken and

| Rao, 1965) 1is oon51derably less than that predicted by corota-
tion theory. Even though Subrdmanlan (1971) pointed out that
the application of few corrections and making due allowance

for the maximum energy (Em X) beyond which corotation ceases,
narrows the difference between the observed and pbredicted ampli-
tude, the varigtion of the average diurnal amplitude from year
to year still remained, Though the long term variability of the
average diurnal Varlatlon for monitors having higher energy
response such as underground maeson monltors (Th%mbyahplllal and
Elliot, 1953: Porbus h, 1973; Duggal et al, 1967; Sarabhai et-al,
195&) was more spectacular and could be explained as due to the
change in the upper cut-off rigidity from MO 100 GV from solar
minimum to solar maximum, the large Variabilitieg observed on a
day to day basis still remains to be clearly understood. The
only way to reconcile with thig apparent discrepancy, as sug-
geqted by JOlell and Parker (1967) is to invoke g random walk
of the field lines in the interplanetary medium, which could
substantially contribute to the perpendicular diffusion of
cosmic ray particles at the orbit of the earth, thus reducing
the obsorvod diurnal amplitude, In other words one eould eX-

- blain the observed reduction of the diurnal amplitude by a
substantial increase in the ratio Ki /KynrJ 0,15 (Jokipii

and Colemgn, 1968),
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">Frbm a detailed_study_of the anisotropiés of low
énefgyfsdlar-cbsmic ray particles McCracken et al (1968, 19715
showed that their propagation in the interplanetary medium
is éssentially govefned by convection and diffusion mechanism;
- Their observations clearly indicate that the most important
mechanism that operates in the interplanetary medium is the
convective expulsion of these particles by radially blowing
solar wind. Based on thesc obseTVations;Gleeson (1969),

- Forman and Gleeson (1970, 1974) proposed an eiegant theoretical
formulation for describing the cosmic ray particle streaming
in the interplanetary medium in terms of convection and diffus-
ion mechanism.‘ The observed anisotropies at low energices dur-
ing different phases of solar flare events namely the field
caligned anisotropy during the initial phasc foliowed by a
radial comvective anisotropy and casterly anisotropy at late
times in a flarc have been successfully explained in.terﬁs of
simple convectipn and diffusion of particles in the inter-
planctary medium._ The ﬁheoretical formulation by Forman and
Gleeson (1970, 1974) and the experimental observations of Rao
et al (1972) and Hashim et al (1972) . showed very
clearly that, this physical concept'could'be extended to ex-
plain the diurnal variatidn of galactic cosmic radiation

(;;;1 GeV) observed at neutron monitors. In the next section
we describe in detail the physidal concept of this theory and
procede to demonstrate that, the observed average character-

istics as well as the day to day variability of diurnal



- 72 -

.varlatlon can be successfully explained using this concept.
The detailed prosentatlon of uhe thoory however has been al-

ready described in the I chapter.

3,8 The unified convection-diffusion theory:

Fig. 3.6(a) summarizes the manner in which the con-
VOCthDrdlfoSlOﬂ concept oporntos in ﬁhe iﬁterplanetary medium
rosultlng in the observed anisotropies of the low encrgy solar
flare pqrtlcles. Tt has been shown (McCracken et al, 1967,
19685 McCracken and Rao, 19705 Rao et al, 19713 Allum et al,
197%4) that there are three distinct phases in a solar flare

event. The early phasec, that is during the rise of the flare,

the obscrved cosmic ray anisotropy is predominantly field gligned.

"In the second phaso after the 1nton51ty has rcached its maxi-
mum value and is in equilibrium condition, the qnlbotropy is

" purely radial type and is not associated with the IPMF. This
ig followed by an easterly anisotropy from a direction per-
pendicular to the nominal Archimedean spiral field at 1até
times in a flare. During The early phase due to the presence
of large ncgative donulty gradients the cosmic ray particles
of solar origin domlnates the small convective component (65 )
resulting in a practically field aligned anisotropy (8)

(case 1), After the intensity.has reached its maximum valuc,
when an cquilibrium has been cstablished in the interplanctary
medium the only mechanism that can operate is the convection

term ( ésc) due to the radial expulsion of particles by the
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_ solar7wind (éase“z). At late times this very radial convection
V produéésvan'enhahced positive dénsity gradient which when com-
'bined with convection term yields a resultant in a direction
perpendicular to the IPMF .azimﬁth (case 3).. The basic con-
cept of ézimuthal streaming of particles can be extended to
explain the diurnal anisotropy of éosmic radiation observed at
high energies (721 GeV). In this case the observed average

| diurnal anisotropy essentially pertains to the equilibrium
condition. As can be seen from Fig. 3.6(b)‘under equilibrium
condition (case 1), the radial convection of particies is exactly
balanced by the inward diffusion of particles due to the normal
positive density gradiént existing in the interplanetary medium

resulting in an azimuthal (corotational) anisotropy given by

The extension of thig concept to explain the diurnal variation
observed on a day to day basis becomes extremely interesting,
On a day to day basis significant variations in the solar wind
velocity, density gradient and the IPMF charactefistics can
occur, which will essentially disturb the equilibrium. That

is on such days, the convectlon current need not balance exactly
the inward diffusion current and consequently as shown in

Fig. 3,6(b) results in a large deviation from average condi-
tion. In Fig.3.6(b)two typical cases of non-equilibrium con-

dition are depicted. In the first casc (case 2) a reduction
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ih the radial density gradient is assumed, which when cgmbined
Awifh é'hormal cohv@ctivé componeht will_yigld a resultant along
'1500 hours direction with a-substantial reduction in the di-
urnal amplitude. Case(B)depicté the situation when the assumed
~ condition is opposite that-isgwhen the radial density gradient
is larger than normal will &ield'a.resultant'along 2100 hours
direction with an enhanced amplitude for diurnal variation.
It 1s obvious that similar variations in amplitude and time of
.maximum of the diurnal variation can be aéhieved by changing
~the convection vector due to a change in the solar wind velo-
city or by changing'IPMF direction. 1In view of the large
amount of eiperimental data available which indicates the
'presence of considerable variability both in solar wind velo-
qity as well as in IPMF azimuth, the physical concept derived
above provide'g very'natural explanation for the observed

variability din the diurnal variation,

For an experimental verification of the validity of the
convection-diffusion concept, it is necessary to derive the
convection and diffusion vectors both on an average as well as

on a day to day basis. Recalling our earlier arguments yWe may

——

express the diurnal vector é) as

p— —

5- = 50 +'éd (3.1)

Where é;(:is the convection component and éﬁd.is the diffus-

ion comporient. By knowing the solar wind velocdty it is
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p0581ble to ostlmate the convectlon compongnt 65 accurately,
the diffusion vector can be uniquely detcrmlned by subtractlng
tho convection vector (E? ) from the observed diurnal vector
'(ég) It is then only necessary to show that the diffusion
vectoréd = (é) é)) so determined is in fact field aligned.

In other words the validity of the theory can be established
if we can show that, the phase difference <%D QDd_ ﬁb]f\Joo
Where Cty is the phase of the diffusion vector and Ci}B -
.1s the magnetlc fleld azimuth, that 1s the diffusion vector is
'elthcr parallel or anti-parallel to tho observed IPMF dlroctlon.
In this chapter we demonstrate the validity of the theory to
explain the average diurnal variation. In the next chapter, we
extend this concept to explain the diurnal variation on a day

to day basis. -

3.9 Estimation of convection vector'(éjc):

The convective anisotropy due to the,expulsidn of cosmic
ray particles by the radially blowing solar wind in the inter-

pianetary‘ﬁediUm can be estimated'using the simple relation

aworses

. 3 CV .

Where C is the Compton—Getting factor, Vb‘is the solar wind
velocity and v 1s the particle veloclty. For a normal wind
v01001ty ofr\JHOO kms/soc and Crv 1.5 the convective anlsotropy -

( ESC) at neutron monitor energies (7 10 GeV) turns out to be

of ~u 0.6%The anisotropy amplitude ™/ 0.,4% observed at a ground
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basedamonitor;-when due allowance is made for the dependence
of‘Cfohtenergy and for the détectof response (Subramanian,

| 1971) will correspond tb thevffee space conﬁective anisotropy
of rv 0.6%. Since the observed amplitude of rvJ O.H% at the
'detector‘end and the free space amplitude of the anisotropy
() 0,6%) are reiated to each other by ayconstant factor, we
have used the observed amplitude of m~J 0.4% in all our discus-
~gions as this will not' affect any of our conclusions. The
estimation of the convection vectors both on an average as
well as on a day to day basis has been done as far as possible
using 'in situ' space-craft observations of the solar wind
_velocity in the interplanetary medium. The detéils of the
space ~crafts whose measurements of the solar wind plasma and
IPMF parameters has been used in our analysig along with the
corresponding periods of observations are listed in table 3.%.
Alternate methods have been used to estimate E;therever the
actual measurements of solar wind velocityiis not available,

which has been described at the appropriate place.

3.10 Determination of the interplanectary magnetic field

azimuth ((i)B>:

Having estimated the convection ﬁector,in order to
exémine the diurnal anisotropy in the liéht of the new con-
ceptb, it is only necessary to determine the magnetic field
azimuth (CﬁJB) and compare it with the phése of the diffus-

ion vector (Ci)d). The average IPMF vector for each day
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during 1967-68 has been obtained from the direct Spéce—cfaft.
observations'bf the houfly average componénfs of the IPMF in
the earﬁh centred ecliptic ,QBOrdinate éystem. Table 3.4 gives
the aetails of the space-crafts along with the periodsof obser-
Vation,‘Whose measurements of the IPMF parameters are used in
this analysis. The ecliptic component of the 27-day average,
daily average and hourly average IPME vectbrs are obtained by
‘rover51ng the magnetlc field wvectors lylng between 135 west
and 45° east of the sun- earth line, since the cosmic ray

streaming does not depend on the sense of the field. -

| For periods when space-craft measurements of the IPMF
are not available, the field azimuth is obtained using the known
'valﬁes of solar wind veloclty and assuming that the field is
consistent with it being stretched in the form of an Archimedean
spiral. The garden—hose angle VU between the IPMF and the radial

.direction is then given by
tan 7/[/ = Vp/.(.‘.LI‘ (3.6)

Where Vb is the solar wind velocity'andrfl; is the angular velo-
city of the sun and r is the radial distance froﬁ the sun.
Extensive observation by Ness et al (1966)& McCracken and Ness
(1966)_.indicate that on an average basis, the observed ficld

is completely'consistént with the above picture, The recent
Pioneer-10 and Pioneer-11 space-craft measurements ciearly show
‘that the IPMF measured near the orbit of the Jupiter (4.3 AU)
is élso in good agreement with the Archimedean spiral configura~

tion., Further we have also verified that on an average basis
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~the valueé of the field azimuth defiVed from'the observed
Asolar.Wihd Velocity under the.assumptidn of Archimedean spiral
.configuration are congslstent withthe direct measurements of
the field azimuth forru ik solar rotationgduring 1967-68, for
which simultaneous'measﬁrements of both solar wind and mag-

netic field parameterg are available,

3.11 Examination of the yearly average diurnal variation:

Table 3.5 lists the observed yearly average diurnal
anisotropy vector E;, yéarly average solar wirnd velocity
obtained from direct space;craft meagsurements and convection
vector éﬁcestimated using these. The average diffusion
vector 6dobtained from the equation 3.4 (gd = 8;—60)

is 1listed for each year..  The IPMF azimuth and the phase
differenmaf&fi>between the fiela:azimuth and the diffusion
vector computed for each year during 1965—72 are also included
in the same table. It is clearly evident from the table that
the average diffusion vector ( %;d) is always field aligned
within the practical observational error off\) + 150 (3g—
limit). Even during the year 1971-72, when the average
diurnal time of maximum is shifted to éarlier hours, the
agreement between the field agimuth and diffusion vector is '
very good. A completely field aligned nature of the diffusion
Véctors is pictorially shown in Fig. 3.7, whére the average
diffusibn.vectors for each year aré plotted end to end in the

form of a vector diagram on which the field agzimuth for each
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; &earfié’sﬁperimpo$ed'(aerWS);  The*r§su1tslpresented above

“glearly demonstraﬁe that'théfdiurnal vafiation on an yearly
'ravérage basis during the yéar 1965-72 is consistent with it
~being composed of purely a radial convection current and a

field aiigned diffusion current..

3,12 Examination of the 27-day average diurnal variation:

The gnalysis described in the earlier section has
Vbeen.extended’to critiCaliyveiamine the 27-day average diurnal

variation in the light of the convection and diffﬁsibn concept.

Table 3.6 lists the observed 27-day average diurha1 anisotropy.
~vectors and the solar windvvelocity obtained from space-craft
‘fmeasuremenﬁs and‘the convection vectors déyived using them. -
]The computed average diffusion vectors along with the 'in situf
' observation of the IPMF vectors are also listed in the same

“table. The phaée'differenqe;ﬁgCtDbetween the two for nearly

ff T% solar rotationsdﬁring 1967-68 again indicate that the diffu-
“sion vectors (.Eid) are completely field aligned within the A
 observational errors.ofwi 15°,  Fig. 3.8 again brings out the
field aligned nature of the diffusion vectors dramatically -

1thus,confirming.that, even on a 27-day average basis, the

diurnal variation is congistent with the simple convection and

field aligned diffusion concept.

The above analysis has been extended to cover N. 73

- solar rotationgduring 1965-72, for which the measurcment of



woambm_\ 3utanp mQOAEwPo,H .Hm.mOm +? W{ ,Ho,w
S;ogm m.Hm ﬁﬁ sousJasIITp oseyd sya @gw JIOQDDA A1aT ‘poAJesSgo oyq ‘I0209A UOTSNIITES
B Jopomb qo.npombmoo Quﬁﬁoo.mmb puUTH  fI03004 %Qo.wpowﬁﬂm H..mg.HSﬁ@ ommmw.am Lep -/ oUTL = -g°¢ mHQmH

= - I...|l.l.|-l..l||.|..l|||.||||.l..l..ll.ll.l..l-lll..l.l.l.|.|.||.l.|||.||||.|ll.l..ll....lluul.I.Il...l.ll..ll.l..l|..l|.|.l||l...l|lrl.|||.|||.l.lll;l||..||l.>

vll..[l.l.l.l..llrlltl.t!

L Fp o Gle 26°C 9lE. €9'0 TR0 glk - kKFolz  LO'FGRTO Am;mWﬁmmwfv
£E¥e6 ozt RE'E L€ - HGU0 9RO bor . EFege  EOTRRETO L sngk T
S EFT L 6LE g€ gl 490 9n*0 . 09  €Felz- ToTFEwto gl CEL
T F b= 9l €9°€  SLE . 48°0 9" 0 ‘€on - c¥Ege 2To'Feoto . emgl ‘tl
SFS owE 19°¢  6LE w0 . 160 GG | SF9lz  eorFento gl M
€F b 908 Ebt gk Al &0 CGn  €¥gle  £0°FO0LUO Lhgt "ol
LT 6L as 98'€ LEE 1970 h°0 . gow  [Tege zo'Togro  okgl "6
€F6 o goe g6°€ OLE 4970 eh'0 . ken  €FLle TotFIGO 6EgL U8
§¥g o iee 96*€ 62 €60 HH'O ASH ¢F¢lz  Lo*Flero  HEgk 4
6 F€. g€ gE*E  geet LG (€10 GlE - 6GFege LotFgeto. €EgL 79
€ ¥ gl g gL'€  90€ gs°0 6€°0. €66 ETege  cotFemto okgh 'S
EF 6= 6lE /8% W€ 1gT0 ¢ . 4€°0 . gRE €F6ge £0°Fe9°0 6cgl  *h
&FLp o LOE on'e e 2510 et - 6E€ ¢¥gge cotFeero  gegh Ut
S TTge Tt 04*€  #OE 6910 6€°0 om6E TF0de - €0%FAETO legk TE
KT L mﬂmom. m.oﬂjm,m HOE 1910 HE*0 gee #fele  €0t¥egto . 9eghk Tl
TR T ey Cemn .t 8eay o pomm o e T e TN S
(30 1 soqy] (mmmg) 1(om) | (%) | (%) | (oss/emni(8eq) | ()4 o i
N MMVQM&V_ mmmgm,mﬂﬁpﬂ@ﬁw “mmmgm .o@ﬁpaﬁ%& m m@spﬂ%% m ‘ ,mmmﬂm m %SPHHQE. mqowwwwmmm 4.m7mﬁ
| EONHHLAATIA] . (€) HOLOHA | °Q ) | (° Q )HOIOHA m 11o0TEA] (@) HOTOEA m m
-+ HSVHd ,w mqmmm OTLANDYI mmoaow& NOISNAITA | NOTIOWANOD ”@hz Y108 | EOULOSTNY TYNENIq | i

T lvlll..llc'[lnlllll..lll..'llll.l..ll!rlln-llllll-llll.l.l.lln«l.lll...llulllnlll-ll...l 'lcl.l.-ll..l.‘.l..llll.ll...ll.l.llll-llll...lllll.ll(.-l.l'l-l.l
[P O o —— P Anpapy SR At el At I




*{hOIIE} TROUS mma..m. uw. mu mwmwh_?wﬁ

®

.H%mﬂm YoEs 303 mm@mm«w HEAT um BAT ﬁ&mhmmmga su *po~/o6t SutIng mmmwégu.m nﬂmﬂmm 1 ?mﬁa

mhﬁﬁ@mb UCEBNEITR wesy %&mﬁma Jo m%ﬁwi z@mﬁuﬂ”ﬁ P81y sulg Jo maﬂm.mumﬂa uy = mxm BIXOETE -

o~

P uDI33n G138 m

FWWTYI-G

A

A




;the solar wrnd ve1001ty are avallable.ﬁ'Sinoe direct observa,.
:thHu of" the fleld azlmuth for all the 73 solar rotatlons are
1not aVallable, they have been derlved u51ng the solar w1nd | }
3ve1001ty observatlons and assumlng Archlmedean splral con- |
flguratlon (equatlon 3. 6) The dlffuslon vectors Eﬁi oomputed»
efor each solar rotation are then resolved into two components

one pqrallel ¢ tj ) and another perpendlcular ( 55 " to

the magnetic field as shown in Fig. 3.9. The figure clearly
shows that the cosmio.rar'diffusiOn‘parallel fo the.maghetic

- field (\égé)vis in general predominant and the perpendicular

diffusion is quite negligible, that is in most of the cases

(~J80%) the parallelvdiffusion coefficient (K{I ) is much
laréer fhan thelperpendioular diffusion coefficient_(KJ,. )

and the ratio K;./‘KHKMJO."It is aleo‘observed that on nearly\
80% of the'solar>rotations the diffusion vectors are compietely

"field aligned within the observational errors during 1965-72,

The analy31s was limited to only 73 solar rotatlons
out of 108 solar rotations durlng 1965-72, due to the non-
avallablllty of solar wind ve1001ty obserVatlons; Tn order
to oovor the entire perlod even at times when the solar
wind velocity observatlons are not available, we have estl—
mated the solar wind veloolty by taklng advantago of the
,eXlstence of a close emplr1C%l relqtlonship between the
solar wind veloolty (Vb), and AWKp 1ndex, the index of
geomagnetic disturbance. The empirical relationship for '
this period has been derived usihg the limirod data on
soler wind veiooity observations from Vole~3 sateliite f

'during 1965-67, Fig. 3.10 shows the dally average wind'
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velocity (Vb) as observed at Vela-3 satellite plotted against
§iKb‘fbr the above period, which indicates a good correlation
between the two (rr~20.6 + 0,02). The observation shown in

the figure are consgistent with the relationship

v, = (5.27 £+ 0.3) = K, + (319 + 5) kms/sec . (3.7)

Prior to the usage of this - relationship for the
estimation of.convection vectors, it is essential fo show
that the results obtained using this relationship (equation
3.7) ére in agreement with the results obtained using the
observed solar wind velocity. Therefore for 73 solar rota-
tions during 1965-72 for which/solar wind velocity observa-
tions are available, we have computed the convection vector
using the actual observations as well as using VT=deTivea from
EZKb (equation 3.7). The phase difference [}ﬁiﬁbetween the
computed diffusion vectors and the field azimuth obtained |
using both the above methods are compared in Fig. 3.11. The
frequency distribution of the occurrence onﬁﬂi)computed
using actual wind velocity (dotted lines) and that computed
using estimated Vp ffom.EiKb index (solid lines) are in good
agreement, thus confirming that for all practical purposesg
. when actual solar wind velocity observations are not avail-
able one could use the empirical relation between wind velo-

city‘and‘EﬂKp index for deriving convection vectors.




PRLIAHMEDABAD

A N : ! ! !
5 | p oL
P Ch
S ..
e (o)
% 40 - m{ -]
kb 1
ﬁ !
:n ’
&) 30} Lo ~
5 }
© 85 %,
., '
S 1
- | o
5. 20 |
w |
£ E
w
- [
& . b b
uw 1or ! )
o [
L i
1
i
o J ] ! | -

~30" 15" 0" 150 a0
A® (DEGREES)

-~

Flguee 3.11 » Histograms showing the frequency of
oeeurrence of the phage difference A< derdved

using convestion vectors setimated rowm (a) obssrved
#olar vwind veloclty (dotted Iines) (b)Y using %)

index snd the empirdesl relmtions (equabion 3.7) for
nearly 73 solar rotations {solid Lines) during 1968.72,




- 82 -

. In Fig. 3.12.is shown the frequenc§ distributioh of
Zld}plotted in the formvof .é histogram for all the 108 solar
‘rotations during 1965~72. It is clearly evident from the
figure that on_F\J82% of the solar rotations the diffusion
vectors are completely field aligned within the errors and only
on less than 18 solar rotationsthe diffusion vectors show

significant departures from the field azimuth,

3,13 Discussion:

From the results presented so far it is clear that

- the average diurnal anisotropy observed at relativistic
energies, both on an yearly as well as on a 27-day basis can
be essentially explained as a resultant of the convective
expulsion of these particles by the radially blowing solar
wind and inward field aligned diffusion of thiese particles
along the interplanetary field Iines. Using the computed
value of the diffusion vectors it is possible to estimate the
radial gradient of cosmic ray particles, which is responsible
for the inward diffusion. Following Glecson (1969) and
Forman and Gleeson (1970, 1974) the net diffusion current in

the interplanetary medium is determined by (equation 1.16)

‘éia = Ky (%%%)H + Ky (%ggiL | (3.8)

Since our observations of average diffusion vectors
during 1965~724clearly indicate that on an average basis the

cosmic ray diffuéion.in the interplanetary medium is completely
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field aligned and the diffusion perpendicular to the field is gl-

most negligible, i,e. K v 0, then we have

, , BSd.
Sa = Kn‘ Dy O =

(3.9)

the radial density gradient G = % y(%%%
For a yearly mean diffusion component Eﬁdr\J 0.52 + 0,01%
(Tablo 3.5) observed during 1965-72 ,the corresponding free
space anisotropy will ber\.) 0.8%. Using a K NJ 5 x 1021jp[3
were P is rigidity and (% =V /cC .(Jokipii and Coleman,'
19685 Bercovitch, 1971a) the radial gradient (G) at neutron
monitor energies @10CGV ) turns out to be (equation 3,9)‘of
NI 4.5% / AU which is in good agreement with many other inde-
pendent observations of the radial density gradient at these
energies (Bercdvitch 1971b). We can also estimate the ratio
of th// K,, using the mean phase difference Apol® + 1

during 1965-72 (Table 3.5) is found to be ES:--‘--421.0.05 1nd1—

Ky
cating that on an average basis, the transverse diffusion
current is almost negligible at neutron monitor energies gnd

Ky 0,

3.1 Enhanced diurnal variations

In this scction, we examine the special cases of
diurnal variation when the amplitude is large and the time

of maximum shows considerable departurc from the normal




)

corotationél (18 hours);direcfidn. The existence of trains of
ConsecutiveldayS'having,ébnsistently large diurnal amplitude
(;2,0.6%) and a time of maximum shifﬁed to later hours

(e 20>hours) has been reported by a number of workers (Patel
et al, 1968; Mathews et él, 1969 Hashim and Thambyahpillai,
1969; Ananth et al, 1971; Rao et al, 1972). The explanation
of such largé diurnal amplitude days using the well known
corotation theory has not been very satisfactory. In this
section we demonstrate that the convection-diffusion theory

can fully explain the observed‘diurnal variaﬁion.on such days as
a result of an non-equilibrium condition created by the varying

- diffusion and convection currents in the interplanetary medium,.

3.15 Characteristics of emhanced diurnal wave trains:

The enhanced diurnal wave trains which has been selected
for this analysis consistgsof gtlecast 5 or more consecutive days
on which the observed diurnal amplitude is consistently = 0.6%.
out of a total of about 50 such events available during 1965-72,
we have selected 10 promiment cvents, which are not assooiated’ |
with large intensity variations such és Forbush decreases.

Table 3.7 1lists the particulars of the selected cnhanced diurnal
wave trains during 1965-72. TFig. 3.13 shows'the temporal varia-
tion of cosmic ray intensity observed at Deep River for a fow

typical events listed in the table 3.7.
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Since the-determinatien of the anisotropy character-
1st1cs durlng enhanced dluvnal variation days requires an
apriori knowledge of the energy spectrum, the energy spectrum
of varlatlan (}B ) for each event has been calculated using
the known method (Rao et al, 1963) of deriving the direction
of the anisotropy from the data from a number of stations,for
different values of the spectral exponent and then computing

the variance between these values. The spectral exponent
corresponding to the minimum variance is taken as the appro-
priate spectral exponent applicable for the diurnal anisotropy
for this period. Fig. 3.14% shows' the variance between diff-
erent values of the estimates of diurnal time of maximm as

a function of the spectral exponent for a few typical enhanced
wave trains, all of which indicate that the spectral exponent
corresponding to the minimum variance Fé ) M) +O.h- In Table
3.7 are listed the applicable Spect;al exponents \ ) for
each of the event selected for the present analysis. It is
clear from the table that the diurnal anisotropy observed
during the selected enhanced diurnal wave trains are consistent

with their being energy independent,

3.16 Examination of enhanced diurnal variation days:

The diurnal amisotropy vector for each day for each
of the event has been calculated using a energy independent
spectrum ( [é.:o). Table 3.7 lists the mean diurnal @niso-

tropy vector for each cvent along with the observed solar

\
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wind velocity.aﬁd4the cpnvection vector derifed us%gg_the
solar'wiﬁd'Vélocity. The mean diffusion ﬁector ( 65d) for
'_‘each event as well as the IPMF azimuth are élso given in the
éame‘tablev The phase differénde[kCﬁbbeﬁween the diffusion
Vector (<%3d) and field;azimuth (Ci;&? lisﬁed for each event
shows that except for tﬁe event of 16 - 20 March 1968, the
difference is negligible and are within the observational
errors, indicating that the diffusion vectors are completely
field aligned. The diffusion vectors as well as the observed
IPMF vectors for a few of the events are shown in Fig. 3.19
for which the direct iPMF observations are aVaiiable, Fig,
3,16 shows a comparison between diffusion vectors and the
field azimuth for all‘the events with the‘mean_diffusion
vector for each event plotted in the form of vector diagram.
VA close examination of the table 3.7 indicates that the aver-
age diurnal amplitude during the enhanced diurnal wave train
is of "J 1% and the'time of maximum for some of the events
deviates as much as 30° from the corotation vector. We
observe that even when the sample of days selected do not
confirm to the normal pattern of diurnal variation; the
observed diurnal anisotropy is consilstent with it being
composed of purely convection and field aligned diffusion
current,Practiczally in all the cases it is seen that the

diffusion vector is very much enhanced.
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The enhanced field aligned_diffusion can only result
from an enhanced positive radial density gradient which is the
driving force for theAfiéld'alignod diffusion, An estimate
of the enhanced radial gradionf on these days has been made
using the observed amplitude of the average diffusion aniso-
tropy vector (Table 3.7). Substituting appropriate values
in equdtion 3.9 we observe that the positive radial gradient
exlsting on these days is about mJ 10%/AU, which is signifi-
cantly different from the normalnJ 5%/Aﬁ radial gradient

observed during normal conditions.

The significant positive density gradient ~J 10%/AU
can result as a conéequence of the establishment of (a)_regions
of decreased cosmic ray density (sink) along the garden—hose
direction o!\(b) regions of enhgncéd cosmic ray density (source)
along the aﬁti—garden~hose direction. Sincc the presence of g
sink in the garden-hose direction or a source along the anti-
garden-hose direction will essentiélly show the same diurnal time
of maximum, the observed diurnal anisotropy vector will not reveal
in any way the\éxact physical nature of the mechanmism causing
enhanced diurnal variation. In order to identify the sinks and
sources of cosmic ray particles established in the‘interplanetary
medium,we have constructed three dimensional space-time diagramg
for cach day for the cenhanced diurnal wave trains listed in
table 3.7, using the well developed technique described in

chapter II. The spacc-time diagrams essentially define the
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| R ' 0 e
- cosmic ray flux distribution in different asymptotic directions
as a function of time and provide an instantaneous three di-

mensional view of the cosmic ray demography in space.

The average cosmic‘ray intensity deviations in all the
8 sectors each covering a longitude width of ru 45° (3fhours)
has been obtained by combining the data from a number of high
latitude neutron monitoring stations. Further for cach event
we have computed the net cosmic ray intensity deviations
observed in both,gérdenrhose hemisphere (0 - 180° west of the
sun-earth line) as wellgﬁjﬁvhe anti-garden-hose hemiSphere
(0 - 180° east of the sun-earth line). All the events listed
in table 3,7 may be phenomenologically classified broadly

under three grbups.

Class-1. Enhanced wave trains_shoWing a large depression
of cosmic ray intensity (sink) in the garden-hose

hemisphere.

1
Class~2., Enhanced wave trainsshowing an enhanced cosmic ray flux

( source) in the anti-garden~hose hemisphere.

Class-3. Enhanced wave trains showing both a depression
in the garden=hose hemisphere and also an enhanced

cosmic ray flux in the anti-garden~-hose hemisphere.
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3,17 Sink in the garden-hose hemisphere:

‘Table 3.8 lists all the enhanced diurnal wave trains(cla35cﬂ.
during which a sink of cosmic ray parficles along garden~hose
hemisphere was established in the interplanetafy medium. The s
- table aléo lists for ecach event the observed diurnal aniso-

'tropy characteristics, dircction of minimum cosmic ray inten-
sity and ratio between the intensities along garden-hose
and anti~garden-hose hemisphere, The table clearly showsl
that during all the events listed in the table, a predomingnt
sink of cosmic ray particles ( 2. - 1%) established in the

garden-hose hemisphere,

Fig, 3.17 pictoriallywdemonstrates the gink established
in the garden-hose hemisphere during one of the major enhanced
- diurnal wave train occurring on 23 April to 01 May 1968
(Table 3;8), where the cosmic ray intensity deviation observed '
in each sector averaged over the whole event is plotéed in the
form of a histogram. For the same event the cosmic roy inten-
sity deviations observed on a day to day basis is plotted
separately for cach sector and shown in Fig, 3.18. Both the
figures clearly shows that,whereas the intensity in all other
directions remain almost normal, the cosmic ray intensity along
6 - 9 and 9 ~ 12 hrs. direction remained significantly depressed

and the establishment of a sink in the garden-hose hemisphere,

The space and time evolution of the anisotropic depre-

sslon of cosmic ray intensity (sink) along the garden-hose
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Ahemisphére has‘beén studied'by’constrﬁctiﬁg'space—time diagrams
on a an to day basis. 'Fig.l3.19 shqws the cosmic ray intensity
deviation in all the 8 sectors plotted in the form of a polar

- histogram for each day during the enhanced diurnal wave train event
occurring on 23 April - 01 May 1968 (table 3.8), In the same
figure the intensity deviations observed one day earller and

one day later to the event amealso shown for the purpose of
comparison. The figure clearly shows that the cosmlc ray interyv
sity which was quite normal in all the directions one day ear-
lier to the event (22 April) started showing a small depre-

ssion (~J - 1%) in the garden-hose hemisphere on 23 and ol

April. The cosmic ray depression in the garden-hose hemi-

sphere developed further on 25 April and reached its maximum
intensity level (v - 2,5%) on 26 April glong 6 - 9 and 9 - 12 hours
‘direction. The 1arge’cosmic ray depréssion‘(sink) established

in the garden- hose hemisphere started recovering on 28 April,
.reaching the normal fiux distribution in space on 2 May,five

days after the maximum depression. In spite of thé cosmic ray
intensity in the anti-garden-hose hemisphere remgining unaffected,
s large sink of cosmic ray particles established along the
garden-hose hemisphere persisted for nearly 9 days, causing
enhanced diurnal variation during 23 April to 01 May 1968.

The observations of Mathews et al (1969) and Hashim and
Thambyahpillai. (1969) for some of this class of events also

support our conclusions.
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- McCracken et al (1966p)suggested that the corotating'
Forbush decréases observéd at low energies (ru 10 MeV) can
manifest itself as an enhanced diurnsl variation at relati-
vistic energies (=21 GeV) causing.a depregsed cosmic ray
intensity élong the gardénshose direction. The enhanced wave
train 6ccurring on 31 Dec, 1965 ~ 7 jan. 1966 (Table 3.8)
colncides with the corotating Forhush decrease identified by
McCracken et al (1966b). In the case of the enhanced wave f
train event occurring on 31 Jan., - 07 Feb, 1967 (table 3.8)
a large solar proton increase was obgerved at high latitude }
neutron monitors four days prior to the evént7 which could | w

not be attributed to any intense flare occurring on the visgible

disc of the sun. Hashim and Thambyahpillai (1969) have suggested
that the prolonged rise time of the solar proton increasec and
the absence  of a significant Forbush dccrease at earth withiﬂ‘

few days folldﬁing the solar proton event indicates that,an

intense flare occurring on the reverse side of the sun caused
the protbn increase and the reconnection}gf the IPMF lines to
the regiongof depleted cosmic ray intensity behind the sun i
could reéult in a large depression of cosmic ray intensity I

(sink) along the garden-hose hemisphere,

3.18  Source in the anti-garden-hose hemisphere:

Table 3.9 lists all the enhanced diurnal wave trainsg

which belong to the second class of events during which a pre-

dominant sourcc of cosmic ray flux was obgerved in the anti—l
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v gardenrhose‘hemiéphere. It is clear from the table that even

.though thé'diurnalbtime of maximum fof the events listed in "

the table 3,9 arec almost séme as the onec observed in the case

of events belonging to class~1 unlike the latter events class-2
eventS'shows consistently an énhanced cosmic ray flux

(= + 1%) from the anti-garden-hose hemisphere. Fig. 3.20

and 3.21 shows the source of cosmic ray flux established in

the anti-garden-hose hemisphere during onc of the enhanced |

diurnal wave train cvent occurring on 8 - 15 April 1967
(table 3.9). The figure clearly shows that the average cosmic
ray 1nton51ty doviations in 15 - 18 and 18 - 21 hours direction

“4is in excess of ru + 3% as compared to the intensity qlong other

di.rections.

Spacc-time diagram constructed for each day during the

above event is shown in Fig. 3.22, where the cosmic ray inten-

sity deviations in each sector is plotted for each day during
the entire event. It is evident from the figurec that the cos-

mic ray intensity distribution in space was normal on 7th April

one day carlier to the event, shows a definitiwincrease along
the anti-garden-hose hemisphere on 9 April. This enhancement ‘ i

(source) along the anti-garden-hose hemisphere developed fur-

ther and on 12 April reached its maximum level (~J 3%) in 45-48 and '

18 - 21 hrs.dircction. This sourcc continued till 15 April,
on which date the cosmic ray flux distribution in space again

bocwmo normal,
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3.19 Sink in'the:gardémehose'hemisphere followed by a

source in the anti-garden-hose hemisphere:

In contrast to the above simplé picture the cnhanced
diurnal wave train occurring on 02 May -~ 11 May 1966 (Table
3.7) showed = complex bchaviour., TFig. 3.23 shows the cosmic
ray intensity deviations obscrved in different dircctions
for the above cvent with thé relevant details tabulated in
tabié 3.7. This event was characterized by a significant
depression (r — 1%) in the garden-hose hemisphere as well
as an cnhanced cosmic ray flux (~v 1%) from the anti-garden-
hose hemispherc., Fig. 3.24 shows the obscrved coémic ray
inténsity deviations in different scctors plotted in the
form of a histogram for all the 11 days during 02 May -

11 May 1966. A very intercsting point that emerges out of
fig. 3.24 is that the depression along the garden—hdse
hemisphere starts very early in the event recaching a maxi-
mum level around 4 - 6 May. The incrcase along the anti-
garden-hose hemisphere starts only during laterpart of the
event reaching its maximum intensity lovel around 9 - 10

May.

Follbwing the obscrvaticns and the explanation
given by McCracken et al (1971) and Roo et al (1971)for the
obsecrved casterly anisotropy late in the decay of solar
flare cvents, the complex picturc bresentgd by this type

of cvents could be physically understood,if we assume that
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the;eﬁhanced convectiqn in the early pérﬁ of the event caus;
ing an enhanced positive density gradient.giving rise to anin-
crease of cosmic ray flux fromithe anti- garden-hose hemisphere
late in ﬁhe event (Ananth and Agrawal, 1971; Ananth et al,
1971), The change over from garden-hose sink to antisgafdenr.
hose source O@UITLNG éver s period of 4 -~ 5 days suggests
that the relaxation time of the interplanetary medium to
follow the changes in the density gradient in the entire
modulating region is of ~J 4~ 5 days. For a normal solar .
wind velocity of ™ 40O kms/sec,this gives theldimensions

oﬁ the modulating region of ~v 2 AU, thus providing an
independentfexperimentai evidence for the location of

boundary sometimes assumed in cosmic.ray transport.



CHAPTER - IV

DIURNAL VARTATION ON A DAY TO DAY BASIS

4.1 Introduction:

~Recalling our.discussion on Fig. 3.35in the IIT
chapter, we note that there exists a large Vafiability in
both amplitude and time of maximum of the diurnal aniso-
tropy on a day to day basis. The fact that such variability
is observed at all the stations clearly demonstrates that
the observed variability is truly an interplanetary pheno-
mena and therefore can be effectively utilized.fof monitor-
ing the electromagnetic stafe of the interplanetary medium
on a day to day basis. The existence of such a 1arge vari-
ability on a day to day basis in the diurnal anisotropy
charaéteristics and their importance has been already em-
phasiged by severai investigators (Rao and Sarabhai, 19671;
196H§ Patel et al, 1968 Pomeranti'and Duggal, 19713 Rdo,
1972), Efforts have also been made to explain these,in
terms of the existence of sources and sinks in the inter-
planetary medium (Rao and Sarabhai, 1964). However an uni--
fiecd theory to explain the detailed'naturo of the diurnal
variation on a day to day basgis does not cxist. A detalled
oxamination of the average diurnal variation during 1965-72
(chapter IIT) has clearly shown that.tho proposed convection
and diffusion theory is ablc to explain satisfactoriiy'all
the obsorved characteristics of average diurnal anisotropy -

both on a yearly as well as on a 27-day basis. It has also
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been ghown that thegthégry can be extended to explain enhanced
~diurnaIIVariation observed on several days . as a consequence of
an enhanced diffusion currcnt arisihg out of n significant
positive density gradient (~u10%/AU) established due %o the
presence of sinks and sources of ooémic roy particles in the
interplanetary medium. The 1arge day to day variability ob-
served in both the solar wind and IPMF parametérs would create
an imbalance between the convection and diffusion currents,
should result in a large variability of both amplitude and
direction of the diurnal anisotropy obscrved on a day to day
basis. In this chapter we examine in the light of the above
concept, the diurnal anisotropy observed on each day during
1967-68,for which the'in sitw space-craft observations of both

solar wind velocity and IPMF parameters are avallable.

4,2 Determination of diurnsl anisotropy vectors on a

day to day basis:

Tt is well known that the derivation of the diurnal
anisotropy vectors on a daily basls 1is often contaminated by
large world wide variations, such as Forbush decreases and
transient cosmic ray variabtions in the interplanctary medium.
Such world widc variations are found often highly anisotropic
and in addition to the curvaturc effects (Kanc, 1966) will
introducc errors due to transient anisotropics which are not
é part of the normal diurnal variation proccss. The only

‘way to ensurc that one 1s dealing with diurnal anisotropics
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1s through a comparison of diurnal anisotropy vectors observed
at different Stationé-and‘making sure that they agree with each

~other within the allowable statistical limits.

The " diurnal variation cbserved at each station appfo—
priately corrected’for the width.and declination of the asympto-
tic cone of acceptaﬁce (Rao et al, 1963) of the detector and
geomagnetic bénding assuming an energy independent spectrum
(ﬁ)zo), has been used to determine the diurnal aniéotropy
vectors on cach day during 1967-68. After rejecting days on
which large world wide variations and Forbush decrease occurred,
only those days on which there ig a good interstation agree-
meht ((jlmpéi“051%ﬁ‘aﬁd Cvﬁha < 30°) in the diurnal aniso-
tropy vectors obserVed.have been selected for further analysis.
Fig. Y%.1 shows the frequency of occurrence of the phase and
amplitude of diurnal anisotropy vectors derived usihg a number
of neutron monitering stations for nearly nd 400 dayé during
196768 (solid lines). For the purpose of comparison the
observation from a single station namely Decp River is also
shown in the same figurc (dashed lines), The figure clearily
shows that the two histograms are similar and the day to day
diurnal anisofropy'VGctors determined using a number of sﬁatiqns
represents the true energy independenﬁ diurnal anisotropy in

space.
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4.3 .Examination of diurnal anisotropy vectors on a

day to day basis:

Following similar ayguments as in chapter III, the
diurnal anisotropy vector (65 ) for each day can be expressed
as a summation of a convection vector ( 6%) and a diffusion
vector ( Ejd) given by ..

55 = 550 + -é5d_ (%.1)
The convection vector ( Esc) for each day is estimated directly
from.the'in situ! space-craft observations of the solar wind
velocity and the diffusion vector ( éjd) is then derived by
subtracting convection vector from the observed diufnal aniso-
tropy vector (equation u,1" ),  The phase differenceZXC¢3'bet-

ween the diffusion vector ( gt:d) and the observed IPMF vector
(CiDB) has been computed for each day during 1967-68.

Fig. %.2 shows the frequency distribution of the phase
differencezxq5computed for nearlymv 200 days during 1967-68,
for which both the wind Velocity and IPMF observations are
available, The figure clearly shows that on™J 73% of days
the diffusion vectors are field aligned (/AP < 30°) within
the allowable obserVatiohal.errors. If we fﬁrther restrict
“our analysis to only those days which shows a good inter-
station agrecement (Cjﬁha<:-300)’ the percentage of days on
which diffusion vectors arc ficld aligned increascs to

~ 80%, that is cven on a day to day basis thc obscrvations
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clearly-indicate:that‘On nearly 80% of the days, the observed
“diurnal anisotropy can be understood in terms of a simple radial .
convection and a field aligned diffusion component in the

dinterplanetary medium,

In the following examples, we apply the theory selectively'
for a few individual days, when thé observed wind velocity is
considerably higher (;;_600 kms/sec) than hormal and when the
observed IPMF vectors shows large departures from the average
Archimedean spiral pattern. Fig. 4.3 shows few typical cases
Qhen the convection vectors are very much enhanced dﬁe to an
increase in the solar wind velocity., The figure clearly shows
that in all the four cases the diffusion vectors are completely
field aligned. Similarly Fig. 4.4 and Fig. 4.5 shows few
examplés when the observed IPMF vectors arc shifted to either
carly (~/0600 hours) or later hours 0\)1200 hours) compared
to the nomingl ¢€arden-hose direction. In both the cases
we find that the diffusion vectors arc again completely field
aligned indicating that in spite of the cxtreme conditions
prevailing in the interplanetary medium the cosmic ray diffusj

ion occurs principally along thc obscrved IPMF direction.

The anglysis has been extcended to examine all the
selected~v 400 days during 1967-68. 8ince the space-craft
observations of the solar wind velocity for all the days
are not available, we have used.EEEb index and the established

empirical relationship between the wind velocities and EEKb
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indek(described'in_chapter ITD fOrJderiVing convection vectors

on a day to day basis. It'is instructive to estimate the
possible error that. could be cqused duc to the non-usage of
Hn 81tu'obserVthons‘F1g L.6 shows the froquency dlstrlbut—
ion of the phase differencell<iﬁ.for nearly 150 days computed
using convection vectors estimated from (a) observed solar ‘
wind velocity (dashed 1ineé) (b) wind velocity  derived from
EiKp index (solid lines). A close similarity between the two

histograms clearly indicates that even on a day to day basis

the usage of S Kp index for estimating cohvection vectors will

not 81gn1flcwntly affect our conclusions and the -maximum error

introduced by this method is ofﬂJiS , which is well within the

1

statistical limits.

Having established the validity of using EiKb index
for cstimating convection vectors, the analysis has been
extended to all the selected 400 days for which tho;in»Situi
Space—craft observations of the IPMF vectors arc available.
Fig. 4.7 shows tho froquency distributicn of the phase diff-
erenco[}Ci’plott@d in the form of a.histogfam for néarlY-
Y 400 days during 1967-68. 1In addition in Fig. 4.8,.we have
geparately shown theZN43distribution for all thosc aays on

“which the observed diurnal time of maximum lies between
(a) 15 - 21 hours (solid lines) and (b) O~15 and 21-24% hours

(dashed lines). TFig. 4.7 clearly demonstrates that even on .

a day to day basis on J 80% of the days thc diffusion vectors
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are field alignéd ([§<$%5500) aﬁd‘the_qbservedvdiurnal aniso-
tropy can-be describedAin tLerms of a simple convection and g
field aligned diffusion current of cosimic ray.particles in the
interplanetary medium,only oncJ 20% of days the diffusion
vectors are not field aligned (Ah>> 30°). Further a close
examination of Fig. 4.8 indicates thaﬁ when the observed

diurnal time of maximum lies between O - 15 and 21 - 24 hours,
that is when the observed diurnal time of méximum is far

remo#ed from the direction of corotation. (1800 hours) the prob-
ability of occurrence of non?fiéld aligned cosmic ray diffus-

ion is considerably ehhahced. On nearly 20% of the ' non-

field aligned ' days on which the simple convection-diffusion
concept does not hold good, have probably a significant contri-
bution due to tranSVerse diffusion currents in the interplanetary
medium. A more detailed examination of such days 1s taken up |

in following sections.

4.4 The non-field aligned days:

In this section we try to critically'examine the solar

. terrestrial relationship associated with nearlymJ 20% of the

days on which the diurnal variation charactberistics show signi-
ficant departure from that predicted by the simple convection-
~diffusion concept. These days will be termed as " non-field aligned

days " in all our future discussions,
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4,5 Characteristics of non-field aligned days:

Fig. 4.9 shows thé frequency of occurrence of diurnal
phase and diurnal amplitude plottedAihﬁthe form of a histogram
for all the non-field aligned days (~J 80 days) quring 1967-
68 (solid lines). In the same figure corresponding histograms
for all the selectedr 400 days during the same period are
also shown for the purpose of comparison (dashed lines).
Whereas the phase distribution for~ 400 days shows a pre-
dominant peak around 1800 hours, which is consistent with the
general pattern, the histograms for non-field aligned days shows
" almost a random phase distribution. The figufe also shows that
most éf the days (rv 70%) on which the diurnal time of maximum
lies between 0 - 12 hours,belongs to the category of non-field

aligned days.

A1 the non-field aligned days are individually marked
on a Bartel's chart and shown in Fig. 4.10. The figure shows
that even though there exists a few stray individual days, most
of the non-field aligned days () 60%) occur in trains of two
or more consecutive days? suggesting that the mechanism caus-
ing non-field aligned days is not a transient phenomena but
persists over a period of time. We have listed in table k.1
all the non-field aligned trains of days obscrved during
1967~68, along with other relevant parameters such as diurnal
and semi~diurnal variation vectors, the solar wind velocity,

éiKp.index ‘the index of geomagnetic disturbance, "and the obsexnved
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IPMF.Véctoré. It is seen from the'iablé that in general no

one to one correlation exiéts betweenbthe'occurrence of non~
field aligned days and other parameters described in the table.
In other words such days do not seem to be associated with any
abnormgl solar terrestrial features such as enhanced diurnal

or semi-diurnal variation, high.E{Kp index or large solar wind
velocity, Likewlse no large cosmic ray daily mean intensity
variations, Forbush decreases or 27-day recurrences are observed
during non-field aligned trainé of days. Since the cosmig ray
propagatidn in the interplanetary space is essentially dictated
by the charaéteristics of solar system magnetic fields and its
configuration, we have examined the observed IPMF parameters
both on a daily as well as on a hourly basis for all the non-
field aligned days., For further analysis wc have sclected only
trains of non-field aligned days occurring in two or more
consecutive days, which essentially indicate a quasi-permanent
anomalous condition causing a significant transversc diffusion

‘current in the interplanetary medium,

4,6 Interplanetary magnetic field characteristics on

a day to day basis:

Fig, Y.11 shows the observed daily mean IPMF vectors
for a number of non-ficld alighed trains of days. In thé samec
figure the TPMF vectors for a completcely field aligned train of

days are also shown for the purpose of comparison. It is clearly
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- evident from the figure that on trains of’days when the diffu~
sion vectors are completely fleld allgned the day to day changes
in the IPMF azimuth are negligible and the observed IPMF do not
show any significant departure from the Archimedean spiral mag-
netic field configuration. In the cage of non-field aligned
Itrains of days presented in Fig, 4.11,.the picture is completely
different.v The observed IPMF azimuth on each day not only shows
large deviations from Archimedean spiral direction (aJ 0900 houts)
but also a large change from one day to'the next, the field azi-
muth changing by as much as 50 - 90 degrées. This cleérly sug-~
gests that during the hon—field aligned days, the Archimedean
spiral IPMFF configuration at the orbit of the earfh is consider-
ably disturbedsdue to the presence of large scale magnetic field
irrcgularities in the interplanetary medium. A closer examina-~
tion of all the non-field aligned trains of days shows that they

~can be classificd essentially into two groups. -

1. Non-field alignecd trains of days, on which large change
in the IPMF azimuth occurs from onc day to the next and
which indicate the presence of irregularities of scale

sizes :;,1 day.

2. Non-field aligned trains of days which arc associated

with irrcgularitics of scale sizes legs than a day.
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4.7 Interplanetary magnetic field characteristics

on an hourly basis:

Fig. .12 showé the hourly IPMF vectors observedlon
ecach day along with the daily mean vectors plotted for a number
of completely field aligned trainsof days, The figure brings
out two important characteristics of hourly IPMF vectors observed

on field alignedgdays.

Te There is no significant hour to hour change in the IPMF

vectors observed on the same day.

2 The day to day changes in the IPMF agzimuth during field

aligned days are guite negligible.

Fig. 4.13 and Fig, %.1% shows the hourly TPMF vectors plotted for
a rumber of non-ficeld aligned trains of days (Table 4.1) which
| fall into two different categories. The daily mean field vectors .
for each day is also shown in the same figure.On non-field
aligned trains of days which féll into the first categorysthe
TPMF agzimuth chaﬁges drastically from one day to the next. by
as much as 50°~ 90° as secn from Fig, 4.13 6n non-field aligned
trains of days which fall into the second category even though
the daily mean field vector does not shoszignificant deviations
from one day to the next, The hourly ficld vectors exhibit
violent disturbance due to the presence of irregularitics With‘
typical scale sizes between 4 - 6 hours, From the data presentcd

above it is quite clear that thc most significant characteriztics
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of non-field alignéd dayé is the cohtinual presence of field
irregularities with scale siges ranging from % hours to 1 day,
in the interplanetafy magnetic ficld observed at the orbit of

4,8 Power spectrum :

Eel

For a more quantitative estimation of the scale sigzes
of magnetic field irregularities, the hourly IPMF data during
some of the non-field aligned traing of days have been subjected
to power sPectrum analysis (described in chapter II). Duc to
the statistical limitation of the data available, out of 8
events shown in Fig; 4.13 and %.1%, we have sciocted only
two evcnts occurring on 27 - 30 March 1967 and 13 - 19 November
1967 for which contimuous hourly TPMF daba is availdble for
afleast a period of 5 days. The results of tae powcrvspectrum'
analysis for the two events are shown (dots) in Fig. 4,15 and
ﬁ.16‘respectively. For purposcs of comparison the power spectral
density distribution for a typicel completcly ficld aligned
train of days is also shown in tho sgamc figure (open circles)
It is clearly scen from the figurc 4.15 that inspite of the
large statistical errors due to the usage of 1imited data,
during the event 27 - 30 March 1967, a prominent spectral peak
is observed co@raspondlng to a scale SlZO of ™ L,+6 hours LLkb—.
wise as scen from flgure 4.16 the power 3pectral density distri-

bution during tho event occurring on 13-19 Nbvcmber 1967 shows
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significant peaks corresponding to 4.3 -hours and 6.6 hours.
Whereas wé-notide»theAcomplete absence of .such peaks in case
of completely field aligned train of days.

—

4.9 Discussion:

It is well known that tﬂe irregularities present in
the IPMF act as scattering centres ‘and produce random changes
- in the pitch angle of the cosmic ray particles as they diffuse
along the magnetic fields present in.thevinterplanetary medium,
The ihtegrated effect of a large number of such irregularities
is to prdduce a three dimensional random walk of cosmic ray
particles. The resonant séattering is found to bé maximum

‘when the irregularities present have scale sizes of rv 2779,

where 9

b is the particle gyro-radius, - In othef words
to produce an appreciable scattering of particles of energy >1 GeV
the minimum scale size of the irregularities should

be > 4 hours, for a mean solar wind velocity of

~J 400 ¥ms/sec and in a magnetic field of ~w S”f .

Recently Owens (1973) and Owens and Jokipii (1973, 197#),

from a power spectrum analysis of the IPME obsefvations
demonstrated thgt the cosmic ray scintillations observed

at ground based monitors at low frequencies ( < 5 x 10-5 Hz.
7 6 hours) ére caused mainly by the fluctuating éomponent of;
the IPMF., They have also suggested that the most likely
mechanism for high energy coémic ray séintillation observed
at low frequencies is the strong interaction of cosmic ray
particles with'the irregularitics present ih the IPNw;during
ﬁheir propagation in the interplanctary space. Thelr results

are consistent with our findings that non-field aligned trains
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of days are- chwrbcterlsed by strong mqgnetlc field irregularitics

of scqle 51205‘37 I hours.,

Following Gleeson (1969) and Forman and Gleeson (1970,
1974), we represcnt the net streaming of_cosmié ray parbicles

in the interplanctary medium by the complcte expression,

kJU)l - A(dU

?§§)H~ Ky (?5T (%.2)

S:S "'K‘I ( B)

If we congider thaot the transversc diffusion and transverse
gradient currents arc in general negligible then the ITIT and
IV term of the equatioﬂ'éwi; can be neglected. In other

words the cquation 4.2 can be writtcn as

-~
Qu
S = SC -— KH ("’5"‘11)” oy SC = CUVP . (4. 3)

Interpreting in torms of physical parameters, the net stream-
ing is esscentially a result of radial convection and o field
aligned diffusion current. The data presented in preceding
scctions shows that this indced is the case both on an average
as well as on a day to day basis for most of the days (~480%).
By vectorially separating the average diffusion vectors into
parailel and perpendicular components, we have cstimated an
upper limit for the ratio of K\ /K, as 0,05 for
all these days, However a detailed examination of diurnal
anisotropy on a day to dﬂy basis prescented in this chepter
shows that Qﬂ_apprOleatelY'(b)ZO% of the days the diurnal

variation cannot be fully explained in terms of only the
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,i and II,term-ofﬁthe'equation-h.é; _In other words-on such days
‘the IIIland‘IV term do.piay'a significant role indicating the
presence of d signifidant transversé diffusion current in the
interplanetary medium, From the observed mean phase difference
ZleﬁJMSO on non-field aligned days ( Table L..2 ), we can
cstimate the ratio of Ka /Ky on these days which works out

to be of ~ 1, A critical examination of the interplanctary
_field parameters shows_thatysnch transverse diffusion currents
arc causced by magnetic field irregularities of scale sizes

> 4 hours which is in qualitative agreement with other observa-
tions, The existence of one to one correlation between the inter-
planetary field irregularities and anomalous diurnal variation
vectors obscrved by ground based neutron monitors cstablishes
the possibility of using ground based cosmic ray observations
for infefring the .detailed characteristics of magnetic ficld

structure in the interplanctary medium.

4,10 ILow amplitude diurnal variation:

Finally we deal with an interesting class of days on
which the diurnal vectors show extremely negligible amplitudes
by Fisk and Vanhollcbeke (1971) and Ananth et al (1971),even though
it has been noted by many other workers. It is well known that
the presence of cosmic ray density gradient perpendicular to

the ecliptic plane will essentially result in an additional
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‘streaming of cosmlc ‘ray partlclcs in thu ecllptlc plane, cancel-
ling the dlurnal variation ‘vector on such days (Parker, 196k,
1965, 1967; Subramanian and Sarabhal, 1967s Quenby and Hashim,
1969; Hashim and Bercovitch, 1971;‘Swinson, 1971). Referring
back to equation 4,2 we observe that the derivatives arising
out of the III and IV term of the equétion 4,2 which - refer to
transverse diffusion and transverse gradient currents can then
effectively cancel the corotational diurnal vector rcsulting

in either a cancellation or a gignificant reduction of the
observed dlurnal amplltude. Hence, it is of considerdble

1mportance to examine the characteristics of low amplitude

days.

The low amplitude of the diurnal vectors and cqnéequgntly
the lérge statistical errors associatedshowever make it extremely
difficult for a critical examihation of diurnal Vafiation observed
on such days. Since quite often days having low amplitude di-
urnal Vquatlon occur in trains of two or more consecutive days,
we have soleqted a few-tralns of days ( ‘Ananth et al, 1971)

_ which ecssentially reprecsent a quasi-permanent anomalous condi~
tion in the intorplanétary medium, By selection of such
trains'of days, we are able to improve the statistical signi-
ficance and then able to make a qualitative study of the

characteristics of low amplitude trains of days.
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4,11 Characteristics of low amplitude trains of days:

.Thé maih critefia for the selection of low amplitude
days is that atleast 4 or more consecutive days must exhibit
a diurnal amplitude of less than 0.2%. Out of 25 such events
which occurred during fhe period 1965-72, we have selected
only 5 events for our study, whicﬁ are not associated with
large cosmic ray intensity variations or Forbush decreaseé.
Fig. 4.17 shows the hourly cosmic' ray intensity deviations
observed at Deep River for a few typical low amplitude diurnal
wave trains. It is clearly evident from the figuré that on,
these days the normal diurnal variation is cdmpletely absent
and the cosmic ray intensity remained almost isotropic during

this period,

Table 4,2 lists the five low amplitude wave trains.
along with the observed mean diurnal anisotropy vectors ob--
tained using the data from a number of neutron monitoring
stations'and the convection vectors estimated from EZI%)
index (chapter III). The field azimuth listed in the table
%s also derived using wind velocities estimated from §iKp index
as the 'in sitw space-craft observations are not available
during these events. Table 4.2 also shows the phase diff-
erence,ﬁﬁcﬁ‘between the diffusion vectors (C?d) and the field
azimuth (C#:B) computed for cach event. A significant point
to be noted in the table is that the phase differenoe[ﬁﬁbﬁ?‘300

in all the cases indicate that the diurhal variation observed
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on these days has a Significant'componeht~due to transverse
gradient current in addition to simplb convection and field

aligned diffusion currents in tho'interplanétary medium,

4,12 Sourcc in the garden-hose hemisphere:

For a more detailed examination of the days, we
have constructed space-time diagrams on each day (chapter II)
representing the cosmic ray flux distribution in the inter-
planctary spacc as a function of time for all the low ampli-
tude trains listed in table %.2. Tig. 4.18 shows the
average cosmic ray intensity deviations observed in different
asymptotic directions in space for one of the low amplitude
wave trains oodurring on 5 - 10 Feb. 1966 (Table 4%.2). The
figurec shows that the cosmic ray intensity deviations in the
garden-hose hemisphere is almost equal to that of the anti-
garden-hose hemisphere, indicating that on thesc days cosmic
ray flux distribution in the interplanetary space is almostv
isotropic.  Such an observation is quite contrary to the
cosmic ray flux distribution observed when the normal equili-
brium (corotational) diurnal énisotropy is.present, during
which one normally observes a small depression (J - 0.4%)
in the garden-hose hémisphere and also a small enhancementof
cosmic fay flux (v + 0,4%) in the anti-garden-hose hemisphere.
The absence of a depression (~ -0,4%) in the garden-hose hemi-
sphere during the event (Fig. 4,18) clearly indicate the

presence of a source of cosmic ray particles established in
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the'garden;hose hemisphere, HoWeVér a clear picture of the
cosmic réy source'estébliShed in the garden-hose hemisphere“\
and its time evolution in space cén be obtained oniy by cone
structing space-time diagrams on each day during the event.
Fig.vhw19 shows the observed cosmic ray intensity deviation
in each scctor plotted in the form of a histogram, on a day

to day basis during 4 - 11 Feb. 1966, It is quite evident
from the figure that the cosmic ray intensity in the 6 - 9 and
9 - 12 hours direcction which'was normal on L Feb. suddenly
increased to about ™ 1% on 7 and 8 Feb. énd remained at that
level cdntinuously for few days, that is upto 11 Feb. Further
we observe that during these days the normal garden-hose '
depression (~J —0,4%) is not only absent but a source

(e +1%) of cosmic ray flux established in the gayden;
hose hemisphere. The cnhanced cosmic ray flux from the gafden-
hose hemispherc will effectively cancel or rcduce the equili-
brium corotational diurnal anisotropy which exhibits a stream-

ing along 1800 hours direction.

Discussion:

If we.suppose that on these days the normal positive
vradial cosmic ray density gradicent ofE\J 5%/AU (chapter III)
has a significant component perpendicular to the ecliptic
plane, then in addition to a reduced ficld @ligned diffusion
component ( 6%9 a significant transverse gradient current is

also established in the intcrplanctary medium. In such a ceose
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one can casily show that an additional component -caused by the
transverse gradient current when superimposed upon normal
convection and’diffusion'wi11~resuit in an excess of *cosmic
ray flux either in the sun-ward dircction or in the garden-
hose hemisphere which‘ultimately cause a large reduction in
the amplitude of diurnal variation° Indecd our obsecrvations
of low amplitude days indicate the presence of a cosmic ray
source established in the garden-hose hemisphere, thus support-
ing the existence of a significant transverse gradient current
in the interplanetary medium, The results presented in preced-
ing scctionsclearly showeth@t only on a day to day bdsis in
addition to a normal convection and diffusion currents, trans-

verse diffusion and transverse gradient currents also contribute

significantly to the observed diurnal variation.

‘a8 008
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Abstract—It is shown that the model which has been successful in explaining the anisotropy of
low energy cosmic radiation of solar origin in terms of simple convection and field aligned diffu-
sion can also be extended to explain both the quiet and enhanced diurnal varjation of cosmic
radiation at higher energies. The enhanced diurnal variation which shows a maximum around
~ 2000 hr is shown to be caused by the superposition of normal convection and enhanced
field aligned diffusion due to an enhanced positive density gradient of approximately ~10 per
cent/AU. The enhanced gradient in the early part of the event is caused by a depletion of
cosmic ray intensity along the garden-hose direction and later in the event (T > 4 days) is
caused by an excess flux from the anti-garden-hose direction. The quiet day average diurnal
anisotropy of cosmic radiation can be understood as due to an equilibrium between the
convective and diffusive flow, resulting in a corotation vector along the 1800 hr direction.
The observed amplitude of the annual mean diffusive vector is consistent with a positive
radial density gradient of ~4-5 per cent/AU, which agrees with other radial gradient meas-
urements. The diffusive vector during both quiet and enhanced anisotropy periods is shown
to be along the interplanetary field direction. The ratio of perpendicular to parallel diffusion
coefficient under normal conditions is derived to be <0-05 indicating that the transverse gra-
dients, in general, are negligible.
1. INTRODUCTION

The diurnal anisotropy of cosmic radiation has generally been explained in terms of-
azimuthal corotation (Parker, 1964; Axford, 1965), the magnitude of the corotation
itself being subject to modification by transverse diffusion and transverse gradient currents.
The experimental observation of 0-4 per cent mean diurnal amplitude along the 1800 hr di- -
rection (Rao et al., 1963; McCracken and Rao, 1965; Rao, 1972) using the world wide
neutron monitor data has been considered as supporting this concept. The reduction in the
observed average amplitude from the expected full corotation vector of ~0-6 per cent has
been generally attributed to the transverse diffusion. Recently, however, Subramanian
(1971), has made a careful estimation of the various cumulative errors that should be con-
sidered, from which he concludes that the observed amplitude during most of the period is
in reasonably good agreement with the expected amplitude indicating that the transverse
diffusion, on an average basis, is negligible even at relativistic energies. Such an inference
is essentially in agreement with the solar flare particle data. ’

Even though the explanation of the average daily variation in terms of corotation
has been considered generally satisfactory, considerable deviations from the above average
picture (Rao and Sarabhai, 1964; Patel et al., 1968) exist, on a day to day basis. The
existence of consecutive days having abnormally large amplitudes (> 1 per cent) has been
reported by several workers (Mathews ef al., 1969; Hashim and Thambyahpillai, 1969),
who have concluded that the diurnal variation onsuch days is generally caused by a depletion
of the cosmic ray intensity along the garden-hose direction. Likewise trains of days having
abnormally low amplitudes have also been observed in the data (Ananth et al., 1971).
Explanation of such abnormal amplitudes using the concept of corotation has not been
satisfactory. - -

In this communication we present detailed data in support of a new concept for the inter-
pretation of the diurnal variation. This concept is that the diurnal variation is completely

1 1799
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explainable in terms of radial convection together with diffusion which is Principa]|
along the magnetic field line. The notion that these components might be relevant to the

- diurnal variation was first mentioned by McCracken et al. (1968) as an extension of thej,
studies of the anisotropies of solar cosmic rays. . As specific formulation for both solay -
cosmic-ray events and the diurnal variation, together with a full theoretical basis, Was
given by Forinan and Gleeson (1970), following earlier work on ‘solar event amsotropleS
by Forman (1970). The important steps taken in this paper are the application of thig
convection—diffusion concept to explain diurnal variation at high energies and the demonstr.
tion that the diffusion component is mainly field aligned. According to this concept the
corotational diurnal vector observed, on an average basis, is merely a special case whep
equilibrium exists between convection and diffusion and there is no net flow of cosmic ray
flux into or out of the solar system. On a day-to-day basis, however, the fluctuation in the
interplanetary parameters such as solar wind properties and the interplanetary field must
necessarily cause an imbalance between convection and diffusion through the introduction
of density gradients resulting in abnormal amplitudes for diurnal variation. Brief pre.
liminary reports of observational data, at neutron monitor energies, which support this
concept were presented at the 12th International Conference on Cosmic Rays at Hobart,
in August 1971 by us (Ananth et al., 1971); Tolba and Lindgren (1971) and Hashim et a,
(1972) have also reported on this topic. The concept is particularly attractive because the
same ideas have been used to explain anisotropy changes throughout solar cosmic-ray burst
events (McCracken et al., 1971) and in models which reproduce these (Ng and Gleeson,
1971).

Study of the anisotropy of low energy cosmic radlatlon of solar origin has clearly indicated
that convection is the most important mechanism during the decay of the flare events.
During the initial phase of the decay, the observed equilibrium anisotropy is from the sun-
ward direction (McCracken et al., 1967, 1968; McCracken and Rao, 1970; Rao et al,
1971) suggestive of the convective removal of these particles by the solar wind. The equi-
librium anisotropy during this period is given by the expression

8, = 30% )

where C is the Compton-Getting factor, ¥, the solar plasma velocity and ¥ is the particle
velocity. -

At low energies (~10 MeV), the convective anisotropy is ~10-15 per cent while at
relativistic energies, the convective anisotropy is only ~0-6 per cent. During late times
in the decay, the anisotropy of low energy solar flare particles is observed to be from 45°E
direction (McCracken et al., 1971; Rao et al., 1971) which has been interpreted as due
to an equilibrium between the outward convective flow and the inward diffusion, the latter
being caused by a positive density gradient set up in the interplanetary medium by the earlier
enhanced convection. We believe that similar mechanism must also operate on galactic
particles over short periods of time when equilibrium conditions are not established.

Separating the anisotropy vector into its two components, namely the convective and
the diffusive vectors, Hashim et al. (1972) have recently shown that the diffusive vector is
aligned along the interplanetary field direction. The field aligned inward diffusion caused
by the establishment of a significant positive density gradlent can result from either or
both the processes (a) through the establishment of regions of decreased density (sink)
in the garden-hose direction (b) through the establishment of regions of enhanced density
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(source) in the anti-garden-hose direction, the physwal processes responsible for the two
mechamsms being possibly different.

In this comniunication, we show that the enhanced diurnal variation can’ be simply
anderstood as due to a resultant between convection and enhanced field aligned diffusion
by comparing the cosmic ray diurnal variation data with the interplanctary field data.
We further show that the field aligned diffusion at early times during enhanced wave trains
js caused by a sink in the garden-hose direction and at late times due to a source in the
anti-garden-hose direction as a result of the establishment of a strong pos1t1ve density
gradient. Finally we show that even the average quiet day diurnal variation is explainable
in terms of this new concept.

2. DATA MANIPULATION

The cosmic ray anisotropy characteristics have been determined from the data from a
number of high and middle latitude neutron monitor stations well distributed in longitude
and having narrow asymptotic cones of acceptance (See Table 1). As the Earth spins on

TABLE 1. PARTICULARS OF NEUTRON MONITORING STATIONS WHOSE DATA HAVE BEEN
USED IN THE ANALYSIS

Geographic Mean asymptotic
co-ordinates co-ordinates
Latitude Longitude  Cut-off rigidity Latitude Longitude

No. Stations (Deg) (Deg) (GVY) (Deg) (Deg)
1. Ahmedabad 230 72-6 1594 19 125
2. Alert 82-5 2977 <0-05 71 331
3. Alma-Ata 432 76°9 6-69 25 143
4, Calgary 51-1 245-9 1-09 28 269
5. Churchill 58-8 2659 0-21 40 286
6. Dallas 32-8 263-2 4-35 25 316
7. Deep River 46:1 2825 1-02 27 - 319
8. Durham 431 289-2 1-41 25 332
9. Goose Bay 533 299-6 052 35 339
10. Hermanus —34-4 192 4-90 24 67
11. Inuvik 68-4 226-3 <0-18 47 233
12. Kiel 543 10-1 2-29 31 63
13. Lindau 51-6 10-1 3-00 29 67
14. Mawson —676 629 0-22 —42 55
15. Mt. Norikura 36-1 1376 11-39 26 195
16. Mt. Washington 44-3 2887 1-14 25 331
17. Mit. Wellington —42-9 147-2 1-39 —25 193
18. Pic-du-Midi ' 42-9 03 536 26 73.
19.  Sulphur Mt. . 51-2 2444 1-14 27 270
20. Wilkes —66-4 110-5 <005 —56 107

its axis, each of these monitors scan a narrow region of the celestial sky. Combining the
data from all the stations, three dimensional space time maps of cosmic ray intensity time
profile in the interplanetary medium have been constructed using the method developed
by Fenton et al. (1959), Ables et al. (1967), Mercer and Wilson (1968) and Carmichael and
Steljes (1969). Such maps define the cosmic ray flux as a function of direction at any given
time and thus provide an integrated view of the cosmic ray demography in space and
therefore are ideally suited to study the characteristics of a rapidly evolving anisotropy
and to identify the sources and sinks. During the period 1965-1969, there are about 25
such wave trains having enhanced diurnal amplitudes. For an unambiguous identification
of sinks and sources, we have selected only four of these which are not accompanied by
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large changes in the daily mean intensity. Figure 1 shows the selected abnormally mgh
-amplitude wave trains as observed at the Deep River neutron monitoring station,

 The mean intensity three days prior to the commencement of the enhanced diurng
wave train, when not accompanied by large changes in flux, has been used for normalizatig
purposes. Due to the inadequate coverage of certain longitudes because of the non.
availability of neutron monitoring stations, we have been able to represent the intengj;
in only eight directions in space at any time, each directional belt covering a width of 3 hr
inlongitude. The mean of the observed amplitude in different directions have been obtaineg
taking care to normalize the amplitude at each station to the width and declination of j
_asymptotic cone of acceptance. Three dimensional space-time diagrams are drawn fo,
each three hourly interval on each day.

Besides the use of three dimensional space-time intensity profile maps, the data a¢

various stations have also been utilised to derive the diurnal and semi-diurnal anisotropy
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: amphtudes and phases in space along with their energy spectral characteristics using the
varidtional coefficient techniques developed by Rao et al. (1963) and McCracken ef al.
(1965). The interplanetary field parameters for each of these days have also been obtained

from Pioneer 6, Explorer 33 and 35 measurements for comparison with the diurnal

anisotropy vectors. '

3. LOCATION OF SOURCES AND SINKS DURING DAYS OF
ENHANCED DIURNAL VARIATION

McCracken et al. (1966) have suggested that the corotating Forbush decreases often
observed in the low energy cosmic radiation (~10 Mev) will essentially manifest themselves
as enhanced diurnal variation at relativistic energies, the depressed intensity along the
garden-hose direction causing the diurnal maxima to occur along the anti-garden-hose
direction. The enhanced diurnal wave train which occurred during 30 December, 1965-
7 January, 1966 coincides with the corotating Forbush decrease event identified by
McCracken ef al. (1966) and we use it to test the above suggestion. Figure 2 presents
the intensity profile in different directions (1200 corresponding to sunward direction)
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1965-7 JANUARY, 1966, DURING WHICH THE COSMIC RAY NEUTRON MONITORING STATIONS
RECORDED ENHANCED DIURNAL ANISOTROPY.

during 30 December, 1965-7 January, 1966 in which period enhanced diurnal amplitude
was recorded by various neutron monitors. During this period, a large depression of
intensity (~2 per cent) is observed in the garden-hose hemisphere, whereas the intensity in
the anti-garden-hose hemisphere is practically unaffected. In Fig. 3 the average intensity
for five days (2 January-6 Janunary, 1966) during which the garden-hose depression was
predominant, is plotted as a function of direction which dramatically brings out the large
depression centred around the garden-hose direction. Earlier analysis of Mathews et al.
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(1969) and of Hashim and Thambyahpillai (1969) of a few events also confirm the presence
of such an enhanced depression along the garden-hose direction causing enhanced diurnal
variation. :

In contrast to the above simple picture the long lived enhanced diurnal variation event
of 30 April-11 May, 1966 shows a complex behaviour. Figure 4 shows the evolution of
the cosmic ray flux distribution in space at various times. during 30 April-11 May, 1966.
On 29 April, 1966, prior to the commencement of the enhanced wave train, the cosmic ray
flux distribution in space was found to be practically isotropic (Fig. 4a) showing a
normal diurnal variation. During the early part of the enhanced diurnal variation event,
i.e. 1-7 May, 1966, the cosmic ray intensity in the garden-hose direction is found to be well
depressed below the normal level (Fig. 4b, 4¢). By 9 May, the cosmic ray flux along the
garden-hose direction seems to be just recovering to its normal value (Fig. 4¢). However,
the cosmic ray intensity in the anti-garden-hose direction is now found to show a large
excess above the normal intensity (Fig. 4f, 4g). Thus during the later part of the event,
i.e. 8-11 May, 1966, the enhanced diurnal amplitude seems to be caused by a source in the
anti-garden-hose direction. We note that such a behaviour is to be expected in terms of the
explanation offered by McCracken et al. (1971) and Rao et al. (1971) for the observed
easterly anisotropy late in the decay of low energy solar flare events. Using similar arguments,
we can expect during such times the enhanced convection by the high velocity solar wind
associated with the initial shock wave which causes depressed intensity along the garden-
hose-direction, to eventually establish a positive density gradient and thus a source along
the anti-garden-hose direction during the later part of such enhanced diurnal wave train
events.

We wish to emphasise that the simple harmonic analysis of the data would not have
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Note that during the early part of the event, the cosmic ray intensity is depleted along the

garden-hose direction and during late in the event the cosmic ray flux in the garden-hose

recovers to the normal value (shown by thin circle) whereas the flux in the anti-garden-
hose direction shows a large excess.

revealed the complete physical nature of the mechanism. Both a source in the anti-garden-
hose and a sink in the garden-hose directions essentially give the same time of maxima,
i.e. around ~2000 hr. It is only through the type of analysis presented in this paper
that the existence of sources and sinks in space can be identified. In the next section, we
show that the enhanced diurnal variation whether caused by a sink in the garden-hose or a
source in the anti-garden-hose direction can be explained as a resultant of normal convection
and enhanced field aligned diffusion.

Referrmg to Fig. 4, we see that the change over from a sink in the garden-hose dn‘ectlon
to a source in the anti-garden-hose direction occurs in a period of 4-5 days suggesting that
the relaxation time of the interplanetary medium to follow the changes in the density
gradient in the entire modulating region is of the order of 4-5 days. For the normal solar
wind velocity observed during such periods, this would indicate that the dimension of the
modulating region is of the order of 2 AU thus providing an independent experimental
evidence for the location of a boundary sometimes assumed in dealing with the cosmic ray
transport.

4., CHARACTERISTICS OF ENHANCED DIURNAL VARIATION

The enhanced diurnal variation amplitude and phase on each day has been obtained for
each of these events. The diurnal variation duringsuch eventsis observed to show a maximum
at about 2000 hr during the entire period of enhanced diurnal variation in contrast with
the 1800 hr maximum observed for corotational anisotropy. Figure 5 shows the diurnal
anisotropy amplitude and the time of maximum for each day for two of the events along
with the average value of these parameters for each of the events.
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The figure includes some observations both prior and later to the actual enhanced diurnal
event. The mean phase and amplitude during the event is marked by an arrow.

The energy spectrum of variation for each of the enhanced diurnal variation events has
been calculated using the well known method given by Rao ez al. (1963). Computing the
direction of anisotropy in space as observed by different stations for different values of the

‘spectral exponent, the variance between the different values has been calculated. The spec-
tral exponent corresponding to the minimum variance represents the true spectral exponent
of the diurnal anisotropy. Figure 6 shows the plot of the variance in the diurnal time of
maximum as a function of the spectral exponent along with the number of neutron monitor-
ing stations whose data have been utilised for the spectral determination. The figure
clearly shows that the spectral exponent in each case is consistent with it being energy
independent (0 - 0-2).

The mean amplitude and phase of the semi-diurnal component during the periods of
enhanced diurnal variation generally do not exhibit any significant departure from the
average picture of the semi-diurnal component given by Rao and Agrawal (1970). We,
therefore, have neglected the semi-diurnal component from our discussion.

5. ENHANCED FIELD ALIGNED DIFFUSION DURING DAYS OF
ENHANCED DIURNAL VARIATION

In order to establish the field aligned nature of the diffusive flow due to either a sink in
the garden-hose or a source in the anti-garden-hose direction, we resolve the observed
diurnal vector into two components.

8=0,+ 8, @
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CASES IS CONSISTENT WITH AN ENERGY INDEPENDENT SPECTRAL EXPONENT (8 = 0 4 0-2).

where 0, is the anisotropy vector due to convective flow, and 8, is the anisotropy vector due
to diffusive flow. The amplitude of J, is a 0-6 per cent when determined according to
Equation (1) with a solar wind speed s 400 km/sec and C = 1-5, which is appropriate to
the mean energy of response (~ 8 GeV). The space anisotropy amplitude obtained from
neutron monitor observations, using the correction factors for the geomagnetic bending
and width of the asymptotic cones of acceptances as given in IQSY manual (McCracken
et al., 1965) is ~ 04 per cent. When this is corrected for the changes in C with energy, the
upper cut off rigidity and the detector response (Subramanian, 1971), the free space ampli-
tude would be ~ 0+6 per cent. In all our treatment however, we shall deal only with the
uncorrected space amplitude of 0-4 per cent, since the correction as suggested by Subramanian
will only increase the true amplitude by a constant factor and will not change any of our
conclusions. Using a value of 04 per cent in the 1200 hr direction for the convective
vector, the magnitude and direction of the diffusive vector d, for each day for each of.the
four events has been calculated. Similarly the magnitude and the direction of the inter-
planetary field vector for each day has also been calculated from the direct spacecraft
observations (Pioneer 6, Explorer 33 or Explorer 35). In Fig. 7, the diffusive flow vectors
for each day is plotted end to end separately for each of the four events along with the
interplanetary field vector to demonstrate the field aligned nature of the diffusive flow
even on a day to day basis.

The mean diffusive vector and the corresponding mean interplanetary field vector are
plotted for each of the four events in Fig. 8 (see also Table 2). Both Figs. 7 and 8 clearly
demonstrate that the enhanced diurnal variation is caused by a superposition of the enhanced
field aligned diffusion over the normal convective flow.

6. QUIET DAY DIURNAL VARIATION
In this section we extend the analysis of the role of convection and diffusion to the
quiet day diurnal variation to show that the present concept of diurnal variation being due
to convection and parallel diffusion applies most of the time. For this purpose, we have
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TABLE 2, MEAN DIURNAL ANISOTROPY VECTOR, MEAN DIFFUSIVE VECTOR AND THE MEAN INTERPLANETARY
MAGNETIC FIELD VECTOR DURING THE SELECTED ENHANCED DIURNAL VARIATION EVENTS

Mean djurnal anisotropy Mean diffusion -

Mean magnetic

vector vector field vector Phase diff.
' amp phase amp - phase amp  phase = ¢q — ¢p
No. Events (%) d(Deg) (%) daeg) () JpDeg) (Dep)
1. 31 Dec— 7Jan. 1966 1:02 4012 298 £ 5 126 314 3-0 314 0k£5
2. 30 Apr-11 May 1966 091 £ 008 301 + 6 117 318 51 315 346
3. 1 Feb—~ 8 Feb. 1967 110 £0-10 289 47 - 129 306 4-9 308 —247
4. 6 Apr—15 Apr. 1967 0-92 - 0:07 299 +4 117 316 2-8 322 —6 44

(Derived using correction factors given in IQSY manual)

utilised the neutron monitor data for the entire period of January 1967-December, 1968,
for which the interplanetary field data is available. We have utilised the data on all days
excepting the days of Forbush decrease onset when large intensity gradients are observed.
“The average diurnal variation parameters for each of the 27 day solar rotation periods,
and the average interplanetary field parameters for each of these rotations have been calcu-
lated separately. Table 3 lists the parameters along with the average diffusion vectors
derived from the cosmic ray diurnal vectors using Equation (2) and the computed difference

TABLE 3. THE 27 DAY AVERAGE COSMIC RAY DIURNAL VECTOR, COSMIC RAY DIFFUSIVE VECTOR (SEE-TEXT) AND
INTERPLANETARY FIELD VECTOR FOR DIFFERENT SOLAR ROTATIONS DURING 1967-1968. THE COMPUTED PHASE
DIFFERENCE BETWEEN THE DIFFUSIVE VECTOR AND THE FIELD VECTOR IS ALSO LISTED

Mean diurnal

Mean diffusion*

Mean magnetic

Solar No. of anisotropy vector vector field vector Phase diff.
rotation  days amp hase  amp phase am phase ¢z — ¢y
No. no. used (%) ¢ Deg) (%) ¢da@er) () Pz (Deg)  (Dep)
1. 1826 15 043 4+£006 25547 051 305 32 306 —147
2. 1827 20 0634002 270+5 074 303 39 308 —5+5
3. 1828 19 030 005 27945 054 326 3-5 307 1945
4. 1829 16 081 £ 007 28846 100 310 29 321 —1146
5. 1830 10 0-51 £ 007 26345 061 304 32 324 —20+5
6. 1833 13 020 L 006 26648 045 333 33 325 8§48
7. 1834 16 0-20 £ 0-03 239 410 0-34 330 35 321 9410
8. 1835 21 0454007 254+9 051 303 37 308 ~5+9
9. 1836 19 034 4002 274+5 054 321 37 312 9+5
10. 1837 16 026 006 313 +4 060 342 36 312 30+ 4
11. 1838 24 039 4004 2704+2 056 315 42 311 442
12. 1939 20 0-52 £ 007 263 410 062 303 41 301 2410
13. 1840 17 033 £ 005 274 4+10 0-53 322 37 312 10 4- 10
14. 1841 13 042 £ 006 26745 056 312 4:2 309 345
15. 1842 19 0-52 £ 009 268 410 065 306 35 314 —8 4 10
16. 1843 22 0-64 +-0-05 28146 082 310 36 316 —6+6
17. 1844 21 049 £0-05 272 +£8 064 311 3-8 320 —9+38
18. 1845 19 035 4+002 26448 050 317 33 313 448
19. 1846 16 040 - 006 235410 036 299 3-1 312 —~13 + 10
20. 1847 17 0364002 278 4+9 057 322 34 313 949
21. 1848 16 047 £0-05 26744 060 309 4-0 304 5+4
22. 1849 18 030 £ 007 268 +£11 049 322 3-0 318 4+ 11
23. 1850 18 0-46 +-0-05 28016 066 317 39 312 546
24, 1851 13 0424004 29446 069 326 41 321 546
25. 1852 23 033 £ 003 2504-11 042 313 3-6 311 2+1

(Derived using correction factors given IQSY manual)
* The errors in the mean diffusive vector are of the same order as the errors in mean anisotropy vector.
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between the diffusive vector and the field vector. Figure 9 shows the histogram of the
phase difference between the average diffusive vector and the average interplanetary figlq
vector. Both Table 3 and Fig. 9 show that in nearly 80 per cent of the cases, the Pphase
difference between the diffusive vector and interplanetary field vector even on a 27 day avey.
" age basis is < 10°, which is of the same order as the standard error of the observationg
thus indicating that the average quiet day diffusive vector s also field aligned. _

The diffusive vector can be resolved into two components, one parallel to B vectoy
and another perpendicular to it, the amplitude of the perpendicular component being 5
measure of the non-field aligned component. From Fig. 10 which shows the plot of the
parallel and perpendicular components of the average diffusive vectors for different solar
- rotations, it is evident that the parallel component corresponding to the field aligned
component dominates and the perpendicular component is usually less than a tenth of the
parallel component.

The annual mean diurnal anisotropy has an amplitude of ~s0-35 per cent and a direc.
tion of maximum around 1800 hr (Rao, 1972) during the period 1964-1970. The annuya]
mean diffusive vector for each year during this period has been calculated using Equation (2).
The yearly average interplanetary field direction has been derived from the observed yearly
average solar wind velocity (Gosling et al., 1971) and assuming Archimedean spiral
structure for the field. Comparison of the field azimuths for the period 1967-1968 computed
from solar wind observations with actual interplanetary magnetic field observations show
that these agree within 2-3°. Table 4 lists the yearly average diurnal variation parameters
and the deduced interplanetary field parameters along with the computed phase difference
between the yearly average diffusive vector and the corresponding field vector. The
average diffusive vectors calculated for each year during 1964-1970 is also plotted in Fig.
10 along with the mean diffusive vector for the entire period 1964-1970.

The yearly mean diffusive vector for the entire period has an amplitude of 0-53 4- 0-01
per cent and makes an angle of 3 & 2° with the interplanetary field vector, the phase
difference being of the same order as the observational error. In other words, the figure
clearly indicates that within the observational errors, the yearly average diurnal variation
is also completely explainable in terms of summation of a normal convective vector and a
field aligned diffusive vector. Except during 1965 when the diffusive vector makes an angle
of 11%, the diffusive vector during other years is practically aligned with the field direction.
In addition to the average picture, we have also examined, in great detail, the diurnal
variation on a day-to-day basis and we observe that during 19671968, on more than
~ 60 per cent of the days, the diffusive vector is essentially field aligned and &, is neglig-
ible even on a day-to-day basis. The detailed results of the analysis on a day-to-day basis
will be published later,

7. DISCUSSION AND CONCLUSIONS

We now examine whether an unified model can be proposed to explain the diurnal
variation, both quietand enhanced as well as anisotropy of low energy solar flare cosmicradia-
tion. Figure 11 depicts such a model. Referring to Fig. 11 (a), we observe that at early
times in a flare event, the diffusive current driven by a negative cosmic ray density gradient
due to solar produced particles dominates over the small convective vector resulting in a pre-
dominantly field aligned anisotropic flux. During late times the solar cosmic ray flow is
in equilibrium and is consistent with it being simply convected out by the solar wind. At
very late times, the positive density gradient created by the earlier convection provides a
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The two components of the annual mean diffusive vector for the entire period during

1964-1970 are also shown in the figure.
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TABLE 4. SHOWING THE PHASE DIFFERENCE BETWEEN THE YEARLY COSMIC RAY DIFFUSIVE VECTOR AND THE

MEAN FIELD VECTOR. THE FIELD AZIMUTH HAS BEEN CALCULATED FROM SOLAR WIND VELOCITY ASSUMING

ARCHIMEDEAN SPIRAL CONFIGURATION. THE COSMIC RAY DIFFUSIVE VECTOR IS COMPUTED FROM THE OB~
. SERVED AVERAGE DIURNAL VECTOR USING EQUATION- (2)

© ".Mean diurnal anisotropy . Mean diffusion.  Mean solar Mean magnetic Phase
vector h vector wind velocity field direction  diff.
amp phase . amp phase . s — ¢y
Year (%) ¢ (Deg) (%) $a(ep)  (kmfsec) ¢y (Deg) (Deg)
1964 0-35 4- 0-03 27243 0-53 321 431 317 443
1965 0-28 - 0-02 270 & 4 0-49 326 407 - 315 11 +4
1966 0-36 4= 0-02 271 43 0-53 319 413 316 343
1967 0:35 £ 0-01 27245 053 321 394 315 6+5
1968 0-37 4 0-01 270 + 3 0-54 318 453 . 318 043
1969 0-36 - 0-01 270 4 2 0-54° 318 422 317 . 142
1970 0-37 -+ 002 271 £ 2 0-55 319 - 390 314 542
Mean 0-35 4 0-01 271 &2 0-53 320 418 317 342
(1964~
1970)
(a) ~ (b)
SOLAR COSMIC RAYS" GALACTIC COSMIC RAYS
CASE | CASE |
NON EQUIL E+w AVG EQUIL E-_—.T—W
TO SUN ' TO SUN
§ 7z
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FI1G. 11. A UNIFIED MODEL FOR EXPLAINING THE ANISOTROPY OF LOW ENERGY COSMIC RAY FLARE
PARTICLES AND ALSO THE DIURNAL ANISOTROPY OF HIGH ENERGY PARTICLES IN TERMS OF SIMPLE
CONVECTION AND FIELD ALIGNED DIFFUSION (SEE TEXT FOR EXPLANATION).
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diffusive current which when superposed upon the convective vector results in an easterly
‘anisotropy. The model embodying the extension of the sameé ideas to the galactic anisotropy
i depicted in Fig. 11(b). Under equilibrium condition, when there is no net flow of cosmic
radiation either into or from the solar system, the radial convection current S, = CUV is
exactly balanced by the radial component of inward diffusion ky (9U[or) resulting in an
average observed corotation anisotropy of as 04 per cent along 1800 hr direction. On a
day-to-day basis, the diffusion vector need not exactly balance the convective vector. In the
case when the diffusion vector is smaller, the resulting observed anisotropy would show a
maximum earlier than 1800 hr and in the case of enhanced diurnal variation when the
diffusive vector is very much greater than the convective vector, the time of maximum of
the resulting diurnal variation will shift towards ~ 2100 hr, the mean direction of the inter-
planetary magnetic field. The diffusive vector, in all cases, is aligned parallel or anti-
parallel to the magnetic field.
The diffusion current (Gleeson, 1969; Forman and Gleeson, 1970) can be written

o=t (57), +4 (5), @

and since the average co-rotational anisotropy is obtained assuming the radial current
S, = 0 and k, to be negligible we may use this together with '

8y = 3S,/VU 4

and the observed free space anisotropy to calculate first the density gradient along the
magnetic field (1/U) | (9U/or);| and from this the radial gradient

1 (au)
or Il

U
with p the angle between the magnetic field and the radial direction.

The magnetic power spectra of Jokipii and Coleman (1968) and Bercovitch (1971a)
indicate that at neutron monitor energies &y ~ 5 X 10% p # cm? sec (p = rigidity, f =
V]c) and, from the observed mean diffusive anisotropy of 0-53 - 0-01 per cent the corre-
sponding free space anisotropy is ~ 0-8 per cent. These values lead to a radial gradient
~4-5 per cent AU which is in good agreement with those from many other independent
observations and summarised by Bercovitch (1971b). During the period of enhanced diurnal
variation the observed average diffusive vector (Table 2) is seen to be about 12 - 0-1 per
cent which corresponds to an enhanced positive radial density gradient of ~10 per cent/
A.U. These gradients are sensitive to the value assumed for the diffusion coefficient.

From Figs. 9 and 10, we observe that the mean diffusive vectors obtained on 27 day and
annual average basis are essentially field aligned, the phase difference between the diffusive
vector and the field vector being, on an average, 3° -4~ 2°. This indicates that on an average,
theratiok, [k < 0-05 (from Equation 3) which is consistent with the low energy observations.

It must be emphasised that even though k, is negligible on an average basis, there are
occasions when it can be significant and which might result in a partial or complete cancel-
lation of the diurnal anisotropy. Figure 12 shows some representative examples of trains
of days when the observed diurnal variation at Deep River was negligible over a period of
days. We have examined the average diurnal as well as the diffusive vectors for two such
- events which occurred on 27 August-1 September, 1967 and 27 July-1 August, 1968 for

/ cos %)
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which concurrent magnetic field data are available. For both these events, we find that the
average diurnal amplitude is about 0-15 per cent and the phase difference between the
average diffusive vector and the field vector is ~ 25° 4 8° indicating that for such periods
kylky ~ 0-5 4- 0-2, which exceeds greatly the normal value of ~ 0-05 observed during
other days. Similarly the slight reduction in the observed average amplitude of diurnal
variation in 1965 can be attributed (Fig. 11) to the increased value of &k, k, [k for 1965
being about 0:19 4= 0-04 almost a factor of three greater than the values observed during
other periods.

From the data presented earlier and the discussion, we draw the following conclusions:

(1) The diurnal variation during both quiet and disturbed periods can be understood in
terms of convection and field aligned diffusion. On an average basis, the net radial con-
vection current is zero, i.e. the convection and diffusion vectors balance each other resulting
in corotational anisotropy. On a day-to-day basis, the two vectors do not balance each
other resulting in varying amplitudes and times of maxima for the observed diurnal
anisotropy. The proposed mechanism can also explain the observed anisotropies of low
energy cosmic ray flux during solar flare events. In other words, the changes in the diurnal
anisotropy of cosmic radiation is explainable in terms of redistribution of cosmic ray flux
following transient changes in the interplanetary medium.

(2) The diffusion vector, at most times is field aligned.

(3) On an annual or 27 day average basis, the phase difference between the diffusion
vector and the interplanetary field vector is & 3° 4- 2° which indicates that the ratio of
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the perpendicular diffusion coefficient to parallel diffusion coefficient is < 0-05. "In other
words, the transverse gradients, on an average basis, are negligible.

(4) The quiet day diffusion vector has an amplitude of 053 4= 0-01 per cent on an average
pasis, which corresponds to a positive radial density gradient of ~s4-5 per cent/AU.

(5) The spectral characteristics and observed time of maxima during periods of enhanced
diurnal variation are consistent with their being caused by a superposition of convective
flow with enhanced field aligned diffusive flow. '

(6) During the early part of the enhanced diurnal wave train, the abnormal variation is
caused by a depletion (sink) of cosmic ray particle population from the garden-hose direc-
tion. At late times, the earlier enhanced convection eventually sets up a source along the
anti-garden-hose direction. Thus during the later part of the enhanced diurnal wave train,
the abnormal variation is caused by a source along the anti-garden-hose direction. In both
cases, the density gradient is positive.

(7) The change over from garden-hose sink to anti-garden-hose source requires about
4-5 days which represents a relaxation time of the modulation region having a dimension

of about 2-3 AU.
(8) The enhanced field aligned diffusion vector during periods of enhanced diurnal
variation causes the observed time of maximum of the resultant diurnal anisotropy to shift

to later hours (around 2000 hr).
(9) The enhanced diffusion vector, on an average basis, has an amplitude of 1-2 4 0-1 per
cent which corresponds to an enhanced positive radial density gradient of ~+10 per cent/AU.
(10) Even though the ratio k, /ky is, on an average, negligible, there are days on which
it could be significant which causes a drastic reduction in the diurnal variation. The small
reduction in the average diurnal amplitude in 1965 can be attributed to-an increase in the
ratio of k, [k by a factor of ~3 as compared to other periods.
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Abstract. From a careful examination of the diurnal variation of cosmic ray

intensity at high energies and the interplanetary field characteristics, the average -

characteristics of diurnal variation were recently expl.ined by us in terms of a balance
between outward convection and field aligned diffusion, the lafter arising out of g
positive radial density gradient. In this paper, we extend this new concept to
explain the large vaiiability observed in the diurnal variation on a day-to-day basis

and further demonstrate that the measurement of diurnal anisotropy characteiistic

of cosmic ray particles on a day-to-day basis can be used directly to infer the nafure
and scale sizes of interplanetary field parameters. Comparing with thc magnetic
field vector, we show that this simple concept holds good on more than 80% of days.
On the rest 20% of days which have a predominant morning maxima, the diurnal
anisotropy characteristics seem to indicate the presence of a significant component
of transverse diffusion current in addition to the normal convection and diffusion
flow. Such days are found to be presentiin the form of trains of consecutive days
and are found to be associated with abrupt changes in the mterplanetary field direc-
tion having scale sizes > 4 hr. The value of K,/K, which is normally about < 0'05
is found to be /s 1-0 on non-field aligned days. .

Keywords. Cosmic rays; diurnal variation; interplanetary magnetic field; solar
wind. ' '

1. Introduction

For almost a decade it has been quite apparent that the average cosmic ray diurnal
variation is consistent with it being due to corotation of these particles with the
solar system magnetic fields which are themselves stretched in the form of an Archi-
medes spiral by the radially blowing solar wind. The large amount of experi-
mental evidence (Rao et al 1963, McCracken and Rao 1965, Rao 1972) obtained
from superneutron monitor data have conclusively shown that the yearly average
diurnal variation is energy-independent up to a maximum energy E,,, ~ 100
GeV and practically invariant with the solar cycle.  Till recently, however, it
was widely believed that the amplitude of the observed diurnal variation was
considerably less than that predicted by the usual Compton-Getting effect which
was attributed to the existence of a significant perpendicular diffusion due to the
presence of magnetic field irregularities. Recent low energy solar particle observa-
tions made by McCracken et al (1968, 1971) simultaneously at different heliolongi-
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tudes with widely spaced Pioneer deep space probes have clearly indicated that the
azimuthal ‘anisotropy at energies £ 100 MeV is quite negligible and that the
. particle population is largely determined by the balance between radial convection
and field aligned diffusion. In other words, it has been shown that at these energies
K /Ky < 0-05. Extending these .arguments to relativistic energies, McCracken
et al (1968), Gleeson (1969) and Forman and Gleeson (1970) suggested that the
diurnal anisotropy observed in the galactic cosmic radiation can also be under-
stood as a superposition of simple convection and diffusion.  Since then the appa-
rent discrepancy between the observed amplitude of the average diurnal variation
and the theoretically predicted amplitude has been successfully accounted for
(Subramanian 1971) by a number of hitherto unaccounted second order' effects
such as the finite value of E,,,, improper normalisation, etc. .

From a careful analysis of worldwide neutron monitor network data and their
comparison with measured interplanetary field parameters, Rao efal (1962) and
Hashim et al (1972) have independently demonstrated that the average diurnal

. anisotropy can, in fact, be explained completely in terms of simple convection and
diffusion. According to this concept, the radial convective flow will be balanced
- by the inward diffusion on an average basis causing the net radial current to be
zero and resulting in a corotational anisotropy of the right magnitude. Com-
paring with the interplanetary magnetic field. (IPMF) data, Rao ef al (1972) showed
. that the diffusion vector is field aligned both on average basis and also during days.
- exhibiting ‘enhanced diurnal variation, the diffusion current, on an average basis,.
being driven by a radial density gradient of ~ 5%;/A.U. which is consistent with.
" the direct measurements (O’Gallagher-1972, Rao 1972). Since this paper (Rao
1972) forms the basis of our present investigation, it will henceforward be referred
to as paper I. .
Even though the average picture of the diurnal variation has now been explained ‘

" . quite satisfactorily in terms of a good physical model, the detailed picture of the

diurnal variation, on a day-to-day basis, remains to be clearly understood. The
large variability present in both amplitude and the time of maximum of the diurnal
variation has been established by a number of workers (Rao and Sarabhai 1964,
Patel er al 1968). In paper I, we pointed out that the new concept of the diurnal
variation was capable of explaining the day-to-day variability in terms of varying
diffusion current, there being no balance between convection and diffusion on a
short term basis. A few specific examples were individually treated to demonstrate
. the validity of the theory showing that, even on days when the interplanetary field
vector showed clear departure from the Archimedes spiral pattern the cosmic ray
diffusion vector derived from observations were clearly field aligned. In this
paper we Ipresent detailed analysis of diurnal anisotropy on a day-to-day basis to
test the validity of the new concept and demonstrate that on most of the days the
concept is valid. Further we also attempt to determine the detailed characteristics
- of few days on which the observed diurnal anisotropy shows departure from the
simple convection and diffusion picture indicating the presence of a significant
perpendicular diffusion on such days.

2. Data analysis

In order to examine the cosmic ray diurnal variation on a day-to-day basis in
-a statistically meaningful way, we have combined the data from six high Iatitude
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. Table 1, List of stations used to derive day-to-day'_diumal anisotropy vectors

. —

Geographic coordinates Mean asymptotic coordinates Cut-off

Stations — - - — = — - rigidity

) ~ Latitude . Longitude ~ ° . Latitude Longitude (G.v)

(deg.) (deg.) (deg.) (deg.)

Tnuvik 68-4 ' 226 - 47 233 0-18
Calgary o511 246 28 269 - 1-09
Churchill - 58-8 266 40 286 0-21
" Deep River 461 283 27 ’ 319 1-02
Goose Bay 53-3 300 . 35 339 0-52
Kiel 54-3 10 ‘ 31 63 2-29

neutron monitoring stations and having a narrow asymptotic cone of acceptance,
Table 1 gives the relevant physical parameters of these stations. After taking out
long term variation by moving average method, the data on each day are harmoni-
cally analysed to obtain the diurnal and semi-diumal variation vectors for each
of the selected stations, The diurnal and semi-diurnal anisotropy amplitude and
phase in space as observed at each station are then derived, after correcting for
the width and declination of the asymptotic cone of acceptance of the detector
and geomagnetic bending using the variational coefficient techniques developed
by Rao etal (1963) and McCracken et al (1965). In the present analysis, all
days on which Forbush decreases take place have been rejected since on such days
the sharp intensity gradients are likely to cause a large error in the determination

of the diurnal vector. The anisotropy information from individual stations are

then combined to derive the average diurnal anisotropy in space for each day.
We have selected only those days on which there is a good interstation agreement
in the observed diurnal vectors (o, < 0:1%, opna << 30°) for all our further analysis.
The percentage of such days is more than 80. We wish to emphasise the necessity
of following the above procedure particularly when dealing with diurnal
anisotropy on a day-to-day basis to avoid erroneous conclusions.

Figure 1 shows the histograms of the frequency of occurrence of both the time
of maximum and the amplitude of the diurnal anisotropy vector for each day,
during 1967-68 derived using the data from six selected stations (solid lines).
In the same figure, the corresponding histograms for the diurnal anisotropy vectors
as derived from the data from only one station, namely Deep River, are also shown
(in dashed lines) for purposes of comparison. The good correspondence between
the two sets of histograms demonstrates that the method of obtaining average
diurnal anisotropy vectors using data from a number of similar stations provides
the true anisotropy vector in space with improved statistics.

Following paper I we represent the observed diurnal vector (8) as a summation
of convective (3,) and diffusive anisotropy (8,) vectors.

5 =18, W
8, = 3CV,/V can be derived from a knowledge of solar wind velocity Vs V being
particle velocity and C the Compton-Getting factor. The diffusive anisotropy

i
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vector (8,) for each day can be determined by subtlactmg the convection term 8,
from the observed diurnal anisotropy vector 8. In order to prove the field allgned
nature of the diffusive vector, it is necessary to show the difference A¢ =@, —¢
should be minimum (A¢~ 0), i.e., the phase of the diffusive vector ¢, is identica,
-with the phase ¢, of the .interplanetary  magnetic field. ~However, due to large
statistical errors, we assume that the diffusive vector is field aligned if Aé < 3¢°
which is the practical limit of statistical significance one can impose on a daily
basis. Days on which diffusion vector is not field aligned, ie., Ad > 30°, are
designated as non-field aligned days. "

‘3. Characteristics of diurnal variation on a day-to-day basis

Figure 2 shows the histogram of the frequency of occurrence of A¢ for 200 days
in 1967-68 for which the data on solar wind velocity are available. It is seen from
figure 2 (a) that on mnearly 73% of days A¢ < 30°. If we restrict our analysis
to only those days on which there is reasonable interstation agreement in the deter-
mination of the diurnal phase (i.e., o, < 30°), the percentage of days on which
the convection diffusion concept holds good increases to about 78); (figure 2 b) A
We may conclude that on nearly 80% of the days, the diurnal anisotropy is des-
cribable in terms of simple convection and field aligned diffusion.

Figure 3 shows some typical examples of field aligned nature of diffusion vector
on a few selected days, on which either we have observed enhanced solar wind
velocity (figure 3 @) or observed IPMF direction shows a large deviation from the
mean field direction (figures 3 b and 3 ¢). In spite of the extreme conditions, it is
evident from figure 3 that the diffusion vector is very well field aligned.

In order to extend the analysis for a larger sample of days, even when direct
observations on solar wind velocity ¥, are not available, we have utilised the
empirical relationship between the index of geomagnetic disturbance 2 K, and V,
for estimating ¥V, on such days. Existence of such a close empirical relationship
between 2K, and ¥, has been demonstrated by a number of workers (Snyder et al
1963, Pai et al 1967 Bame etal 1967). We have attempted to obtain such an
empirical relationship between XK, and ¥V, for 1967 using the available observa-
tions of ¥, from Vela 3 satellite. Figure 4 shows the average solar wind velocity
for each day for the above period plotted against 2K, the correlation between
v, and ZK, is found to be (0-63 == 0-03) consistent with the relat10nsh1p

= (4-98 4+ 0-5) - ZK, + (302 - 9) @

Before using the empirical relationship, it is instructive to compare the results
of A¢ distribution derived earlier (figure 2 b) with results obtained, using ¥, values
computed from the empirical relationship, givenin eq. (2). Figure 5 shows the fre-
quency distribution of A¢ for 170 days during 1967-68, Aé being computed using
V, values obtained from the empirical relationship using eq. 2). Ad¢ distribution

btamed using observed values of V, for the same days is also plotted for com-
parison. The excellent correspondence between the two distributions confirms
that the method of calculating the convective vector 8, using wind velocity values
computed using eq. (2) does not affect any of our conclusions. From a close exa-
mination of the data we also confirm that the maximum error introduced by this
method is less than 10°, which is well within the statistical error on a day-to-day

basis.
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We have extended the analysis for the entire period 1967-68 by deriving convec-
tion vector on each day using the above relationship between ¥, and 2 K. Figure
6 (@) shows the histograms of A¢ distribution for all the days (400 days) during
1967-68. We have also shown in the same figure the A¢ distribution separately
for days on which the observed diurnal time of maximum is between (1) 15-21
hours (figure 6 ) and (2) 0-15, 21-24 hours (figure 6 ¢). Itis evident from figures
6 (@) and 6 (b) that on more than 80% of the days the convection diffusion concept
holds good. Also note that on days on which the diurnal time of maximum is
between 0-15 and 21-24 hours (igure 6 c), the histogram of A¢ distribution is
almost flat indicating that on those days on which the diurnal vector is far removed
from the direction of corotation, the transverse diffusion currents are quite
significant.

4. Characteristics of non-field aligned days

In this section, we examine the detailed characteristics and the solar terrestrial
relationships of the days on which the diffusion vector is not field aligned (A¢ > 30°),
in order to understand the mechanism which causes the transverse diffusion to be
significant on such days. We observe that majority of the non-field aligned days
occur in trains of two or more consecutive days indicating that the mechanism
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causing transverse diffusion is not a transient phenomenon, but persists over a
period of time. In spite of the tendency for such days to occur on consecutive
days, they do not show any characteristic features such as enhancement in the
diurnal or semidiurnal components, 2 K, index or large variability in interplanetary
field parameters. Likewise no large deviation in the mean intensity or 27—day
recurrence are observed during these days. _

In figure 7 are plotted the frequency distribution of diurnal phase and diurnal
.amplitude for. all the non-field aligned days (solid lines) during 1967-68. For
comparison the histogram of diurnal phase and amplitude for all 400, days during
1967-68 is also shown (dashed lines). Whereas the familiar predominant peak
“around 18 hr direction is clearly evident from the histogram of the diurnal phase
for all the days, the histogram for only non-field aligned shows a much flatter dis-
tribution. Further it is seen that practically all the days on which diurnal time of
maximum is in the morning hours (0-12 hr) the diffusion vector is not field aligned.

Since the presence of trains of non-field aligned days indicate essentially quasi-
permanent -anomalous - condition in the interplanetary space causing transverse
- diffusion currents-we have concentrated on detailed examination of the:interplanetary
~condition -during~such’ periods. In figure 8, -we show the-average IPMF vector
_for- edch day plotted end to end for a number of non-field- aligned. trains. of: days.



Cosmic ray diurnal variation

6€-10,AUG.1967 27-31 MAR.1967 24-28 SEP 1967 22 =T OéTm
‘ .7 .
14
’I
’
f,’
,
L./
. TO SUN
&-10 DEC. 1968 AVERAGE {PMF 26-30 DEC.I1966 -
. ,/ (GARDEN HOSE) .

DIRECTION

mamm HON  FIELD ALIGNED DAYS
—— FIELD ALIGNED DAYS /s
ww UNDETERMINED DIURNAL VECTOR DAYS ‘

Figure 8. The interplanetary magnetic field vector for each day is plotted end to
end for a few trains of consecutive non-field aligned days. For comparison the

field vectors for one typical field aligned train of consecutive days (6-10 August 1967)
is also shown,
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wnwely LM VECTORS FOR  TRAINS OF FIELD ALGNED DAYS ]
Figure 9. Hourly changes in the TPMF vector is shown for a few completely field

aligned trains of days. ’
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For comparison, the field Vectors for a typical field aligned train of days is algq
shown. It is evident from the figure that on days on which the diffusion is field
aligned the field vectors are well behaved and do not show significant departure
from Archimediau spiral. On the other hand,” on trains of days on which the
diffusion is not field ahgned the field vectors show a large variability both in direc-
‘tion and in magnitude from day-to- day and often ‘show l'uge departures (> 45°)
from the mean Archimedian spiral.

Before proceedlng to examine in detail, the IPMF characteristics on non-field
aligned days, it is instructive to examine the characteristics on field aligned days.
Figure 9 shows the hourly changes in IPMF vector along with the daily mean for
each day for a few typical trains of field aligned days. FExamination of each of
‘the trains shown in the figure clearly brings out the two most important charac-
teristic features of the IPMF for these days: '

(@) the change in the field vector from one hour to the next on the same day is

relatively small, and

(b) the change in the field characteristics from one day to the next during

each train of events is also negligible.

On the other hand, examination of trains of non-field aligned days shows
that on such days large irregularities in the interplanetary field exist. In figure 10

@ @ - 6

(D 2730 MARCH. 1967

(@ 24-27 SEPTEMBER. 1967
@) 19-22 DECEMBER. 1967

TO SUN @ 14-17 OCTOBER. 1967

NOMINAL GARDENHOSE

DIRECTION
50 GAMMA ——_FIELD ALIGNED DAYS
b ---- UNDETERMINED DIURNAL VECTOR DAYS

AMPLITUDE SCALE === NON FIELD ALIGNED DAYS
HOURLY 1P MF. VECTORS

- Figure 10. Hourly changes in the IPMF vector is plotted for few non-field aligned
trains of days on which there is a large change in the daily mean IPMF vector from
one day to the next.
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are shown examples of trains of non-field aligned days when the IPMF vector
_exhibits large change from one day to another. The average daily field vector
seems to change its direction by as much as 60-90° from one day to the next.
 Figure 11 shows examples of trains.of non-field-aligned days when the IPMF vector,
even though does not show large changes from one day to the next, shows the con-
tinual presence of large irregularities having scale sizes of > 4 hr during each day.
In order to estimate the scale sizes of the irregularities present during the
non-field aligned days, a power spectrum analysis of the IPMF data has been carried
out and figure 12 shows the power density distribution of the radial component
at various frequencies for a selected train of non-field aligned days (circles) and
also for a train of completely- field aligned days (dots). The figure clearly demon-
trates that in spite of the large errors associated with the limited data we have used,
during non-field aligned trains of days there is'a tendency for irregularities having
scale sizes ~ 4-3hr and 6-6hr to dominate when compared with field aligned
trains of days. These irregularities can effectively scatter particles > 1 GeV
and thus introduce a significant transverse gradient in addition to normal convec-
tion and diffusion during non-field aligned days..

TO SUN

NOMINAL GARDEN HOSE 0] ® ® @
DIRECTION oy

(@ 26-28 NOVEMBER. 1967
@ 12-16 APRIL. 1967
@ 10-14 AUGUST. 1967
@ 1319 NOVEMBER. 1967

50 GAMMA — FIELD AUGNED DAYS
] .
AMPLITUDE SCALE .- UNDETERMINED DIURNAL VECTOR DAYS

HOURLY IPMF VECTORS wmem NON FIELD ALIGNED DAYS

_

" Figure 11. Hourly changes in the IPMF vector is shown for a few non-field aligned
trains of days on which there is no day-to-day changes in the daily mean IPMF
Note the continual presence of irregularities of scales >4 hr on these days.
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Figure 12. The power density of the radial component of IPMF is plotted against
frequency for one typical train of field aligned days during 29 September to
3 October 1967 (shown by dots) and for a typical train of non-field aligned days
during 14-18 November 1967 (by circles). Note the predominant peak at 4-3 hr
and 6-6 hr during the train of non-field aligned days.

5. Discussion and conclusion

Following Forman and Gleeson (1970), we can write the expression for the net
streaming of cosmic ray particles in the interplanetary medium as
W U U By
s=s.—&(5), - 5(G), - "(rE) ®
where
: F— Zf [ (wT)? :'
3wl + (wr)?]’

oU/dr is the radial density gradient and .S, is the convection current density. -In
paper I we showed that the diurnal variation, on an average basis, as well as en-
hanced diurnal variation are explainable in terms of simple convection and diffusion,

e., K /K is negligible. The diffusion current on such days was shown to be
consistent with the expected radial density gradient. In this paper, we have con-
clusively demonstrated that this is indeed the case on more than 809 of the days
even on the basis of individual days. In other words, on a majority of days K./K;
is negligible (£ 0-05) or the third and fourth terms in the right hand side of eq. (3)
may be neglected. Nonetheless on a small percentage of days (=~ 20%), the inter-
planetary conditions are such that K;/K, can no longer be completely neglected,
i.e., the daily variation on such days cannot be completely accounted only by radial
convection and field aligned diffusion and the transverse currents due to perpen-
dicular diffusion do significantly contribute to the daily variation on such days.
The association of large scale interplanctary magnetic field irregularities on these
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days of scale sizes ranging from a few hours (& 4 hr) to days clearly substantiates
the above hypothesis. It may be noted that using power spectrum analysis Owens
and Jokipii (1972) have recently demonstrated for the cosmic ray scintillations at
‘Alert- observed at low frequencies < 5 X 10-5 Hz (6 hr) are caused mainly. by the
fluctuating component of interplanetary magnetic field. They have suggested
that the most likely mechanism for high energy cosmic ray scintillations at low
frequencies is the strong interaction of these particles with magnetic field irregula-
rities during their propagation in the interplanetary medium. It is interesting to
note that the scale sizes which they derive for the field irregularities are consistent
with our observations. ‘ ‘ ' :

It is well known that the presence of irregularities cause random changes in the
pitch angles of the particles as they move along the lines of force, the integrated
effect of a large number of such irregularities being essentially to produce a three-
dimensional random walk in the motion of particles. The resonant scattering due
to irregularities is maximum for particles whose gyroradius (p) is of the same order
as the scale size of the irregularities (2mp). In other words, to produce an appre-
ciable scattering for particles of rigidity > 1 G.V., the scale sizes of the irregularities .
must be > 4 hr- (assuming a mean solar wind velocity of 400 km/sec and average
interplanetary field of 5 gammas) which are consistent with the observed scale sizes
of the interplanetary field irregularities.

From the observed values of the diurnal variation during the trains of non-
field aligned days, it is possible to estimate the value of K;/K,. Assuming an average
radial density gradient of 5%/AU, K; at neutron monitor energies can be estimated
to be a5 X 10% pf cm?sec™’. On the other hand, examining a large number of A
trains of non-field aligned days when the average phase difference between the
interplanetary field vector and diffusion vector (A¢) is about 42°, Ky/K, ratio for
non-field aligned days is found to be 1-0.

From the data and analysis presented in the foregoing sections, we draw the
following conclusions:

(i) On an average basis the diurnal anisotropy of cosmic radiation is com-
pletely understood as a superposition of simple convection and field aligned
diffusion. On a day-to-day basis, this concept holds good on more than 80% of
the days.

(i) On the rest of 207, of the days transverse diffusion also plays an important
role. On these days, the diurnal time of maximum shows a preference to occur
either during early morning (0-15) or during late evening (21-24) hours.

(iii) Days on which transverse diffusion is predominant seem to occur in trains
of two or more consecutive days. ‘ ‘

(iv) Such trains of days are usually associated with abrupt changes in the
direction of interplanetary magnetic field. The non-field aligned days are asso-

_ciated with the presence of large irregularities in the interplanetary magnetic field
of scale sizes > 4 hours.

(v) The value of perpendicular diffusion coefficient on non-field aligned days
is quite significant. K. JK, ~ 1-0 for these days as compared to =~ 0-05 observed
on field aligned days.

(vi) From a careful examination of the cosmic ray anisotropy on a day-to-day
basis, it is possible to infer the interplanetary field conditions and predict the nature

- and scale sizes of irregularities present in the magnetic field.
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ABSTRACT

A series of spectacular cosmic ray events which included two

relativistic solar particle enhancements and three major Forbush

decreases were registered by ground based cosmic ray monitors
beginning on August 4, 1972. Amongst these, the Forbush decrease
which occurred on August 4-5 exhibited extremely interesting
Vand complex behaviour, the prominent features of which are a
pre-increase PI-1 prior to the largest decrease FD-2 during the
recovery of which an abrupt universal time increase PI-2 occurred.
Large N-S and E-W anisotropies were observed during the entire
Forbush decrease event. The rigidity spectra for both FD-2 and
PI-2 had practically the same exponent of ~1.2 == 0.2 with anupper
cutoff rigidity of about 50-60 GV, and the anisotropy during both
PI-1 and PI-2 was from the sunward direction. The paper describes
the detailed observational features and presents an unified model
to explain these in terms of a transient modulating region ‘associat-
ed with the passage of a shock front. Tn’this model, the reflection
of particles from the approaching shock front accounts for the
pre—increase PI-1, the early onset of FD--2 from the anti--sun
direction being caused by the occultation of particle trajectories
reaching the earth from that .direction while the detectors looking
along sunward direction are still sampling albedo particles reflected
from the shock front. The main Forbush decrease occurs as the
shock front containing tangled magnetic fields with large scale
tangential discontinuities sweeps past the earth. The particles
diffusing into the cavity, as they are swept by the Solar wind, get
‘piled up’ behind the tangled field rtegion causing the abrupt
increase PI--2. Evidence from interplanetary plasma, radio and field
measurements are provided in support of the model wherever possible.

During the declining phase of the current solar cycle,
a series of intense solar flares erupted in August 1972,
from an active region ( McMath plage region f 11976 ) on,
the solar disc causing severe cosmic ray disturbances on
the earth (Pomerantz and Duggal, 1973a) accompained
by quite spectacular visual aurorae, geomagnetic storms,
‘radio black out and a host of other terrestrial effects.

The. time evolution of the active region responsible for
these disturbances and.the detailed description of the
associated solar terrestrial effécts are well documented in
-the reports compiled by World Data Centre-A for Solar
“Terrestrial Physics (Report UAG-28, Part I, 11, & IIL,
JJuly 1973). ’

. % Now at- the ‘Physics Department, Govt. Science College, Rewa (M. P.) --486001, India; P

%% Also at the Indian Scientific Satellite Project, Peenya, Bangalore--

+ To appear in Journal of Geophysical Research 1974
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Two large solar flares observed on August 2, at
1838 UT (importance 1B) and 1958 UT (importance 2B)
produced sudden commencements of the geomagnetic
storm (SSC) on August 4, at 0rf9 UT and 0220 UT
respectively ( Figure 1 ). This was followed by a third, very
severe sudden commencement geomagnetic storm at 2054
UT on August 4, which if we attribute to the solar flare
of importance 3B -occurring at 0621 UT yields a value
0f=2700 km sect for the solar wind velocity. The
observation of peak solar wind velocities of=2000 km
sec™t by instrumentation on HEOS-2 (Gruenwaldt et
al., 1972) is consistent with our assumption, if allowance
is made for the deceleration of shock waves in the
interplanetary medium often observed (Hundhausen 1970;
Dryer et al., 1972, Dryer, 1973).

N

- solar- proton increases accompanied. by three ForbuSh’-

decreasgs. It is seen that the first of the three Forbusy
decreases (FD-1) had its onset at =~ 02 UT on August
4, and exhibited classical features. During its Tecovery, .
a short lived anisotropic solar particle increase (SP-1)
was observed with a maximum at =~ 15 UT on August -
4, by neutron monitors, having geomagnetic cutoff rigid.
ity (Pc) less than 1.4 GV. Before the completion of the
decay phase of SP-1 (Figure 3a), an anisotropic increase
in the intensity (PI-1) was recorded in both meson and
ncutron monitors preceding the main Forbush decrease
(FD-2). The second Forbush decrease (FD-2) had its
onset between 21-22 UT on August 4, with an amplitude
of about 259 at high latitude neutron monitors. This
was followed by an even more rapid increase in the
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Figure 1:The cosmic ray intensity profile during August 2-9, 1972 observed by a typical

9, 1972

high latitude neutron monitor along with the time of SSC’s and the solar flares. The prominent
features in the complex int'ensibty profi'e are individually marked.

‘Figure 1 shows the typical cosmic ray intensity
rofile observed during August 2-9, 1972 by a ground
ased monitor. The unusual complex features associated
‘ith intensity changes as well as their time . association
ith solar and terrestrial disturbances are clearly marked
n the same figure. Principally these consisted of two

intensity (PI-2), of about 10-15 % at high latitudes.
Finally during the recovery of FD-2, a second solar flare
particle enhancement ( SP-2) occurred at ~ 16 UT on
August 7, which was followed a day later by the third
Forbush decrease (FD-3) on August 9, 1972. '




. Table 1. lists the géh?qral chara'c@érist'ics_ of these
individual’ features. The most ‘spectacular feature. of the

wvent, in our opinion, is the main Forbush decrease

¢(FD-2) which is accompanied by two intensity enhance-
ments of non-solar origin, PI-1 and PI-2, all of which
ihave not yet been fully explained for want of sufficient
observations. In addition we note that longitudinal
anisotropics in the equatorial plane as well as north-south
(N-S) anisotropics of large amplitude exist both during

AN o

B

A

Y

cutoff rigidity monitors, are most .sul

"

and a neutron monitor at Gulmarg, ‘which have high
cutoff rigidities and therefore, when combined with low
ited for studying
the rigidity dependence. of any cosmic ray event. The
cosmic ray intensity observed by these monitors during
the period August 3-10, are plotted in Figure 2. We
note that the magnitude of the Forbush decrease at an
equatorial station like Gulmarg during this period is
=~ 11% which is largest observed todate.

TABLE 1

General characteristics of various cosmic ray events (as shown in figure -1 )s
observed during August 3-10, 1972 ‘

(b) INCREASES

CHARACTERISTICS (a) DECREASES
' FD-1 FD-2 FD-3 SP-1 PI-1 pI-2  SP-2

Onset time 2-4 UT 21-22U0UT 01 UT 130T 1819 UT 2-3 UT 16 UT
Time of Maximum 15 UT 01-02 UT 12-14 UT 15UT 2122 UT 5 UT 17 UT
Amplitude % 25% 5% 1% 2.5% 12% 5%
Spectral Exponent -0.8£0.2 -1.2%0.2 - - 0.0 ~1.2%02 -
Amplit‘udc of anisotropy 3% 7-8% 3% - 2% 5%, -
in the equatorial plane

Direction in space 9 hrs. S hrs. 18 hrs. - 12 hrs. 12 hrs. —

( minimum intensity ) ( maximum intensity )

- Amplitude of anisotropy | 4% 5% 2% — 3% 3P —
in the north-south direction '
Direction in space - South North North — North North —

FD-2 and PI-2 (Dutt et al.,;1973). In the present paper,
we discuss the detailed characteristics of these three
features PI-1, PI-2 and FD-2 and provide only a brief
summary of other features for the sake of completeness.
We also describe a qualitative model based on the transi-
ent modulating region associated with the passage of the
intense shock wave containing large tangled magnetic
fields to provide a comprehensive understanding of the
interesting and complex features mentioned above.

DATA PRESENTATION AND ANALYSIS
The Physical Rescarch Laboratory, Ahmedabad,
maintains neutron and meson monitors at Ahmedabad

Since the cosmic ray intensity is constant within
statistical limits for at least three days prior to FD-1,
we have taken the daily mean intensity on August 3 as
the hundred percent level for all the stations given in
Table 2. Figure 3 (a and b) presents the intensity pro-
files observed at two pairs of polar stations looking along
the north and south directions. The presence of strong
N-S asymmetries during FD-1, FD-2 and PI-2
is evident.. Further figure 3c, which shows the percent
deviations for the two stations with P, = 1.8 GV and

viewing in opposite directions in the equatorial plane,
‘indicates likewise the presence. of strong longitudinal
anisotropies during FD-2 and PI-2. Even though the
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bresent paper is not intended to discuss the detailed
nature of the N-S anisotropies, in view of the existence
of these, the study of the longitudinal anisotropies in. the
equatorial plane has been made only with stations having
asymptotic latitudes, within =+ 30°,

~determining the rigidity dependence of various ey

> ) Cntg V
listed in Table 1. Such a method overcomes the amp;,

guity in the determin_ation of the spectral exponent arising
from large special anisotropies,
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Figure 2 ; Universal time hourly cosmic ray intensity' during the period August 3-10, 1972
recorded by neutron and meson monitors operated by the Physical Research Laboratory, Ahmedabad,
The geographic . latitude, longitude and the altitude of the station in metres above sea level are

also given in the figure,

Figure 4 shows the intensity profile observed at
different stations, seperately for three asymptotic longit-
ude belts of width 120° each. Since the volume of data
available in the longitude belt 120°-240° East is much
larger, the monitors in this belt have been utilized for

" DETAILED FEATURES OF AUGUST EVENT

Forbush Decrease FD-1 op August 4, 1972; The cosmic
ray intensity started decreasing in the early hours of
August 4, resulting in the first Forbush decrease FD-1.
The high Iatitude sea level neutron monitors recorded a




bresent paper is not intended to discuss the detailed
nature of the N-S anisotropies, in view of the existence
of these, the study of the longitudinal anisotropies in. the
equatorial plane has been made only with stations having
asymptotic latitudes, within =+ 30°,

~determining the rigidity dependence of various ey

> ) Cntg V
listed in Table 1. Such a method overcomes the amp;,

guity in the determin_ation of the spectral exponent arising
from large special anisotropies,
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Figure 2 ; Universal time hourly cosmic ray intensity' during the period August 3-10, 1972
recorded by neutron and meson monitors operated by the Physical Research Laboratory, Ahmedabad,
The geographic . latitude, longitude and the altitude of the station in metres above sea level are

also given in the figure,

Figure 4 shows the intensity profile observed at
different stations, seperately for three asymptotic longit-
ude belts of width 120° each. Since the volume of data
available in the longitude belt 120°-240° East is much
larger, the monitors in this belt have been utilized for
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ray intensity started decreasing in the early hours of
August 4, resulting in the first Forbush decrease FD-1.
The high Iatitude sea level neutron monitors recorded a
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Figure 3:Universal time hourly cosmic ray intensity during the period August 3-10, 1972
recorded by three pairs of neutron monitors; (a) polar stations, Thule and McMurdo (Asymptotic

latitude 72°N, and 79°S respectively), (b) High latitude stations, Tixie Bay and Mawson (Asym-
ptotic latitude 37°N and 39°S), (c) Equatorial viewing stations, Yakutsk and Swarthmore (Asym-
ptotic longitude at 00 UT, 170°E and 350°E). The geographic latitude, longitude and the altitude
in metres above sca level for each station along with their geomagnetic cutoff rigidity are shown
in the figure. Kp index representing the geomagnetic disturbance is also plotted in the same figure.
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Figure 4:Universal time hourly cosmic fﬂy intensity during August 3-5, 1972 observed by a
number of ‘selected neutron and meson monitors. The geomagnetic cutoff rigidity ‘of éach-station
and its altitude in meters above 'sea level are marked in the figure. The stations have been grouped
in three asymptotic longitude belts.of width 120° each. The aaymptotlc duectxons correspond to
zero Universal time.



] mdximum decrease of =~ 7= 8/0 at about 10-12 UT Due’

“to the presence of the strong equatorial 'mlsotropy, the
-oniset time at different stations varied widely (= 3 hrs),

the earliest being recorded - by stations looking in the °

“garden hose direction. With a power law rigidity spectrum

having a spectral’ index of - 0.8 &= 0.2, FD-1 exhibits .
- features of a typlC'Il Forbush decrease (Lockwood 1971).

’1/

The superimp’osed intensity increase or a hump like
structure observed in the FD-1 profile detween 04-08

UT on August 4. (See Figure 4), is especially noticeable
.in stations with P, > 1.4 GV and sampling particles ma-~:

“inly from sunward direction. During the seme period,
~a geomagnetic storm was recorded with a decrease of
&~ 200 gammas in the horizontal component of the
geomagnetic field at low latitudes (Kawasaki et al., 1973).
From the time association of these two events we suggest
that the intensity increase during FD-1 is caused by the
Jlowering of the geomagnetic cutoff rigidity (P;). Quanti-
tative calculations indicate that a change of =~ 200
gammas in the horizontal component of the geomagnetic
field, produces a change of =~ 0.6 GV in P, (Obayas]ﬁ,
1959, Dorman, 1963) which in turn can cause = 4%
increase in the cosmic ray intensity recorded at sza level
stations having 5<P.<8 GV (Dorman, 1963, Yoshida
et al.] 1968), consistent with our observations.

Solar Flare increase SP—1 on August 4, 1977 An
anisotropic increase of about 7-8% in theneutron intensity
which had its onset at 12-13 UT on August 4, was
observed by stations with P, < 1.4 GV, Iaspite of the
; loag time delay of =~ 6 hours we suggest that the most

likely candidate for causing SP-1 i a solar flare of-

importance 3B which occurred at 0621 UT (N14, E09),

since this was the only major flare that could be
associated with the increase (Pomerantz and Duggal,
1973b). Spacecraft observations at lower euergles suppmt

this contention (McKmnon 1972).
 Solar Flare Increase SP—'Z' on August 7, 1972 :
AThe second solar flare increase starting ‘at =~ 16 UT on

August 7, during the recovery phase of FD-2 shows a
number of peculiar characteristics : (1) the conspicuous
absence of solar flare cosmic tay particles with energies
220 MeV per nucleon deduced from various spacecraft
measurements. (2) the relativistic solar particles  were
observed before Hx maximum phase.of the solar fiare

at 1509 UT on August 7 (importance 3B) but in near
coincidence with the maximum phase of the white light

flare (Mathews and Lanzerotti, 1973) and (3) while

an increase of only 5-67; was- observed at sea level
stdations having P, < 7.4 GV, the increase was still

- significant at stations with P, == 2.7 GV, which indicates
that the rigidity spectrum of SP-2, is less steep compared

to SP-1 and to previous solar flare increases (Obayashi,
1964: McCracken and Rao, 1970).

Forbush Decrease FD-3 on August 9, 1972 : The
third Fofb}lSh decrease was observed on Auvgust 9, with
its onset time varying widely (4-6 hours) for stations
with different asymptotic longitudes. The Forbush decrease

was highly anisoiropic and short lived, the total time
duration from the onset to the recovery being less than
24 hours.

Pre—increase PI-1: A significant icrease in the
cosmic ray intensity PI-1 is seen at all stations sampling
particles from the sunward direction (Figure 4). The
maximum intensity occurs around 21-22 UT on August
4, which coincides .with -the passage of the shock front.
at the earth at 2054 UT, prior to the onset of second
Forbush d:crease FD-2. The increase at stations witly
P, > 1.4 GV is not clearly identifiable due to ‘the
superposition of the solar proton event SP-1, whose
decay phase persists even beyond 21

P, < 1.4 GV have been excluded. -

The cosmic ray intensity at stations with Py =14
GV being practically constant for about 6-8 hours prlo1
to the onset of pre—incrense PI-1 at = 18 UT, the
intensity levet for this pariod provides the lequ:isi’c‘é' base
level for computmg the magnitude of this mcm'lse The
percent iicrenss as observed at a number of shtlons is
plotted in Figure 5, against their mean .asymptouo
longitude of viewing at 21 UT. It may be noted from
the figure that in each given asymptotic -direction
perceﬁt increase observed. -at low latitude stations (P, >
8 GV)is comparable .in magnitude - to the percent
increase  observed at high latitude stations: P, = 1.4-4
GV), indicating a flat spectrnm for the increase. In view
of this, a smooth curve has been drawn in Figure 5

through all the observational points. “The presence of a
predominant anisotropy with a ij1mum increase being

the -

'

UT.' Therefore; . .
. for further analysis of this pre-increase, all stations'with; .

v



egistered by stations viewing along the sunward direction
s clearly evident from the figure. Referring to figure 4,
t is seen that the anisotropic pre-increase continues to

10

e significant upto 22 UT in Asian longitude belt (sunward °

lirection) even one hour after 'thﬁ SSC "whereas the

lecrease in, intensity has already commenced in the other

Lookwood (1971), and Kusmicheva et al, (1972). There

have»been generally explained as due 'to)_ thc""’mﬂec{ioe:?
of particles (albedo mechanism) from-the outward mOVinn,“
shock froat f.om the sun- (Dorman, 1963: Rao et alg,ﬁ‘
1967: Dorman et al,, 1970) containing large magﬁé"{ié”
fields. The albedo mechanism ‘predicts: an alﬁSO’C,l'opi‘d.i

wo longitude belts during the interval - 21-22 U.T. : increase from- the sunward direction, the. increagg -
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Figure 5 : Persént increase PI-1, in-the cosmic ray intensity

recorded by different stations plotted against their mean asymoptotic
longitude at 21 UT, on Augzust 4 1972, “M*¢ denotes the observed
increase for the meson monitor in this figure.

ince the geomagnetic field is almost coustant at least
pto 21 UT, the increase PI-1 cannot be aitributed to
1¢ lowering of the cutoff rigidity. However a small
ontribution due to the geomagnetic perturbations at
nd beyond 22 UT cannot be completzly ruled out.

The anisotropic pre—increases of type PI-1, which
ave been observed on carlier occasions have been
escribed by Dorman (1963). Dorman ct al. (1970).

generally preceding S3C by a few hours. Assuming
reasonable values for different parameters, Dorman -
(1963) has calculated the pre-increase for a numbes of
events, and found them in gualitative agreemexit with .
the observations. For a solar wind. velocity. of = 2000 -
km' Sec?, this model would predict a pre-increase of -
about 1.5-1.8% from the sunward direction and with

a flat spectrum, which are in qualitative agreement with,
our observations, '




The Sharp Forbush Decrease FD-2 :
after the SSC at 2054 UT on August 4, a sudden de-
j‘crease in . cosmic ray intensity (Fd-2) was observed.
which' reached a magmtude of =.25 % within five hours,
-at high latitude 'sea’, Ievel neutron monitors. The hourly
'ratc of decrease exceeded ev?n 6% per hour which is
‘the highest recorded so far. The onset of this ~decrease
was highly anisotropic exhibiting both N-S ambotropy
and the longitudinal -anisotropy in the equatorial plane.
The spectral exponent of the rigidity dependence of the
decrease is —1.240.2, which is slightly higher than the
normally observed values.

\

To study the characteristics of the rapidly evolving
anisotropies and to identify the isotropic time variations,
‘we have constructed the space-time diagram %of cosmic
ray intensity, by using neutron monitor data from a
number of high latitude sea level stations (P, < 2GV),
with narrow asymptotic cone of acceptance and scanning
the equatorial belt (Fenmjon et al., 1959, Ables ct al.,
1967: Mercer and Wilson, 1968), Figure 6, obtained
from such a space-time diagram, describes the snapshots
of the cosmic ray intensities at various longitudes in
the equatorial plane at different times during FD-2and
"PI-2. An examination of Figure 6 reveals that the
decrease commenced at least one hour earlier at stations
viewing within a cone of 120* centred around. the antisun
direction. The anisotropy amplitude during this period
(22 UT) was about 3-4% The early onset along the
“anti-sun direction is also reflected in the intensity profile
observed by low latitude m »itors. This picture is contrary
to what has been usually observed, mnamely the early
onset of the Forbush decreas: from the. garden hose
direction (Fenton et al, 1959: McCracken, 1962
Lookwood and Razdan. 1963a) which is understood in
terms. of sampling of the depressed cosmic ray intensity
behind the approaching shock from ~ the garden-hose
" direction.

During the main phase of FD-2, following the
anisotropic depression along the anti-sun direction, a large
anisotropic depression with a maximum along =~ 100°-
120° west of the earth-sun line is developed between
24 UT on August 4, and 02 UT on August 5. The
maximum amplitude of the anisotropy is about 7-8%
at 24 UT which reduces to 3-4% at 02 UT, thereafter
the cosmic ray intensity profile shows an abrupt increase

(PI-2) at all stations. The unusual  anisotropy features

Immediately’

11

exhibited both at the time of the onset of FD-2 and

during its main phase and the inital recovery period, in
our opinion, provide a very important clue for an

understanding of 'the Forbush decrease mechanism. A
simple unified model ehplammg all these features is

~ proposed and discussed at the end. '
.The Rapid Universal Time Increase FPI-2 : 'The

observed rate of increase PI-2 in the cosmic ray intensity,
just after the maximum decrease in FD-2, is comparable
or even faster (10% per hour for some stations) than the
rate of decrcase. Such a fast increase of non-solar origin
has been observed for the first time. ‘Since the observations
from various monitors suggest that the recovery in
cosmic tay intensity continues over a long period of time
(= 7 days), the abrupt increase observed on August 5
(3-09 UT with maximum at 05 UT) can be considered
as a short lived enhancement superimposed on the normal
recovery of the Forbush decrease FD-2.:

The characteristics of this increase _._PI—2 have been
stadied by estimating the magnitude of the increase for
various stations by two independent methods: (a) by
considering the amplitude of the increase from the
minimum of FD-2 to the maximum at about 05 UT and

«(b) by estimating the magnitude of the increase, above

a smooth recovery curve drawn through the intensity
profile from the minimum of FD-2 (Figure 7). Both the
methods yield a rigidity spectrum with an exponent
_1.2 & 0.2 with an upper limiting rigidity Rmax of 50-
60 GV for the increase PI-2, the same as that for
the main Forbush decrease FD-2.

The spotial anmotropxes during the increase PI-2 are
again evident from Figure 6. The anisotropy maximum
lies in the sunward direction thoughout the increase,
However its amplitode changes with time, being about
5% initially at 03 UT which reduces tom=2% at the time
of maximum increase at 035 UT. The anisotropy increases

again to =49, at 06 UT. and decays thereafter till the
intensity becomes nmrly isotropic at about 17 UT after
which the normal recovery pxoceeds

A survey of the past Forbush decreases since IGY
shows a number of sudden superimposed universal time
increases during their recovery periods. Examples are the
Forbush decreases of February 11, 1958: August 17, 1958,
ptember 18, 1959: April 27, 1960: October 29, 1963 and

He
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Figure 6 ; Snapshots showing pe-cent dezrease in cosmic ray intensity at different times
from the data of a number of high latitude neutron monitors

derived

(Pc »2 GV) viewing the equatorial

plane. The intensities are plotted as a function of mean asymptotic longitude from 21 UT on
August 4 to 17 UT on August 5, 1972, covering the entire period of FD-2 and PI-2,
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Figure 7:The cosmlc ray mtcnsxty profile durmg August 3-6,
decrease FD-2 and the mmease PI-2. The figure ‘indicates two methods for
Pi-2, Method (a)- deﬁnes its magnitude from the .minimum ‘intensity of FD-2, to the -peak of .

1972 showing the TForbish . - ]
estiating the increasc,

PI-2, whereas the method (b) defines it as a superimposed increase over the smooth fit to the -
normal recovery phase shown by curvy dashed line.

January 13, 1967. A few of these increases have been
discussed in literature (Lockwood 1960; Lockwood and
Razdan, 1963b; Blokh et al., 1964; and Yoshida et al.,
1968) and- these have been mainly attributed to a
reduction in the cutoff rigidity at the monitoring station,
following a geomagnetic storm (Kondo. 1961; Dorman,
1963; Yoshida et al. 1988). However, ths decrease in
geomagnetic cutoff rigidity (P)- cannot produce ~any
increase in the cosmic ray intensity observed by the sea
level neutron monitors with Pe<1.4 GV (since atmos-
pheric cutoff =~ 1.4 GV). and the meson monitor with
P, <4 GV(atmospheric cutoff~~4 GV). We note that the

abrupt universal, time increase PI-2 on August 5, is

observed at all stations including the neutron 'inon'it‘bfs
with P, <1.4 GV and meson monitors with P, <4 GV

(Figures 3 & 4). Moreover, the increase in intensity
due to reduction in P, is .expected to be. maximum-fot

sea level neutron monitors with P,=~5-8 GV, which is
contrary to the present observations. From these evidences,
we can exclude the reduction in P, as the cause for the
observed ablupt increase PI-2.
DISCUSSION AND CONCLUSION

The prominent features in the 'series of cosmic™ ray
intensity variations during August 1972 which requires
an-adequate explanation are (1) the establishment - and -
evolution of the pre-increase PI-1(2) the unusual anisotropy
from anti-sun direction during the onset time -of the main -



Forbush decrease FD-2 comc1d1ng with the last phase of
the pre-increase PI-1, (3) the unusually large magnitude

14"

of the decrease during FD-2 which takes place in a short

duration of about 5 hours and (4) an even sharper increase
in intensity PI-2 with prominent anisotropy from sun-
ward direction, We propose here a qualitative model to

explain the observed characteristics of PI-1, PI-2 and FD-2,

mentioned above. The model is based on the convection
by a transient modulating region containing very high

AUGUST 4,1972

of intense magnetic fleld of 50-80 gammas following the
-shock, add credence to the above hypothesis. Figure 8is
a schematic sketc_h describing the essential featureg
of the model, ‘

The essential features of the model we propose are
summarised in Figure 8, which shows a region of high
tangled magnetic fields behind the leading edge of the
shock front where the cosmic ray particulate flux ig

s e PRL,AHMEDABAD
18-20UT 22-24UT
)sun )
CAVITY OF ORDERED 'PILE UP' OF
MAGNETIC FIELDS \/ COSMIC RAY
PARTICLES
]
0.025AL
ALOEDO PARTIGLES INNER REGION OF TANGLED
, | |
LEADING EDGE OF THE AGHETIC. FIELDE
SHOCK FRONT, WHICH
CAUSED SSC AT 2054UT

Figure 8:Schematic diagram of the model proposed to explain the various features observed
during the Forbush decrease FD-2 and the intensity increases PI-1 and PI-2. Cross-hatched area
represents the region of large tangled magnetic fizlds. In fisure 8 ‘a, b, ¢’ are shown the cosmic
ray eflects observed by a ground based monitor as the shock front gradually approaches the earth.
The dotted region at the interface betiveen the tangled field region and the cavity, represents the
‘pile up* of cosmic ray particles due to their convection by the solar wind.,

tangled magnetic fields behind the shock front which is
followed by a Gold/parker (Gold 1959; Parker 1963) type
cavity containing fairly well ordered magnetie fields and
depressed cosmic ray intensity. The spacecraft observations,

highly depressed. Immediately behind this, is a region of
enhanced particle intensity having sharp density gradients
which is followed by the main cavity with well ordered
magnetic fields and depressed intensity. The cosmic ray



intensity within the cavity recovers exponentially - with
. time. The earth bound - monitors experience different
- cosmnic ray intensity ¢ states’as the entire beam convects
- past the. earth.

- In Figure 85 we represent the cosmic ray flux distribution
“in the interplanetary medium prior to the arrival of the.
_shock front at the earth, when PI-1 has just commenced.
The earth-bound cosmic ray monitors viewing along the
sunward direction are able to sample, well in advance of the
. arrival of the shock front, enhanced cosmic ray flux result-
ing from the reflzction of cosmic ray particles at the shock
~boundary. As noted earlier, the magnitude of PI-1~2-3 o
~and the spectral characteristics are in gross agreement
with the predictions of albedo mechanism. The monitors
~looking along the anti-sun direction however, sample only
- the galactic flux and consequently do not show any pre-
increase. Note that particles which reach monitors viewing
“along the anti-sun direction come from a large number
of asymptotic directions. In Figure 8b the leading edge
of the shock front has engulfed the earth, however, the
albedo particles are still being received along th= suaward
direction from the inner region of the shock (cross
hatched area in Figure 8), ‘which coatributes to the
enhanced intensity above normal level from these direc-
tions even after the SSC at 2054 UT. At the same time
the number of allowed directions for the particles which
reach anti-sun direction has been reduced considerably
resulting in the early onset of the decrease along the
anti-sun direction. In other words we suggest that, even
though the monitors viewing along the anti-sun direction
have started sampling reduced intensity in the interval
21-22 UT, the sunward pointing monitors are still seeing
the enhanced flux due to the reflection of particles from
the inner region which is approaching the _ear'th. The
reduction in intensity along the anti-sun direction is due
to the occultation of allowed particle trajectories by the
iiterplanetary shock.

In Figure 8c the inner region containing large tangled
magnetic field with tangential discontinuitizs has comp-
tely engulfed the earth resulting in a fast decrease in all
directions. Quenby (1971) has shown that such tangential
discontinuities extending over large region in space can
produce intense Forbush decreases.- Using the values for the

interplanetary field from spacecraft obgeryations, he hasbeen
able to quantitatively account for-thé observed Forbush

decrease during February 26, 1969, with the above model.’
Even though due to the non—availability of interplanetary
field parameters we.are not at present able to provide
a quantitative estimate, we propose that the wunusually
high solar wind velocity and the large - field magnitude
in the shock region observed during this event make
this hypothesis very attractive. As the transient modul-
ating region of tangled magnetic fields with the Gold/
Parker type cavity behind cortaining depressed cosmic
ray intensity convects out from the sun, cosmic ray
particles diffuse into the cavity particulaily from direc-
tions away from .the plane of ecliptic both from northern
and southern hemispheres, However, the diffusion into
the shock front with high tangled fields is minimal
as a consequence of which the particle intensity within
the tangled field region is lowest. In other words, imm-
ediately following PI-1 the earth bound detéctors will
register a very sharp fall. The sharp intenstiy decrease
which continues for about 5 hours indicates that the
thickness of the region had a scale size of the order of
0.2. AU.

The most unusual feature of this event is the abrupt
uiiversal time increase of ' cosmic ray intensity PI-2
following the main phase of FD-2, which is explained
here in terms of ° pile up’ of particles behind the tangled
field region. Such a ‘pile up’ is a consequence of the
the unusual conditions present during this period and
we suggest that this feature should be apparent when-
ever a major disturbance takes place on the sun produ-
cing unusually high velocity shock front with intense
tangled magnetic fields behind. A sharp cosmic ray
density gradient created at the interface between the
tangled field region and the cavity behind it, causes
diffusion of particles from the cavity into the region of
tangled magnetic fields. Note that these particles had
originally diffused into the cavity largely from directions
north and south of ecliptic as the modulating depth is
smaller in these directions. It is further proposed that
diffusion of bulk of particles into the tangled magnetic
field region would be from the sinward direction due
to an outward coavection of particles within the cavity
and a probable. field line connection between the cavity
and the tangled field region. However, a smooth flow of
particles is not expected due to the presence of strong
magnetic field irregularities at the interface. The particles
undergo multiple scattering in this region and, in the



quasi--equilibrium state, spend a. certain average time

16

in the interface region, which leads to a *pile up’ of. -

particles causing the intensity increase PI-2. Since the
particles which diffuse into the region of tangled magne-
tic fields are guided along the lines of force within. the
cavity which are relatively well ordered, the anisotropy
during the entire duration of PI-2 should be from the
sunward direction. Reference to Figure 6 clearly shows
that this is indeed the case. During the entire period of

‘The active region producing the solar flare and
causing the decrease FD-2 has coordinates N 14, E 09,
At the time when the shock hit the earth and produced ag
SSC at 2054 UT on August 4, this region moved tq
central meridian. However, the fact that Pioneerg
located at = 0.8 AU, due 45° east of the earth-sun line,

recorded the arrival of the shock (with velocity = 1109 »

km sec™* only), about 4 hours after its being recorded
at the earth, indicates that the centroid of the cone of
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Figure 9: Pictorial representation of a negative pulse-like
structure ( hatched areav) superimposed on the typical Forbush
decrease profile of cosmic ray intensity (slant dashed line)
depicting an alternate explanation for FD-2 and PI-2.

the increase, a promineﬁt anisotropy from the sunward
" direction in exhibited. '

The level of intensity following PI-2 and its ‘grad-
ual recovery to normal represents the classical  pictir:
observed in any Forbush decrease, the depressed inten-
sity being representative of the flux within the cavity
‘and the recovery with time being affected due to the

slow diffusion of particles into the cavity from outside
(Lockwood, 1971).

the transient modulating region was near the earth-sun .

line. Interplanetary scintillation observations by Arms- .- ”

trong et al., (1973) also indicate that earth was located -

very near to the flare normal, Such a picture gives 8.

Jarger depth of the modulating region towards west whi(fh :
is consistent with the observed maximum depression in
FD-2 along 100° west of the earth-sun line.

An alternative but conceptually simple explanation
for the complex phenomenon is to look upon the inten-




“superimposed on a normal Forbush decrease, the negative
pulse representing the cosmic ray intensity profile in the
region of tangled magnetic fields. The intensity profile
on Angust 3-5, 1972 plotied in Figure 9, pictorially
- depicts the above view point, where the slant dashed
liné smoothly joining the onset of FD-2 and the peak
' PI--2, represents a typical Forbush decrease and the
hatched area shows the superimposed negative pulse like
structure. The duration of the pulse (1) is= 8 hours
and the total time of decrease (7o) is = 13 hours. It
has also been possible to fit a similar smooth line repre-
senting the Forbush decrease for all the stations.
Neglecting the. negative spike, the rigidity spectrum of
the -Forbush decrease (represented by slant dashed line)
is found. to have an exponent of = -0.6 &= 0.2 which is
typical for Forbush decreases. o '

The negative pulse can be interpreted as due to a
sharp cosmic ray intensity decrease in the region of
tangled magnetic fieids containing large scale tangential
discontinuities ( Quenby, 1971). 1t is postulated that
this region is enclosed by a forward.-reverse shock
ensemble similar to that discussed by Schubert and

sity profile during FD-2 and PI-2, ‘as a ‘negative :p;u’lse'r
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2. The apparent early onset of FD-2 from the anti-
sun direction can be explained in terms of the occulta-

" tion of the particle trajectories reaching the detectors

viewing along this direction as the shock front engulfs
the earth. The detectors looking along the  sunward
direction should continue to receive enhanced albedo flux.

3. The large decrease FD-2, is ‘mainly due to the
dc'pressed‘cosm.ic ray intensity in the region of tangled
magnetic field behind the shock. ST

4, The Universal time intensity enhancement PI-2

is of interplanetary origin and not due to a change in
geomagnetic cutoff rigidity. The sharp enhancement is a

' result of ¢ pile up’ at the interface between the ‘tangled

Cummings (1967, 1969) and Dryer (1973 ). In this ~

~ model the particulate flux within the tangled field is
minimal, with the maximum depression being somewhere
near the centre of the tangled field _configuration. The
lower particle flux within this field region is a result of
very slow particle diffusion. Thus, in this model, the
-tremendous negative sbike is a special intensity struc-
ture in space which is superimposed upon the general
Forbush de‘crea'se. From the foregoing pfeéentation and
discussion we conclude that— '

1. The universal time pre-increase PI-1 with its
maximum amplitude = of 2-3% along the sunward
direction ‘has a flat rigidity spectrum and i§ in agree-
ment with the enhancement being caused by reflection
of. particles from the approaching shock front.

magnetic field and the cavity behind it.

5. The depressed cosmic ray intensity inside the
cavity behind the tangled magnetic field region and its
exponential recovery with time due to slow diffusion of
particles particularly from north and south directions,
accounts for the typical recover'y charactéristics exhibited
following PI--2. '

The mod:] presented here is somewhat qualitative.
However, for arriving at a rigorous ‘theoretical model, it
is necessary to have data from both surface and under-
ground monitors with a good time resolution as well "as
detailed measurements of -interplanetary field and plasma
parameters. A more detailed consideration of the model
is therefore postponed to a later publication.
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