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PREFACE,

The Hobart Cosmic-Ray Group, comprising members of the University
0f Tasmania and of the Australian Matiomal Antarctic Research Expeditions
(A.N,A.R.E.) under the leadership of Dr. A.G, Fenton, comenced synoptic
observations of cosmic rays at ground level in 1953. By the besinning
of the Intermational Geophysicai Year in July 1957 a comprehensive series
of observations was in progress at a number of Australian and Antarctic
sites, The observations were continued, and further extended, after the
I1.G.Y. with the intention of observing, if possible, variations in cosmic-
ray behaviour over at least a complete solar cycle. The programme of
data exchange with other cosmic-ray groups, which had been started during

the I.G.Y., was also continued.

The handling and analysis of data of the type accumulated by these
observations require the use of a number of more-or-less standard techniques.
The data require correction for atmospheric variations before they can be
used, They may subsequently be subjected to some form of ordering, or to
harmonic or power spectrum analysis, with or without the prior application
of numerical filtering. Analysis requires that the response character-~
istics of each detector be well détermined, involving knowledge of its
directions of viewing outside the influence of the terrestial magnetic
field, and of its likely response to any particular anisotropy in the

interplanetary cosmic-ray flux.

Investigators at the time of the I.G.Y., and for a few years there-
after, were generally restricted to desk calculators and slide rules for
arithmetic pwposes. This severely limited the size and scope of the

investigations which could be undertaken. Under this restriction atmos-



pheric correction is the only one of the above techniques which is easy

to apply. Farmonic analysis takes about one hour per analysis; mnunerical
filtering and power spectrum analysis are practical impossibilities; and
directions of viewinz must be based on primary particle trajectories
calculated for dipole representations of the Darth's magnetic ficld. The
lastmentionad problem was a particularly severe handicap as it meant that
responses of detectors, in particular neutron monitors and high-latitude

muon telescopes, could not be accurately determined.

Early in 1964 the Hydro-University Computing Centre, a joint undexr=
taking by the University of Tasmania and the Tasmanian Hydro-Electric
Cormission, commenced operations with an Elliott 503 Digital Computér.,

This machine gave the Hobart Cosmic-Ray Group its first ready access to
computing facilities, and it vas immediately decided to develop computer
programmes to carry out the various standard calculations. It would then
be possible to undertake more precise analyses, and inter-station comparisons
than had been feasible previously. This thesis is concerned with some of
these investigations, into several aspects of the modulation of cosmic~-rays,
and with the development of the necessary computer programmes. Emphasis

is given to the analysis of neutron monitor cbservations, but data from

muon telescopes are also used where appropriate.

The work described in the following chapters was undertaken between
1964 and 1970, For the last four years of this period I have been a2 full-
time member of the teaching staff of the University of Tasmania, initially
as a Senior Demonstrator and latterly as a Lecturer. For the whole of this
period I have had oversight of the CésmicéRay Group's Data Handling Assis-

tants, and the methods and techniques used, and have acted as computing
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consultant ~ and often programmer - for the other members of the Group.

I have been particularly responmsible for the collection and reduction of
data from all the neutron monitors operated by the Group, and for the
fault detection and remedial action for the Hobart and Drisbane neutron
monitors, and for all the equipment at the Lae observatory until its
closure. 1In the course of these duties I have also developed a series
of computer programmes for the computer handling, pressure correction,
graphing, and error detection of data from all the Group's various detec-
tors, and also for the preparation of data tapes in standard format for
transmittal to the World Data Centres. Prior to undertaking this work

I spent a year at Mawson in charge of the cosmic-ray observatory.

The draft of this report was completed early in 1971, Few
papers published outside Australia after September 1970 reached Hobart
in time for comsideration. Unfortunately I was unable to attend the
11th International Cosmic Ray Conference held at Budapest in 1969, and
the Proceedings of that Conference did mot start to arrive in Hobart until
late July 1971, too late for general comsideration. Teaching duties,
and preparations for the 12th International Cosmic Ray Conference held
at Hobart in August 1971, have delayed the final stages of the production
of this report until after the Hobart Conference. In these circumstances,
only limited mention is made of a few matters discussed at that Confer-

~d
ence.

This thesis contains no material which has been accepted for the
award of any degree or diploma in any University or other institution.

It presents the results of my own work, and so far as I am aware it con-

tains no copy or paraphrase of any material written or published by any



other person except where this has been noted and acknowledged in the
body of the text. All computer programmes used (except the trajectory
calculation programme in its origimal form) are of my own design, and I

have undertaken all my own programme writing, testing, and evaluation.

An investigation of this nature benefits greatly from the inter-
change of ideas between various investigators. I have been particularly
fortunate in this regard., It is a pleasure to thank fellow members of
the Cosmic-Ray Group, in particular my supervisor for this work,

Dr. A.G. Fenton; and Mr. D.J. Cooke, Dr., K.B, Fenton, and Dr. R.M. Jacklyn,
for many interesting and thought-provoking discussions. I am also most
grateful for a number of stimulating discussions with Professor K.G. McCracker
and Dr, L.J. Gleeson. I thank Drs. Gleeson, M.A. Forman, and G.B. Tucker

for making their work available to me before publication. I am also

indebted to the directors of the various cosmic-ray observatories around

the world, who have made their data available. The staffs of the Vorld

Data Centres at Boulder and Tokyo have been most co-operative in providing

data which were not available through data exchange.

One cannot process large quantities of data unaided, particularly
when they arrive in a varied collection of formats whose only common feature
appears to be that they cannot be presented to the computer without some
form of pre-processing. The help rendered by the Group's Data Handling
Assistants in this regard has been indispensible and is most gratefully
ackmowledged. I have particularly appreciated the cheerful responses
of Mrs. P.E. James, Mrs. D. Chappell, Mrs. B.M. Jensen, Mrs. P.E. Bashford,
and Miss J.J. Vhelan vhen, individually or collectively, they have been

presented with large quantities of data with the request that they be
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processed as soon as possible. Grateful thanks are also due to the
staff of the Computer Centre, and particularly to lfiss !, Dunlop,
Miss M, Lane, Miss C. Lewis, and other operators for their patience
and tolerance with my long and often complex runs. I also wish to

thank Mrs. J. Scott and irs. J. lcLeod for typing assistance.

I an deeply indebted to Ceneral lbtors Holden's Pty., Ltd. for
the awvard of a Research Fellowship, and to the Commonwealth of Australia
for a Commonwealth Research Scholarship, which covered the earlier years
of this work., Finally my thanks go to my wife, both for her imvaluable
drafting assistance and for putting up with long and peculiar hours of
work over the past few years, and to Mrs. L, Shelton for typing the final

draft of this thesis.

Jo Mo

(J.E. Humble),
Hobart, December, 1971.



CHAPTER 1.

SUMIARY,

The investigations described in this thesis fall naturally into
three main sections. ' The relevant introductory reviews and theory are
presented at the beginning of each section, rather than being grouped in

one or more separate introductory chapters.

The first section, covered by Chapter 2, considers some of the
modulations which cosmic rays undergo between the entry of the primary
particle into the magnetosphere and the detection of the secondary particle
at ground level. The calculation of the primary particle's trajectory in
a high order simulation of the magnetic field is described. This work is
not new, but is a.necessary precursor to much which follows, Some of the
various available simulations of the field are reviewed in comnection with

these calculations.

The effects of modulation processes affecting secondary particles
within the atmosphere are then considered, particularly in relatiom to the
absorption of neutrons, It is emphasised that good pressure data are
essential, and some factors which affect the accuracy of pressure readings
are discussed. An investigation is reported into possible wind-induced
errors in the Hawson barograph recordings. No significant errors were
found until the barograph was moved to a new location in 1965. Large wind-
associated errors were found at the new site, and the procedures adopted

for the retrospective correction of the pressure recordings are detailed.

The main part of the studies reported here concerns the analysis

of the mean annual solar diurnal variation observed in cosmic rays at ground



level. Chapter 3 presents relevant background material, whilst the
investigations themselves, together with the calculation techniques emploved

are discussed in Chapters 4, 5 and 6, The conventional simple model,

that the anisotropy-é%%é% = ARB

R > Ru, is examined for several years (1961 to 1966) around solar minimum.,

for Rigidity R §~Ru’ and equals zero for

The method used is the intercomparison of observations from many different
neutron monitors, and some underground muon telescopes, for different

assumed values of the model's parameters.

Detailed investigations are undertaken into factors which can affect
this type of analysis. As a result it now appears that the conclusions
which can be drawn may not be as reliable as previously has been supposed.
The selection of stations to be used is of crucial importance since some
detectors display diurnal vectors which appear to include components quite
unrelated to the cosmic-ray flux, Comparison and statistical techniques
for the detection of such instruments are discussed., Doubt exists in
some cases and the results of including or excluding such stations in
analyses are considered, It is shown that the analysis is insensitive to
the set of'coupling coefficients employed, and also that the anisotropy

has = at least at the lower rigidities = a cosine dependence on asymptotic

1atitude .

It is found tﬁat it is insufficient to consider only the amplitude
or the phase alone of the_diurnal variations observed by the various
detectors, The fiml analyses—consider differences between the free-
space vectors predicted by each detector, on the basis of its full diurnal
vector, as the model parameters are varied. Likewise it is found that

it is mot valid to treat B and R separately. Varying one whilst keeping
u



the other fixed leads to incorrect results. Overall it is found that

B may be slightly positive through the years considered, with a most likely
value in the region 0.0 to +0.2. This is at variance with previously
reported results, but is permitted by the recent theory of Forman and
Gleeson, Ru appears to lie in the range 60 to 100 GV, with indications

of the lowest values being reached at solar minimum.

The parameters of the model which give rise to the best agreement
between various detectors still generally leave a bigger scatter between
the estinates of the free-space anisotropy derived from observations by
the different detectors than would be expected on purely statistical
grounds. Either incomplete allowance has been made for terrestial
modulation at some of the detectors or the model is inadequate, It is
probable that both causes contribute, and possible further developments

in the techniques and model emploved are discussed.

The statistical methods employed are checked experimentally, and it
is found that the variance observed in neutron monitor data is about twice

its expected value.

The methods developed for the diurnal analysis may conmveniently be
used, with appropriate modifications, for the study of transient events
such as Forbush Decreases, A study of a particularly unusual type of
transient event is reported in Chapter 7. This event is a sudden decrease
in cosmic-ray intensity, but displays a mumber of features which distinguish
it from mormal Forbush Decreases. Possible mechanisms for normal Forbush
Decreases are discussed, and it is suggested that this event may have been
associated with a situation in which the magnetically disturbed region

of space was principally located to ome side of the ecliptic plane.
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CHAPTER. 2,

TERRESTTAL IODULATIONS — DIRECT AND IIDIRECT.

2,1 INTRODUCTION

Any measurement of cosmic ray intensity made within the earth's
atmosphere represents the free space intensity in the direction of view-
ing of the detector only indirectly, since the incoming cosmic rays are
modulated successively by the ggaomagnetic field, the atmosphere, and the
detecting instrument itself. The total modulation will be a product of
these effects and may be expected to depend on the magnetic rigidity of
the primary particle and its direction of arrival at the top of the
atmosphere, the type of secorndary particle produced, the type and
geographic location of the detector, and the atmospheric structure above
it. Consequently before any deductions can be made corncerning free
space cosmic ray fluxes, both isotropic ard anistropic, the effects of
these modulations must in some way be eliminated, We are concerned in
this thesis primarily with sea level neutron monitors arnd hence the main
attention in this section will be devoted towards them, However, we will

also use data from other surface and underground instruments, requiring

appropriate ad justments to the correction procedures in such cases,

It should be npoted that "Free-Space'", as used in the above context,
is used to describe the region outside the terrestrial magnetosphere., The
terms free-space flux, free-space anisotropy, etc., refer to the flux, or
anisotropy in the flux, observed outside the magnetospheric houndary by

an observer in the frame of reference of the moving earth.

When dealing with the various corrections necessary to determine
free space conditions from grourd level observations, it is useful to

divide the corrections into time-dependent and time-invariant groups.
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The former comprise the corrections for varying atmospheric structure
whilst the latter are those for deflections in the geomagnetic field and
the energy and geometric sensitivities of the detector. The detector
energy sensitivity incorporates the specific yield functioms which
essentially determine the transparency of the atmosphere for secondaries
produced by specific primaries. It is not of course totally true to
assume the magnetic field is time-imvariant. - However, for many cosmic
ray purposes it can be so treated, at least to a first approximation,
making appropriate corrections at a later stage in the analysis. 1In

the case of the quiet time diurmal variation, allowance may need to be
made for the deformation of the magnetosphere by the solar wind, com=-
pression on the u.pwind side and stretching out to a pear drop shape on
the dowvnwind side. Forbush decreases are usually accompanied by magnetic
disturbances and these may need to be considered., Greater attention will

be given to these matters at the appropriate points in the text.

2.1,1 Magnetic Observations

Primary cosmic rays, excluding the numerous but hard to detect
neutrims, are mostly protomns, which form about 887 of the particle
flux observed in free space near the earth. The majority of the remainder
are alpha particles, together with a percent or so of heavier nuclei.
There is some evidence for the existence of neutrons of solar origin
during disturbed periods (Apparao, Daniel, Vijayalakshmi and Bhatt; 1966),
but their proportion appears low and their energy seems insufficient to
penetrate deep into the atmosphere, certainly not to sea level. In
computing the path of an incoming cosmic ray we are therefore faced with

the problem of the motion of a charged particle in a magnetic field.



Early investigators, attempting to define a mean direction of
viewving of their cosmic ray detectors, made use of a centred dipole
magnetic field and basic Stormer theory. It was found that this did
not give really satisfactory agreenent between observations made at
various stations, Later the offset dipole field was employed and this
too was fourd to have shortcomings when inter-station comparisons were
made., lMore recently, more complex models of the geomagnetic field,
imvolving spherical harmonic expansions to several orders, have become
available, and these have formed the basis for most recent studies of

cosmic ray variations. The present work is no exception.

A number of sets of such spherical harmonic coefficients mow exist,
the degree of expansion used, and consequently the number of coefficients
obtained, varying somewhat. An amalysis by Hurwitz, Knapp, MNelson and
Watson (1966) goes to 12 degrees. [Farlier expansions tended to be smaller.
Those of Finch and Leaton (1957) and Jensen and Cain (1962), for example,
went only to 6 degrees, All the analyses use common basic data, as many
magnetic observations as can be obtained from various parts of the world,
up to 450,000 observations. Rejection and preliminary smoothing techniques
differ, as do the epochs to which the results apply. The degree of
expansion used only partly reflects the extra data available to the later
investigations, it is also based on criteria invdlving the investigators
view as .to the reliability of the higher order terms, the amount of

computing time available, and the immediate likely use of the results.



From the cosmic ray viewpoint, all expansions have certain common,
although unavoidable, disadvantages., Firstly, the observations on which
the amlyses are based are far from equally distributed over the surface
of the earth., Naturally there is a preponderance of observations in
the more populated regions, and from the more densely trafficked sea
routes, This means, in effect, mid and low .latitudes. The paucity of
reliable data from Antarctic and Asian, and to a lesser extent Arctic,
regions is commented on by all workers and they caution against unthinking
use of their results in such areas. Even Hurwitz et al, having access
to PROJECT MAGNET world-wide data gathered over several years by the
United States Naval Oceanographic Office, find large areas of Antarctica
imadequately covered. It is mot a good assumption that a numerical
description of the field which gives a good fit to the mid= and low-
latitude observations will necessarily give an equally good fit to the

actual field elsewhere on the earth's surface.

Secondly, the amlyses are performed on observations of magnetic
field intensity on the surface of one shell only, that comprising the
earth's surface, unless some satellite data obtained at heights of ome
to a few hundred miles are included., Backus (1970) has shown mathe-
matically that it is possible to comstruct, from magnitude data obtained
on the surface of a sphere, two models which vanish at infinity, agree
everywhére on the observational surface, but which differ throughout the

intermediate region. It is therefore not possible to determine a uniquely



correct set of harmonic coefficients from the available observations, even
assuming that the latter are perfectly accurate and evenly distributed.

In practice, fortumately, the various models obtained by different
investigators are not disastrously different (compare, for example, the
Finch and Leaton, and the Jensen and Cain, field expansions). Even so

it is ot valid to assume without qualification that these models will
give as good a fit to the actual field at some distance above the earth's
surface as they do at ground level. Care must therefore be taken when
extrapolating upwards (Cain and Hendricks, 1964; Cain, Daniels, Hendricks
and Jensen, 1965). Since we are interested in trajectories of charged
particles incident at the top of the atmosphere at such places as Wilkes
and Mawson in Antarctica, and further we require to calculate the
trajectories inward from the magnetopause, we must take account of these
limitations. Thirdly, we need some criterion to enable us to obtain the

expansion best suited to this purpose.

There is at present nothing which can be done concerning the first
objection., It is found in high latitude regions that strong magnetic
focussing effects exist for particles of rigidity below about 20 GV, i.e.
regardless of their zenith and azimuth angle on arrival, they all come from
a restricted region of the celestial sphere. The effect of amy field
errors will therefore presumably be to shift such regions bodily. If
appreci;ble such shifts, particularly in longitude, might show up in
inter-station comparisons. Small errors of order a degree or two would
not be easily detectable, except possibly during the onset phase of a

flare of solar protons sufficiently energetic to be observed at ground

level.
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The lower reliability of the field expansion at increasing
distances from the earth is compensated by the lower magnitude of the
field, resulting in errors becoming proportionately less serious for
particle trajectory éalculations. The higher order tems, being
relatively small even at ground level, become progressively less
significant and are therefore gradually omitted from the calculations
as the radial distance increases. This can be opposed by the increasing

effects of any external magnetic sources such as ring currents,

Up to the present time most of(the non-dipole trajectory calcu-
lations for cosmic ray studies have used the Finch and Leaton simulation,
based on the 1955.0 epoch. This is, partly at least, a historic accident
in that this field was available when the firét such calculations were
being performed. In the absence of any demonstration of the superiority
of any of the other expansions, the use of this field has been contimed
by most imvestigators to facilitate intercomparison of results., It has
been shown by Shea, Smart and McCracken (1965) that the use of other
simulations, in particular that of Jensen and Cain, does not produce
a significant difference in the effective vertical cut-off rigidity

obtained, although the pemmbral structure is notably different,

Table 2.1 compares asyanptotic directions (section 2.1.2) calcu-
lated for vertically arriving particles at Mawson using different field
expansions, The RIS differences between the two sets of directions

are about 0.9 degrees in latitude and 0.4 degrees in longitude.
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Very similar differences are fourd for particles arriving at Mawson

from inclined directions., Such differences are insignificant.

Asynptotic . Asymptotic Asymptotic
o Lat Lat Lat Lat Lat Lat
Rigidity Lon  Lon Rigidity Lon  Lom  Rigidity Lon  Lon
Gv) FL JC V) TL Jc (GV) FL JC
C.9 9,0 6.9 8.5 -38.9 =39.7 35 -48,7 =49.1
61.5 60.4 52.3 51,8 69.9 69.5
1.5 - 3.8 =5.1 9.5 -38.5 -~39.3 45 ~52.7 =53.0
56,0 55.7 50,0 49.6 71.2 70,8
2.5 -15,7 -17.2 11.0 -36,9 =37.6 55 ~55.4 =55,7
55.6 55.3 49,5 49,2 71.5 71.1
3.5 ~21.3 ~=22.6 13.0 -35,5 =~36.3 65 ~57.4 =57.6
55.5 55,3 51.9 51.6 71.3 71,0
4.5 -27.3 =28.0 15,0 ~35.6 =36,3 75 -58.,8 =58.9
51.5 51.1 55.1 54,8 71.0 70.7
5.5 -2608 -2708 17.0 -3605 -37l3 85 -5909 -6000
5445 54,4 58.2 57.8 70.7 70.4
6.5 -32,3 =33.4 19.0 =37.9 =38.6 95 =60.,7 =50,9
574 57,2 60.8 60.4 70.3 70.0
75 =-37.2 =38.1 25,0 -42.,6 =43,2 150 -63.3 =063.5
55.6 55.2 66,1 65.7 68.5 68.3
Table 2.1

Asymptotic Directions of particles incident vertically at
Mawson, caleulated using Finch and Leaton (FL) ard Jensen ard Cain

(JC) field emponsions. The FL values are from McCracken et al

(1985). JC directions by the author.
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Since the calculation of the trajectories used in this thesie
an International Geomagnetic Reference Field (IGRF) has been published
(IAGA Commission 2, i969). The field was chosen by a Working Group of
the International Association of Geomagnetism and Aeronomy to represent
the field of internal origin and its secular variation, The IAGA
recommend the use of this field in future work for epochs 1955.0 to
1972.0. For later dates it will be updated as required., It seems

clear that this should be used for future cosmic ray calculations,

2.1.2 Trajectory Calculations

It is possible to calculate the motion of a charged particle through
any magnetic field provided the initial conditions of motion of the
particle are known and the field is explicitly determined at all points,

The relevant equation of motion is, in the Gaussian system,

’

- d’r o ¢ dr . g
= =(— = B 2.1

where e and m are the particle's charge and inertial mass, ¢
is the velocity of light, and r and B are the position and magnetic
induction vectors. In the general case there is no amalytic solution
to this equation for a2 non~uniform field, and mumerical integration becomes

necessary.
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In practice we wish to know the direction, termed the asymptotic
direction of approach, from which the particle was'travelling at entry
to the geomagnetic field when it is observed to arrive at the top of the
atmosphere at some particular geographic location A,n with particular
zenith and azimuth angles 6 arnd” Y. If we calculate the trajectory of
a negatively charged particle ejected from A,n in a direction specified
by 6,0 and having energy E, equation 2.1 shows that the trajectory will
be the same, but traversed in the opposite direction, as that of a
positively charged particle of the same energy observed to arrive at
Aynn from the direction 6,), Clearly the direction of motion of the
negative particle on exit from the field will give the required

information,

The composition of primary cosmic rays has already been mentioned,
Neutrinos do not affect normal types of cosmic ray detectors and can be
completely ignored for the present purposes, TFor the charged particles
with vhich we are concerned it would clearly be unsatisfactory to consider
protons alone since a significant proportion are nuclei of helium and
heavier elements. We may, however, define magnetic rigidity R in

the usual way, as the momentum to charge ratio of any particle.

ze 2,2

Particles of equal rigidity have equal gyro-radii and therefore identical
paths in a magnetic field., All calculations and results in this thesis

are in terms of rigidity unless otherwise noted,
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McCracken, Rao and Shea (1962) published the first set of
trajectory results, together with their Fortran computer programme.
Since then, several other sets of results have appeared using the same
prograrmle, including‘ those of McCracken et al (1965), Shea et al
(1965, 1968), Kondo and Kodama (1966), Daniel and Stephens (1966), and
Shea and Smart (1967). Doubtless publication of similar results will
continue, In all cases, the end results are asymptotic directions of
approach for various particles with specif‘ied E;, A, n, 8, and Y. The
directions are given as coordinate pairs in a terrestrial centred

spherical polar coordinate system.

The programme performs numerical integration of the trajectory
of a negative particle projected from the top of the atmosphere above
the detector in the manner already described., It employs the fowrth
order Runge~Xutta method of integration. As the radial distamce of
the particle increases, the higher degree terms of the field become
progressively less significant and therefore the field expansion is
gradually truncated. Beyond 10 earth radii all terms of the third order
and higher are disregarded. The calculation is stopped

(2) when the particle reaches a predetermined distance from the
earth, the assumed position of the magnetopause, or
(b) when the particle re-enters the atmosphere, indicating a
forbidden trajectory, or
(c) when a specified number of integration steps have been
performed without either (a) or (b) eventuating.
For fuller details of the basic programme and its method of operation,

reference should be made to McCracken et al's document.
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Many of the asymptotic directions required for this thesis have
been taken from the abovementioned publications. However, asymptotic
directions other than those published have been needed, and in any case it
was ot kmown at the outset just what would become available elsevhere,
It was therefore decided to calculate trajectories and asymptotic
directions on the then newly available Hydro-University Elliott 503
computer using McCracken et al's basic programme., The only programming
language available on the 503 is Algol and translation of the Fortran
programme was therefore necessary. During the translation a number of
additional features were added. These permit automatic calculation of
one or a series of directions at fixed or individually specified rigidity
intervals; more detailed internal back tracking if an excessive calculation
error is detected; and facilities for automatic cessation of computation
after a given time has elapsed and for manual interruption of the programme
by the computer operator; in both cases a new data tape specifying the
uncalculated trajectories being produced. The programme will also
automatically stop if a pre-determined number of successive trajectoriés
in the same direction but with different rigidities are re—entrant, for
use in calculating cut-off rigidities. This feature has been particularly
useful for viewing cone and penumbral studies (Cooke, 1971; Cooke and

Humble, 1970).

It has been the practice of most authors to cease calculations at
a distance of 25 er (earth radii). 1o explanation of this figure has
been given. ©Possibly it originated as a likely mean value for the

distance of the magnetospheric boundary. It is mow kmown that, due to
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the effects of the solar wind, the magnetosphere is compressed on the
sunward side with the boundary lying at 10 to 12 er, or less, whilst on
the night side the nzégnetic field lines are drawn out into a tear drop
shape, the boundary being rather ill defined but apparently extending at
least some tens of earth radii. Calculations of asymptotic directions
on the basis of a spherical magnetopause of radius 25 er therefore result
in only approximte values of the true asymptotic directioms. Ahluwalia
and McCracken (1966) have demonstrated the local time dependence of the
error, and noted the effect on the observed solar daily variation, using
varying degrees of compression of the sumward side of the magnetopause.
The problem is complicated by the dependence of this compression on

general interplanetary conditions and the mean solar wind velocity.

In addition to the regular variations in the magnetosphere as the
earth rotates beneath it, there are the more erratic variatioms in the
real field due to terrestrial magnetic storms, sudden commencements,
etc. Such events have their origin in solar disturbances, being
transmitted to the earth by the solar wind., The precise configuration
of the geomagnetic field cannot be determined at each instant under such
cénditions and hemce detailed trajectory calculations are impossible,

In any case even were the f£ield known explicitly the computer time
involved in calculating trajectories for each individual configuration
would be prohibitive. We must therefore proceed by calculating average
trajectories and then making corrections as best we can for imdividual

departures of the field from the normal mean configuration. For com=

patibility with other results, trajectories calculated at Hobart for
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the present studies have been termimated at 25 er, All the trajectories

used neglect the effects of a magnetospheric ring current,

The cessation of calculations when a particle re-~enters the
atmosphere is self evident. Such an occurrence indicates that the
particular trajectory, and therefore the particular combination of rigidity
and arrival direction, is inaccessible from outside the magnetopause;
such an incoming particle first strokes the atmosphere at some other
point, as shown in Figure 2.1, The decision when to cease calculations
as a result of trajectory complexity is a little less straightforward,
since a particle with such a trajectory may or may not f£inally be re-
entrant. Ahluwa:;.ia and McCracken's figure 2, reproduced here as
Figure 2.2, shows the trajectory of such a particle after carrying the
calculation to 25,000 integration steps. The outcome is still indefinite,
but inspection of the trajectory shows that it is likely that a small
variation in the field could make a notable difference in the outcome,

In consequence the value of carrying calculations to this length can be

questioned, especially as the computer time involved is considerable.

The computers available to McCracken, Shea, and their co-workers
run at about 1000 integration steps per minute on complex trajectories,
In the early publications, they ceased calculations and reported
"Integration Failure" after 3,000 integration steps; later publications
have used limits of 10,000 and 15,000, partly for close determination of

penumbral structure, They state that it is their experiemce that such
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Figure 2.1. Trajectory which just touches top of atmosphere at some distance from final
entry point. 14,50 GV particle incident at Rockhampton, Australia (-23.37, 150.48 deg.

geographic).  Asymptotic direction at 10 er is (9.86°, 113,70°), Trajectory is viewed

from point divectly above point (-10°, 260°).  1his trajectory is allowed. A slightly

closer approach to earth at initial approach point would result in capture at that point,
and the combination of rigidity and arrival dirvection would be forbidden at Rockhampton.

Plot due to D.J. Cooke.
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long and complex trajectories are generally eventually re—-entrant, and
also that the cumulative errors inevitable in such calculations are
still not serious, (This point can be demonstrated by reversing the
sign of charge and velocity components of the particle on reaching the
magnetopause, retracing the trajectory, and showing that the particle
does in fact re-enter the atmosphere at its initial point of projection.)
The Hobart computer is only capable of 300 integration steps per minute
in such conditions when programmed in Algol, and hence a 3,000 step
limit was applied. It was found that rewriting the field evaluation
sub-routine and integration section in machine code raised the speed by
a factor of about 2.8. The resultant programme is closely tailored to
the available computer and could omnly be run elsewhere on computers of
the same model. ‘It should be nmoted that the run time of a programme
of this type written in Algol, Fortrén, or a similar language, will

in general be longer than that of the same programme written in machine
code, due to extra facilities provided by the general purpose compiler

which the individual programme may not require.

Another method of calculating directions has been suggested.
Webber (1963) has demonstrated that for geomagnetic latitudes greater
than 45° in either hemisphere, and rigidities below 5GV, single parameter
familiés of trajectories, called mnullbahnen, may be utilised to provide
asymptotic directions of all members after only one member has been
calculated by numerical integration, Within the limits quoted, the

asymptotic directions thus obtained usually agree within +2° with those
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obtained by direct integration. The method has not been used here
since relatively few of the required trajectories which were mot avail-

able elsewhere fell within its limitations.

2.1.3 Asymptotic Cone of Acceptance and Viewing Region

The asymptotic direction of approach of a cosmic ray primary has
been defined as the direction from which the particle appears te be
travelling when it comes under the influence of the geomagnetic field.
We have already seen that we have considered this to occur when the
particle is located 25 er from the centre of the earth, Ve could,
however, had we wished, have taken it to be the direction from which the
particle appeared to be travelling when it entered the interplanetary
magnetic field, or indeed at any other place where the direction of
appearance is of interest., 1In this thesis, the term "Asymptotic
Direction of Approach" will refer to the direction of appearance of the

incoming particle at 25 er, unless otherwise specified,

The asymptotic cone of acceptance may be defined as the solid angle
containing the asymptotic directions of approach of all particles capable
of reaching the detector. As such, it is a most useful comcept but is
ot easy to depict., It is perhaps easier to think of the Viewing Region,
being the surface of intersection of the asymptotic come and the celestial
sphere, It is therefore the totality of the free-space directions which
the detector sees. With individual directions plotted on an asymptotic

latitude~longitude grid, the Viewing Region appears as the envelope of
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all such directions. TFigure 2.3 shows asymptotic directions of approach
for particles of various rigidities arriving at a mid-latitude station
from five selected difections. Four of the arrival directions have
zenith angles of 32° (see figure 2.5 and associated discussion) and the
corresponding asymptotic directions lie near the edge of the viewing
region. The latter may then be approximately obtained by sketching

the emvelope of the indicated directions (Figure 2.4b).

Even under corditions of completely isotropic flux, equal areas
in the viewing region do mot contribute equally to the instrumental count
rate., Particles whose rigidities lie between 1 and 10,000 GV, corres~

13

ponding to proton energies of 109 to 1077 eV, contribute more than 997

of the sea-level neutron monitor count rate. In this range the primary

. -1.7
spectrum varies as E ~°

, and therefore those parts of the viewing region
which are seen by means of the lower energy particles in the range will
contribute a large proportiom of the count rate. Even if this were not
so, the nonuniform distribution of asymptotic directions within the
viewing region would ensure non-equal contributions to the count rate.
Typical viewing regions are shown in Figures 2.42 and 2.4b., where an
attempt has been made to indicate the regions of major contribution to
the count rate., These form relatively small parts of the entire region.
This is particularly true for a high latitude station such as that shown
inFigure 2.4a. The mid-latitude station shown in Figure 2.4b has a
rather different distribution. 1In this situation the only possible

approach to computing the response of a detector to any particular free-

space flux is by numerical integration over the entire viewing region
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giving appropriate weight (according to primary spectrum and coupling

coefficients) to each part of the region.

In figures 2.4a and 2.4b the edge of the viewing region is
defined usually by single asymptotic directions., We shall see later
that the choice of the particular trajectories giving rise to these
directions is somewhat arbitrary, both in total number and arrival
directions., In practice, the viewing region must be delineated with
a relatively small total number of asymptotic directions, rather than
the large number envisaged in the original definition. At low energies
it is apparent, from these figures,that for a given rigidity below
10 GV the asympto.tic direction is weli-nigh independent of the arrival
direction at the top of the atmosphere. At rigidities above about
100GV this is not'true, and due to our arbitrary choice of arrival
directions the viewing region is mot clearly delineated at such rigidities,
at least to within 5° or 10°., The percentage contribution to the count
rate at such rigidities is, for a neutron monitor, low and the poor
resolution is acceptable. In view of this, and other approximations
which have to be made in the treatment which follows, it is sufficient
to redefine the asymptotic cone of acceptance as being the solid angle
encompassing all asymptotic difections which contribute significantly
to the count rate. This is the definition usually found in the

literature.
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Having a knowledge of the asymptotic cone of acceptance, we may
then determine the counting rate of a detector in the presence of any
flux, if we can explicitly allow for the various modulations occurring
in the atmosphere and detector, Following Rao, McCracken and Venkatesan
(1963) we will divide the hemiséhere above the detector into a mumber of
small solid angles Ow , in the direction 60,y where 6 and Y are the
zenith and azimuth directions of arrival of a primary particle at the
top of the atmosphere, Similarly, we will divide the whole 4T of
possible asymptotic directions into a nmumber of smnall solid angles
80, If the cosmic ray differential rigidity spectrum for particles
coming from 82 is J(6Q, R), then the flux observed at the top of the
atmosphere in the directiorn & is, by Liouville's theorem, J(8Q,R) if
Sw “s accessible from 8Q, else it is zero., At the detector, in the

accessible case the count rate due to this flux is

8C(Sw,6Q,R) = 8C(0,0,82,R) = J(82,R).T(R,0,¥) .50 2,3

where T(R,0,0) is a transmnission factor of the atmosphere and detector.
We will assume that the latter is a separable function of rigidity ard

direction and therefore
T(R,0,¥) = SR).D(O,¥)

Considering that equation 2.3 holds for all particles im the rigidity

rangze R to R + dR, and identifying the individual &Q as Qi we may
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write

GC(G,xp,Qi,R) = J(Qi,R).D(e,lp).éwdR
and, surming over all  dw,

A0, R) = J(Qi,m.scm.*z(szi,z{) &R ' 2.4

vhere Y(Qi,R) is the sum of all D(0,Y¥) over all directions 6,y which
are accessible from Qi for particles in the rigidity range R to R

+ dR,

If radiation is isotropic, J(Qi,R) becomes JO(R) for all Qi,
and we may integrate equation 2.4 over R, obtaining the total instru-

mental count rate

N = f J_(R).SR).Y(4T,R) dR ‘ ‘ 2.5
o

The actual differential count rate of a detector has been defined

(Dorman, 1957) as

&le:
2l

WQR) = 2.6
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Tables of W(R), called coupling coefficients, may be prepared by
considering the results of experiments with mobile detectors operated
in different sites fof which the cut—off rigidities are kmown. Such
tables have been published by Dorman (1957), Webber and Quenby (1959),
Mathews and Kodama (1964), Lockwood and WVebber (1967), and others.,
They incorporate the primary spectrum J(R) and the atmospheric and
instrumental modulation term S(R), and therefore differ with different
spectra, Mathews and Kodama produced sets of W(R) for both solar
maximum and solar minimum conditions. Since W(R) contains atmospheric
modulation, individual sets are valid only for the atmospheric depth
for which they were prepared. Usually sets are given for sea level

and some height around 700 gm.cm-2 (about 10,500 ft.).

Examination shows that de in equation 2.6 equals the term inside

the integral in 2.5, Therefore

SR) = NW(ER)
Jo (R) Y (4T,R)

Equation 2.4 then becomes

IQR) | Y@QR) o

J,®)  ¥(4mR) 2.7

K@ ,R) = NHE).
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We are interested in anisotropies in the primary radiation.
These are generally observed as deviations from the normal count rate

of a detector, and therefore are thought of usually in the form dN/N.

We may write J(Qi,R) = JO(R) + AJi(R). Integrating equation

2,7 ard making this substitution, we find

r AT, ®) Y@ ,R)
c(ﬂi) = co(ﬂi) +Aci(Qi) = f N (R) 1+ Jo(R) . Y(znr,R)‘d*
) \
But dN(Qi) - Aci(‘Qi)
N N
) -]
Therefore dN(SZi) AJi(P.) . Y(Qi’R) . 4R
N = WER). SO N (T -
0
and the observed quantity
o0
an o AJ. R) Y(2,,R) ;
'ﬁ" = E I’J(R)O J (R) . Y(A,n.’R) o« dR
i=1 © : 2.9
0
n
where : 2 Qi = 47
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It follows that we can compute the response of any detector to
a specified anistropy if we know the coupling coefficients and sufficient
about the asymptotic comes. The accuracy of the calculation will depend

on the number of directional elements Qi chosen.

To accurately evaluate equation 2.S, we obviously need as many
areas Qi as possible, thus requiring a large mmber of asymptotic
directions. We have already discussed the time consuming aspect of
these calculationsy individual directions take anything from 10 seconds
to 1 minute to compute in reasomably straightforward cases, and can
easily extend to 5 minutes for complex trajectories in the penumbral
zone. It is therefore necessary to determine the smallest number of

Qi which will adequately describe the response of the detector.

We have seen that, at least at low rigidit‘:ies, the asymptotic
direction of a particle is only slightly related to its arrival direction.
About 787 of the count rate of a high latitude sea level neutron monitor
is due to primaries of rigidity below 100 GV, and it is therefore apparent
that it may be possible to use a fairly small number of "Qi' Rao et al,
employing the same assumptions used in deriving the Gross transformation
(Janossy, 1948), have demonstrated that the counting rate of a neutron
monitor -as a function of zenith angle of arrival is roughly in the ratio
1:434 for the annuli 0°<.0 < 8; 8% < 0 < 24% and 24° < 6 < 40°,
This is grossly independent of whether the monitor response in a parallel

beam of high energy nucleons is assumed to be independent of, or cosine

dependent on, the zenith angle of arrival of the nucleons. It 1s
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reasomble to state that the sepsitivity of a monitor 1s independent of
azimuth, and Rao et al therefore divided the annular rings for &P << 240,
and 24° < 6 < 400, into four sectors centred on geomagnetic North, East
South and West. They then approximate that if, for the rigidity R, a
direction eo’wo is accessible from Qi, then for all rigidities between

CRk-l + Rk)/z and (Rk + Rk+1)/2 all arrival directions specified by

60 > 8% and bounded by 90 £ 8°, and IIJO t 450, are accessible from SZi.

For 90 < 80, the approximation applies to the entire solid angle defined

by 90 < 80, independent of Y. The resultant sectors of arrival are

depicted in Figure 2.5,

It muét be decided whether the above is in fact a reasonable
assumption., Phillips and Parsons (1962) have experimentally determined
the zenithal dependence of count rate of a neutron monitor, using a stone
quarry to intercept the incident flux in one direction. Their results
are plotted, in differential and integral form, in Fiéure 2.6 together
with the mean of the two rather similar theoretical curves used by Rao
et al, The theoretical values assume there is no scattering of fast
neutrons in the atmosphere, in that all members of the nucleon cascade
are assumed to be travelling in the same direction as the primary. This is
certain to be untrue. Such scattering would lead to a relatively higher
contribution to the count rate from higher zenith angles, exactly the
situation observed by Phillips and Parsons. Whether the extra contribution
is as nuch as their evidence suggests is debatable., They remark the
possibility of contaminmation by fast neutrons scattered in the quarry
face, and also a possible contribution from thermal neutrons produced in

the rock (Phillips, 196l)., There is need for further work on this problem,
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Figure 2.5. Sectors of equal contribution to neutron monitor count

rates.
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Whilst the use of 9 arrival directions appear to be satisfactory
for neutron monitors, it will not be so when detectors having a higher
nean energy of response are imvolved. In the extreme case, for undergrourn
muon telescopes at 36 m.w.e., Jacklyn and Humble (1965) have shown that it

is necessary for some purposes to consider more than 500 directions,

2.1.4 Variatioml Coefficients

In studying any anisotropy we are generally considering the case
of a detector at a fixed location on the earth with its cone of acceptance
sweeping across the anisotropic region as the earth rotates. We are
therefore especially interested in the varying response of the detector
in asymptotic longitude. It is useful therefore to consider an asymptotic
longitude belt j, defined by the meridians 1,-')5 t AY, Ve may then sum

equation 2.8 over all Qi. lying within j and obtain

E%P.il = 3 W(R).JA(R).Y(Qi’R) dr 2,10
Y v Y (4T,R)

e

vhere JA(R) is the spectrum of the anisotropy AJi(R) /JO(R) .

The right hand side of equation 2.10 is frequently referred to as
v(zpj), the variational coefficient corresponding to the jth longitude
belt ard the particular variation spectrum JA(R). Variational co-
efficiet}ts V(Qi) or V(Ak)’corresponding to the solid angle Qi, or
latitude belt A.k may be calculated in a similar fashion., In this thesis,
we shall be concérned exclusively with v(lpj), and will refer to it as
v(j). It is emphasised that numerical values of variational coefficients

have no meaning unless the particular variatiomal spectrum to which

they refer is also given.
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For the reasons already mentioned in the discussion on arrival
directions, we cannot compute asymptotic direction for an infinite numnber
of rigidities. It is sufficient instead to calculate them for a number
of rigidities, the intervals being chosen so that there is a relatively
snall change in asymptotic directions when going from one rigidity to the

next. Ve can write, from 2.10,

Y(Q,,R,) Ry ~ %
. _ ‘ 1 1Y ° T+ 1 k"-:l
V(J) = L!Z)j 2’ Iy(Rk) eJA(Rk)“ Y([”T’Rl’) 2 2511

v

This equation is the basis for all subsequent work,

In order to gbtain the various v(j) we need to evaluate the terms
Y(Qi,Rk)/Y(lm,Rk). They represent the fractional contribution to the
count rate due to the primaries in the kth rigidity group coming from
the region Qi. In practice, however, we do not sum over all S'Zi but
rather over W . the arrival directions, of which we have considered 9
to be adequate. Equation 2,11 is evaluated by taking each rigidity in
turn and computing the contribution to some v{j) from each arrival direction
The value of j 1is determined by the asymptotic longitude. 1In these
circumstances, Qi is the asymptotic direction corresponding to Ws s
and Y(Qi,Rk) takes the value 1 if Wy is accessible from Qi’ or zero
if it is mot (implying in fact a forbidden arrival direction). Y(Zm,Rk)
is then the mumber of arrival directions at rigidity R, which are

k

accessible from any asymptotic direction at all.

Tables of v(j) have been published (e.g. McCracken, Rao et al, 1965)
for various assumed spectra of the daily variation. The present work

required the use of spectra and stations other than those published; it
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was therefore decided to compute all the variational coefficients required.
Sample sets have been compared with llcCracken et al's results and found to
largely agree. The small differences are thought to be due to different

treatments of the detector response close to cut-off,

Variational coefficients by themselves only appear to be useful
in thé study of transient anisotropies. In the diurnal (or semi~-diurmal)
case we are actually interested in the phase and amplitude of the vector
due to the anisotropy. Sets of v(j) are tools for such determinations.
It has been found preferable, for.a particular station ard variational
spectrum, to generate sets of v(j) and then to use them, in the same
programme without explicit output, to generate the required amplitude
and phase information. The principal advantage of this approach is that
the amount of data required to be output by the computer per station

spectrum is reduced from 72 to 2 items.

One further approximation is necessary. In the penumbral region,
the asymptotic directions can change very rapidly with small changes in
either rigidity or direction of arrival. In particular, the assumption
that, for a particular arrival direction 8,y if ©,) is accessible
from Qi’ then all 0 % 80, (U 45° is accessible is quite untenable, since
a small change in arrival direction could zasily result in that direction
becoming totally inaccessible, or vice-versa. However, we can reasonably
assume that, in most cases, the error so caused is small, and that greater
error would be incurred by omitting such terms altogether. This last

assumption has been made in the present work,
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i

It is necessary to show that the various approximations made in
obtaining the variational coefficients are in fact acceptable., To some
extent, errors are going to be dependent on the form of the variation
spectrum used : 1f the-latter were of the form const,. R-l's,
for example, errors in determining asymptotic directions at high rigidities
wouid be negligible, whereas penumbral errors could be serious; in the

case of a const. R+l‘5

spectrum, the reverse would be the case, It is
in fact found that, in the case of the diurral variation, the spectral
exponent is of order zero. In this case therefore errors in asymptotic
directions or coupling coefficients at either end of the spectrum can in
principle contribute to the overall error, It is found, however, that

the variation is constrained to the region below about 100 GV, and most

of the error will come from errors in the penumbral region.

2.2 ATHOSPHERIC FFFECTS

Reference will be made in Chapter 3 to the history of investigations
concerning the correlation between atmospheric structural changes and
observed ground level changes in cosmic ray intemsity., It is sufficient

here to detail the main effects.

The charged secondary flux observed at ground level is dependent
on the quantity of air traversed (the mass absorption effect, sometimes
called the barometric effect), on the height of the atmospheric layer
wvhere the majority of the secondaries are produced (negative temperature
effect), and the actual temperature of that layer (positive temperature

effect), as well as on variations in the incident primaries. The



relative proportions of each of these effects differs according to the
effective energy threshold of the detector. Approximate magnitudes are

given in Table 2.2,

High Latitude Underground (llobart)
Vertical Cubic Vertical Semi-Cube
Muon Telescope at 36 m.vw.e.
Partial Pressure Coeff (%/cm.Hg -1,55 -0,59
Negative Temp. " (Z/km) ~4,8 -0.46
Positive " " (Z/OC) +0,05 +0,02
Total Pressure " (Z/cm.Hg) -1,87 -0.65

Tabze '2.2
Approximate values of some atmospheric correction co-
efficients. Since the parameters depend on the primary

spectrum they are Llikely to vary slightly through the solar
cyele.

Tvo pressure coefficients appear in table 2.2. The partial
coefficient is obtained from 4~fold correlation analysis of observed
cosmic-ray flux, atmospheric pressure, amd temperature and height of
the production layer. It is used for data correction when all these
quantities are available, The total pressure coefficient is an attempt
to summarise the effects of changes in atmospheric structure in a single
measurement, £or use on occasions when height and temperature measurements
are unavailable or vhen, as in the case of underground observations, the

ltemperature coefficients are small, These matters are further discussed

in sections 3.2 and 5,2.
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For the neutron component of the secondary flux the situation is,
nominally, rather simpler. The only major effect is that of mass
absorption, but unfortunately the coefficient is large, of the order
0.7 Z/mb, Writing the corrected count rate N' which would be observed
at a standard pressure -1; as a function of the observed count rate N and

pressure p we have

N = N exp El’—:—B; 2,12

where A 1is the attenuation length, usually given as around 138 gm/cmz.

P is normally the mean pressure at the station.

Whilst the use of this equation would appear simple enough, two
problems arise. Due to the magnitude of A, and the consequent large
correction coefficient, the pressure measurement used requires high
accuracy. In addition, doubt exists as to the correct value of A to
be applied to any particular instrument at any time. Use of this
equation also makes the umavoidable assumption that the barometric
pressure above the detector is a good representation of the mass of air
traversed by all secondary particles, many of which reach the detector

from imclined directions,

2.2.1 Mass Absorption Coefficients

Determination of a suitable pressure correction coefficient for
neutron monitors is usually difficult due to the simultanecus occurrence
of pressure and cosmic ray primary intemsity variations. Error tails on

the results obtained tend to be * 2 or 37. Various attempts have been



38,

made to obtain more accurate estirmates, either by use of a number of short
segments of data and assuming that m gemuine primary variations occur
during the period (e.g. Forman, 1965), by use of a second station as a
control to elimimate such variations (e.g. McCracken and Johns, 1959),

or by use of a filtering procedure to eliminate large primary intensity
variations, usually in combination with a control station (e.g. Lockwood
and Kaplan, 1967). Forman concluded that, for Climax and Chicago, there
were m significant changes in the mass absorption coefficient between
1952 and 1963, Lockwood and Kaplan, on the other hand, found distinct
trends for the iount Washington monitor, with a minimum value of the
coefficient occurring roughly coincidental with solar maximum. Bachelet,
Dyring, Iucci and Villoresi (1967, 1968) have confirmed this view worlking
with a cémbimtion of the above methods, and a number of stations. They
obtain minimum values of the coefficients in various years between 1957
and 1960, according to the station, but indicate a definite rise in the
values at each station, except llawson and Ottawa, betwveen solar maxirum
and solar minimum, They claim that the variation of these two instru-
ments from the generally observed pattern could be attributed to instru-
mental changes. They are supported by Forman (1967, 1968), who also
finds a solar cycle variation of about 0,04%/mm.Hz. to exist in sea level

high latitude monitors.,

The correction factor origimally used for all Hobart Group monitors
was =0.708 %/mb (~0.944 Z/mm Hg). This corresponds to an attenuation
length of 145 gm.cm-z. It was realised subsequently that this was rather
long, and on January 1, 1962, a new coefficient of -0.744Z/mb (~0.992%/mm

Hz, 138 gm.cm-z) was introduced, based on the work of l!cCracken and Johns,
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and Phillips\ (1961). Figure 2.7 shows the relationships between the
values of the correction coefficients estimated by Bachelet et al and
those actually used. Clearly, the attenuation length used up until

December 1961 was in error by about 7 gm.cm-z, about 5%, implying that

residual pressure effects exist in the pressure-corrected data.

2.2.,2 Accuracy of Pressure lMeasurement

The accuracy required in individual pressure measurements varies
according to the purpose for which the fimal results are required, and the
statistical accuracy of the recorder imvolved., Since the majority of
neutron monitor records are published for general use, these requirements
imvolve the removal of all systematic errors from the pressure recording
system and the reduction of statistical errors (such as reading the pressure
transducer) to a level which will not seriously enlarge the normal statis-—
tical variations due to the recorders mean count rate., Typical correction
coefficients lie in the range 0,68 to 0.72%/mb., The mormal IGY type
neutron monitor as used by the Hobart group has a count rate, at sea level
and high latitudes, around 35,000 cts/hr, giving a standard deviation
of about 0,5Z/hr or 0.1%/day. A pressure accuracy of * 0,2 mb in hourly
readings is satisfactory in these cases, provided that mno systematic error
exists., 1In the case ;af Super Monitors, of the type now operating in
many places, the pressure accuracy needs to be much better, say *0.05 mb

for an hourly average.

The pressure recording systems used by the Hobart group to date
have been based, for all stations except lMt, Wellington, on visual

averaging from a barograph chart which is changed daily. One hour's
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record on such a chart is 15 mm long, and the amplitude scale is 1 mb
equals 1.5 mm, The charts are calibrated every 3 hours by readings from
a mercury barometer at the local meteorological station. It is generally
thought that imaccuracies in this system will be of the order * 0.2 mb

for reading the barograph trace, * 0.1 mb for the calibrating barometer,

* 0.1 mb for trace width and * (.).l mb for hysteresis and sticking in the
barograph pen assembly. A total error of £ 0.5 mb is therefore indicated.
At Mt, Vellingtcn, prior to the destruction of the old station by fire in
February 1967, photographic recording was in use, and a 9" diameter dial
aneroid barometer calibrated in hundredths of an inch of mercury was
employed., Similar errors were likely with this instrument. It is clear
that, for super monitors, better pressure recording systems are necessary.
It is hoped at this stage to introduce digital recorders, which integrate
over the recording period, to all stations run by the Hobart group.

However the Mt. Wellington 6164 instrument still relies on a photographic
system, using a 9" dial aneroid calibrated in half mm. of Hg., and readable

to tenths mm, of Ilg.

Systematic errors in pressure measurements can stem from three
causes. These are faulty barometer calibration; correction to some
pressure other than the mean for the station ; or systematic errors in

L]

the barometer ra2adings due to outside influences.

The use of both barometer and barograph will detect any calibration
errors apart from possible zero errors in the barometer. It is mot
cormceivable that such zero errors could be large enough to affect the

accuracy of pressure corrections, provided that they do mot vary with

time,
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Use of an incorrect mean pressuwre for the station would be serious

only if an incorrect attenuation length were used. It is known (section
2,2.1) that an incorrect length was used at !lawson for several years, In
such a case, use of a grossly incorrect mean pressure for correction
purposes would increase the amplitude of the deviation of observed

pressure from the 'mean' value, -and hence increase the error in the
'corrected' pressure, lHowever, the annual mean pressure at Mawson

generally lies close to 990 mb, which figure has been used as the

correction mean.

Systematic errors in the barograph, and possibly the barometer,
therefore remain as the major sources of possible error. Several authors
have remarked on the possibility of hysteresis in the barograph giving rise
to a false component of the observed semi~diurnal variation in pressure-
corrected cosmic ray data, Whilst this possibility certainly exists, it
is difficult to check accurately. Evidence obtained by the Hobart group,
and others, from underground muon telescopes and surface ~neut:ron monitors
suggests that a genuine semi-diurnal variation does exist, Contribution
to this from hysteresis of the barograph camnot be ruled out, but does not
appear large, The reading of a barometer may also be seriously affected
by the flow of air past the instrument., The next section deals with the
theory of this effect; subsequent sections will detril measurements made

at Mawson, where high winds are prevelant.

2.2.,3 Wird Induced Errors in Barometer Readings

A barometer measures the apparent atmospheric pressure in its

immediate vicinity whereas we are, for cosmic ray purposes, interested
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only in the total air mess situated between the point of production of
the secondary particles and the detector, The region of atmosphere
through which most of the secondary particles pass, and in which many
are absorbed, is roughly a right circular cone, of half angle 450, and
apex at the detector (Section 2.1.3). The assumption has therefore to
be made that the reading obtained from a barometer situated at the
detector is in fact representative of the air mass within this cone.

In the presence of a reasonably homogeneous atmospheric structure this

is generally true, although the passage of "fronts" can cause systematic
errors at some stations (Jacklyn, 1954; Fazzini, Galli, Guidi, and Randi,
1968). When an air flowv exists past the barometer or its housing, there
will be a contribution to its reading due to the Bernoulli effect. Ve

may write

where P is the pressure reading obtained, P is the "static" pressure
reading which we require, Y amd v are the density and velocity of the

air and ¢ 1is an arbitrary constant,

Thé error in pressure readings thus caused can be large unless
either ¢ or v is small. Table 2.3 shows the magnitude of errors
which may be expected for ¢ = 0,0012 gm.cm-?’, correspording to

Po = 1000 mb and a temperature of 15%¢.
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Wind Speed v(m.sec-l)

c 10 20 30 L0 5
0.2 0.1 0.5 1.1 1.9 3.0
0.4 0.2 1.0 2.2 3.8 6.0
0.6 0.4 1.4 3.2 5.8 9.0
0.8 0.5 1.9 4.3 7.7 12.0 .
1.0 0.6 2.4 5.4 9.6 15.0
1.2 0.7 2.9 6.5 11.5 18.0

Table 2.3. Values of & eWw?, in millibare (1 mosec™ ! = 2,25

mile hr—1 ;

Shimuzu and Kimura (1957), experimenting with various model rooms

in a wind tunnel, demonstrated that c¢ tended to take any value between

+1.,0 and ~1,0, depending on the angle between the room and the air flow,
the shape of the model, and the number and position of the orifices in it.
They concluded that, in general, mo reliable correction could be made for

this effect.

Table 2.3 shows that, at stations where the wind speed frequently
exceeds 10 m.sec-l, the problem may well be serious, At stations at
mountain altitudes, such as Mount Washington; or Mawson, Casey, or Syowa
on the Antarctic coastline, winds can exceed 40 m.sec-1 on occasion and
winds of 30 m.sec"l are frequent. Consequently correction becomes

important.

Lockwood and Calawa (1957) have reported that the system used at

Mount Washington, vwhereby the barometer is located in a sealed cistern
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connected to the outside of the building via a pitot tube and head
(Falconer, 1947), appears to give satisfactory results. This system
assumes a value of ¢ of 1.0 ard relies on the dynamic pressure in the
pitot head to provide compensation for pressure errors due to airflow
around the mountain., For the method to be satisfactory, it is essential
that the pitot head be located well away from any other obstructions which
could cause breakdown of laminar flow, since in such conditions ¢ mo
longer necessarily has unit value., There 1is also the possibility that

the design of the pitot head might cause trouble in this regard.

Taking the opposite view, Kodama, Ishida and Shimizu (1967) have
attempted to design a static head which would register Po without any
correction and which would, in particular, be independent of wind direction.
They produced a hexahedral design which, although in fact mot a perfect
static head since it has a ¢ value of 0,04, is a considerable advance.

It does however, require to be vaned into the wind,.

In principle, either of these methods could well be employed at
stations where high winds are a severe problem, A difficulty is that,
at least as far as the Antarctic stations are concerned, high wind
velocities are frequently accompanied by severe snow drift or full blizzard
conditions, Under such circumstances, heads, bearings, etc., freeze up
very rapidly and the requisite amount of electrical heating is not always

available.

2.2.3.1 Studies at llawson. Data

Mawson, by virtue of its location and local topography, experiences

remarkably constant winds, The station, which is operated by A.N.ALRLE.,
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is small, with a normal wintering party of 25 men. It is situated on a
rocky outcrop, about haif a mile long, 1/4 mile deep and 100 feet high,

on the Antarctic coastline, TImmediately behind the station, the
continental ice shelf starts sloping upwards towards the high plateau.

As a consequence, the station 1s subject to a strong daily katabatic

wind, .cold air travelling down the ice slope. A pronounced diurnal
variation exists in the phenomenon, the wind frequently dying away around
nidnight local time and recurring in the late morning. The aftermoon
wind speed is up to 15 or 20 metre secml, and by virture of its mature

is constant in direction, blowing from directions between 130° and 140°,

In winter, the katabatic wind is erratic. This state of affairs indicated
that if a house effect with an apprecliable ¢ value existed, then svstemic
diurnal errors in pressure veadings would result. Figure 2.8 shows a

plot of typical monthly mean values of hourly wind speeds.

Additional high winds are caused at Mawson by the passage of regions
of low pressure. A continuous series of such regions circulates around
southern polar areas, passing to the north of Mawson at intervals between
7 and 14 days. They produce strong winds which can range anywhere between
25 and 50 metre sec-l. The direction of these winds is strikingly constant(
being from around 90° to 105° prior to the passage of the low acxcss the
station neridian, and 110° to 130° subsequently, These directions more or
less coincide with those of the katabatic wind. High winds from directiomns
outside the ranges mentioned above are almost totally unknown, only one
case being recorded between 19C0 and 1967, In these circumstamces, syste-
matic alienation of pressure records seemed likely and.studies of the

problem were initiated,

-
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2:263.2 Pressure Measurenents at lMawvson

From the founding of the station in February 1954, up until April
1965, all pressure measurements at Mavson were made in the original
meteorological build:;ng. This building, nov known as "old met" (Figure
2.9) is a hut of early AMARE design, and in fact was transported from
Heard Island where it was first installed about 1948 or 1949, By the time
the author came to know it, in 1960, it could mot be described as weather=
proof in any sort of strong wind. There were a considerable number of
pin hole cracks and small slits through which smow drift could penetrate.
No "dead bench" was provided, and perforce both barometer and barograph
were mounted on one wall of the building on normal shelves, subject to
some vibration during high winds, with consequent thickening of the
barograph trace.. On the face of it, it would be imagined that pressure
measurements obtained under such conditions would be unreliable to say
the least; however in practice this did not turn out to be so, as will

be shown below.

In April 1965 a new meteorological building, of the current standar
AMARE weatherproof pattern, was brought into use. This building is krown
as "new met", It was at once apparent from "pressure" corrected cosmic
ray data that the pressure measured in this building was partly dependent
on wvind velocity. The cosmic-ray physicist irmediately obtained permissior
to use the Bureau of lMeteorology's spare barograph and ‘naromete;: in the
cosmic ray laboratory - krown as "cosray". In February 1966, the incoming
cosmic-ray physicist reverted, due to a misunderstanding, to obtaining his
pressure records from new met and did not notice the resultant peculiarities
in his results. During the year the only means of returning results from

Mawson to Australia is by telegram, detailed results being brought back
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with the returning operator at the summer changeover. The telegraphed
results were, at that time, as a routine confined to pressure~corrected
neutron hourly count rates, together with daily mean values of muon

count rates and pressure records., In consequence, the correlation between
pressure and nominally pressure-corrected neutron results was not detected
at Hobart until the June data were examined, when it becatéze apparent

that considerable disagreement existed between results from Mawson and those
from Wilkes, From then until January 1967 simultaneous pressure measure=
ments were made in cosray, old met, and new met. Subsequently, all
pressure measurements have been made in old met. Following these events
both uncorrected neutron and pressure data are now telegraphed to Hobart

for examination.

From the amalysis aspect, it is clear that the problem requires
treatment in two stages, prior to April 1965, and subsequent to it. Ve

will first consider the earlier period.

2.2.3.3 Analysis, 1960-1964 data

Hourly values of mean wind speed and direction were oLtained, and
a correlation amalysis carried out between wind speed and pressure-
corrected neutron count rate on an hourly basis, Preliminary analyses
were undertaken on a desk calculator, subsequent ones on the computer.
It was necessary to eliminate secular drifts from the neutron data as the
average wind speed varies through the year, being highest in surmer., This
was achieved by multiplying each hourly neutron count by a correction factor
equal to the mean count rate for the entire period divided by the annual

running mean hourly count rate centred on the day in question. The reference:
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mean used was 555 scale counts per hour. To eliminate as far as possible
the effects of genuine variations in the incident primary cosmic rays, all
hours for which the data, after adjustment as described above, were five or
more standard deviations different from the mean were rejected from the

analysis.

This last procedure is opén to criticism. The chances of obtaining
a purely random deviation of 50 from the mean are negligible. However,
allowance must be made for deviations genuinely due to faulty pressure
records as a result of high wind speeds and this figure was chosen as a
compromise. The alternative procedure would have been to employ amother
neutron detector, whose cone of acceptance was similar to that of Mawson,
in a threefold regression analysis. The choice of a station for such an
amalysis is difficult, although Ottawa or Churchill would probably be
suitable. However, the extra data preparation involved azd, more serious,
the limited storage available on the 503 computer when the project was first
tackled, caused the method to be rejected until such time as it was shown
to be necessary. This did not eventuate, There is mno reason to suppose
that there is any significant correlation between those genuine cosmic ray
variations which remained in the data after the 50 limit had been applied
and the wind data, except for the possibility of a commection between the
diurmal variation in wind velocity due to the katabatic influence and the
normal diurnal variation in cosmic ray intensity, vhich will be considered
later. .The only effect of any other cosmic ray variations present will be
to decrease the signal to noise ratio of the calculations, thereby reducing
correlnation coefficients, It was necessary to use hourly, rather than

daily, figures to get sufficient wind variability.

So far as could be ascertained from the preliminary calculations,
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the dependence of count rate upon wind spced was very small, if not zero,
regardless of the direction of wind, It has already been pointed out that
the winds at Mawson come mainly from two fairly similar directions, and
accordingly the wind data were divided into three groups, correspording

to winds from directions between $0° and 1200, 120° and 1800, and all
others, A fourth group, for all winds regardless of direction, was also
established, Within each group the data were further classified in classes
of width 5 miles hr-1 as depicted in Table 2.4, The mean wind speed
within each class, the mean neutron count rate for the corresponding hours,
and the number of hours involved were then computed and printed for each

imlividual class.,

Class Group 1 Group 2 Group 3 Group &
Numb et Wind Speed Fast ~ South- Other All directions
east directions (sum of groups 1 - 3)
1 0 to 4 mile hr—l
2 5 1! 9 1 11}
3 10" "
4 15" 19 "
5 20" 2 "
6 25" 29 "
7 30"3 "
8 35"39 ¢
9 40 "M44 "
10 45" 49 %
11 5 " 54 "
12 55" 59 "
13 60 "o64 "
14 65"69 "
15 70" 74 "
16 75" 79 "
17 & "8 "
18 > 85

Table 2.4: Classification of breakdown of wind data. The choice of
units, Hile hr-l and 16 points of the compass, in the origimal analysis
was dictated by the scales provided on the anemograph charts in the
earlier yecwrs. More recent charts have been calibrated in knots

(1 knot = 6280 feet ir™! = 0.53 metre sec ~1) and tens of degrees.

For simplicity of tabulation, data obtained on this scale have been
eonverted to the original one before use.
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The basic period used in the amalysis was the calender month. For
each month, the coefficients as a; and a, of the equation

n, = aj + a;v + a2v2 2,13
vhere n, is the apparent neutron rate correspording to wind speed v
were obtained by regression analysis for all winds regardless of their
direction (group 4). Three separate sets of regressio.n analyses were
performed.
(a) Using all data points completely independently
(b) Grouping and averaging first, and then using the resultant
mean values weighted by the number of hours imvolved in each
class
(¢) Grouping and averaging but not weighting, giving each point an

equal value,

Every calenmdar quarter this process was repeated on the total results
for the quarter, but on this occasion the analysis was performed on each
of the groups 1 to 4, instead of on group 4 only., This procedure was
adopted because in general there were insufficient hours in some groups

in some months to justify individual statistical analysis,

For the total results for each year, and also for the total results
for the four years 1960-63, and five years 1960-64., the quarterly procedure
was repeated, this time using linear, quadratic, amd cubic functions to
test for best fit to the data, instead of merely assuming the quadratic

case as for the shorter term data.

In the ideal case of no aliemation of pressure data by wind speed

one would expect a, to equal s and a; and a, - amd a3 1?
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calculated ~ to be zero. However, any statistical amalysis will invariably
gilve non—zero values, and it must be determined if they are in fact
significant. The choice of the quadratic expression was made on grounds

. that the Bernoulli effect was involved., 1In the case of a pure Bernoulli
effect a; would be zero. The linear and cubic cases were added since

it was obvious that more than a simple application of 1 chz could be
imvolved. The significance or otherwise of the regression coefficients

was tested using the standard "t" test on the simultaneously obtained

correlation coefficient, All were found to be significant.

2.2.3.4 Results, 1960-1964

It is clear that no consistent major correlation between pressure-
corrected neutron count rate and observed wind velocity existed during this
period. Figure 2,10 shows the relationship observed between the two
quantities averaged over each of the five years, the direction of the
vind being disregarded. The average relation for all five years taken
together is also shown. In each case, the value shown is that of the
mean count rate for the period corresponding to the particular wind speed
group. The 957 confidence limits, based pufely on the total counts
involved in the observation are also shown. The curve is the computed cubic
curve of best fit, obtained using the individual points on the graph weighted
according to their statistical accuracy. It is evident from the graphs
that the situation may have been somewhat different during 1960 and 1961
than during the other three years. A definite upturn in neutron intensity
is observable in 1960-61, except for the two rather lov points at high
velocities in 1960. The curve of best fit rises throughout. Curves for

[

the other years tend to fall as the velocity rises. It may be therefore
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that the apparently near horizontal graph for the five year average reflects
the sum of two more or less equal and opposite effects, the fall away at
highest velocities being due to the greater preponderance of high winds in

the later years.

The error tails, being statistical, take no account of possible bias
due to small cosmic ray events causing variations in count rate not exceeding
the 50 rejection limit. The two low count rates obtained in 1960 at high
wind speeds are definitely due to this cause., Such variaficns are not
eliminated by the running average technique employed unless they are of
considerable duration. It is unlikely, however, that all cosmic ray data
obtained during high winds would be biased in this way, and it is still
less likely that it will all be biased in the same direction., It is
thought that any accidental concurrence of high winds and genuine low
neutron intensities would add no more than another 20 to the error tails,
and even in this event there would still be a definite tendency for the
observed intensity to decrease with wind velocity during the final three
years. It is therefore concluded that a definite relationship exists
in the Mawson data between wind speed and apparent neutron intensity, and

that the relationship varied between 1960-61 and 1962-64,

Turning to individual wind directions, the five-year averages for
the East, South Fast, and Other, groups are shown in Figure 2,11, 1In the
E amd SE sets, the same sort of reduction of intensity at high velocity
is observed. The reduction seen in the Other Directions set is mot
significant due to the very low incidence of high winds in these directions.
From the graphs, it seems reasonable to deduce that the effect is independent

of direction, at least within the accuracy attaimable.
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The suggestion was put forward earlier in this chapter that any
correlation observed may be due to the effects that high wind velocities
may have on barometer readings. It was pointed out that, in general, the
magnitudes of such effects are highly dependent on wind direction and local
topography. It has béen customary at lMawson to stack large quantities of
weatherproof stores in close proximity to the old met hut. The exact
location of these stacks tends to vary from year to year, and their size
decreases more or less linearly between replenishment of the station supplies
each February and the end of the tour of duty 12 months later. The store
stacks are generally located downwimd of the hut, although close enough to
affect the air flow. High smow drifts form on the upwind side of the hut
between lMarch and December, In consequence, changes in the effects could
be, although mot necessarily must be, observed from year to year and
season to season., This sort of thing could account, at least partially,

for the variability of results from month to month,

Amwther possible explamation exists, It has already been mentioned
that high winds at Mawson, those above the maximum katabatic velocity of
40 mile hr-l, are invariably associated with the passage of regions of low
pressure over the station. Generally the centre of the cyclone passes to
the north of the station, and pressure will drop to around 950 mb, but at
times it will pass overhead and a sea~level pressure of 937 mb has been
recorded. The annual mean sea level pressure at Mawson is 990 mb,
Conversely, periods of high pressure, up to 1030 mb, are generally charac~
terised by relatively windless conditions, Consequently, an apparent
relationship between wind speed and pressure~ corrected neutron intensity
could imply a failure to correctly compensate for pressure effects, i.e.

the use of an incorrect pressure correction coefficient.
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Figure 2,12 shows the correspondence between pressure and observed
wind velocity for 1966. The pressure values are those obtained after
correction for the krown wind-induced errors in the barograph. The
tendency for high winds to be accompanied by periods of low pressure is clear
It was mwot thought necessary to~repeat this calculation for other years
since the general meteorological pattern repeats itself fairly closely
from year to year, and no other pressure data were immediately available
on tape. It should be an acceptable approximation to use the trends

indicated in Figure 2,12 when considering data from earlier years.

2.2.3.5 Effects of Incorrect Mass Absorption Coefficient

The neutron data prior to Jamuery 1, 1962, were corrected using a
faulty correction coefficient (see previous section). Tigure 2.7 shows
that an acceptable attenuation length for 1960 and 1961 would have been
138 gm.cm-z instead of the 145 gm.cm_z actually used., Successive sub-
stitution of the correct and faulty attenuation lengths in the correction
equation (egn, 2.12) reveals that the error caused by use of the incorrect

value is given by
€ = =0,036 (p - pm) 2,14

where € is in percentage, and the observed pressure p and mean pressure
Pm are in millibars, Figure 2,12 reveals that the average pressure at
a wind spéed of 40 miles/hr is about 98 mb, and is lower at higher wind
speeds., Therefore, on the average, the error in the pressure-corrected
neutron count rate at this speed will be, from substitution in (eqn. 2.14),

at least +0.367. The error will be greater at higher wind speeds.
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We can mow return to the graphs of neutron intensity versus wind
speed (figure 2.10). The discrepancy between the plots for 1960 and 1961,
and those for the remaining three years, is explicable on the basis of faulty
attemuation length., If we apply the above suggestion to the 1960 and 1961
plots, we find that they will indeed tend to turn dowmvards at wind speeds

in the 40 to 30 mile/hr range, confirming the results of the other years.

2.2,3,6 Correction to IMawson Pressure, 1965-6

Pressure measurements at Mawson were different during 1965 and 1966

from those of other years (section 2.2.3,2). Details are shown in Table 2.5.

Period Measurements made in
Prior to April 18, 1965 0ld et
April 19, 1965 to February 12, 1966 Cos Ray
Feb. 13 to Sept. 5, 1966 New et
Sept. 6 to ¥ov., 22, 1966 Cos Ray
v, 23, 1966 omrards 01d Met

Table 2.5: Location of Mawson Barographe.

The use of this number of locations is unfortumate, and was due to
misunderstandings between the several people involved at Mawson, Hobart,
and Melbourne. The short period of observations in cosray late in 1966
followed the author's insistence of an immediate transfer away from new met
as soon as he became aware that it was in use. It was not immediately

known in Hobart whether old met was still available,

Study of the Forbush effects in the neutron data for the end of June
1966 revealed, when compared with data from elsewhere, discrepancies vhich

could be explained by errors in pressure measurements of the order of 5 mb.

A wvind of average speed 50 to 60 mile/hr was blowing at the time,  Simul-
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tanecous readings of pressure in new met, old met, and cosray, were then

instituted and continued for several months.

Each set of readings was reduced to sea level pressure, and the
differences taken., As expected there were m consistent differerces
betveen pressures measured at the three locations during periods of low wind.

At higher wind speeds this was mot so. The results are shown in Table 2.5,

Wind Wind Speed Range (kmts)

Location Direction 25-30 31-35 36=40 41~30 51-60 61-70 >70

0ld Met = New Het 802-124‘; 0.3 0.8 1.3 1.8 2.9 3.4 4.7
" " 125 ""190 003 o.ll' O.S 1.2 107

0ld Met - Cos Ray soz~1z4g 0.2 0.3 0,3 0.6 0.6 0.8
" " 125%19 0.2 0.4 0.7 0.9

Table 2.8: Pressure diffaecence, in mb, registered between
new met, cos ray, and old met huts (1 knot = 6080 ft/hr =
0. 514 metre sec™l).

It was reported by the experimenters at Mawson that the barometer
in o0ld met suffered least ‘pumping' during high winds, indicating that it
probably had the least error. This was supported by the fact that this
barometer always read higher than the other instruments, since it was
already known from the cosmic ray data that the new met barometer was
reading lower than the true pressure in high wird conditioﬁs. In view
of this, and since the calculations referred to inm previous sections had
mwt revealed a serious bias of 0ld met pressure with wind, the pressure
measurements were finally returned to old met, This arrangement has been

continued in subsequent years.

It was clear that the pressure obtained from new met could mot

be used to pressure correct cosmic ray data. Therefore it was decided to



63,

modify all 1966 pressure data to the old met standard, taling into account

the wind speed and direction. The error, AP, is given by .
2
AP = av + by, 2.15

where v is wind velocity in some specific direction or group of directions.
The expression contains no constant term, since all instruments agreed at
lowz wind speeds. Least squares analysis of the data in Table 2,6 produced

the coefficients listed in Table 2.7.

Direction a b
(o} o -3 -l
New Met data 80 ~124 =4.756x10_3 6.941x10_,
125°-190 ~7.884x10 5,478x10
Cos Ray data 809-1262 2.987x10_3 7.301x10:§
125°~190 -4 .663x10 3.032x10

Toble 2.7: Factors to obtain true pressure from pressure
measured in Hasson cos ray and new met huts. For use with
v expressed in miles/hr, and pressure in millibars.

All 1966 pressure data were then corrected to the old met standard
using equation 2.15 and the appropriate coefficients from Table 2.7, Mo
correction was applied for winds whose directions were outside the ranges
imdicated, Such winds are alrost invariably light and the errors are
therefore small. The 'corrected' pressure was then considered to be
the best estimate of pressure available, although it undoubtedly still
contains some errors, and was used to pressure correct the 1966 raw neutron

data.
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The 1965 pressure data, although partly obtained in cos ray, have
mwot been treated in this fashion, since the pressure error is much smaller
than that involving nev met. Some errors will therefore remain in the 1965

pressure-corrected neutron data.

262437 rors at Wilkes and Casey

The AMARE station at Vilkes experiences even stronger winds than
does Mawson. owever close inspection of the pressure corrected neutron
data obtained at Wilkes during periods of high wind showed m indication
of a wind effect on the barometer, and consequently an analysis of the

type undertaken on the Mawson data vas not attempted.

Wilkes station vas built in 1957 on a rocky outcrop on the Antarctic
coastline, By the mid nineteen sixties the station was almost totally
buried by smowdrifts, was in poor structural condition and judged to be a
serious fire risk. The separate neutron monitor building, erected in
1961, did not suffer from these problems., Rather than repair the hase
an entirely new station, mamed Casey, was built 2 few miles away. Casey
was cormissioned in January 1969, and Wilkes was finally closed at the
end of April 1969. The neutron monitor was moved from Wilkes to Casey

between April 9th and 12th, 1969.

It was immediately apparent that extremely large wind associated
errors existed in the Casey barograph. Visual inspection of telegraphed
data su;f;gested barometer errors of the order of 8 mb, at wind speeds of
80 mile/hour. Unfortunately extensive experimentation has failed to
find any better site, around the station, for the barometer, and fipmance

has not been available to install a suitable static head system. Recourse
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has had to be made to retrospective correction of the pressure data using

the best possible estimation of the vind effect, the same technique as was

used on the 1966 Mawson pressure data.

Co~incidence of several Forbush Decreases and periods of high wind
at Casey during 1969 caused some difficulty in evaluating coefficients for
use in eqn. 2.15. Elimination of Forbush Decrease periods led to elimin-
ation of too great a percentage of the high wind periods. Eventually
pressure corrected Mawson data were used as a control to remove as nuch
of the Forbush Decrease effects as possible from the Casey data. These
revised data were then used in the usual way,® This process must result
in greater residual errors than if it were not necessary, and the revised
pressure and pressure-corrected neutron data produced should be treated

with caution wherever high winds are indicated on the data sheets,

There was 0 need to group the pressure data by wind direction at

Casey, since all high winds were closely from the same direction. The

- -~/
coefficient values found were a = 1,08l7 x 10 2, b = 6,97 x 107,

They again refer to vind speed in miles/hr, and pressure in millibars,

The majority of the mumerical work imvolved in the Casey analysis

was carried out by Mr. G.G. Cooper, under the author's guidance.
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THE SOLAP. DAILY VARIATION -~ IIISTORY AND TIHEORIES,

3.1  INTRODUCTION

The existence of a regular variation, of period 24 hours, in the
grourd level cosmic ray flux has been known for almost 40 years. Lindholm
(1928), cited by Elliot (1952), repcrted the existence of such a variation,
having an anplitude of something less than 0.57% ard a maximum in the early
afternoon, local solar time. This variation has come to be called the
solar daily variation, which will generally be abbreviated to "d.v.," in

this report,

The variation has been shown by many imvestigators to be mot a pure
sine wave but best represented by the sum of two sine waves, of period 24
and 12 hours respectively, and having different amplitudes and phases.
These components are termed the first and secord harmonics of the d.v.
ard are obtained by Fourier analysis of the origimal data, Their amplitudes
are small, typically between 0.2 ard 0.47 for the first harmonic and 0.03
to 0,17 for the second. The emct figure depends on the type of recording
equipment, its geographic location, and the state of solar activity. The
time of maximum of the first harmonic is usually sometime in the afternoon,
local solar time, and that of the second somewhere around moon. The
phases are also dependent on the factors just mentioned., Recombining the
two harmonics leads to a d.v. with peak to peak amplitude (as opposed to
the zero to peak amplitude mentioned above) around 0.6 to 0.8%, maxinmum
normally sometime in the local afternmoon and minimum usually about 8 to

10 hours earlier.
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A similar in appearance, althouzh very different in character, d.v.
exists in sidereal time, This will briefly appear in this imvestigation
in Chapter 5 in relation to the results obtained urderground, and will be

mentioned only in passing elsewhere,

The classic approach to the daily variation problem is to obtain
total counts for a period for each hour of the 24, after days containing
recognisable cosmic ray events; and days of incomplete data, have been
rejected. The period chosen deperds on the aims of individual experiments
but must always be long emough to obtain reasonable counting rate statistics.
The resultant data have then sometimes been smoothed by scme process, at
least to remove any secular trends which may be present, and have then
been subjected to Harmonic (Fourier) Amalysis, Vectors of components of
period 24 and 12 hours, and at times 8 or even 6 hours, have been obtained.
The values thus obtained represent vectors of the mean d.v. for the period,
as opposed to the mean of the vectors of the d.v. of individual days. The
difference can easily be seen by considering a 12 day period during which
the first harmonic vector has the same amplitude rl each day, but occurs
two hours earlier than on the preceding day. The summation dial is
shown in Figure 3,1, Clearly, the mean amplitude of the individual
vectors over this period is still rl, the wmean time of occurrence being
indeterminate., If, however, we add the data over the 12 days and then
perform harmonic analysis we will obtain a first harmonic vector of zero
amplitude, and therefore again of indetermimate time of occurrence;
clearly a quite different result from that obtained by considering

individual days.
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Figure 3.1.  Summation dial of 12 vectors of equal ampli-
tude and constant phase difference between adjacent vectors.
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This classic approach is therefore a guide to the day-to~day daily
variation only if it can be shown that the phases of the latter are
reasombly constant; if they are mot so, then it is necessary to dissociate
the twe effeets entirel‘y. Patel, Sarabhai, and Subramanian (1968), using
W64 Super monitors, have shown that the majority of individual days display
diurmal naxima in free space directions between 225° and 285° but that
a small number of days display maxima in all other possible directions.
Additiomally,series of days of erhanced diurmal variations (Quzgal and
Pomerantz, 1962; and others) exist. These have highly varied directions
of maximum intensity, and amplitudes ranging up to 3 or 4%, ten times
greater than the long term average amplitude. These effects are due to
transient variations in interplanetary corditioms. The long~term mean-d.v.
is therefore not si:mply an average of daily values, but rather a measure

of the average (over the term) interplanetary magnetic corditions.

Two criteria nust be applied vwhen selecting the length of the period
to be amalysed. It must be of such a length as to make the resultant
average physically meanirgful, and must be long enough to cmable reasomable

statistical accuracy to be obtained in the results.,

The first of these requirements depends somewhat on the question
being asked of the data., In chapters 4 and 5, for example, we will be
concerned with changes in the average diurml variation through part of a
solar cycle., Annual averages are comwvenient for this purpose. They have
the added advantage of being free from contamimation by any diurnal variations
which exist in sidereal time, As part of the analysis we will also be
concerned with intermal comsistency of the observed variations both between

imdividual sections of a particular neutron monitor and also between various
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different monitors. TFor such tests monthly averages are appropriate.

Concerning the statistical accuracy it may be shown, based on

Poisson statistics (e.g. Parsons, 1959), that the standard deviation ¢
100

of the amplitude of any harmonic of the daily variation equals Zs
Y 12K

where ¥ is the mean hourly count total imvolved. If we require

c = 0.,02Z, N = 2 x 106 counts., A standard IGY type neutroan monitor

operatiny at mid-latitudes will require approximately two months' operation
to achieve this figure. TFor one month's operation ¢ = 0.,0287. The
errors in the times of maximum of the individurl harmonics depend on both
the amplitude of the harmonic vector and on its standard deviation. In a
typical case of a monthly vector O = 0.0287 and the amplitude rl cof the
first harmonic mizht equal 0.257., The standard error of the phase of the
first harmonic then equals 0.44 hours. In the same case r2 might equal
0.04% 2nl the consequent standard error of the phase of the secord harmonic
is then 1.66 hours, 1In practice the standard errors will be larger than
those inlicated by Poisson statistics (section 4.7.2). Standard errors

of such magnitude are as large as can be tolerated and therefore for work
with such neutron momitors it is inadvisable to atterpt this type of amalysi:

for periods of less than one rmonth.

For this reason primarily, very few attempts were made to study the
d.v. on a day-to~day basis, cxcept for erhanced variatioms,until the advent
of very high counting rate recorders in the last three ox four years. The
largest neutron monitor now operating, as far as the author is aware, is
the 48-111-64 at Deep River, having a counting rate of 2 x 106 cts/hr. This
meets the statistical requirements quoted above. 1lost other "Super”

monitors have 18 counters and a count rate about 6 x 105 /br at high
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latitudes. The high count rate scintillator ruon telescopes at Massachusett:
Institute of Techmology, Deep River, and other places, have count tates

6 . . .
around 1.3 x 10 /hr. Such instruments have been used by some investigators

for studies on a day-to-~day basis,

The extensive studies of the time-averaged d.v., often, but not
exclusively, the annual average, have had to answer three main questions
since Lindholm's experiment was performed., These ares~
(@) Are the variations seen in the secondary component at ground level a

reflection, true or distorted, of similar variations in the primary
radiation incident on the top of the atmosphere?

(b) If a gemuine variation is present in the primary radiation, does its
source lie in.modulation of a purely isotropic flux by geomagnetic
effects or is it a reflection of a genuine flux anisotropy incident on
the magnetosphere?

(¢) 1If the latter altermative is correct, and a genuine anisotropy, regular
in time, does exist in interplanctary space, what are its features and

-

causes?

It is clearly neccssary to treat these questioms in the order given.
The solution of the first problem took by far the longest time, up until
the early 19%0's., That of the second was a subject for debate until about

1960,

3.2 ATIDSPLERIC EFFECTS

The effect of the atmosphere on the incident cosmic radiation is
complex, and dependent on the primary energy and secondary component involved,

It is however useful to comsider the charged and neutral, i.e. muon and

neutron, components quite separately.
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3.2.1 The charged component, 1911 to 1930

This was the first of the two components to be detected, the first
real confirmation of the arrival of charged radiation in the atmosphere
coming from the mammed balloon flights of Hess and Kolhorster in 1911-14,
Questions corcerning the source of this radiation were at once raised.
Several investigators tackled the problem but for some years their results
appeared to be mutually contradictory. %ventually it became apparent that
the radiation was largely isotropic, but that various irregular decreases,
and less frequent increases, also existed. If the observations were
averaged over a suitable lemgth period it transpiréd that there was a
regular variation in solar time having an amplitude of something less than
17 and a time of maximum generally ir.x the range 1200 to 1800 hours local
time., ‘There was some suggestion that a seasomal variation existed in

this effect.

Whilst these imvestigations were still in progress the barometer
effect was discovered, in 1928, by llyssowsky and Tuwim. The cosmic-ray
intensity, as measured by ionization chambers, was negatively correlated
with changes in atmospheric pressure, Later a negative correlation with
ground level temperature was also found. It was clear that both these
effects would have a profound effect on the observed cosmic ray daily
variation since both barometric pressure and ground level temperature
have regular variations with period 24 hours. 1In theory therefore
appropriate correction coefficients to elimimte these effects could be
obtained. Correction of the observed data could then be undertaken and
the residual d.v. should then represent the true dev in the cosmic radiation

incident at the top of the atrosphere,
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It subsequently appeared that these corrections were insufficient.
Blackett (1938) suggested that the ground temperature effect was actually
a reflection of a change in the mean production height of the muons involved,
since warming of the atmosphere at ground level would lead to a general
warming at higher altitudes, and hence to the rise of any particular
pressure level, The muon, which is the principal constituent of the
charged secondary radiation, has a half life of 2.2 x 10-"6 secords, and
any increase in its production height would increase the chance of it
decaying before reaching ground level. It was considered unlikely that
a one to one correspordence would exist between the ground level temperature
ard the height of any particular pressure level, and therefore corrections
made to the observed d.v. on this basis could well be incorrect. This
doubt wasg re—inforc.ed when experiments revealad an apparent seasonal

variation in the grourd level temperature coefficient (Hogzg, 1947).

Duperier (1944) meanvhile had imvestigated, also using partial
correlation techniques, the correlation between the day to day observed
intensity at ground level, the barometric pressure, and the heights of
various fixed atmospheric pressurc levels, Trom the mid 1940's omvards
the last-mentioned had been available from regular daily balloom~borne
radiosornde ascents. He found that if threefold correlation was carried
out between the cosmic-ray intensity I, the barometric pressure B, and the
assumted height of the production layer H, the partial correlation coefficients

between I and B, holding H constant (written as r ) ard between

IH.B

I ard H with B constant ) both increased as I increased.

Crpm
They were still increasing at 100 mb., the highest level which he could

investigate, ard he concluded that the production region was above this

height.,
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Duperier's first experiments were carried out using a geiger counter
telescope having no absorber., It therefore detected both nmuons and
electrons, - The experiments vere then extended to exclude the electron

component by means of suitable absorber placed between the trays os

seiger counters (Duperier, 1949), In this experiment intermal
inconsistencies were found between Top oy ard Lo pe Unlike the first
efL Lle D

experiment these quantities were now found to have maxinun values at

different heights. Duperier proposed that this could be due to a change
of density in the production region affecting the rate of muon production.
Since density is inversely proportional to temperature he proposed that an

observed change AL in muon intensity due to atmospheric effects may be

wsitten as

(o

A

_— = * A+ AT .

I Bipr 45 * Py M+ B 3.1
Here B and @I have the same meanings as previously arnd T 1is the
temperature of the production layer., The various coefficients are obtained
by four-fold correlation amalysis, considering the variation of only one

variable at a time whilst the other twe are held constant,

Much of the foregoing section is condensed from part of a compre-

hensive review by Elliot (1952).

3.2,2 The charged component, 1950 onwards

Other imvestigators have continued studies of this problea, in

particular Dorman (1957, 1963) and Vada (1961). Both conclude that the

’

matter is more complicated than indicated by Duperier, ard they recormend
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the use of correction methods which take into account changes in atmospheric

structure between the production layer and the recording instrument.

The differences between the various methods are rot important from
the viewpoint of d.v. étudies. Most, 1f mnot all, investigators must rely
for atmospheric data on radiosonde flights conducted by their local Dureau
of Meteorology or equivalent organisation. Such flights are normally
launched once, or at some stations twice, a day, with launchings being at
the same time(s) each day. Useful information is thus obtained on day to
day changes in atmospheric structure, but nothing is found about hour to hour
changes therein., Information on the latter is required for correction

of d.v. data by the Dorman, Wada, or Duperier techniques.

In this situation only two possibilities exist., Some sort of
estimate of Al and AT may be made, and equation 3.1 used to correct
the data., 1In this case AH must be known fairly accurately since the

negative temperature coefficient (8 Y is large for surface level muon

IH.B.T

detectors (Table 2.,1). Altermatively a total barometer coefficient may

be used in the equation

p>
Fi
{
os)
>
«
w
[ ]
N

total

and to scme extent compensates for the other

B

is larger than BI

total B.HT

two omitted terms. Meither possibility is really satisfactory and the
direct use of surface level muon telescopes for d.v. studies has generally
been regarded as of quegtionable value in recent years, although such results

have been used at times in conjunction with neutron monitor studies.
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There is at least on exception to this situation, DBercoviteh (1966)
has reported that it appears possible to satisfactorily reconcile the d.v.'s
recorded by the Deep River reutron and muon detectors when due zllowance is
made for the dowv.'s in pressure and ground level temperature. He suggests
two possible reasons for this apparent contradiction of the results of
earlier workers., Firstly, temperature imversion conditions occur fairly
frequently in the atmosphere above Deep River. The existence of such
corditions inhibits the mormal comvective heat transfer between the lower
and upper atmosphere vhich is characteristic of normal adiabatic lapse
rate conditions, Secordly, he f£inds evidence that true day-night
temperature differences in the atmosphere abow 300 mb. are negligible above
Canada, thus supporting conclusions reached by Teweles and Finger (1960)

and Finger, Harris and Tewles (1964).

A quite different method of avoiding atriospheric contamimation of
observations was employed by a number of investigators in the nineteen
fifties., This involves simultaneous observations with two (or more)
telescopes whose azimuthal headings are in different, generally opposite,
directions. The assumption is then made that the telesccpes are looking
through esentially the sane air mass and that the secondariés each detects
have therefore been subjected to the same atmospheric modulation. The
difference between the intensities recorded by each instrument, aftex
standardisation to the same detector efficiency, then represents the
differenc;e between the primary £luxes being sampled by each instrument.
Assuming that the differences are purely a matter of direction of viewing,

as is the case with the daily variation, the anisotropy giving rise to them

may be determined,
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A review of several such experiments is given by Sandstrom (1965),
pp 242 et seq., Some conflicting results, which in retrospect were
possibly due to insufficient kmwledge of the detectors' asymptotic cones
of acceptance, caused t;he technique to be largely ignored for several years.
However some observations with crossel telescopes were continued by the Hobart

group, and these have recently been shown to be rather useful in some aspects

of d,v., studies (Jacklyn, Duggal, and Pomerantz, 1970).

3.2.3 The neutron component

The large mass-absorption effect in secondary neutrons, due to
enexgy losses in neutron-hydrogen collisions in the atmosphere, has been
discussed in section 2.2.1. The reduction in neutron intensity at any
given atmospheric ciepth is a function of the total mass of hydrogen traversed.
In turn this is represented by the total mass of air above the level of
interest, one measure of which is the barometric presswre at the level.,
A significant d.v. exists in barometric pressure and if the data correction
method is inadequate a residual d.v. will remain in the data after correction.
The most probable cause of incorrect correction is use of an incorrect
barometric coefficient; experimental estimations of thé magnitudes of such

exrors are given in Section 4.7.3,

There are unfortunately other possible means of introducing
spurious d.v.'s into neutron monitor data. Neither the positive nor
negative temperature effects, so troublesome with muon data, should exist
since the half-life of neutrons is long relative to their time of flight
and the reaction with hydrogen is mot, to first order, temperature
dependent. However not all neutrons recorded by mormal types of neutron

monitors result from a pwre neutron cascade through the atmosphere.
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Table 3.1, due to Harman and Hatton (1968), irdicates the state of affairs

for normal neutron monitors.

Iten Conponent IGY M6 4

1 Neutrons T 83.2%4.8 83.3%4.,0

2 Protons 6.2%1,2 6.7t1,5

3 Stopping muons 4,6%1.9 1.8%1.3
4 Fast muons (producing neutrons

in £light) 1.8%0,4 1.9%0.,5

5 Pions 1.280.3 0.8%0,2

Background and local production 3.0%1.0 5.5 .5

Table 3.1

IGY and 1164 monitors.

Parcentage contributions to the counting rates of

Tt is evident that items 3 to 6 inclusive will all display some

form of variation with temperature, due to variations in temperature of

the monitor pile itself and in the atmosphere at and below the muon

production level,

Dorman (1957) calculated the magnitudes to be

approximately —-0.0172/°¢ for the local temperature dependence of an IGY

. o . . . ,
neutron ronitor, and ~0,03%/°C for a uniform rise in atrmospheric temperature

throughout the region between the production layer and the site of a sea-

1evel nid-latitude neutron monitor.
be, according to Dorman, larger Zor an equatorial station and will
decrease with station altitude.

atmospheric temperaturc can lead to residual variations in neutron

The magnitude of this effect will

Clearly diurnal variations in pile or

monitor data. These could be large enmough to affect conclusions drawn’

from the data.
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Iarman ard latton (1968), swrveying the temperature effect, find
that Dorman's atrospheric coefficients rust be revised upwards to compensate
for his incorrect estimate of the relative contributions to the detector
count rate., They £ind that his coefficients should be nultiplied by numbers
of the order of 1.6 for IGY monitors amd 1,2 for 17{64 monitors, for Leeds
near solar minimum. Dagcoviteh (L967), using older percentage contribution

data, reached a similar conclusion.

The presence of water vapour in the atmosphere will also affect the
counting rate of a neutron monitor sirce the attenuation length for neutrons
in water differs from that in air. Thus varying amounts of water vapour
will absorb varying ampunts of the neutron flux, Bercovitch and
Robertson (1966) fourd the resulting coefiicient for observed neutrons

to be 0.09 * 0.03%/ (gm.cm-z) vater vapour.,

Ground lying smow appears to have a significant effect on the
counting rate of 1164 type rwonitors. The normal design for these detectors
calls for a shield of polyethylene, 7.5 cm thick, around the pile. In
contrast an IGY monitor is surrounded by a 30 cm thick paraffin wax
shield, It has subsequently been shown (Bercoviteh 1967; K.B, Penton at
al, unpublished, 1970) that the 7.5 cm is insufficient. When srow is
lying on the ground in the vicinity of the monitor the number of locally
produced albedo neutrons decreases. The monitor count rate is fourd to
decreas~ in these conditions, imdicating that a significant mwber of
externally produced neutrons are penetrating the shield. In primciple
this difficulty is easily elimimted. However the shields are expensive,
simply due to their large volume. To increase the shield thickness of

the 6164 monitor at Mt. Wellington would cost about $(Aus) 2000,

(41 Aus = $1.14 U.S.) ard this sum has mot been forthcoming., This particular
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monitor will therefore the subject to some snov effects in winter. Other

investigators find similar financial problems.

Only some of the abovementioned effects significantly affect the
observed d.v. in neutron intensity. Temperature changes in the monitor can.
be elimimated by control of the laboratory temperature. Cane (1971) has
shown that temperature variatioéns of at least #1°C are tolerable. round
stov thickness is not likely to shov a conmsistent daily variation, although
a regular sequence of overnight precipitation and daytime thawving can occur
at temperate climate sites. Some effect would probably be detectable at
Mt, Wellington, Snow falls of 3 or 4 imches occur a few times a year,
followed by thawing in a couple of days. At this particular station the
thin Aluninium walls of the building do mot offer much in the way of

additioml shielding.

However atmospheric water vapour, being partlgf temperature deperndent,
may exhibit a daily variation, and atmospheric terperature.itself certainly
will, at least below the tropopause., Fortupately the effects on secondary
neutrons are of opposite sense, although the degree of cancellation thus
imroked will vary widely. Little can be done about these problems, except
to hope — supported by some evperimental evidence —~ that they are small.,
Bercovitch (1967) has stated that the atmospheric temperature effect in
neutron monitors is about 20% of that in muon telescopes. This should
make the effect detectable in 1164 monitor records if adequate temperature

observations are available.

3.2.,4 Cornclusions, Atrospheric Lffects

It had been shoun corclusively by the early nineteen fifties, by

crossed telescope experiments, that atrospherc effects were mot the sole
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contributors to the observed cosmic ray daily variation, although they
could give rise to large effects which could partially or completely
obscure the genuine daily variation in radiation intensity at the top of
the atmosphere. Most of the recent work, some of which has been outlined
above, has been concefned with improving knowledge of the various co-

efficients involved.

3.3 POSSIBLE GEOIAGINETIC ORIGLN

TFor a period in the middle and late 1930's, there was considerable
speculation whether the daily variation observed after the removal of
atmospheric influences was of terrestrial or extra terrestrial origin.

The main difficulty lay, prior to 1957, in the existence of only a handful
of neutron monitor's at Chicago, Mt. lashington, and one or two other places.
Consequently the majority of d.v. work was done using muon telescopes.

The pitfalls inherent in such experiments have been discussed in section
3.2,1 above, A full length revier of the work at that time is mot
justified here, several such exist in the literature. The main difficultiecs
lay in attempting to reconcile results of various experiments, some of
which appeared at the time to be contradictory to others. Some of this
confusion arose from an imperfect krowledge of the directions of viewing

of the instruments employed, due in turn to the difficulties associated
with trajectory tracing in the then imperfectly known earth's magnetic
field. o one paper could easily be singled out as demonstrating
conclusively that the observed daily variation was indeed mom-geomagnetic
in origin, but by the end of the decade it was generally thought that this

was so, at least so far as the mean daily variation was corcerned.
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3.4  TIUTERPIAIETARY ORIGIN

The daily variation obsexrved in cosmic rays, after known atmospheric
and geomagnetic effects have been removed, is mot purely sirnusoidal in
character, IHeither is it necessarily constant from one day to the next,
although long period .mean values do show remarkable constancy. We are at

present concerned mainly with these long term mean values.

Plotting typical data reveals that there is a maximm of intensity
in the late aftermoon, local time, which corresponds to the 1800 direction
outside the magnetosphere. A minimum in intensity occurs some 8 to 10
hours earlier, roughly in the 0%00 direction. The observed variations
can be well represented by taking the first and second harmonics from
Tourier amlysis of the data, and then recombining them (Fig. 3.2).

The question then arises vhether the physical causes of the obscrvations
are related to the first and secord harronics, or whether a virtual
source and virtual sink exist in the appropriate direction. Both
suggestions have received much attention in recent vears. The mechanisn
imoked for both the virtual source and for the first harmonic 1s usually

the same, and will be treated in the next section,

3.4,1 The Diurnal Component. The Virtual Source

Using a technique involving asymptotic cones of acceptance, Rao,
McCracken and Venkatesan (1963) demonstrated that the mean diurnal
variations observed by a world wide selection of neutron monitors during
the IGY could be explained by an anisotropy of definite characteristics
in the primary radiation. This had an arplitude of 0.47 in the 1740 hrs

free space direction. In the range of rigidities 1.0 to 100 GV, they
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found that thc anisotropy was independent of rigidity. Subsequent
analyses, ircluding that of the present author (Chapters 4 and 5), have
shown that the anisotropy has rems.inéd constant, in gross features,
through the solar minimunm in 1965. There are, however, significant

variations in some of the parameters imvolved.

The diurnal maximum in, approximately, the 1800 direction outside
the magnetosphere, implies a maximum in the received radiation from a
direction along the trailing side of earth's orbit, The problem is
complicated by the variation of the obscrved free space diurmal vectors from
day to day. In particular, large changes in the vector exist at geomagnet-
ically disturbed- times, and efforts to obtain explicit relationships between
these vectors and other geomagnetic parameters have rot always been success=
ful. It seems then that several factors must influence the directions of
motion of energetic particles in the vicinity of earth's orbit, A number
of theories designed to account for the observations have appeared in the
literature in recent years. Some are discussed in the remainder of this

section.

Parker (1964, 1966 ) suggested that the difficulty of the day-to-day
variability could be overcome when the non uniform, both in space and in
time, mature of the interplanetary magnetic field, B, was considered,

He demonstrated that in a completely statiomary large scale B field m
anisotropy could exist. In time varying fields, anisotropies could be
observed due to mon cancellation of cosmic ray density gradients and to
streaming caused 5}/ the electric field created by the moving solar wind,
However the long term field change is clearly zero, consequently m long

£
texm average anisotropy could exist from this cause. He also found that,
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if the B field is grossly (on the scale of the gyro-radii of the particles
imvolved) regular inside earth's orbit, so that the guiding centre
approximation holds, and if there are sufficient irregularities outside the
earth's orbit to largely destroy the cosmic ray density gradient produced
by the electric field ipherent in the solar wind, then a net streaming

of cosmic rays parallel to the e;rth's orbit will result. The mean value
of the streaming velocity will be the solar co-rotation velocity at 1 a.u.,

400 km/sec. Axford (1965) independently came to a similar conclusion.

McCracken and Rao (196) showed that this effect should result in
a mean anmual diurnal variation of 0.7cos(lat)? and discussed reasons hy
the observed variation, although apparently following the cosine rule
quite closely, has an amplitude of 0.4%7 instead of 0.77. They postulated
that this could be due to the existence of a time varying cosmic ray gradient
normal to the ecliptic plane, Variations in the amplitude of the éiurnal
vector could, in the light of this suggestion, be due to variations in the

perpendicular density gradient.,

All the abovenentioned authors agree that some upper rigidity linit
must apply to the co-rotation model. Clearly particle gyro radii must be
less than the scale dimension of the rotating system., Parker suggests
around 100 GV, whilst Axford predicts that the limit may be solar cycle
deperndent, being lowest at solar minimum, as the result of variations in
irregulafity dimensions outside the earth's orbit., Chapters 4 and 5
of this thesis will present observational evidence for such changes.
Axford suggests that at rigidities zbove this limit the observed daily
variation will be in sidereal time, and below the limit will be in

solar time,
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P

Ividence exists for abrupt changes in the monthly mean diurnal
vectors observed near the solar minima in 1932 and 1954. No such changes
were obscrved at the 1943 or 1965 minima. This has been taken by scnme
investigators as evidence for sone form of 22-year cycle., That the actual
changes in the vectors did occur is certain, that such changzes must occur
every other solar minimun is open to question on statistical groumds. Two
Ysuccesses® out of four "tries' would scarcely comvince a statistician that

P necessarily equals 0,5%

The observed changes vere mainly in the phase of the vector. The
1932 minimum occurred in the infancy of cosmic ray observations, when only
a few ion chambers were operating, but the 1954 cbservations were made with
all varieties of detectors, albeit not many being neutron monitors. The
monthly mean vector at Huancayo rotated anti-cloclkwise by almost 27 radians
during 1954 (Counforto amd Simpson, 1957). The use of monthly vectors leads
to possible confusion between diurnpal variations in solar and sidereal
time, and Conforto and Simpson showed that the observations were consistent
if they were plotted in sidereal, rather than solar, time. The suggestion
was made that the solar influence at that tire could not extenl as far out
as Earth's orbit amd hence the full galactic intemsity amd influences were
being received. The direction they obtained for the sidereal anisotropy
was T radians out of phase with subsequent northern hemisphere observations
at higher energies, and was suspect for that reason. lowever they
syrchronised solar and sidereal time on 2lst larch instead of 2lst September,
ard if this is corrected their sidereal explanation does fit in with other
observations. The explamation could be that the solar wind ouvter limit
had receded inside earth's orbit, leading to a cessation of the normal solar

daily variation, or that the upper limiting rigidity had dropped to 25 or
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30 GV, Since the monthly vectors, when plotted in sidereal time, are rather
more consistent at Huancayo than they are at the lower cut—off rigidity statio
Climax, the lowver-value of upper limiting rigidity seems a more attractive

wplanction, however the other camnot be ruled out, The matter is likely

to remain open for speculation, at least until the 1976 solar minimum.

Forbush (1967, 1969) has px.;opounded an entirely different interpre-
tation, vsing observations obtained from the ion chambers at Cheltenham,
Christchurch, and Huancayo. He finds that the 1800 LT vector may in fact
be split into two components, one in the 1800 direction whose amplitude is °
linearly dependent on magnetic activity, and one in the 19.11 direction,
approximately in the direction of the Archimedian spiral field, whose
amplitude is independent of magnetic activity but demonstrates a sine wave
with a peviod of two solar cycles., The last zero in this wave occurred,
according to Forbush, in mid 1958 about the time of a reversal in the sun's
general magnetic field, The maguitules of the two effects are comparable,
for ion chambers, and were this the case for neutron monitors also presumably
a phase variation would be evident over a period of 3 or 4 years., This does
not seen to be the case at first sight. If Forbush's interpretation
of his observations is correct, it will be necessary to modify the Parker-
Axford theories. On the other hand, one of the difficulties of the
streaming model is to understand why the irregularities required to exist
beyord the earth's orbit should remain so apparently constant throughout
the solar cycle, since one would expect their frequency, size, and solar
radial distance all to be dependent on the state of solar activity.
Forbush's explanation would obviate this requirement. The variability
which he observed in the diurnal vector component in the garden-hose

direction may be understandable in view of observations of the variable



direction of the field. Space probe observations by Rosenberg and Coleman
(1969) appear to show that the polarity of the dominant field at a given
heliolatitude is the same as the polarity of the weak solar dipole field

in the same solar hemisphere. Since the anmual mean heliolatitude of the
ecarth is zero these observations imply that the nett annual B £lux past
the earth in the ecliptic may be close to zero, which argues against this
particular exﬂlanation of Forbush's observations. The fact remains though
that these observations must almost certainly be somehow connected with

the 22 year solar magnetic cycle.

All the abovementioned work takes little account of conditions away
from the ecliptic plane, partly because the majority of detectors at all the
highest latitudes scan in that plane., The amplitude of the observed
anisotropy due to azimuthal strecaming should fall off with the cosine of
the asymptotic latitude of viewing. The experimental results obtained
have been generally taken as agreeing with this expectation. In some
theories conditions have been laid down concerning the maximum cosmic ray
density gradient perpendicular to the ecliptic plane, usually it is

required not to exceed a few percent per a.u.

A theory of changing cosmic ray density with heliolatitude and
solar cycle period has been developed (Sarabhai and Subramanian, 1965) and
the consequences on the various observeable cosmic ray modulations have
been explored (Subramanian and Sarabhai, 1967). The model predicts
variations of cosmic ray density with heliolatitude, and possible non-
symmetric density distribution North and South of the ecliptic plane, on
the bases of latitudes of maximum solar activity, latitude distribution

of the 53038 green coronal line intensity, and other similar parameters.

They Suggest that at some heliolatitude 62 the cosmic ray density can be



89.

less than in the ecliptic plane, vhilst at the solar poles the full
galactic density should be observable, The latitude of the mininum is
solar cycle dependent, and way or may not be the same on both sides of

the ecliptic. 1llaking various assumptions about the rigidity dependence

of the ll-year variation in intensity, and interplanetary f£ield strength,
they show that, so long as the rigidity expoment is = =1, and the density
distribution is symmetric about the ecliptic, the effect on the diurnal
vectors obsecrved by the Imancayo and Deep River neutron monitors will be
small, regardless of the shape of the distribution of density with
heliolatitude, TFor a symmetric distribution about the equator, an ll-year
cycle independent of rigidity, and a smoothly increasing density with helio-
latitude, they predict anplitudes of 0.047%7 at 1.3 hrs LT for Deep River,
0.,085% at 23,6 hrs LT for Huancayo, assuming 2 5y field., These vectors
should be observable, For the case of symmetry about some helio-
latitude 61 # 0, they predict variations ranging from 0.3 to 1.2% at

both stations in the general direction ¢f midnight LT, depending on the
exact field and exponent values assunmed., Such variations would be clearly
observable vhen compared with the vectors, approximately perpendicular

to them and comparable im amplitude, which are due to azimuthal streaming.
They do mot appear in the annual nean or monthly mean observed vectors
except as a possible explanation for the 1932 and 1954 anomalies. It must
therefore be concluded that, at least on average, the cosmic ray demsity

distribution is similar north and south of the ecliptic.

Forman and Gleeson (1970, mot yet published) have joined other
investigators in stressing the difficulty of reconciling the theoretical

amplitude of the diurmal variation as predicted by the Parker-Axford model
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with the amplitude actually observed, Part of the difficulty lies in
erroneous evaluations of the Parker-Axford model., Torman (1970) has shown
that the MeCracken and Rao (1l966) estimate of 0,77 is too large owing to
their incorrect evaluation of the Compton-Getting coefficient (Section 5.2.4).
Use of the correct coefficient reduces the theoretical amplitude to about
0.67, still 507% or more larger than that actually observed. The perpen—
dicular density gradient postulated by McCracken and Rao to obtain this

reduction has not been observed (Forman and Gleeson, op.cit).

Forman and Gleeson present in their paper a development of the
Parker~Axford model which differs from its predecessors in its treatment
of the density gradient and of the effects of magnetic Zield irregular=—
ities. They are able to show that the electric field drifts of cosmic-ray
particles perpendicular to the interplanetary magnetic field combine with
comvection ¢f the sane particles parallel to the field to form a simple
convective flow in the solar wind direction. The other bulk flows of
particles are due to diffusion and to magnetic drifts, They obtain an
expression for the differential (with respect to energy) streaming S of

cosmic rays in interplanetary space, They find

- _ .00 _ wiKyy QU _ B)
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Here C is the ComptomGetting coefficient, U the differential number
density, V the solar wind velocity, & the gyro-frequency of the particles
and T the mean collision time. 3B is the magnetic field vector and &

the displacement vector from the sun. The diffusion tensor is defined by
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o
P 3.4

where parallel amd perpendicular refer to the direction of B.

There is no direct relationship in a complex field situation between
the parallel and perperdicular diffusion coefficients K31 and K.

Ki1 = K = 1/3v2T, wvhere v is the particle speed. In the case of a

K

smooth field K1 m}‘z ’

but vhen random walk of the field lines
(Jokipii, 1966) is taken into account K; becomes larger than this.
Forman and Gleeson suggest that K can become as large as the order of
Ki1e Gleeson (private d,iscussion) has suggested that the magnetic drift
term is probably negligible, due to the low value of the coefficient.,

In the long term this term will vanish anyway, due to £ield reversal,

We are therefore left with

- _ (ou) (30)

The streaming manifests itself as a sinusoidal variation in intensity
recorded by a detector rotating at uniform angular velocity, with the
maximum occurring when viewing directly upstream against the direction of
S. Vhen the detector is fixed on the earth's surface a diurnal variation

will be observed.

No explicit co-rotation term appears in these equations, and Forman
and Gleeson suggest that the notion of co-rotation should be abandoned.

Instead they suggest that the observation of an anisotropy exactly in the
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cross—radial direction shuould simply be taken as confirmatory evidence

of no radial streaming. It is customary to assume that; on average,

therc are mo sources or sinks for high energy cosmic rays (having energies
greater than, say, 1 GeV/nuclgon) inside the earth'’s orbit. . The few solar
flares which emit particles in this ramge, and small convective £low which
exists in particles in the fev CeV/ruclear rarmge through the solar cycle,
are second ovder effects for this purpose. It follows therefore that an
observation of strictly cross-radial streaming implies also that there is
no r;.ett enerzy gain or loss - on the average - for narticles approaching

the sun in the energy ranze of observatior.

Short term sinks (e.g. Forbush Decreases) and sources (e.g. the
subsequent diffusive replenishment of the depleted region) certairly exist.
They have characteristic time scales of a few days, or less. As would be

expected streaming in markedly differenmt directions, with sizeable radial

components, is observed. lbre surprisingly such streaming can alsc occur

in magnetically quiet times. A possible explanation is that chavges in
the relative magnitude of «31 and K, related to variations in the

degree of irregularity in the field, could be responsible.

3.4.,2 The Semi-Diurnal Variation

TThilst there is nov no doubt about the existence of

an increase in
radiation enerzy received from the direction 90°L of the sun and giving
rise to the observed diurnal variation, there is still some dispute conm
cerning the seni-diurnal variation. Katzman and Venlatesan (1960)

observed such a variation in data from 16 neutron monitors through the

IGY period. They felt that they could explain the observed semi-diurnal

S
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vectors on meteorological grounds inm 13 cases. The three exceptions
were all equatorial statioms. This is significant in the light of more
recent work, Ahlwralia (1962) attempted to shovw a ?elationship between
the semi~diurnal vectors for individual days and values of relationship
between the semi-diurnal vectors for individual days and values of Kp;
He showed that considerable varidbility existed between vectors from
different days. Rao, leCracken and Venkatesan (1963) applied the cone of
acceptance/minirum variance technique, which they pioneered, to the mean
semi~diurnal variation for the IGY period. They found that the minimum
variance which they obtained greatly exceeded the value they expected on
statistical grounds, and comcluded that their work neither proved mor

disproved the existence of a genuine semi~diurnal variation.

Sandstrom (1965) pointed out that the semi~diurnal vectoré obtained
from East and West pointing telescopes, at medium zenith angles, at Uppsala
were considerably different, implying that thelr origin could scarcely be
atmospheric. He drew the same conclusions from North and South pointing
telescopes at Kiruma, The vectors which he obtained appeared to vary
considerably from one short period to the next, and he suggested that the
fairly small amplitudes observed for the annual mean vectors were due to the
apparent random walk mature of the effect from day to day. Ables, McCracken
and Rao (1966) found a definite, consistent, mean annual semi~diurnzl
variation in neutron monitors for the period 1953 to 1965. They obtained
an average amplitude of the annual vectors of approximately 0,17 directed
approximately perpendicular to the interplanetary field direction, approxi-

mately at 0400 and 1600 hours L.T. This result was obtained by a numerical
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filter technique, the time of maximum allocated to each station being
the rost probable time of maximum, mot necessarily the same as the mean
time obtained from comventional harmonic anmalysis. The author’s remark
that the effect could be rigidity dependent, however the direction was

calculated on the basis of its being rigidity independent.

The theory of the semi-diurnal variation is not clear at the present
time., Parker (1964) put forward a possible two~way streaming in the
ecliptic plane perperdicular to the magnetic field direction., The term
in his expression for cosmic ray tramsport varies as Bx (W11? = 4U}) where
W11 and W3 are the velocity components of cosmic rays parallel and
perpendicular to the B field, Since the average value of (312 - %I{i‘_)
will be approximately constant, and the direction of B reverses every
few days So that the average value of IBI goes to zero over a period of

a year, this mechanism can scarcely give rise to an annual mean semi-

diurnal variation, although it can certainly produce one on individual days.
s S J ¥

Subramanian and Sarabhai (1967) have put forwvard the consequences
of their perpendicular density gradient theory as it applies to the semi-
diurnal variation. They find various rather complicated changes in the
expected vectors as the density distribution and field strength change.
In general the vectors, which they predict to demote the times of maximun,
lie either approximately radially or cross-radially with respect to the
earth-sun line, and do mt therefore appear to agree too well with

shbservational results (Section 4.9).

Lietti and Quenby (1968) proposed two possible models for the semi~
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diurnal variation., Both require the existence of a cosmic-ray density
gradient perpendicular to the ecliptic, but make different assumptions
concerning the relative magnitudes of the diffusion’coefficients in and
perpendicular to the ecliptic plane. Both lead to prediction of a
rigidity dependent semi~diurpal anisotropy with a direction of maximum

Yearden-hose'" direction.

in the solar equatorial plane perperdicular to the
They expect the latitude dependence to be as cos3 (asymptotic latitude)

and approximate asymptotic latitude above the equatorial plane with
geographic asymptotic latitude. They suggest that the model assuming

Ki1 >> K1 gives a better f£it to tho observations. This is taken further
by Quenby and Lietti (1968) in the rigidity range 1 to 15 GV, and confirmed
at higher rigidities by Hashin, Peacock, Quenby, and Thambyahpillai (1959).
The latter authors, utilising data from the London 60 m.w.c. underground
directiomal muwon telescopes, show that a rigidity dependent variation up

to an upper limiting cut=off between 60 and 100 GV is consistent with their

observations, both in amplitude and phase,

3.4.3 The Virtual Sink

Combination of the first and second harmonics of analysed data
results in a quasi-sinusoidal curve of the type shown in Figure 3.2.
A typical curve will have a minimum between 0600 and 0900 LT and a maxinum
between 1400 and 1700 LT, some 8 to 10 hours later, Sarabhai, Pai and
Wada (19465) moted the consistency of this time lag from day to day and
compare& details of the lag with changes in the B field direction. They
suggested that the daily variation might bé composed of two componeits, a

virtual source in the 1800 direction due to azimuthal streaming, and a
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virtual sink in the direction looking sunward along the B £field. They
suggested the possibility of sumward bound particles, spiralling along the
field lines followiny the guiding centre approximation, having maximum
chance of scattering if irregularities of scale size equal to the particle
gyro-radius exist near the mirroring point. If a significant proportion
of particles are scattered at that point, a decrease in radiation coming
from the sun along the field lines should be observed., Irregularities of

3

order 10~ to 106 Kn are required.

At first sisht this effect night be thought of as simusoidal, when
observed by a detector on the rotating earth, in thé same manner as the
sinusoid obtained from azimuthal streaming. The sum of two sine waves
of equal period but different phases is also a sine wave, of the same
period. However the streaming gives rise to a true maximum in the 1800
direction and a true minimum in the 0600 vwhereas the virtual sink is ron-
simsoidal, having a definite minimum at 0900 but mo corresponding
maxinum from the anti-solar 2100 direction. Thus the combination can

give rise to the type of effect observed.

Another suggestion vas made by Mercer and Wilson (1965). They
discussed the solar capture of the imward bound protons which, due to their
pitch angles on entering the interplanctary field, nomimally mirror below
the solar surface., They computed that only 0,017 of all primary cosmic
rays are so captured, however due to the finite opening angle of a neutron
monitor (or any other detector), this would result in a decrease of about
0.6% when looking imsard along the field dircction. The decrease would

vary from day to day, both in arplitude and direction, as the average



solar wind velocity, and therefore field direction, changed.

3.5 CONCLIISION

The reviev, and corments, presented above, particularly in sections
3.4.,1 to 3.4.3, do not attempt to cover all of the vast amount of work
which has been done in this field in recent years. However, an attempt
has been made to present most of the work which seems relevant to the
author's investigations. The omission of comment on many papers, particu-
larly by Japanese and Russian authors, does not mean that they have not
been read, rather that the line must be drawn somevhere, Vere one to
rigorously mention every paper published on this subject over the past
five years, one would end up with a thesis the size of 12 months' issues

of Scientific Abstracts - or so it at times seems!

Many details of the solar daily variation are not yet fully lknown.
Clear knowledge of rigidity exponents, latitude dependence, and upper
and lower effective rigidity linits for both harmonic components, is
essential to permit the various theories to be verified. The next
chapters present investigations into methods of obtaining these para=
meters, into the values of the parameters themselves, and into some of

the pitfalls which strew the investigator's path.
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CHAPTER. 4

PARAMETERS OF THE SOLAR DATLY VARIATION

4,1 LITTRODUCTION

The pafamcters of the solar daily variation are, as indicated in
the previous chapter, of paramount importance in imvestigation of inter-
planetairy magnetic conditions, in particular at the higher energies where
satellite data are mt useful. By late 1964 it was apparent that the daily
solar variation was relatively invariant over the solar cycle, at least in
the energy range to which neutron monitors primarily respond. However
results from the underground muon telescopes at Hobart indicated some
decrease ir. amplitude at higher energies, and furthermore the f£irst harwonic
appeared to be decreasing proportiomately more than the secord. Such
changes could be due to an alteration in the spectral exponents involved,

or a reduction in the upper rigidities at which the components ceased to
be effective, assuming that such limits existed. The changes might or
night rot be evident in the neutron data. It therefore appeared reasonzble

to imvestigate whether the solar daily variation in the range 1 to 200 ox

so GV was in fact as imvariable as it appeared.

Rao, McCracken, and Venkatesan (1963) showed that in 1938 the first
harmonic had a free~space amplitude around 0.47 with the maximum in the
direction 265°. It was independent of rigidity, up to an estimated 200 GV,
Their resd ts for the seccond harmonic were inconclusive since they found
such variations only in data from low latitude statioms. The amount of
clerical work imvolved in a study such as this is considerable, and to keep

within reasomable bounds it was decided to restrict the main analysis to

the period 1961~3. If the 1961-3 results were mot similar to those of



Rao et al then further work would be necessary. 1963 was origimally

taken as the fimal year for which data files at Hobart were essentially
complete, It was however hoped from the onset that work could be continued
through solar minimum, to determine if any effects similar to those of 1954

could be seen.

4.2  CALCULATION TECENLIQUES

Rao et al showed hov the response of any particular detector to
specified anisotropies could be predicted, and how the results could then
be used in a least squares analysis to determine vhich, if any, of the
assuned anisotropies in fact fitted the actual observations. The method
depends on the different forms of the asymptotic cones for various

detectors. It has been used, with variations, in the present amalysis.

4,2,1 Calculation of Modulation Coefficients

From a kmwle&ge of the asymptotic cones of acceptance we may,
by the appropriate use of variational ccefficients, calculate the expected
response of a detector to any specified anisotropy. In particular we can
predict the time variation to be observed in the count rate as the Farth

rotates relative to the anisotropy.

Let the rigidity spectrum of the anisotropy be given by

5@ = ( £y T R IRIE,

0 for R < R, and R > R
1 u

NN

vhere Rl and Ru are the lover and upper rigidities between which the anis~

otropy is effective (called the lower and upper limiting rigidities
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respectively), and £(A) is a function of asymptotic latitude. For £(A)
. v . D .
we will take the fumction cos® (A), vhere p remains to be determined.

Note that the case p = 0O corresporxls to an am.sotrop_,r irdependent of

433
ct
v
199
(0]

asymptotic latitude, amd p = 1 1 direct cosine depenlence generally
predicted for the diurml variation. It remains to determine g(n), the

response to this anisotropy of & detector viewving in the direction 1.

The angles used to define the direction of viewing are shown in
figure 4.1, vhere n 1is the direction of viewing relative to the earth-
sun line., All aigles are in degreces, T 1is universal time in hours.

Any anisotropy will be a function, as seen by the detector, of 0, and

my be expressed as a Fourier series,

g»(n) = J,®) rﬁl A cos m(n-n )

vhere Am and n, are amplitude and phase constants,

A consequence of this should be moted. Analysis of any cosmic-ray
data vhich contain departures from isotropy, including departures due to
the statistical fluctuations inherent in finite count rates, will reveal
apparent harmonics at any specified frequency. If, for example, a severe
Forbush decrease occurs during the period under amalysis, it may contribute
markeldly to the calculated first and second harmonics without being
connected in any way with genuine periodicities in the data. Care nust

therefore be taken to elimimate such events before harmonic analysis is

undertaken.
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From figure 4.1 , n-= ¢ + 15T, vhere ¥ is asymptotic longitude.

ez W) = I @) fl AL cos m (U+ 15T = n) Ll
m:

From eqn. 2.11 we find, for a longituwle-varying anisotropy

ANQ. -
MBI o sw . v 5.2
N J
AN(Y.)
where = represents the counting rate from a longitude belt defined

by the meridian planes wj t AP, Assuning 72 such longitude belts, cach
of width 50, and combining equations 4.1 and 4.2, we find the counting
rate of the detector at time T varies from the isotropic rate by

AN(T), where

- 71 gW.)
Ahgr) = z Vj R i (PJ)
j=0 AN
Simce Y. = 5 + 2.5
AN (T) 71 ]
- = Z Vj .f Am cosm(53+151‘+2.5-nm)
j=0 m=1

= 5 Am Bm cos [m(lST - nm) + Ym]

m=], 2?‘3
2
(71
where B = (2 v. sinm(5] + 2.5) )
™ . i
(j=0
:
(71 )2 hid
+ c v. cos m(5 + 2,5) ) .

(j= )



71 )
and Y. = arctan |Z vj sin m(5] + 2.5)

4,5
z vj cos (5] + 2.5)

J

From eqn. 4.3 the observed amplitude of the mth harmonic is equal

to A B, and maximum intensity is observed at time

T o= MYy
pul

15m

]

hours U.,T,

The local time of maximwa, at a station whose geographic lorgitude

is L 1is, therefore

tm 5 My T (Ym - L)
15m

hours L.T. 4.6

Since B is rigidity dependent it follows from eqn. 4.3 that
An’ the amplitude constant of the anisotropy, only becomes the actual

free-space amplitude in the case B = 0,

In eqn. 4.6 the term (mL - Ym) is the correction for primary particle
deflection in the geomagnetic field, If, as is usually the case, ¥ is
. . . th . .
greater than L the intensity mauinum of them  harmonic will be observed

earlier at a given station than it would be if no geomagnetic field existed.

Ve will let

G = (y. -mL)
15m

Due to the dependence of asymptotic cones on assumed variatiomal
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spectrum and on type and location of the detector ve would expect the
calculated values of Bm and Gm to change for each different detector and
assuned spectrum. This is indeed found to occur. Ve may therefore cal-~
culate sets cf values of B and Gm for each detector, using different
parameters in the assumed variatioral spectrum used to calculate each pajr.

Bm and Grr are referred to as the modulation coefficients of the detector.,

29

Subjecting the obsarved data for scme period from each station to

Fourier analysis we £ind values P.q‘1 ard t for the obzerved amplitude and
34 4

. - . th .
local tine of maxinum of them  harmonic.

From eqn. 4.6

n
= B .
t T 15 %
. o nm = lS(tm+ Gm>

A free-space direction is often degeribed in terms of the local
time associated with it, defined as the time T at which the direction
n lies in the local meridian plane. T = n/l5., Free-space directions

are described in terms of T in this thesis where

T =t +G
pu m

L
Tm * Gm * i5 4.7

This is illustrated in figure 4.4,

The anisotropy is clearly the same regardless of the means with which

[ X L ) ~ 'r-\ a ':
we view it, and therefore the estimates (Am)s ol (Tm)s of Am and T

obtained using the sth detector should be the same as those obtained using
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predictions and data for all other detectors if we have selected the
correct form of the anisotropy and if all the detectors are perfect. In
practice detectors have finite count rates, imperfect meteorological
corrections, and instrumental troubles and the values of (Am)s and (Tm)s
are therefore subject to statistical and quasi-statistical fluctuatiomns.
If the values of CAm)S and (Tm)s‘obtained have a variance which can be
attributed purely to statistics we may claim that the spectrum used is
compatible with the observations. It is not necessarily the only spectrum
which will give such a fit. We can proceed therefore by obtaining estimates
of aﬁn)s ard (Tm)S using various spectra, taking as most likely the spectrum
giving minimunm variance of these estimates., We then enquire whether the
minimum variance so obtained is in fact attributable to the differences in

the observed data which must be expected on purely statistical grounds.

A computer programme has been written to calculate values of Bm and
Gm for use in this process. It is generally found that only the first and
second harmonics of the solar daily variation are significant and hence the
programme functions for m = 1 and 2 only. Variatiomal coefficients are
essentially only an intermediate step in calculations of this type and are
of little direct use apart from illustrative purposes. They were not

therefore mormally obtained as computer output,

In the spectrum assumed above there are four parameters, B, Ru’ Rl’
and p. If we follow the method suggested to the letter it would be necessary
to calcuiate sets of predictions for every possible combimation of these.
In ﬁractice this is neither necessary nor desirable. It is necessary to

use a sufficient number of values of each parameter to ensure bracketing

the correct value and at the same time maintaining intervals between
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successive values which are reasonably consistent with the resolving power
of the method., Twelve values of each variable appeared to be a reasconable
compronise, If all possible combinations were computed this would result
in 124 (= 20736) sets of predictions being required per detector. The
observed run-time to calculate'each set varies, according to station cut~off
rigidity, between &bout 3 and 4 seconds on the Elliott 503, At an average
of 3.5 seconds/set this is about 20 hours. Quite apart from this objection
the greatly increased amount of data for the variance calculation programme
could not have been easily handled since the total available computer
storage, for both programme and data, is only 22000 words. 1l discs or
magnetic tape were available. If, on the other hand, the four parameters
are all independent then it is sufficient to give three of them arbitrary,
but reasonable, values and calculate modulation coefficients For 12 values
of the remaining one, and perform this operation for each paramcter in turn,

The resultant 48 scts of coefiicients are quickly produced and easily hardled

The initial programme was based on the assumed independence of the
parameters, and also on the likelihood of the spectral parameters of the
two harmonics being of the same order., It was immediately evident that
neither asswmption was justified within the accuracy of the calculations.
It was obvious that the spectral exponent f of the first harmonic was in
the near zero region as reported by Rao et al (1963), vhilst that for the
second harmonic appeared markedly positive. TFurthermore the values of
Ru obtaiqed for the second harmonic were very low, not at all consistent
with the underground measuwrements at Hobart. These values were obtained
with an assumed spectral exponent of 0.0, thus giving a strong suggestion
that Ru at least could not be treated as independent of B, The programme

was therefore modified to produce 4 groups of coefficients. The first



(; Read & Store Differential Coupling Coefficients )

I

Read & Store Asymptotic Directions for one station
& standard set of rigidities & arrival directions.
Read detector vertical cut-off rigidity. Select
set of Coupling Coefficients & normalise them to
percentages, taking account of cut-off.

Rl =0 GV; R_ := 100 GV; p := 1.0;

Bl = -1.03 62 := 0,0:

|
Compute, print, & punch Bl' Gl’ B2, GZ'

<

l Rl t= 0GV; p :=1l; R := 30 GV; 1
u | —

Choose next
highest value
of Ru

[44§u := 100 GV; Rl = 0 GV J

|
‘ Compute, print, & punch Bl’ 1 2, 2.

Choose next
highest value
of R

v; p :=-L. s.
|

[7Compute, print, & punch Bl, Gl, Bz, Gz. l ¢

Y

Select next station J-+—

Finish

Fiqure 4.2, Flow chart of programme for calculation of

modulation coefficienis.
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Group Ru Gv R1 Gv P Bl 62
100 0.0 1,0 =1.0 0.0
0.8 0.2
-0.6 0.4
0.4 0.6
~0,2 0.8
A 0.0 1.0
0.2 1.2
0.4 1.4
0.6 106
0.8 1.8
1.0 2.0
1.2 2.2
30 0.0 1.0 Sub~Group 1
40 "0.2 0.8
50
60 Sub=Grouwp 2
70 0.0 1.0
&0
B 0] Sub=Group 3
100 0.2 1.2
1%
250 Sub~Group 4
500 0.4 1.4
1000 .
100 1.0 1.0 Sub~Group 5
2,0 -0,2 0.8
3.0
4.0 Sub=Group 6
5.0 0.0 1.0
c 6.0
7.0 Sub=Group 7
8.0 0.2 1.2
9.0
10.0 Sub-Group 8
12.0 0.4 1.4
15.0
100 0.0 ~1.5 Sub-Group 9
-1.,0 -0.2 0.8
0.5
0.0 Sub~Group 10
0.5 0.0 1.0
1.0
D 1.5 Sub=Group 11
2,0 0.2 1.2
2.5
3.0 Sub=-Group 12
3.5 004 1‘4
4.0

Table 4.1 Spectral parameter values used in initial imestigations of
daily variation.
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group involved varying B, with Ru’ Rl, and p held constant at reason-
able values, The remaining groups were divided into four sub-groups eachg
B being given a different value in each sub-group whilst Ru, ng or p
were varied. The values of £ chosen were judged, on the basis of the
preliminary runs, to cover the most likely values, To overcome the

difference in exponents B, was.put equal to Bl + 1,0, The flow chart of

2
the programme in this form is given in figure 4.2, whilst the actual paramete

values used are listed in table 4.1.

4,2,2 Caleculations of Darmonics

The Fourier coefficients in polar form RJ.’ Tl’ R2 and T2 of the
actual data have been obtained by convertional harmonic analysis, of which a

brief description follows.

The basic assumption is that the count rate of a detector at any
instant, after correction for atmospheric effects and the removal of Forbush

decreases, flares, and like effects will be describable by the function

J2nm
(£ =) 4.8

£(t) = £ r cos = o

m=1

vhere t 1is in hours. It may be shown that this expression is the same

as
T 27mt . 2mmt)
) = i:l (am cos <57 + bm sin=7= ) 4.9
) i 24 b
= 2 242 = e
where r, = (am + bm) and tm S arctan a_m
n

The expansion may be taken as high an order of m as seems desirable,
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Whittaker and Robinson (1944) have shown that, for a system of equally
spaced (as in this case in time) observations of magnitude Uk the expressiom
f (t) is the closest f£it to the observations, as determined by a least

squares method, when

n-1 n-1
a, = -12; z Uk cos 2ok and bm - z Uk sin Znkw 4,10
=0 n =0

We have therefore a method of obtaining the amplitude and phase of any

pericdicity, of frequency mn, in our data.

When used in the conventiomal manner for cosmic-ray work two correction
need to be made to these expressions. Whittaker and Robinson took their
ordinates Uk to be instantaneous samples of £(t) and also took their time

origin at the first such ordimate, Uo' Neither of these assumptions are

true when dealing with time averaged cosmic-ray data.

Cosmic-ray results are usually presented as a set of 24 hourly or 12
bi-hourly count accumulations., The published figure for HOl in hourly
tabulations in fact refers to the total accurmlated between 0000 and 0100,
usually universal time, It must therefore be considered as the average
value for that period, and be deemed true at 0030, Similarly the bi-hourly
total for HOl/2 is centred at 0100, The phase obtained when using the
method outlined above must be corrected for this shift by the addition
of {1 hour in the hourly case and 1 hour in the bi-hourly; in general this

amounts to —112 hours.

The effect of time averaging in production of the ordinates is to

sin W

reduce the amplitude of the sine wave obtained by a factor of vhere

o = m_‘n'. m and n having the meanings assigned above (Parsons, 1959),
n
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Therefore the amplitude of any harmonic obtained from time averaged data may

w
sin w"

be corrected for the averaging effect by multiplying by We finally

find therefore that

‘1

2 243
m'rr(am + bm) and T - {12 arctan (bm/am) + 122
n

n sin (@n/n) mw

R =

m hours

In these expressions Rm represents the comventional amplitude of a
sine wave, the displacement of the peak from the mean, and not the peak—to-
peak amplitude. Throughout this thesis amplitude is taken as the peak—~to-

mean displacement,

A computer programme was written, using the above technique, to obtain

T R, and T, from any suitable set of hourly or bi~hourly

1* "1 72 2

data. It also produces the standard errors of these quantities and a

values of R

statistical indication of the closeness of fit of the individual harmonics

to the data, The values and times of occurrence of the maximum and minimum

of the function

£(t)

2m 4 _
Rl cos o7 (t Tl) + R2 cos 7 (t T2) 4.11

representing the maximum and minimum amplitudes of the daily variation, are
found and a statistical indication of the closeness of fit of this expression
to the data is given. All amplitudes are given in percent and times in both
hours and decimals of hours, and degrees, the latter to facilitate the plot-
ting of harmonic dials., The mean count rate of the supplied data is moted

. and, as an option, the percentage deviations (the deviates) of individual

ordinates from the mean may be produced. The programme internally checks
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the data in all cases for a statistically unlikely difference between adjacen
ordinates, and in such cases automatically prints all deviates in the data

concerned to permit checking to be carried out.

The programme is arranged to produce monthly mean values of the
various quantities indicated, It also, by internal averaging of the
deviates, produces anmual values and values covering the entire period for
vhich data is supplied. Percentage deviates are always produced in these
cases. The programme will also, on optional command from the computer
console; produce percentage deviations of all monthly data, with or without
output of the harmonic coefficients; inhibit the calculation of monthly
harmonics, only producing annual and total period valﬁes; produce annual-
running-mean harmonic coefficients, and deviates, in solar time; or re=
arrange the data in sidereal or anti=-sidereal time and again produce annual=
running-mean harmonic coefficients and deviates, Table 4.2 shows part of

a typical set of results.

It has been suggested (Ables, McCracken and Rao, 1966) that the use
of a numerical filter on the data before analysis leads to an improvement
in the statistical accuracy. However Forbush, Duggsal, and Pomerantz (1963)
have shown that, in the limited case of data which does mot contain persis—
tent variations whose periods are nomharmonic to the periods under review,
o such improvement results and the two methods have identical statistical
accuracy. It is just this case which is met in practice, Straightforward
harmonic‘analysis was originally chosen for the present project on the basis
that it appeared to give satisfactory statistical accuracy for both hammonics
in trial analyses, and that the data preparation required was substantially

easier, with the available facilities, than would be the case were filtering
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CHICAGO NEUTRON STN 111

DAYS ER
YEAR MON ACT POSS X MAG Tt

1961 AN 28 31 90 .023 0.61
FER 25 28 &9 .025 0.77
MAR 29 31 94 .028 0.82
APR 24 27 89 .025 1.45
MAY 25 30 83 .025 0.7v
JUN 28 30 93 .023 0.6
JUL 21 21 100 .027 1.41
AUG 24 31 77 .025 0.43
SEp 27 29 93 .024 0.66
ncT 29 29 100 .023 1.06
NOV 29 30 97 .023 0.89
DEC 19 27 70 .028 1.73
TOT 308 344 90 .007 0.24

1962 JAN 29 31 94 .023 0.53
FER 24 24 100 .025 0.51
MAR 29 30 97 .023 1.32
APR 27 28 96 .024 0.84
HAY 31 31 100 .022 0.71
JUN 29 30 97 .023 0.71
i 26 29 90 .024 0.66
AUG 28 29 97 .023 0.51
SEP 28 30 93 .023 0.69
0CT 30 31 97 .022 0.82
NOV 27 30 90 .024 0.47
DEC 29 31 94 .023 0.46
107 337 354 95 .007 0.18

1963 JAN 0

FEB 18 28 64 .029 1.06
MAR 31 31 100 .022 1.51
APR 24 30 80 .025 0.74
MAY 27 31 87 .024 0.93
JUN 27 30 90 .023 t.03
uL 3 31 100 .N22 0.59
AUG 31 31 100 .022 0.56

SEP 21 23 91 .027 1.19
0cT 26 °8 93 .024 1.58
NOV 25 30 83 .024 0.91
DEC 30 31 97 .022 0.60

TOT 291 355 82 .007 0.28
1961-63A 936 1053 69 .004 0.13
CHECK SuMs 1200.731 129
1961 10T 85 -6 -4

-78 -80 =60
1967 107 70 32 65

132 -80 =63

ROR.
T2

0.85
6,00
2.29
6.00
1.H0
1.27
1.28
1.27
2.02
0.89
1.45
0.71
0.61

2.67
6.00
6.00
2.02
6.00
1.66
6.00
2.04
0.68
6.00
1.73
6.00
0.65

1.28
1.32
1.40
0.71
0.60
2.17
6.00
6.00
6.00
6.00
1.13
0.49

0.35
0.582

23
14

59

Typteal set

TIME IN DECIMAL

R1X TMAX1

2146 20.49
+123 20.04
108 21.11
-068 19.20
«120 21.63
<143 22.29
075 23.14
.224 22.08
-138 21.60
-083 20.00
099 21.34
.064 18.28
111 21.17

163 20.97
.188 ?21.92
067 20.79
<109 23.29
-120 22.82
-124 20.98
2140 22.45
-176 22.38
+130 21.64
-105 22.02
»190 22.54
.187 20.37
2138 21.84

.105 21.57
.057 17.38
«129 20.32
.098 19.61
-089 2?2.51
.143 19.86
.150 21.00
.087 23.28
060 22.33
.104 21.26
-142 19.79
.099 20.78

<116 21.34

ANG VAR

HNURS GMT,

R2X

FROM #HOURLY

307 .29
301 .44
317 .47
288 .70
3724 .48
334 .33
347 .66
331 .13
324 .26
300 .59
320 .38
274 .82
318 .10

315 .18
329 .23
312 .73
3499 .31
342 .28
315 .31
337 .24
336 .19
325 .42
330 .36
338 .17
305 .19
328 .05

323 .43
261 .66
305 .38
294 .51
338 .53
298 .28
315 .22
349 .50
335 .46
319 .39
297 .29
312 .11

320 .05

.054
028
.025
.021
.030
.038
.044
.041
027
.051
.033
077
.022

023
.023
.020
u27
.019
.030
011
.026
.067
017
030
. 009
020

.046
.034
037
065
076
.024
.014
.025
.018
016
-040
.028

.022

TMAX2
DATA

08.53
04,81
04.50
08.56
06.40
06.28
07.04
03.87
08.26
02.47
08.21
06.75
06.55

06.74
08.68
07.7%
09.08
06.80
06.72
07.96
07.64
08.17
03.86
08.36
02.82
07.72

07.16
06.06
06.89
07.06
06.02
04.64
02.89
07.02
11.23
03.40
06.23
06.36

06.82

NDEVIAYIONS IN THOUSANDTHS ¥

=23 ~31
52 83
-18 -68
42 62

=-107
107

-81
116

=65
152

=81
112

of results from

-93
90

-100
156

ANG

256
144
135
257
192
188
211
116
248

74
246
203
196

202
260
234
272
204
203
239
229
245"
116
251
85
232

215
182
207
212
181
139

a7
211
337
102
187
191

204

-125
123

-144
144

VAR

91
.98
.97
.97
.97
95
.89
.97
.97
.85
.93
.74
96

.98
.99
.98
.36
.98
.96
1.0
.98
.85
.98
.98
1.0
.98

.89
.88
<95
79
.66
.98
.99
.96
.95
.99
.95
.93

.97

MAXA

.200
.128
099
.086
.130
2142
090
.184
-162
077
.129
«141
.122

2176
208
.086
.127
-115
.143
145
.186
.190
.089
.209
-179
-150

.138
.090
161
162
.121
.148
137
.085
077
.088
176
2117

127

119
76

139
162

ANGLES IN DEGREES.

M TMAX

20.52
18.80
19.32
19.95
20.08
20.40
20.25
22.62
21.02
15.98
20.70
18.67
20.05

20.22
21.52
20.25
22.22
21.62
19.90
21.93
21.45
20.65
22.30
21.73
20.27
21.10

20.03
17.87
19.55
19.22
18.95
18.70
21.07
21.22
22.82
21.05
18.97
19.52

20.30

-78
66

=117
115

ANG

308
282
290
299
301
306
304
339
315
240
310
280
301

303
323
304
333
324
299
329
322
310
335
326
304
316

301
268
293
288
284
280
316
318
342
316
284
293

305

MINAMP THMIN

=.105
=-.132
-.129
-.063
-.135
-.171
-.112
~.265
-.126
-.133
-.089
~.092
-.115

~.160
-.173
-.058
-.110
-.132
-.126
-.139
-.180
-.138
-.122
-.187
-.196
-.135

-.123
-.055
~-.120
=-.096
=-.160
-.152
-.164
=-.107
-.051
-.119
~.135
-.105

-.118

05.35
09.13
09.77
04.87
10.97
11.30
12.47
09.98
11.13
08.33
11.92
01.53
10.53

10.05
10.77
11.20
13.03
11.55
10.65
11.05
11.45
12.70
09.95
11.73
08.43
10.95

11.83
01.53
10.52
11.68
11.68
08.90
08.97
12.20
07.92
09.32
09.90
10.58

10.68

ANG

80
137
147

73
165
169
187
150
167
125
179

23
158

151
162
168
195
173
160
166
172
191
149
176
126
164

178

23
158
175
175
134
135
183
119
140
149
159

160

Harmonic Analysis prograrme.

VAR

.20
43
.39
.68
.45
.28
55
.10
.23
+45
.32
56
.07

.16
22
.70
.27
<26
.27
.24
.18
.27
.35
.15
.19
.03

.32
<54
<33
<30
.19
.25
.22
.46
.41
.38
.23
.04

.02

MEAN

3421.0
3427.0
3433.5
3430.8
3439.0
3429.5
3392.3
3418.8
3434.3
3457.2
3482.7

3478.4,

3437.5

3484.5
3468.2
3472.6
3455.2
3459.6
3455.5
3454.5
3454.1
3449.5
3454.0
3471.7
3480.1
3463.3

3514.5
3503.4
3504.0
3488.7
3493.9
3492.0
3491.2
3489.1
3494.3
3504.5
3520.6
3499.4

3466.0

SF

16

16

16

"ETT
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used, It row seems that this choice was better than it at one time appeared

4,2,3 Calculation of Variance

It is necessary to obtain a measure of the scatter of the various
estimates (Am)S and I(Tm)s obtained using each set of parameters, and then
to decide which set of parameters gives the minimum scatter in these
quantities. A suitable measure of the scatter for this purpose is the
sample variance 52 of the estimates. 1If only a few such calculations are
imvolved it is quickest to perform them on a desk calculator. If; as in
the present case, large numbers of estimzates are imvolved and the process
must be carried out for each harmonic coefficient and several different
sets of data, computer operation is essemtial, It was decided that the

amplitude ard phase estimates would initially be dealt with separately.

A computer prograrme was written to produce the required information
from knowledge of the various sets of predictions and the actual observations
To this end it accepts as data result-tapes from the prediction and hammonic
amalysis programmes. Each tape bears a detector identification number for
computer recognitiom. Taking one group of predictioms at a time the
programme calculates the variance of the estimates of (Am)s associated with
each set of predictions in the group. The minimum value of the variance
is found, and the parameter set giving rise to it is determined. The mean
value of Am for this set is calculated, together with the consequent value
of T, Standard errors of Am and T, and of the minimum variance itself,
are printed. The same operations are then repeated for the variance of the
estimates of (Tm)s. The entire process is then repeated for each of the
variable p;.rameters in turn, for both harmonics, and for as many periods of

data as required. 1In every case the probable value of Bm was obtained
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first and the sub-group of predictions (Table 4.l) using this, or the
nearest available; value was used when obtaining values of the other three

parameters.

The programme flow chart is given in figure 4.3. All data are read
in before computation starts. Sum checks are uved on the data tapes, even
though the latter are computer pfoduced, to guard against possible reader

exrrors.,

The sample variance, Sz, of n estimates Xy of a quantity is defined

n
as 1 z (x.--':";')2
n i
i=1

where X is the mean of the values of X o " Expansion shows that
- 3 4,12

In this form 82 is well suited to computation. However its value
depends on the magnitude of the variable as well as on the scatter of the
various x, about X, and its use in the mamer outlined is therefore justified
only if the various values of X, obtained are of closely similar magnitude.
The restriction is largely obeyed in the case of the phase calculations,
vwhere the mean value of phase varies by only an hour or two over the whole
range of parameters considered, but is violated when the amplitude constant
is being investigated. The amplitude comstant can vary by several orders
of magnitpde in the parameter range. To obtain a measure of relative
scattering under these conditions it is necess;ary to use the coefficient

of variance, v2, defined as IOOS2 whose magnitude is independent of x 2.
-2

X
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For computational uniformity this quantity has been used in all variance

calculations.,

The minimum value of v2 obtained in these calculations will not be
zero even if ome of the sets of chosen parameters does fit the freespace’
anisotropy exactly. The estimates a%n)s and (Tm)s will still show a

scatter due to

(@) The finite count rates of the individual detectors.
(b) Possible errors in corrections for geomagnetic deflection or
meteorological modulation.

(c) Any systematic errors present in data from one or more stations.

The factors (b) and (c) can cause errors in the estimates which may
or may not be serious. Suppose an estimate CAm, Tﬁ)s of the free space
harmonic is obtained using data contaminated by factors (b) and (¢). The
estimate may be represented as a vector (figure 4.4). The possible error
in this vector due to purely statistical causes may be represented by a
circle whose radius €, is the standard error associated with the detector
count-rate, The vector Q%n, En)s’ corresponding to the true estimate
obtained from station s without effects from (b) and (c) being present may
also be drawn. If the point of this vector lies within the error circle
of the CAm, Tm)s vector then the two vectors may be regarded as statistically
indistinguishable and the contamination caused by (b) and (c¢) may be dis-
regarded. = The argument is reversible since the error circles of the two
vectors have the same radius. MNote that the argument is true for any
value of the rigidity exponent, and that vectors of the form’shown in figure

4.4 represent the amplitude constant, only becoming the actual free-space

amplitude if the rigidity exponent is zero.
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We have seen that, so far as can be ascertained, the errors due to
(b) are indeed small., Those due to (c) are less easy to determine. Whilst
the obvious ones are easy to eliminate (section 4.4;2) some systematic
errors are not easy to detect. For instance a systematic advancement of
phase at a station by, say, one hour, cannot easily be detected by an
examination of the data either before or after harmonic analysis. Such
errors can be caused by, for instance, the use of an erroneous barometer
coefficient, the taking of spot barometer readings instead of averages
from a barograph, wind effects on the barometer (Section 2.2.3; Chiba and

Kodama, 1969), or hysteresis in a barograph pen., Other possible causes

certainly exist,

A different class of errors, affecting the amplitude but not the
phase, can also occur. An example would be some instrumental effect
proportiomal to the count rate, Vhilst this seems unlikely at first sight
an apparent case has been observed. At one staticn for which data from
individual sections were anmalysed separately the observed ratio of the
amplitudes, of both harmonics, recorded by the two sections were in the
ratio 1.35:1, consistently through the three years considered. The phases
recorded by the two sectiors were statistically the same. Mo satisfactory
explanation has been found, Clearly theée data are unsuitable for use in
an analysis based on minimising the variance of amplitude estimates but

could possibly be used in mipimising phase estimates.,

If the amplitude and phase are treated independently we should, if
no such quasi-statistical cffects are present, obtain the same result in
both cases. In particular the plots of the end points of the (Am Tm)s

vectors will be the same and form a more or less circular pattern. The
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expected variance of these estimates will be that due to statistics alone

n
and will equal -% z (E.)2 s depending on whether phase or amplitude
i=1 Aorrct

has been minimised. 1In both cases the expected figure should be achieved.
If, hovever, systematic errors are present in either amplitude or phase
observations wemay find that minimising the phase variance does not auto-
matically minimise the amplitude variance, and vici-versa. Indeed it
generally happens that minimisation of one results in a far from minimum
value of other. Figure 4.5 shows this in exaggerated form; it can be seen
that the end points of vectors determined in this manner tend to lie within

elliptical regions of the harmonic dial.

4,2,k Variance of Vectors

Estimated values of the free—-space parameters of both haimonics
obtained by separate variance analyses of phase and amplitude proved, perhaps
not surprisingly, to produce different results. Possible reasons for this
have been discussed in the previous section. There being no physicai reason
to prefer one of these analyses to the other a "wector variance" technique
has been devised to avoid placing undue emphasis on amplitude or phase alone.
It involves the minimisation of the length of the difference vectors which
result from vectorially subtracting the mean free-space vector obtaiqed
from a given set of stations from the actual free-space vectors obtained
from each of the stations. TFor this purpose it is preferable to revert
to the orthoganal a and b components of the daily variation harmonics, f£rom

which the usual polar components are derived (Section 4.2.2).

For any given observation and allotted set of free space parameters
i C r having ampli A an a
a particular free-space ve*.ct:or__m’s ing amplitude s d ph se'rm’s

will be obtained for the s harmonic at the sth station. Introducing

unit vectors €, J, in the directions O and T/2 on the harmonic dial it
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follows that

r = r £ = 2a° cos © T+ b” sin © 3 4,13
=M, s M8 — m,s mys == mys m,s
2mm
Jhere O = — e
vh £, S Tm,s 24

o)

The angular conversion is from hours to radians, and unit vector ¢
is in the direction of r. The coefficients a” and b” in the expression
should be distinguished from the coefficients a and b in equation 4,10,

which refer to the variation actually observed by the particular detector.

a m,s - = fa (mosvssRu)thp) am,s
4,14
b myS = fb (m,s,B,Ru,Rl,p) bm,s

They are related as indicated in eqns 4,14, the functions fé1 and fb being

fully determinable at all points.

The subscript m may be dropped, for clarity, at this stage, since

the work which follows applies indifferently to either harmonic.

A mean vector r is now defined, such that

_ -2 2
r = {a° +b
—— n ma— 1 n -
where a“ = = L a's and b7 = < )3 b"S 4,15
o og= . s=1

In order to minimise the scatter of the end points of the various
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estimated free-space vectors we actually need to minimise the variance

of the amplitudes of the various difference vectors

1 o -
... S2 = - Z (r —E)
B og=l -
1 B ( —)2 ( —)2
= = )X (af =a”)y + (b7 =57 4,16
s=1 ( ) ( )

The sample variance may readily be calculated in this form., However
it should be moted that eqn. 4.16 reduces in the following manner. Expand-
ing we have

1 2 2 2 2 —_— —
s = = & (@’ + b7 +a” +b" = 22"a - 27p7)
n S s s s
s=1
1 ) 2 2 2 2 2 2
= = L (a +b’)+a” +b° =2a" =27
n s s
=1
ol 52 = r2 "?2 » 4.17

. This expression reveals that there is little difference between the
variance of the amplitudes of the difference wectors and the variance of the
amplitudes of the estimated vectors themselves if, and only if, the estimated
vectors do not display a great scatter in directions, The amplitude of the
mean vector will necessarily always be less than the mean of the amplitudes
of the individual vectors, but the difference will be small if the latter
are all in similar directions.

This is likely to apply in the case of

the first harmonic, and it is therefore possible that similar results may
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be obtained from both the amplitude and vector techniques in this case.,
For the secomnd harmonic, where the statistical accuracy is relatively poorer

and the directional scatter greater this conclusion may not apply.

The value -of 82 obtained in practice from eqn 4,16 will depend, as
before, on the numerical values of the various P and consejuently for

comparison purposes the coefficient=of-variance form must again be used.

2
v? = 100:5-__
]'.'2
- 100 | BT E
-
)
= 100 | == - 1
1,:2

+ b*
e P
a” +b 4.18

This expression has been used for all calculations on this topic.

4.,2.5 Selections of Parameters for Vector Variance

The initial analyses of phase and amplitude variance were completed
prior to cormencement of the vector amalysis. They had shown that Rl was
indeterminate below 5 GV, and that p, for the first harmonic at least,
equalled 1 (a pure cosine dependence). The arguments leading to these
conclusions are given in Section 4.4.5. It was also apparent at this

stage that consideration of f and Ru independently was mot satisfactory.

In the vector amalysis, therefore, the parameters R1 and p were set

at 0 and 1 respectively, and advantage was taken of the reduction in number
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of varying paraneters to imvestigate in greater detail the effects of changes
in B and Ru. 12 values of each were selected, chosen to bracket the likely
values, and modulation coefficients calculated for each possible pair, 144

pairs in all, A computer programme was written to utilise this information

and obtain, and compare, the vector variance derived from each value pair.

4.2.6  Standanrd Irrors of Estimates, and Expected Variance

Since cosmic~ray detectors have finite count-rates, any quantity
derived from them must have an associated statistical standard error. It
is assumed that the originmal data, on which analysis is performed, is composec
of n hourly; or bihourly (24 or 12 respectively) count totals; each of

these is a Poisson variate, having standard deviation Jﬁk.

Since amplitudes of the diurnal and semi~diurnmal vectors are small,
and the differences between the various Uk are also small, it is possible

to regard each Uk as having magnitude ¥ and standard error N, where

n
N=-:';E U, .
k=0

n=-1
Equation 4.10 gives that a =-f-1 T U, cos 2mk
k=0 = n

Since the only statistical variate on the right hand side is Ul' we

may write the variance of a_ as
= 4

o2 = g2 2 * 121-1 cos? 2EkT
a,m B % 1o n 4.19
2
= 0‘2 . =
Uk n
. e 2 = 2
Similarly cb,m Y _2_
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te that o> = g2 and that o2 1+ = o
agm- bym . a,l a,2
2 2
. 2 2 (GR) 2 (3R) 2 . .
How ¢ = O e + O e where 0° 1s the estima
T a (3a) b (9b) here T ted

variance of the vector amplitude of either harmonic.

2 . 2
e 0'2 = 0'2 a, KR 0’2 .13._
r a | n2 b 2
I L R
e 02 = o2 4,20
r a

The variance of the amplitude of the observed vector equals the

variance of its a or b components. The above work follows Parsons (1959).

Consequently we have that the standard error of estimate, or standard
deviation, of r is

£,21

=
= Vn

Expressed in percent we have

_ 100 |7H

% = ¥ v/a
2

= 100 v ol

If G is the grand total of recorded counts for the period we have,

for each harmonic

|2
o. = 100 /G % 4.22

Since only the total count appears in eqmn 4,22 it follows that 0. is the

same regardless of whether hourly or bihourly data have been used. The
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standard deviation of the phase is then obtained by supposing that the true
end point of the vector defined by rm’em’ lies, to 677 confidence, within
a circle of radius 0. drawn at the end of the vector., The angle subtended

by this circle at the origin will represent the standard error of the phase;
f,m

. o)
Thus ¢ = arcsin T 4,23
Bym =

m

and will be different for each harmonic,

The variance of the amplitudes and phase will then be Oi and Gs

pli 9

2

regpectively. Oy o FBY be used as it stands, but ci n requires multiplica= -
9

tion by a scaling factor to convert it to a free-space estimate of variance.

The variance, Gé, of the amplitude of the difference vector is also
required for use with the vector variance analysis. Eqn 4,16 shows that

the free-space sample variance in this case reduces to $* = S;, + %:,

where S%. and S2. are the sample variances of the a” and b” cohponents
a b I P

respectively. Since a and b are statistically independent and each pair
a” and a, b7 and b, are related through completely determined functions,

knowledge of the estimates of variance ciland Gg means that 02, and Gﬁ’
(4

can 2150 ke obtained.

- -

The fatios-% and'% will ot be very different and thus to a first

order the estimate of the free-space vector variance will be given by

62 = o%.+ o,
v a b
... 02 = 202)
v a
o.o 02 = 2021 4024
v r
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The latter quantity is known, and G‘j can therefore be approximately
calculated., It will have the same value for each harmonic, In practice

63 may be somewhat greater than 20’1‘:‘; if many equatorial stations, for which

a’ , b’ )
- # T are included. -

4.2,7 Presentation of Variance Results, The "Z" Paraneter

Writing the variance, of amplitude or phase, of the free-space vector
. th . . .
obtained from the s~ station as US an average estimated variance can be

obtained, given by

This may be calculated readily, either in this or in coefficient of
variance form, and may be compared with the observed sample variance 52
of the component imvolved, It is convenient to define a new quantity Z

such that
4425
According to Weatherburn (1949, pl69) the quantity inZ is a Gamma

variate of parameter i(n~l). The expected value E(x) of a variate which

follows a Gamma distribution equals the parameter of the distribution.

Thus E(inZ) = {(a~1)
0.0 %noE(Z) = %(n"l)
. - 21 .
¢ o E(Z) = n 4.26

. Thus for large n the expected value of Z¥1, 1In such a case the distribution

|2

of Z will be approximately normal, with a standard deviation of g



128,

In the case of vector variance the approximation of eqn 4.24 has
been taken as an equality. In this case 03 becomes calculable; and E(Z)

follows eqn 4.26.

4.3 MMETHOD OF HAIDLING DATA

It was decided at the onset that the amalysis would be confined to
data obtained from the world-wide neutron monitor network either by regular
exchange or from one of the World Data Centres for Cosmic Rays at Minmeapolis
(later Boulder), lMoscow, and Tokyo. These data would be supplemented by
data from the underground muon telescopes at Hobart. Surface level muon
detectors have not been used due to the uncertainties inherent in the

correction of their data for atmospheric modulation (section 3.2.2

Unfortunately uniformity is only now being achieved in the presentation
of published cosmic ray data, and data for the periods analysed were published
in several different formats. Neutron data are usually published both as
raw data and after correction for changes in barometric height, together with
the appropriate barometric readings. In some cases only raw data and
barometric readings are available; in such cases pressure correction is
necessary before the data can be used. A "most probable" barometric co~
efficient was used for this purpose. Most data are published as count
totals, but there are exceptions, Some earlier data especially are published
as percentage departures from some stated mean. These may be used directly.
Other data, motably from Japanese stations, are published in logarithmic
form, These must be converted back to count totals before analysis. Both
these systems have gradually been abandoned in favour of straightforward

count totals,
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When large scale interchange of cosmic ray data commenced at the
beginning of the IGY in July 1957 bihourly tabulations were in general use.
With the advent of higher counting rate detectors almost all stations have
mow changed to hourly tabulations, The differences in the value of the
harmonic coefficients obtained when the same data are expressed in hourly or
bihourly form are within the statistical limits involved (Sectiom 4.2.6).

To avoid unnecessary arithmetic the harmonic analysis programme was designed
to function with either hourly or bihourly data, giving an indication of
which form was used on the result sheet. The majority of data are tabulated
in hours, or bihours, Universal Time, and all analysis has been carried out
in this frame, thus eliminating possible confusion between 'local' time based
on actual detector longitude, 'local' time based on local zone time, local

summer time, etc.

The data were organised by summing all data for each given hourly or
bihourly period for a month for each detector. Sums for hour 25 and hour
26 (or bihour 13), defined in the usual way as hour Ol and hour 02 of the
following day, were also obtained. As many days data as possible were

used in each month.

In the amlysis of data of this type for periocdic effects it is
important that the fimal results are not contaminated by the presemce of
mn-recurrent effects in the data which would have frequency components
at the frequency of interest. Data containing abrupt forbush decreases,
solar flares and what are loosely kmown as “other anomalous effects" must
therefore be rejected. In the present case, where intercomparison of data
from different stations is being undertaken, it is also highly desirable that

only data covering the same days at all stations be employed. To this end
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hourly plots of data from three low cut—-off neutron monitors at widely
separated longitudes were examined for the type of events mentioned above.
When any such event was found the day on which it occurred was elimimated
from the data of all stations before the addition of the monthly sums. In
the case of Forbush decreases the days irmediately before and after the
main decrease day(s) were also rejected, as were any obviously disturbed
days in the recovery period. In addition to such globel rejection, days
from individual stations were also rejected when it was apparent that the
data were anomalous in some way, due possibly to instrumental trouble or
undefined causes, or when more than 2 hours data was missing altogether.

If only one or two hours data vere missing, and the remaining data for the
day looked mormal, they were replaced by figures obtained by linear intexr-
polation between the four hours bracketing the missing data., The rejection
of certain days at some stations only is undesirable but inevitable. Power
failures, particularly at the more remote stations, are distressimgly frequent
and if one rejected all stations' data because of a 3 hour recording gap in
the data from one station only, one would elinimate a high percentage of the

available data, if mot nearly all of them.

These techniques do not affect any secular changes which may be
present. TFigures 4.6 depicts tpe apparent daily variation which will be
observed in data which increase at a uniform rate throughout the day. Thex
data from hours 25 and 26 are used to eliminate such changes by multiplying
data for each hourly group by appropriate factors such that, after such
multiplication, HO1+HO2 = H25+H26, data from intermediate hours being
nultiplied proportionally. This process is carried out in the harmonic

programme. A slight error is introduced due to the statistical variability
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between the HOL + HD2 and H25 + H26 totals, but in monthly means this error

is negligible.

Data prepared in the above manner were tabulated in yearly groups.
Listed for each month were the number of days' data actually used, the poss~
ible number of days =~ defined as the total number of days in the month minus
the number of days rejected from all stations opcosmic ray grounds — which
could have been used, and the sum of these two quantities, The 26 hourly
or 13 bihourly count totals followed, followed in turn by a check total of

the sum of these,

After the first few scts of data had been produced in this way it
was found desirable to provide sum checks over each column of data over the
12 months, in order to detect accidental transposition of numbers in a row
by the typists during data tape preparation. Such errors have been found
occasionally, and are nmore reliably detected by cross sum~checking than by
proof reading of typescripts. The omission or repetition of a complete
month of data by an inattentive typist is also detected in this fashion.
Cross checking of this variety was also used in the mamual preparation of

the monthly hour sums.

A further cause of typing errors was the ilnevitalble use of rather
similar 5 or 6 digit numbers for each hourly monthly sum. A suitable large
number was therefore subtracted from each hourly sum for any given month,
the figure so subtracted being added to the actual plus possible days sum
check, and detected and re-added to the hourly values in the harmonic analy~
sis prograrme. This reduced the number of digits to be typed per hourly

group to 2 or 3, with a very significant improvement in typing accuracy.

Data set out in the above fashion were typed and simultaneously

punched on paper tape using Friden Flexowriters, mormally with three years
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data to a tape together with sufficient additional information to emable the
éomputer to identify the station and year(s) imnvolved, scale factor, station
longitude, and whether the data vere in hourly or bihourly format. The
longitude was included ﬁor standardisation with other Hobart group projects
which used the same, or similar, data in the same prograrmmes and which

required comversion to local solar or sidereal time.,

The enforced use of paper tape as the only available medium of data
input to the computer was felt to be a considerable disadvantage. When the
inevitable punching errors are fo;nd the whole tape has to be repunched, copy~
ing the good sections automatically and correcting the errors individually.
This is a time-consuming process. Worse, if it is required to update a tape
by addition of more recent data the whole of fhe'original nust be copied and
then the extra data added. Tapes cou1d4noé be spliced and then presented to
the computer, for reasons of computer hardware, until after this part of the
analysis had been completed. A proliferation of small tapes is also a dis-
advantage as they canmot be stacked neatly and consequently it is difficult
to ensure that they are presented to the computer in the correct order.

Also, the computer readers require manual loading for each tape. A punched
card system, preferably with magnetic tape or disc storage, would have made

the data processing much simpler.

4.4 DIURNAL VARIATION, 1961-3, INITIAL AWNALYSIS.

4.4.,1 Availability and crouping of stations.

At the onset, data from 24 neutron monitors were available for the
period 1961-3, mostly from the Hobart files but in one or two cases direct
" from the investigator concerned. For the purpose of this analysis they were

divided into two groups, as listed in Table 4.3, So far as practicable the
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distribution of cut=off rigidities and mountain stations within the groups

was kept similar,

Cut~-off Altitude
Station av n om/ e Missing data
Group A Resolute < 0.05 S.L 1033
Mawson 0.22 S.L 1033
Deep River 1,02 145 1015
X Sulphur Mt. 1.14 2283 783
Mt. Wellington 1.89 725 949
London 2.73 S.L 1033
Munich 4,14 S.L 1033 May-Dec 1963
% Jungfraujoch 4.64 3550 669 Jan-Feb 1963
Hermanus 4,90 S.L 1033 Feb, 1963
Brisbane 7.00 S.L 1033 Jan=-Apr 1963
& Mt. Norikura 11.39 2770 736
Kampala 14,98 1196 896 . Jan—-Jul 1961,
Mar. 1962
Group B Thule < 0,04 S.L 1033 All 1963
Churchill 0.21 S.L 1033
Ottawa 1,08 100 1020
Uppsala 1.43 S.L’ 1033
Leeds 2,20 100 1020
Kiel 2,29 S.L 1033
Lindau 3.00 S.L 1033
# Pic du Midi 5.36 2860 728
Rome 6.31 S.L 1033
Bueros Aires 10.63 S.L 1033
& Mima Aguilar 12.51 4000 630
& Huancayo 13,49 3400 684

Table 4.3. Neutron monitors used in 1961-3 analysis. 4 irdicates
mountain stations. Cut-off indicated is vertical, taken from McCracken,
Rao, Fowler, Shea, and Smart (1965).
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For many analyses there are some unfortunate features in the geo-
graphical distribution of available stations, There has been a strong
tendency for cosmic ray observatories to be established primarily in the
more affluent areas of the world, particularly North America and Western
Europe, both areas of relatively low geomagnetié cut-off, A number of
stations have been established in other areas, however some of them seem
to suffer a good deal of instruﬁental trouble, and some are situated at
mountain altitudes, consequently being more awkward to use in this type
of analysis (section 4.4.,7). It appears that tropical stations in general
are more difficult to maintain than those in more temperate regions., It
has been the experience of the Hobart group that the detectors at Lae,
New Guinea (cut-~off 15.5 GV, latitude 6° 44'S) have been less reliable
than identical equipment at other stations, due to a combination of
climatic and logistic problems, and in spite of the best efforts of the
lécal operator, The finance necessary to remedy this state of affairs
has not been forthcoming. It seems likely that other operators of

tropical stations have met similar problems.

It can be seen from the table that the two highest cut-off stations
in each group are at mountain altitudes., Good experimental coupling co- .
efficients applicable to the exact altitude of each station are not avail-
able, The best that could be done in the initial analyses was to use the
general mduntain altitude coefficients of Dorman (1957) or Webber and
Quenby (1959). These in themselves are less precise than the sea-level
coefficients due to the paucity of available measurements, Consequently
results from mountain stations must be considered with some caution, Qnd
in fact analyses have been performed with and without their inclusion
(section 4.4.7).

It is also evident from table 4.5'that no‘stations are available with

cut-offs between 7,0 and 10.6 GV, a very serious. gap, The author is aware



136.

of only one existing station in this range, that at Mexico City at 9.5 GV,
but the data are not generally available and the station is in any case at
mountain altitude. There is a strong need for a number of sea-level
neutron monitors to be installed at different locations with cut-offs
ranging from 7.0 GV upwards. They should preferably be of the MI64
type, although for this type of -analysis this is not critical and a well

maintained IGY monitor is quite adequate.

The ideal analysis would use data for exactly the same periods for
eagh station., However from time to time almost all stations have a few
hours or a day or two of data missing due to power failures, routine main-
tenance, and the like. Whilst frequent data gaps could possibly indicate
serious instrumental troubles the existence of the occasional short gap can
have no such implication. At the same time such gaps do destroy the hope
f;ar totally simultaneous data since there is a good chance of such a short
gap occurring in the data from at least one of the 24 stations in any given
day. The rather lenient view was taken that the data from a station were
usable if at least 697 of the 'possible' data (section 4,3) were available
in the period under consideration. This corresponds to requiring that at
least 21 days' data be available for each possible 30 days' data., In
consideration of monthly mean daily variations the application of this
eriterion is unambiguous, but in the case of the annual mean d.v. one may
require simply that 697 of the possible‘data are available (which permits
three consecutive months to be completely missing) or that 697 of each
individual months' potentizl data are available. The latter is clearly
the best principle but in practice; due to the rela-tive invariance of the

d.v. from month to month, the former consideration was generally used with
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the added restriction that stations with two or more consecutive months
missing from their data were rejected for the year in question., Care was
also taken that any single missing months were in fact average months accord-

ing to the majority of statioms,

4.4.2 Consistency of observed harmonic vectors

-

It is unfortunately true that some stations' data, whilst fulfilling
all criteria concerning availability, and looking satisfactory on an hour
by hour plot, still produce harmonic coefficients which are quite considerably
different from those obtained from other stations. Provided the harmonic
coefficients for the station in question are consistent from month to month
there is m reason to suppose, a priori, that the observations are faulty.
However the phenomena urder discussion are small, and spurious variations
due to such things as temperature effects, either in detectors themselves or
in barometric instruments, (Katzman and Venkatesan, 1960); regular changes
in atmospheric structure such as large humidity changes (Bercovitch, 1967);
and & mmber of other possibilities may all, in principle, completely alter
the observed d.v at any one station. If this spurious modulation is con-
sistent through many months it will reveal itself as an isolated, clearly
erroneous, point on a scatter diagram of estimated free-space vectors from
various stations. If however the spurious modulation is inconsistent f£rom
month to month it will be revealed, visually, on a suitable harmonic dial
plot, when compared with observed vectors from other stations. Rao,
McCracken, and Venkatesan (1963) have shown, in their Table 1, that the
differem;as in the observed diurnal va;:iatipn at stations with similar cut=-
off rigidities viewing the same free-space anisotropy will not i:e great, and

that inter-station comparison is therefore of value. The modulation co-
) e N o
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efficients calculated for the present anélysis confirm this view, There is
however a possibility that such comparisons are not necessarily valid for
polar rezion stations whose asymptotic cones have been calculated purely

on the basis of intermal (to the earth) magnetic field sources (Gall,

Jiménez, and Orozco, 1969).

)

Sunmation dials were plotted for each calendar year and all available
stations (Figures 4.7, 4.8 and 4.9). For convenience of plotting they are
presented in Universal Time, Figures 4,10 and 4,11 depict the summation
plots of the three annual mean diurnal and semi-diurnal vectors for each
station plotted in local time., The individual monthly semi~diurnal vectors
for each station are not presented here., Inspection of these figures
immediately shows certain stations displaying inconsistent behaviour. We

will deal with each year separately.

4.,4,2.1 1961 Results

From figure 4.7 the vectors at Kiel are clearly of abrormal length in
the first few months and severe phase alterations occur in May and December.
Since there is ample confirmation of more comnsistent behaviour from other )
European stations it was rejected. There was a temptation also to reject
Brisbane, Hermanus, and Buenos Aires, due to the marked clockwise swing in
their vectors through the vear. This however could mot be done as all three
stations plainly have a lot in common, being medium-latitude southern=
hemisphere stations with cut-offs in the range 5 to 10 GV. = It must be
assumed therefore that a genuine effect may be present. The vectors of the

two highest latitude statioms, Resolute and Thule, are somewhat less regular

than many others. This is due in part to the low count rate of, and small

expected observed d.v at, each station, and may be made worse by external
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magnetospheric effects, These stations have considerable significance in
determinations of the latitude dependence parameter p and were therefore

retained in the analysis at this stage,

An interesting feature of the 1961 observations concerns the small
irregular vectors present at a number of stations in the final few months
of the year. It was at; first thought that these might represent some form
of data contamination, since mo common feature could be found to isolate
these stations from the remainder., Later analysis from data obtained from
further stations showed that the short vectors were definitely genuine and
apparently have extra-terrestial origin, ©No stations were rejected from the

analysis from this cause.

4,4.2,2 1962 and 1963 Results

In 1962 it is apparent that Huancayo is quite faulty, and in 1963
Buenos Aires appears to be seriously inconsistent. 1In both years the
vectors at Kiel were abnormally long. The necessary rejections were made.
Data for each year which are rejectable for the above reasons have been

termed 'doubtful' data in following sections,

4.4.2.3 General Comments

The summation dials in Figure 4,10 depict the mean anmual diurnal
variation in local time for each of the three years. The stations are
arranged in the two groups, in order of increasing cut-off rigidity. Certain
common characteristics are evident. As the cut-off increases the observed
time maximum becomes earlier. 1In general the directions of the vectors
at any particular station do not change much during the three years, although

there is a slight tendency for them to become a few minutes earlier, The
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1962 vectors generally have larger amplitudes than those of the other years.
The observed amplitudes decrease markedly at both high and low cut-offs.
At the low cut-off Polar statioms this is expected for any set of parameters
since the axial direction of the cone of viewing is well away from the
ecliptic plane., The iong spread in longitude of the cone of viewing of
equatorial high cut-off stations tends to reduce their observed amplitudes,
and this may be aided by a relatively low upper limiting rigidity. Brisbane,
Huancayo, and Kiel flagrantly oppose these generalities in certain years,
and as in each case there are other reasons for suspecting their accuracy
for the years in question (see above) they have been rejected for those years
Regrettably Huancayo was in any case rejected automatically by virtue of the
large amount of missing data in all three years, the percentage available

ranging from 53 to 63%.

Figure 4.1l depicts the semi-diurmal vectors in the same manner, using
an enlarged amplitude scale. It is evident that these vectors also become
earlier with increasing cut=off rigidity. The amplitudes, in contrast to
the diurnal case, increase with cut—off. Again some stations show incon
sistent behaviour, motably Kiel with relatively enormous vectors roughly six
hours out of phase with the remainder, and Huancayo roughly three hours out
of phase. It is interesting that these two stations have already been
eliminated on other groumds., Munich appears to d.isagree rather with the
general pattern, and in any case has one year of data umavailable. The
Mawson vectors are rather later than those for the other stations, but this
is explicable by the position of the cone of viewing, the centre of which
lies nearly directly overhead, rather than 30 to 60 degrees east of the

station as is generally the case. The explanation is valid almost regardles:
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of which rigidity exponent is assumed for the primary variation. There is
also a rather surprising disagreement between the Leeds and London vectors,
the cause of which is not known. It appears, from considerations of con-

sistency, that the London vectors are probably in error.

No attempt has been made to plot statistical error circles in figures
4,10 or 4.11. Even in figure 4.11 circles of radius one standard deviation
are about the size of, or smaller than, the 'origin' circle at the commence~
ment of each vector set. Since the standard deviations of the amplitudes
of both diurnal and semi-diurnal compomnents are the same this is even more
applicable to figure 4.10. Thus the majority of the semi-diurnal, and all
the diurnal, vectors plotted are of considerable statistical significance.
The semi~-diurnal vectors at llawson, for instance, are about four standard
deviations in length, and for most of the other stations the statistical
significance of the semi-diurmal vectors is higher. This, together with
the consistency in local time of plots from many stations points to a
gemine mon-statistical origin of the semi-diurnal variation, although it

does mot of course prove that the variation exists in the primary flux.

4,4,3 Results of Variance Analyses

A number of sets of analyses were undertaken, to test the effect of
various data and coupling coefficient changes. For each run the variances
of Al’ A2, T and T, Were minimised separately for a suitable range of the
four parameters B, Ru’ Rl and p. The analyses were performed for each
of the three years imvolved, and for the data combinéd over the three years.

Details of each run are listed in table 4.4,
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. . _ - .
Run 1o. Selection of Possible Mo Doubtiful Coupling

Stations cf stations Data Coefficients
1. All 12 (Group A) Included Webber and Quenby
2, " 12 (Group B) " n "
3. " 24 (Both Groups) " " "
by Sea level only 17 " " " " "
5. 114 1" |-! 17 1 1" Excluded 11 1"
6 o 1 1] \ 1" 1 7 11" " 1} ] Dormn
7. " " " 17 " " Mathews & Kodama
Solar Minimum
8. " " 1 17 " " " Mathews & Kodama
Solar Maximum
9. All 26 " " " Dorman
10. " 26 " " " Webber and Quenby

Table 4.4. Details of analyses performed using the separate variance
analysis programme, U579,

The following effects can be studied using appropriate combinations of
these analyses:
(a) Differences between analyses based on phase and analyses based on
amplitude (All rums).
(b) Internal consistency of data (rums 1, 2, and 3).
(c) Variations due to use of different coupling coefficients (rums 5,
6, 7 and 8),
(1) Variations due to inclusion of mountain altitude data (Runs 6 and 9,
(e) Variations due to inclusion of suspect data (Runs 4 and 5, and

3 and 10).

4.4.4 Differences between analyses based on phase and amplitude constant

minimisations,

It has already been pointed out (séction 4,2.3 and figure 4.5) that

obtaining the minimm variance of the estimates of the free-space amplitude
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constant and phase separately need not necessarily lead to the same values‘
of the various parameters. This has been amply borne out in practice,
especially for the years 1961 and 1962. Table 4.5 lists typical values

of B obtained for the first harmonic from run 7.

Corresponding values of

Period Mininisation ofi- Value of B obtained Z Amplitude 7 Phase
1961 Amplitude Constant 0. 20,2 15.1 20,9
Phase +0, 610.3 28.8 13.3
1962 Amplitude Constant +0. 110,15 12,5 13.6
Phase +0, 410,2 16.4 10.9
1963 Amplitude Constant +0, 20,2 8.5 13.6
Phase +0,25%0.3 8.5 13.6
1961-3 Amplitude Constant -0.15%0.15 31.3 50,0
Phase +0, 50,1 28.0 46.7

Table 4.5. Estimates of B for diurnal variation obtained from
minimisation of estimates of amplitude and phase. R = 100 GV,
p = 1.0, coupling coefficients Mathews and Kodama

Solar Minimum. Sea level stations only with all doubtful stations
excluded. The same stations were used in each analysis for any
given period.

Figure 4,12 depicts the variance cwrves for 1961 with B as a
parameter, on which the results in table 4.5 are partly basel. The indivi-
dual curves are steep emough to produce reasonably unambiguous results
but the results disagree and the minimum values of Z obtained are too high
for the scatter in the estimates to be attributable purely to statistical
fluctuations. This could be due to errors in the modely; to the inclusion
of data which are corrupt in one way or another; to the impracticability
of averaging by this type of technique over periods when there are undoubt-
edly changes in the mean monthly free-space diurnal variation; or to under-

estimation of the standard deviations inherent in each detector's observa-
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tions. None of these possibilities can be instantly dismissed, and it
is likely that the discrepant values of Z observed are due to a combination
of them. A discussion of these factors appears in section 4.7 but one is

worth mentioning at this stage.

According to Rao et al (1963), the standard deviation of the annual
mean phase of an IGY neutron monitor is about So, and they comment that
this is probably an underestimate. The standard deviation calculated
in the analysis purely on the basis of Poisgon statistics is a little
less than 3°, giving a mean expected variance of 8.3 square degrees,
exactly 1/3 of the value used by Rao et al. Since Rao et al just managed
to reduce their observed variance to the order of 25 square degrées it is
apparent that the value of the expected variance used in this analysis is
unlikely to be matched by the calculated sample variance. It is probable
on this basis alone that the minimum achievable Z will not be less than 3
in the case of phase variance. Similar arguments will apply to amplitude
and vector variance. Experimental results reported in section 4.7.6 support
this conclusion. Other authors have also reported that the statistics of
neutron monitor observations are worse than those estimated from the count

rate alone (e.g. Sandstrom, 1965).

There were severe changes in the monthly mean diurnal variation in
the last few months of 1961, and it is‘noteworthy that the highest value of
minimum.zgmp was in that year, as was the largest discrepancy between the
two values of B obtained. In 1963, for which year later analyses have
shown much better agreement between stations than in 1961, a much lower
value of minimum zamp is found. Towever thg lowest values of Z

phase

remained rather constant over the three years, and represent a variance

of about 110 square degrees.
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When the threé—year riean diurnal variation is considered the minimum
values of Z found are much higher than for the individual.years., This is
due to the reduction in the expected variance, reduced from the annual
value by V3, whilst the observed maximum variance goes up slightly, due
partly to the greater likelihood of inclusion of faulty data and also,

possibly, to averaging over a longer period.

There remains the possibility of the retention of faulty data, even
after the previously described checks have been made. There is evidence
that a number of stations show consistent differences from average values
of the free~space vectors over several successive years (section 4,5.3) and
one or two of these stations are included in the above analyses. The
differences may b.e either in amplitude or phase, or both, and would there-

fore be expected to affect the two analyses separately.

Figures 4.13 and 4.14 present the distribution of the estimates of
the first harmonic free-space vectors based on minimisation of amplitude
and phase variance separately for 1961, corresponding to the top lines of
table 4.5. The various vector estimates are represented by circles of
radius one standard deviation drawn around their end points. The mean
vector, defined as a vector of average length directed in the mean
direction, is also plotted. Its error circle is dashed for ease of
recognition. Plus and mimnus one standard deviation limits are also shown
for the amplitude and phase respectively in the two fizures. The figures
take on the general elliptical appearance, perpendicular and parallel to

the mean vector respectively, predicted in figure 4,5,

It is mot possible to determine which is the more valid analysis,
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and the question arises as to whether it is legitimate to minimise the
amplitude and phase variance separately., The different results obtained
are partly due to the fact that the two analyses utilise different parts of
the available information, although they also reflect the possibility
that either the model or the correction of the observations for environ-
mental effects may be inadequate. In order to make use of all available
information later analyses (sections 4.5 and 4,6) minimise the length of
the difference vectors between the estimated vectors for each station and
their mean (section 4.2.4). However the present technique is sufficient
for differentiating between coupling coefficients, imvestigation of

mountain stations, etc. as reported in sections 4.4.5 to 4.4.8.

4,4,5 Sensitivity to evaluation of the various parameters, and
internal consistency of data.

The two groups of stations (table 4.3) were analysed separately in
runs 1 and 2 (table 4.4), and jointly in run 10, for comparison purposes.
Doubtful data were included in rums 1l and 2, and excluded in run 10. Furthe
analyses of the individual groups of stations were carried out using vector

variance (section 4.5.1), but some conclusions could be made at this stage.

Different values of 8 and Ru were obtained for the same periods from
the two groups. This must be due, in part at least, to the inclusion of
suspect data, Hcm;ever the values of p and R1 obtained are in aéreement
throughout. Figure 4.15 shows the set of variance curves from run 10
for all stations, with doubtful excludeci, for 1962. They are typical
of those obtained from either of the individual groups of stations and the
other years. They show that the phase estimates are quite insensitive to

changes in Rl or p, and that the amplitude estimates are insensitive to
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changes in Rl below 5 GV, = Consequently Rl is indeterminate by this
technique, Similarly p is indeterminate by minimisation of phase
estimates, However the variance of the amplitude estimates is extremely
sensitive to the value of p in the, admittedly large, range scanned, and
in every case except one the value of p obtained was either 0.5

or 1.0. In the exceptioml case data from the high latitude stations were
missing and the amplitude variance plot was broad and shallow. The
modulation coefficients (section 4.2.1) are highly sensitive to changes in
the cosine dependence exponent only at the highest latitude stations,
Thule, Resolute, and Mawson, and only mildly sensitive for other stations
even as high in latitude as Deep River (figure 4.16)., The dependence is
so sharp for the high latitude stations, relative to the remainder, that
the sharp variancle curve shown in figure 4,15 results and an unméxbiguous

result may be obtained, independent of possible slight errors in the

observations at these stations,

It is possible therefore to state that the latitude dependence of
the first harmonic in each of the three years 1961, 1962, and 1963 is
approximately cosine or a little less, and certainly lies in the range
(cosine)o'5 to cosine, with a mean exponent value of about 0,8%0,2,

Subsequent vector analyses have been carried out using a value of 1.0,

It is mot possible to give -a value for R,, except to note that it

1’
is probably less than 5 GV, and that the method is insensitive to alter-
ations below this limit, It has therefore been taken as O GV in subse-

quent work.
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4.4.6  Sensitivity to coupling coefficients.,

Four sets of coupling coefficients were used, those due to Dorman
(1957), Webber and Quenby (1959), and the coefficients for both solar
maxinum and solar minimum conditions published by Mathews and Kodama
(1964). There were no significant differences between ihe results

obtained with any of these sets (table 4.6).

Coupling Coefficients Webber and Mathews and Kodama
Dorman
Parameter Quenby Solar Mipimun  Solar Maximum
B ~0.2 -0.2 ~0,.2 -0,2
Corresponding Z 15.06 15,10 15.05 15.96
Ru . 30 30 30 30
Corresponding 2 16.48 16.79 17.02 17.43
Rl 1.0 1.0 1.0 3.0
Corresponding 2 22,22 22,25 22,13 22.94
P 0.5 0.5 0.5 0.5
Corresponding Z 22,05 25.60 26,03 24,72

Table 4.6. Parameter and corresponding values of Z obtained from
mumisation of the variance of amplitude estimates for each set
of coupling coefficients. First harmonic 1961, 15 sea-level
stations with doubtful rejected.

The only set which shows an appreciable difference from the remainder
are the Mathews Kodama solar maximum set, and even then the difference is
slight, There is no significance in the different value of the Rl found.
1961 was probably closer to solar maximum than solar minimum, but the

reverse applies to the other two years. Considerable simplicity resulted

from use of only one set of coupling coefficients to cover all three years

of data, and in view of these results it was considered adequate to use
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one or other of the solar minimum sets. The Mathews and Kodama co-
efficients are for sea~level stations only, whereas the other sets also
include coefficients for mountain altitude detectors., Before the vector
variance computations were made the three-altitude coefficients of Lockwood
and Webber (1967) became available, and in view of the above results and
the 3 altitude (sea level, 828 gjn.cm_z, and 680 gm.cm_z) advantage these

have been used in all vector analyses.

4.4.7 Irclusion of mountain stations.

The investigations described above have made use solely of sea level,
and approximately sea level (e.g. Mt. Wellingtonm, 725 metres), detectors.
Mountain altitude stations have much higher count rates, and comsequently
better statistical accuracy, than identically equipped stations at sea

level, but this advantage is countered by several problems:-

(a) The difficulty of computing coupling coefficients considering

the relatively few stations involved and their scatter in altitude.

(b) The altitude of the detector vhich is, in general, different from
the mean altitude used for the coupling coefficients. The
diffeérence either can be ignored or some rather uncertain extra-

pclation made.

(¢) The probability of difficulty in relating barometric height at
such stations to the air mass above the detector, due to dynamic
_pressure effects resulting from high winds around the mountain
(Section 2.2). This difficulty has been reported for Mt.
Washington (Lockwood and Calawa, 1957) and for Mt. Horikura,
(Chiba and Kodama, 1969), and is likely at other exposed sites such

as Pic—du~Midi and Jungfraujoch.
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Table 4,7 illustrates the effects of including mountain altitude

stations in the analyses.

Mimimisation of ~ Sea Level Stations Sea Level plus lbuntain
only Stations
Parameter
Anplitude Phase Amplitude Phase
g 0,2 0.2 0.4 0.4
Corresponding Z 8.55 13.87 27.58 21.25
R, €0 100 9% %
Corresponding Z 8.42 13,78 27.58 21,25
Rl 4,0 1.0 4,0 1,0
Correspording 2 8.40 13.78 26.12 20,92
P . 1.0' 105_ 1.0 l¢5
Corresponding Z 8.66 9.77 27.58 16.34

Table 4.7. Comparison of 13 sea-level stations (run 6) and the
same 13 sea~level plus 6 mountain-level stations (run 9). 1963
Coupling coefficients : Dorman.

The 1963 results were by far the most closely ordered in that the
lowest values of Z were found that year. The inclusion of the extra 6
mountain stations, whilst not appearing to make a great difference to the
results, clearly shifts Z from statistically probable to statistically
improbable values, particularly in the amplitude case. Introducing these
stations has therefore introduced scme sort of contamination to the data,
but at this stage it is not possible to determine which of the various
possibilities is involved, or whether perhaps one of the individual
mountain stations is itself faulty. Further consideration is given to

this problem in comection with the variance of vectors (Section 4.5.3).
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4.4,8 Inclusion of Doubtful Stations,

Doubt ful stations have been definéd (section 4.4.2.2) as those
stations whose monthly mean vectors appear to display peculiar features
vhen plotted on summation dials (figures 4.7 to 4.9). In 1963 Buenos
Aires and Kiel were placed in this catégory (section 4.4.,2.,2) and table

4.8 compares results obtained from anaiysés including and excluding these

stations in that year. All available sea-level stations were used in the

comparison,
Minimisation Accepted Stations (run 5) Accepted plus Doubtful Stations
of Parameter (13 stations) (run 4) (15 stations)
Amplitude Phase Amplitude Phase
8 0.2 *_'f;: 0.2 0.3 0.0 0.2 0.2 0.3
Corresponding Z 8.5 13.6 20.0 14.0
R g T2°° *70 30 to 45 g *7°
u = 30 =30 =30
Correspording Z 8.3 13,7 17.3 13.9
+ies +345 +1e5 +4e5
| Rl 4.0 -u.o 1.0 -f.o 4.0 —l‘,.o 1.0 -1.0
Corresponding Z 8.1 13.8 25.0 14.1
) 1.0 0.2 =1,5 *o.5 1.0 *0.2 =1.5 *0.5
9.4 25.8 10.6

Corresponding Z 8.5

1963 First Harmonie, Coupling Coefficients:-
Sea level stations only. 95% Confidence

Table 4.8.
Webber and Querby.
Limits,
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Kiel was rejected because of abnormally long vectors, and the table
shous that inclusion of these stations causes a major change in the minimum
7 values obtained from variance of the phase estimates. The Kiel vectors
appear to be in approximately the correct direction, and the mean Buenos
Aires vector appears likewise, so this result is reasomable. In consejuence
the parameter estimates obtained from amplitude variance differ in the two
cases whilst the estimates obtained from phase variance do not. Inclusion
of such obviously doubtful data may be expected to increase the minimum

variance to non-statistical values, thereby producing false estimates of

the parameters sought.,

4,4.9 Conclusions, initial analyses.

In general minimising the variance of the amplitudes and of the
phases of the free-space vectors, estimated from each stations' observations.
gives different results. It is usually possible to feduce the minimum
variance in each case to a value which, whilst usually somewhat larger than
one would hope for on a purely statistical basis, is not so large as to
suggest that the approach is basically incorrect. This conclusion is
supported by the fact that the statistical estimates used above are under-
estimates of the actual statistical fluctuations of the observations of

each detector (section 4.7.2).

The expoment p of the cosine (latitude) dependence is found to lie
in the range 0.5 to 1.0, probably nearer the higher value. Ry is indeter-
mipate below 5 GV, and can therefore be taken as zero, since the detectors
used have no significant response below the atmospheric cut—off about 2 GV,
For sea-level stations at least the amalyses are relatively insensitive to

the coupling coefficients used. Inclusion of mountain stations increases
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The best estimates of the

parameters from these analyses are therefore obtained from the sea-level

stations only, with all doubtful stations exclude&, and with p set equal

to 1.0 and R, set at zero.

1
in table 4.9.

Estimates obtained in this way are listed

From Minimisation

From Hinimisation

of Amplitude of Phase No, of
P - stations Excluded
Parameter Corres- Parameter Corres—~ actually Stations
Value ponding Value ponding used
Y7 Z
1961 8 -0.14#0,2 15.1 0.6%0,5 12.7 15 Brisbane,
10 Kiel
R. 30 to 50 16.5 0’13 15.2
u =~ 45
1962 B 0.21%°! 12,3 0.420.3  11.7 15 Brisbane,
*3 Kiel
. +70
R 13.4 90+40 11.4
u “15
1963 B 0,3%0.3 8.5 0.2%0.3 13.6 13 Buenos Aires,
+100 P Munich, Kiel,
R 6072 8.3 80’ 13.6 Thule
u = 30 =30
1961-3 8 -0,110,2 30.4 0.5%0.2 28.6 12 All above
(Average)
R 30 to 40 3L.6 100019 28.6

Table 4.9 Final results, first harmownic, from individual minim=—
isation of amplitude and phase variance.

only, less those iwndicated.

Quenby. B, =0. p=

figure 4,17,

The 17 sea-level stations
Coupling coefficients : Webber and

1.0. B estimates made with Ru = 100 GV,
Ru estinates with 8 at available value nearest to that just fouwnd
(“table 4.1). The correspording variance curves are shown in

There is mo stromg evidence as to which of the two sets of results

presented are the more reliable, although one might suspect that the B
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values obtained from amplitude minimisation, :and the R, values obtained from
phase minimisation, are the more reliable, since the variance curves tend

to be more sharply defined ~ and therefore less sensitive to individual
station error = in the amplitude case for B and the phase case for R,

(figures 4,15 and 4.17). The tendency is not strong, however.

4,5 VECTOR VARTIAITE AMALYSIS, 1961~1963.

The disagreement between the results achieved from the phase and
amplitude analyses led to analyses based on minimisation of the amplitudes
of the difference vectors, defined for each stationasr = -?-m

?

(Section 4.,2.4)s Values of R, and p were set at O and 1,0, respectively

1
as indicated by the previous results, and the 3-altitude coupling co-
efficients of Lockwood and Webber (1967) were used in the hope of improv-
ing the usefulness of the mountain stations. To avoid the possibility

of erroneous results due to use of an incorrect value of Ru (Section 4.5.5)
12 x 12 matrices (Section 4.2.5) of modulation coefficients were prepared

to cover each possible combination of values, the sample variance of the

difference vectors being found for each combination,

4,5,1 Comparison of different station grouvs.

Group A and Group B statioms (table 4.2) were first studied separately
It happens that the only doubtful station in Group A is rejected automaticall
due to shortage of data but that this does not apply to Group B. Group B
was therefore analysed including and excluding the doubtful stations. The
results from the two groups (Table 4.10) differ, as the earlier work had

predicted.



167.

Group A Group B Group B
No doubtful Including doubtful Excluding Doubtful
Stations Stations Stations
: Corres—~ Corres~ Coxrzres-
B R ponding B R ponding B R pondine
u . u u
Z Z Z
1961 0.4 80 14,1 0.0 50 58.4 0.0 60 28.2
1962 0.4 80 15.5 0.0 80 30.2 0.2 70 19.7
1963 0.6 70 14.9 -0.4 1000 29,5 -0.,2 500 32.8

Table 4.10. Values of B and R for mininun variance of difference
vectors. ALl stations used except those which do not meet the
mintmm percentage of data criterion (section 4.4.1.)

The Z values for Group B when doubtful stations are included are
enormous; and there is a significant reduction when these stations are
removed from the analysis. Even in this case however the Z values obtained
are still too large to be attributable to statistical fluctuations, and it
is moticeable that the parameter values obtained do not differ greatly
whether or not the doubtful stations are included. The increase in Z
for Group B in 1963 when the doubtful stations are excluded results f£rom
the elimination of Buenos Aires, whose vector, although suspect, was close
to the mean vector for the year. Excluding stations regarded as doubtful,
from study of their monthly vectors, does not bring Group A and Group B
into agreement, although the discrepancies in the parameter estimates are

marginally reduced in all 3 years.

All stations have been allotted equal weight in the amalyses, dis-

regarding differences in statistical accuracies due to-differing count-rates.
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Since the majority of the detectors imvolved are more or less standard

IGY type monitors tﬁis seems a reasonable approach. However two stations
in particular, Resolute and Thule, do have much lower count rates than the
others and in consequence the standard deviations of their vectors are
comparatively large. To eliminate possible errors due to the inclusion
of such stations both groups were re-analysed with those stations eliminated
whose individual standard deviations were greater than 2,0 times the mean
standard deviation for 2ll detectors in the group. The process generally
made no difference to the estimated parameters but increased the minimum

Z values obtained, since removal of such stations did not materially lower
the observed variance but did considerably lower the expected variance,

by renoving the largest components of the latter.

Some stations have estimated vectors which appear to be considerably
different from the mean. Automatic rejection of such stations was tried
by eliminating from the analysis all those statioms whose difference vector
was greater than 5 standard deviations in length, on the grounds that such
a difference vector was unlikely to be statistical in origin. For this
purpose the standard deviation of the detector itself was used. The
technique certainly elininated the really discrepant stations but also
tended to exclude high count rate detectors having small standard deviations
Deep Rive? and Jungfaujoch, for example, were excluded by this method.
There is no justification for the exclusion of high count rate stations,
and the method was abandoned., Results from these two trials for Group A
stations in 1963 are presented in table 4.11, the corresponding vectors
being displayed in figure 4.18. The low Z value obtained when stations

were eliminated on the above grounds cannot be taken too seriously, due
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to the elimination process used, TFor the other years for Group A, and
for all years for Group B, only 2 or 3 stations remained after elimination,

supporting the view that the method is not useful,

No. of stations Parameter Estimates Corresponding

Elininated Groups remaining R Ru Z
None 11 0.6 70 13,93
Standard deviation )

Z z.oxmean S.d.) 10 - 0.6 90 16077
Ditto plus difference ) 6 0.4 100 1.67

vectors over 5.0 s.d.)

Table 4.11.  Effect of removal of various groyps of stations from
analysis. Group A 1963,

4,5,2, 24 Stations analysis.

It is evident from Table 4.10 that the results obtained from the two
groups are inconmsistent. In consequence all stations were combined in
one analysis in order to determine, if possible, causes of this discrepancy.
Stations known to be doubtful were excluded at the outset. Analyses were
performed including and excluding mountain stations. The initial results
are summarised in table 4.12, and the estimated free—space vectors when

mountain stations are included are presented in figure 4.19.

M . No. of Parameter Estimates Corres=—
H{ountain . .
Year g . stations ponding
tations R
used B u Z
1961 - Included 20 0.2%0,2 100 27.1
" " Excluded 15 0.0%0.2 500 17.6
1962 Included 17 0.2+0,.2 . 100 23,5
" Excluded 12 0.,2+0,2 100 11.9
1963 Included 13 0.440.3 60 24,5

" Excluded 10 1.210.8 40 6.5
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Toble 4.12. Estimates of B and R using data from all 24 stations

except those classified as doub:&f‘sz. Quoted limits are 95% con—
fidence, based on counting rate of detectors.

It is notevorthy that the Z values are very significantly lower
when the mountain stations are excluded. In 1963 this reduction appears
to be accompanied by a tremendous change in B, This is the result of an

abnormally flat variance curve.

4.5,3, Discrepant vectors.

Certain strange features are apparent in figure 4,19, There is
a marked tendency for certain stations to occupy more or less the same
relative positions on the plots from year to year, and some of these are
drastically removed from the mean vector. The vector estimated from
Pic-du-Midi is, for each year, significantly lonzer and later than the
the.mean Vector for the vear., In 1961 it is about 1.5 times longer than,
and 100 mimutes later thanm, the mean vector, and is about 1.25 times longer
than, and 50 minutes later than, the mean vector in the other two years.
Similarly the vector estimated from ifira Aguilar agrees reasomably well
with the mean direction in all 3 years but is only about half the length
of the mean vector in each year. Other less marked examples exist,
Churchill for instance is always earlier than the mean vector, but about
the same length, whilst Lindau and lt. Wellington indicate the correct
direction but give vectors which are somewhat long and somewhat short

respectively, Mt, Norikura is gemerally rather later than other stations.

It is not possible to produce definitive explanations for these
phenomena, although possibilities can be put forward., Pic~du-ilidi, at

728 gm.cm.-2 atmospheric depth, is 48 gm..z:m-2 below the level of the coupling
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coefficients used, which will cause undue weight to be given to the rigid-
ities around 5 to 10 GV in comparison with higher rigidities. This will

. result "in B appearing to be a little more negative than it really is,

- which will have the effect of lengthening the estimated free-space vector
by, qual‘itﬂatively, about the right amount. This should not however have
more than a 4‘? or 5° effect on the vector direction. The reverse argument
applies at iiina Aguilar, which station is at a motably higher altitude than
the coupling coefficient level. The estimated vector here may reasonably
be expected to be short, as found. Against this argument however the
estimated vector obtained from Sulphur Mountain is very close to the mean
vector on each occasion, although, by accident, the 680 gm.cm.m2 coupling
coefficients were used although the station's atmospheric depth is 783 gm.
cm-z. The only practical solution appears to be the rejection of all

mountain stations.

The consistent discrepancies of the other stations mentioned are
rather smaller., The probability that they are statistical in origin is
small. Gall, Jiminez, and Orozco (1969) have pointed out that for
particles of rigidity less than about 5 GV the directions of approach at
the magnetospheric boundary are not equal to the asymptotic directions of
approach at 25 earth radii, The error increases as rigidity decreases,
being very large below 2 GV. Furthermore they point out that the direction
of approach is time dependent due to the asymmetric shape of the magneto-.
sphere; . The errors introduced by ignoring such deflections will affect

about 10 to 127 of the particles recorded by a detector such as Churchill,

Ahluwalia and leCracken (1966) dealt with this problem in respect

to. the diurnal and semi-diurnal variations, and McCracken and Rao (1966)
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interpret their results as meaning that, on the average, the estimated
free~space vector found assuming a spherical magnetosphere underestimates
the actual free~space direction by 2 or 3 degrees. The correction is
likely to vary from spation to station and will tend to become larger at
low cut=off stations. It need not however be consistent for different
stations at similar cut—off rigidities; Gall et al have demonstrated that
the differences between directions of approach and asymptotic directions
vary very considerably for similar rigidities at different stations in
the same general invariant latitude range. Without considerable compu~-
tation it is mot practicable to forecast the phase error which would be
introduced into the estimated vector, but it does not seem likely that
the deflection could reach 15° or 200, which would be necessary to bring
the Churchill veétor into line with other stations, and there is mo sign
of any consistent discrepancies in the vectors obtained from the other high
latitude stations used, This explanation for the anomalous result from

Churchill is therefore probably incorrect., However no other plausible

explanation is evident.

There is mo reason to suspect any geophysical abrormality at Lindau,
and in practice only the 1963 vector, which is excessively long, was
rejected, The short Mt, Wellington vectors may be due to the use of sea-
level coupling coefficients., The altitude of this detector is 725 metre,
It was also found that Rome and Mt. Norikura were very much later than

average in 1963, and these also were rejected.

4,5.4 FEffect of excluding discrepant stations

The 1963 data were then analysed with and without the mountain

stations and with and without the stations Lindau, Mina Agiular and
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Churchill. Rome, Pic du Midi and }Mt. Morikura were excluded throughout
on the grounds of their discrepant vectors, and several other stations

were missing due to lack of data. The results are surmarised in table

4,13,

Mountain Questionable Sggéigis Parameter Estimates ngzis-
Stations Stations oot g N P z e

Tu

Included Included 13 0.4 60 24,5
Excluded Included 10 1.2 40 6.5
Included Excluded 10 -0.2 1000 15.0
Excluded Excluded 8 0.4 80 3.7

Table 4,13, - 1963 data. Effect of exeluding questionable stations.

Elimination of mountain and questionable stations enabled a reason—
able Z value to be obtained for 1963, However the rather arbitrary
elimination of some stations on the grounds that they disagree with the
majority is not a valid procedure unless corrobative evidence is available.
The above review demonstrates that, for 1963 at least, this evidence is only
partially available. The difficulty then arises of rejecting some stations
purely on the grounds that their results are not supported by other similar
stations, The view has been taken that this is permissible if only a

minority of stations do disagree for inexplicable reasons.

In 1961 and 1962 the matter is mot so straightforward. These years,
particularly 1961, were much more geomagnetically disturbed than was 1963,
and the stations show a bigger general scatter in these years than they do

in 1963 (figure 4.19)., The detection and rejection of discrepant stations



is much harder in such circumstances.
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The view has been taken that, as

in 1963, the extremely low count-rate stations should be elininated,

together with the stations with the longest difference vectors, being for

each year Churchill, Mima Aguilar, and Pic du Midi,

between the table 4.13 and 4.14 results for 1963,

The results are presented in table 4.14.

Mote the difference

Brisbane, against which

o suspicion was laid, was imadvertently rejected from the table 4,13 run

but has been included in the table 4,14 calculations.

Cear Men 1:55 Parameter Estimates _ bf;;x; Free Space

Sts ased B8 Range Ru Range 7 Amp Const Phase (LT)
1061 Inc 16 0.2 0.1t0 0.3 8 5 to 125 28,5 .243%,009 18.42£.15
1961 Exc 13 0.2 0.1 to 0.5 50 40 to 70 23.3 ,268%.011 18.53%.16
1962 Inc 16 0.4 0.35to 0.7 9 75 to 105 23.5 ,171£.004 18,174,10
1962 Exc 12 0.4 0.2 to 0.45 90 65 to 120 20.4 ,171%,005 18.16%,11
1963 Inc 12 0.8 0.6 to 0.85 60 55to % 5.0 .050%.002. 17.70%,10
1963 Exc 9 0.4 0.2 to 0.5 100 75 to 500 3.3 ,140%,004 17.73%,11
Mean Inc 12 0.2 0.2 to 0.4 15 70 to 200 38.5 .248%,004 18.14%.06
L B 10 0.2 0.0 to 0.2 150 100 tol00D 34.4 .248£.004 18.11%.07

for all periods.

Table 4.14.

AlLl doubtful and questionable stations rejected.

These results appear surprising in that B appears to remain positive

They correspond quite reasonably to the results obtained

from minimisation of phase alone in table 4.9, but disagree with previously

publifshed results which indicated that B = 0.0, (McCracken and Rao, 1966 )

or possibly‘ 0.1 or -0.2 (Faller and Marsden, 1966). The difference
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appears to arise from the assumptions of these authors that the upper cut-
off rigidity is mot a significant factor., 1In their original analysis of
the IGY period Rao et al (1963) sét Ru = 500 GV, and this value has been
used in the various tables of variational coefficients published at, and

since, that time (e.g., McCracken, Rao, Fowlexn et al, 1965).

4.,5.5 Effect of varying R,

Figure 4,20 depicts a typical contour diagram, as a function of B
and Ru’ for variance values obtaiped in one of the analyses., It shows the
trough vhich invariably runs across these diagrams, There are no statis-
tical means for distinguishing between any of the (B, Ru) value pairs
which fall within the trough. If .a value of Ru is arbitrarily selected
then a particular value of 8 will be obtained. However as the value of
Ru is altered so the value of B obtained will alter, in the sense that B

becomes more positive as Ru is decreased.

The contours in figure 4.20 are plotted at intervals equivalent to
twiée the statistically expected variance of the data, the innermost one
being at this level above the minimum calculated variance anywhere in the
diagram. There is therefore, on purely statistical grounds, a 95%
probability that the actual value pair will lie within the confines of the
imnermost trough. It will be argued later (section 4.7) that the total
errors irherent in this type of analysis should be assessed at not less
than twice the apparent purely poisson statistical ervor, and in this event

957 probability applies to the region within the second contour.

Contour plots similar to figure 4.20 have been drawn for many of the

combinations of stations which have been discussed in the preceeding sections
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In most cases the major part of the region inside the immermost contour lies
in the range of positive B, genérally within an Ru range from 150 to 50 GV,
thus indicating that the likely situation should in practice be represented
by a positive value of B associated with an Ru value in the above range.
The conclusion is not altered by using a gréater estimate of error (except
that the range of R, is increased) since the second contour is generally

approximately concentric with the innermost omne.

The difference between the B values obtained from the fixed Ru and
variable Ru assumptions is clearly shown in table 4.15. The values are

obtained from minimum variance in the rormal way.

Mountain Y, of Column A Column B
Year StZtions Stations B for R B found for variable
used 500 ¢v ¢ Ru in this analysis
B Range
1961 Included 16 0.0 £,05 0.2 0.1 to 0.3
1961 Excluded 13 -0.,1 #0,1 0,2 0.1 to 0.5
1962 Included 16 0.2 +£,05 0.4 0.35 to 0.7
1962 Excluded 12 0.1 £,05 0.4 0.2 to 0,45
1963 Included 12 0.25%,05 0.8 0.6 to 0,85
1963 Excluded 9 0.15%.05 Q.4 0.2 to 0.5
Mean) Included 12 0.00#0,1 0.2 0.2 to 0.4
1961-3) Exeluded 10 0.00%,05 0.2 0.0 to 0.2

Table 4.15. Comparison of rigidity exponents found for R = 500
GV and for variable Ru. u
The 8 values found in column A are slightly more positive than those
previously reported by other observers. However the difference is
insignificant in 1961, and only barely significant in 1962 and 1963. 1In

contrast the column B values are significantly different from earlier

results.
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The ranges of B quoted in table 4.15 are calculated from Poisson
statistics, Substitution of more realistic error calculations (section

4,7.6) widens the ranges without altering the basic conclusion.

4,5,6 Estimates of Errors

In the simple case of variation of variance with only one variable
a curve is obtained from vhich the minimum value of the variance, the
corresponding value of the vari‘able, and its likely statistical error, can
be read directly (figure 4.17). Vhen two variables are imvolved the
situation depicted in figures 4.20 arises, Whilst it is easy to locate
the point of minimum variance, and read off the corresponding values of
the variables, there must be some confusion asbout the errors to be
associated with each variable. Figure 4.21 depicts the immermost contour
associated with a bi-variate variance plot. The position of minimum
variance is indicated, ©Errors could be specified as the displacement
of the particular variable from its minimum variance value whilst the other
variable is held constant, as represented by the cross in the diagram.,
Alternatively it is possible to quote error limits of one variable as the
extreme limits of values of that variable which are statistically insigni-
ficantly different from the minimum variance value, regardless of changing
values of the other variable., This situation is represented by the bars
on the outside of the contour in figure 4.21, Clearly the two extreme
possible values of one variable, B say, are necessarily not associated

with the same value of Ru.

The error limits quoted in tables 4,14 and4.15 are calculated on the

lastmentioned basis, and can therefore be regarded as extreme limits. Due
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to the avkwardness of expression the statistical errors have not been quoted
in most of the comparitive tables in this chapter, but it may be generally
understood that in most casés thé statistical limits are of order * 0,15

for B and £ 157 for Ru.

4.5.7 IEffect of inclusion of further neutron data

The stations used in the'analyses described in section 4.5.4, after
stringent tests to exclude possible faulty data, were limited both in number
and geographic distribution, Elimimation of the mountain stations excluded
all stations with vertical cut-offs above 7 GV, and in fact only Brisbane
and Rome had cut-offs above 3 GV. This was manifestly unsatisfactory,
as the responses of most of the remaining stations tended to vary in rather
similax fashion as the parameters (-m:; varied, The variance curves were

therefore flatter than is desirable.

A further study of the 1963 diurnal variation was therefore carried
out, incorporating every item of data which was available in Hobart. These
included data from Lae and Vilkes, both excluded from the original analyses
since mo 1961 or 1962 data were available; Amsterdam, Chicago, Climax,
College, and Mt. Vashington., Huancayo, excluded from the original analyses
by virtue of its poor percentage availability of data, was also included.
Both sections of the Huaﬁcayo monitor, and all three sections of the
Mt. Wellington monitor, had been harmonically analysed separately, and
these were included as separate observations. Figure 4.22 shows the free-
space véctor end points, and theilr associated error circles, for three
different combinations of B and Ru in 1963, Vectors are plotted £rom
all available stations, regardless of their suspected accuracy. Individual

sections of some detectors are plotted separately. A total of 31 estimated
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vectors, obtained from 28 different observing sites, appear in each section
of the figure. The cut-off range of each detector is indicated by the
degree of shading, or lack of it, in the error circle. The vectors for
HMt., Norikura are advanced by one hour from their apparent direction to
compensate for wind-induced errors on the barograph at the station (Chiba
and Kodama, 1969). Comparison of this figure with figure 4.18, in which
the Mt., Norilkura vectors are not corrected in this way, suggests that the
correction, which was derived by Chiba and Kodama in a quite different way,

is approximately correct.

In figure 4.22 the vectors for Kiel, College, and Chicago, are very
different from those of other similar stations. Their error circles are
dotted for identification, and the vectors have been omitted from subsequent
analyses, Kiel for the reasons discussed earlier in this chapter and College

and Chicago since the vectors appear to be anomalously short.

The pairs of parameters employed in these figures are (8 = 0.0,
R, =70 Gv); (8 =10.0,R =150 V), and (B = 0.4, R = 70 GV). Visual
inspection of the diagrams indicates that the first cf these provides the
poorest fit, there being perhaps not much to choose between the second amd

third possibilities. This is confirmed by variance calculations.

Inéication of the detector vertical cut—off range demonstrates the
greater scatter of amplitudes of the high-cut-off stations as compared with
those of low cut—off. There is a curious anomoly iﬁ that whilst the
vectors associated with Huancayo Section A, Kampala, and Lae, appear to
be unreasonably long they all agree so wéll as to make it impossible, in

the lack of further evidence, to reject them. It is certain that these
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long vectors cannot be due to incorrect air mass correction coefficients
ésection 4.,7.3) and it secms unlikely that barographs would display equal
errors at all these stations. However a triple co~incidence cannot be
ruled out, particular;y as there is no means of knowing which of the two
Huancayo sections is correct. Of the three sets of vectors plotted the
variance of the vectors‘is least for the case (B = 0.4 Ru = 70 GQV) both

when the above stations are included and when they are excluded.

The results of full-scale amalyses including and excluding these
three detectors are compared in table 4,16 with the results obtained
previously (table 4.14) following the most rigorous of the station selection
procedures. The values obtained using the large number of stations differ
only marginally from those obtained in the original amalysis, except that

the observed value of Z is much higher.

Yo.of Phase
Analysis stns B Range R, Range Z Amp Const  (Hours,
used LT
Final
Original
Analysis, 9 0.4 0,2t00.5 100 75to500 3,3 .140+,004 17.73%.11
Mountain
Excluded
A1l

available 28 0.6 0.,4t00.8 70 50to 70 13.5 .088%,004 17.92%,18
stations

All
available

stations
except Lae, 25 0.2 0,1to00.5 70 6Qtol50 11.9 .243%,011 18.07%.,18

Kampala,
Huancayo A

Table 4,16, Effect of including all stations, 1963 only.



4.6, VICTOR AIALYSIS, 1964~1966.

As a result of the analyses of the 1961 to 1963 data it was decided
to proceed directly to a vector variance analysis of the 1964 to 1966
observations, without studying the effects of separate variance amalyses
of amplitude and phase of the free-space estimated vectors. TFor the
same reason the lower cut-off rigidity, Rl’ was set at zero and the

latitude dependence was assumed to be pure cosine,

4,6,1, Availabilitv and grouping of stations.

This period was one of change of equipment in cosmic ray observa-
tories throughout the world. Some old detectors were closed down, other
new observatories were opened, and some installations were changed from
IGY type to N64 type Weutron monitors. These changes had a restrictive

effect on the availability of some stations through the period.

The analysis of the 1961-3 data has appeared to show that increas-
ing the number of detectors beyond a dozen or so does mot produce a
significantly different result, nor, apparently, a more highly significant
result. Since the data preparation time and computer run time are both
directly proportiomal to the number of stations in the analysis there are
good reasons for using as few stations as possible, consistent with the
use of a good distribution in cut-off rigidity of reliable detectors.
These considerations led to the choice of 14 detectors, as listed in

table 4.17.



187,

Vertical Cut=off

Station Rigidity Altitude Hotes
Gv) ’

Wilkes <0.05 Sea level
Mawson 0.22 oo "
Deep River - 1,02 " "
Rerguelen - 1.19 ' " "
Mt. Wellington 1.89 725 m
Leeds . 2,20 Sea level
Lindau IGY 3.00 " "
Lindau IMIG4 3.00 " " Commenced Nov 1964
Pic du Midi 5.36 2860 m
Rome 6.31 Sea level
Brisbane 7.20 " "
Mina Aguilar 12,51 4000 n
Haleakala 13.30 100
Lae 15,52 Sea level Some data nissing

Table 4.17.  Neutron detecrvors used, 1964-1966., Due to the small
wmber of stations used no attempt was made to divide them into two
Qroups.

4,6.2, Consistency of observed harmonic vectors

Visual inspection of amnual swmation dials of monthly vectors was
again carried out, As in earlier years some stations did not appear to
agree with the remainder. Those stations vwhich were, by inspection, clearl:
erroneous were classified as rejection stations whilst others, concerning

vhich some doubt could clearly be expressed, were classified as doubtful.

In 1964 Lae was rejected, due to 4 months of missing data and some
erratic vectors. FErratic mid=year vectors at Brisbane and Mina Aguilar

caused these stations to be considered doubtful in the same year. In 1965



188,

Mina Aguilar was rejected, due to erratic short monthly vectors, and Lae
was classified as doubtful as the mean annual vector appeared to be much
too early. In 1966 Haleakala (erratic vectors) and Lae (early time of

maximum) were classified doubtful,

4,6,3. Results of variance analysis

No, Classifi

Year of =~-cations 8 Range Ru Range Correspondl_ng Amp Phase
Sts Excluded Z Mvar Evar

1964 13 Yome 1.2 >1.1 30 <35 17.3 6.63 .38 .022 18,04
" 12 Reject 1,2 >1.1 30 <40 35,4 6,56 ,18 ,021 18.08
" 10 Reject &

doubt ful 1.2 >1.1 30 <35 23,3 3.72 ,16 .,023 17.99
" 8 Reject &

doubtful 90,2 0.l5te0.9 40 35to90 12,9 2,57 .20 .263 18.33

& ntn, :

1965 14 Yone 1.2 >1.1 30 <35 39.4 16,5 .42 ,017 17.88
" 13 Reject 1.2 >l.l 30 <35 31.4 12,8 .40 ,018 17.8
" 12 Reject &

doubtful 1.2 >1.1 30 <35 24,1 6,58 ,28 ,017 18.08

" 10 Reject &
doubtful 0.4 0,0to0.8 50 30tol50 18,1 6.35 .36 .176 18.18

& mtn.,

1966 14 lTone 1.2 >1.1 30 <35 56,5 17.7 .32 ,016 17.77
" 12 Doubtful 0.0 -0.lto0.3 50 35to65 20,9 3.8 ,18 .464 18.61

" 10 Doubtful
& ntn.

0.6 0,2to0,8 30 <45 20.5 3,89 .18 ,120 18.47

Table 4.18. Results of variance analysis 1964 to 1966, Mvar is
the measured variance of the estinutes of the free-space vectors,
evar 18 the statistically expected value of this quantity.

Seven of the analyses listed in table 4,18 appear to produce

ridiculously high values of B. These analyses all include observa-

tions from Ialeakala, whereas the other analyses in the table omit this
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station., Inspection of the free-space vector estimates shows that the
vectors estimated from the Haleakala observations are too long, in each
of the three years, when compared vith those from other stations, The
only way to bring the vectors down to an acceptable length is to impose &
higher value of P.u, the effect of which is to further increase Z but to
decrease the value of 8., Such a parameter change shortens the vectors
obtained from high cut—off detectors, and shifts them to earlier times

of maximum. In 1965, for instance, changing Ru from 30 to 60 GV, and
minimisirg B alone, alters the value of B obtained from 1.2 to 0.6 whilst
altering the phase obtained from the Haleakala detector from average
(compared with the other stations) to 1} hours earlier than average.

The corresponding change in Z is from 24.1 to 27.3., Omitting Haleakala
entirely (togethe;r with Pic=du~lfidi) reduces Z to 18.l, corresponding to

(B = 0.4, R, = 50 GV).

This example illustrates the impori:ance of accurate phase information
from equatorial detectors., Figure 4.23 shows the variation of estimated
phase with B for several detectors and it is clear that the effect is most
promounced at the higher cut-off detectors. Unfortunately, as mentioned
earlier, it is just these stations which appear to be most prone to
instrunental and other troubles. It is known that the Lae instrument
appears to have an unduly -early time of maximum, which is tentatively
attributed to local temperature effects, Whilst one must sincerely hope
that most detectors are more adequately housed than is the one at Lae
one must wonder whether some such effect is a possibility at Haleakala,

' Whatever the reason for the apparent discrepancy Haleakala was rejected
from the final analyses in all years on the grounds of the apparently

discrepant vectors and the reduction in Z achieved by its exclusion.
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It was later found that the scatter in the data at Haleakala is much
greater than would be expected on purely statistical grounds (section

4,7.6), thus justifying its exclusion here.

4,7, POSSIBLE ERRORS Il THE AMALYSES, '

If the data fit the model exactly, and no unaccounted factors exist,
the ninimum values .of 7 obtained in the fimal analysis for each year should
be of order unity., Table 4,20 lists the values actually obtained in each
year., The model clearly does not absolutely account for the observatioms.
Either the model is incorrect, either wholly or in part, computation of

the estimated variance is in error, or other spurious effects exist.

1961 1962 1963 1964 1965 1966
Estimated Variance 31 .15 .18 +20 36 .18

Table 4,20 Veriance of best fit results, 1961 to 1966.

4.7.1. Possible criticism of the rodel,

Evidence obtained by other authors, both with neutron detectors (e.g.
McCracken & Rao, 1966), and various combinations of muon telescopes and
neutron detectors (e.g. Jacklyn, Duggal, & Pomerantz, 1970), together with
the evidence from the Hobart underground muon telescopes (chapter 5),
suggests that the basic model is likely to be sound. It is, however, an
oversimplified description of the free-space anisotropy, on two counts.

It is an averaging model, which represents an atte*ﬁpt to gain gross infor-
mation about a phenomenon vhich is krown to be quite strongly time dependent

The averaging process is necessarily crude, and, due to the very fact of
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varying responses at different stations, will not have quite the same
effect at each station. A certain amount of "noise" will therefore be

introduced to the analysis,

Secondly, the ‘assmnption of a sharp upper cut—off rigidity is
obviously not a physically justifiable procedure. In practice the
mechanisn responsible for the diurnal variation is likely to gradually
lose efficiency as particle rigidity rises beyond a particular value.

It may be speculated that the mechanism will have no effect at rigidities
higher than twice the characteristic rigidity at which it ceases being
fully effective., The efficiency may or may not decline in a linear
manner. Regardless of the actual form of the diuvrmal variation depend-
ence at these rigidities, substitution of a sharp cut-off will causc an
error in the free-space vector computed from the observations of any
particular detector. Since equatorial neutron monitors are more sensi-
tive to changes in Ru than are higher latitude detectors it may be expected
that this effect will cause greater errors at equatorial than at high

latitude detectors, thereby introducing more moise to the analysis.

This point requires further investigation. It has deliberately
not been probed at present due to limitations of time and computer facil~
jities. This thesis is primarily concerned with determining, if possible,
a value of Ru for the model useci, rather than with detail refinements of

the nodel.

4,7.2 Statistical accuracy of detectors

The expected variance of the free-space vectors is obtained from

the purely poisson statistics of the individual detectors (Sectiom 4.,2.6).
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n
5 1 ; . . . .
0% = = X U: where G: 1s the variance associlated with the vector

tl . . . . .
recorded at the s~ Station. It is possible to test whether this
expression does or does mot correspond to the variance of the actual

diurnal or semi-diurnal vectors observed by a detector.

Most neutron monitors are operated in two or three sections,
 generally arranged side by side in a single laboratory. The monitors
operated by the Chicago and Hobart groups, and probably most others, have
totally separate electronic and recording systems for each section. The
ratios of the counting rates of the various sections are used to detect
instrusnental and electronic faults as they occur, and also to attempt to
teep track of changes in the overall detection efficiency of the monitors.,
The only coupling between the sections arises from a small percentage,
estimated at about 47 for a duplex IGY monitor (MeCracken, 1958), of
thermal neutrons which originate in the producer of ome section and are
detected by the BFB counters in an adjacent section. This has an
insignificant effect on the standard error of the section.

In normal operation the readings from a single barometer are used
to pressure-correct the data obtained from all sections. Any residual
pressure related vector would therefore be the same for all sections.
Likewise atmospheric temperature changes will effect each section equally,
For any given period therefore the scatter between the vectors recorded
by the various sections should be purely statistical in origin, unless
the sections have, for some reason, different sensitivities to periodic
changes in laboratory teaperature, a.c. supply voltage, or some other

envirormental factor.

A suitable test of the accuracy of the estimated variance of, say,
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the amplitude of the vectors recorded by a given detector is to compare
the sample variance, Sz, between the amplitude recorded by each section
for a given period, with the estimated variance, gz, of the amplitude

for the same period.. In the absence of errors of the types discussed
above the value of Z obtained by this process should belong to a popu=
lation which has a Gamma distribution, as Ioutlined in section 4.2.7.

A number of independent estimates of Z may be obtained using data from
non-overlapping periods. The distribution of Z obtained will be extremely
skewed, since the number of observations, n, contributing to each sampling
of Z corresponds to the number of sections in the detector, normally 2 or
3. A mean value of Z, Z, may be obtained, and if sufficient observations
are available thi.s should approach the value E(Z) expected from the

properties of the distribution (Eqn 4.26).

Diurnal and semi-diurnal vectors have been obtained for each section
of the Huancayo, Mawson, and Mt. Wellington monitors for each month of the
period 1961 to 1963, Values of Z have been calculated for the scatter of
amplitude, phase, and vector, for each month, station, and harmonic, Thus
36 values of Z are available for each station and quantity. The means of
these values, averaged over the 36 months, provide experimental estimates
of the mean values of Z, They are presented in table 4.20, together with

the expected values, E(Z).

In computing the results the same days of data have been used for
all sections at Mawson, and at Mt. Wellington. Frequent gaps in the data
prevented this being done at Huancayo, where there are some differences
between the days used for each section in most months. However this

does mot account for the very large Z value observed for the first harmonic
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1;2:2_ No .of First Harmonic Second Harmonic
Station sec= E(2Z) . .

Corr- . Ampli=- Anpli-

ected tions tude . Phase Vector tude Phase Vector
Huancayo Corr. 2 0.5 7,47 1.09 4,29 2,28 2.55 2.33
Mawson Uncor 3 0.67 1.09 1.07 1,15 0.76 1.25  1.15
Mt, Well, Uncor 3 0.67 1,31 1.62 1.47 1,07 1,13 1.09
Mt, Well, Corr. 3 0.67 1,40 1.59 1,17 0.94 0,9 1,11

Table 4.20. Mean of 36 independent observations of Z for various
Q008 Zecl
quantities.

amplitude, and also vector, at Huancayo. This is primarily due to the
systematic manner in which the diurnal amplitude recorded by section A of
the Iluancayo instrument is generally larger than that observed by section
B. The average value, from 1961 to 1963, of the ratio of the amplitudes
recorded by the two sections is 1.35. Very large ratios are obs&ved for
some months, leading to correspondingly large Z values. It must be
assumed that this is an instrumental effect, particularly sirce the

variance of the phase observations appears to be normal.

The relatively small differences between the values obtained
from pressure corrected, and uncorrected, data at Mt. Wellington bear out
the assertion above that effects common to all sections will have only

small effects on the scatter of vectors.,

It is moticeable that every value of Z is greater than its
expected value. The average ratio Z/E(Z) for Mawson and Mt. Wellington
(uncorrected) amplitude and phase, both harmonics, is 1.8 whilst the same

ratio for the vectors at these stations is 1.9, Two points emerge from



this result., Firstly, the normal poisson statistics appear to persis-
tently underestimate the errors inherent in the calculation of harmonics,

as has been reported previously (e.g. Sandstrom, 1965)., Secondly, the
approximation (section 4.2.6, eqn. 4.24) that the variance of the difference
vectors is approximately twice the variance of the amplitudes of the
estimated vectors themselves, is verified. The predicted equality of

the variance of each harmonic for a given detector is also confirmed.

The first of these points may be confirmed by inspection of the
distribution of Z. Since Z is a Gamma variate, (nZ) is distributed like
x? with (n~1) degrees of freedom (Veatherburn, 1949), and the chi=-square
test can therefore be applied., For a single observation of (3Z), corres—
pond:ing to the value of 3Z obtained for a single month, there is a prob=-
ability of 0,2 that the value observed will exceed 3,22 in random sampling
(x?® Probability Table, op. cit.). Therefore the probability that an
observation of Z will exceed ;.;.(3.22), i.e. 1,07, will also equal 0,2 in
random sampling., FHowever study of the distribution of Z obtained for the
amplitude of the first harmonic at Mawson shows that 17 out of the 36
observations exceeded 1,07, and at Mt. Wellington 16 out of the 36 exceeded
it. Similar results are found from the distributions of Z for phase obser-
vations. Likewise the expected median value of Z, which has a probability
of 0.5 of being exceeded in random sampling, is in fact exceeded by 25 out

of the 36 first harmonic amplitude Z values at each station.

The variate of the distribution is mow rescaled, such that the

new variate, Z°, is given by

- _ Z
Z -1.8 4.27
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This 15 done on the basis of the observed ratio of E(Z) to'f, and is
equivalent to defining Z° as $2/(/1.80)2, in effect increasing the
estimated standard error of the quantity involved by V1.8, that is, 1.36.
The distribution of Z° should mow fit the distribution originally predicted

for Z above,

Combining the 2 values for first harmonic amplitude at Mawson and
Mt, Wellington it is found that 16 out of 72 (22%) of observations of 2~
exceed 1,07, compared with 207 to be expected from random sampling, and
35 out of 72 (497) exceed the expected median value. The separate dis-
tributions for each station give results which are statistically indis-
tinguishable from these figures. It therefore appears that the distri-
butions do have their predicted shape, thus confirming that the observed
standard error of amplitudes of the vectors appears to exceed the statis=—
tically predicted value by a factor of order 1.36 at both Mawson and Mt.

Wellington. ‘

It is thought that this is due to the combined effect of a number
of factors which are in themselves small, The estimated 47 coupling
between the sections has already béen referred to. About 127 of the
thermal neutrons recorded by an IGY type neutron monitor are products of
multiple events in which a single nucleon incident in the pile gives
rise to two or more detected thermal neutrons. Both these effects will
slightly lower the effective mumber of independent secondary neutrons
recorded by each section, thereby increasing the standard error of obser-
vation. 1MeCracken (1958) has shown that random errors in pressure
measurements contribute to increasing the observed variance of hourly and

daily mean data; these will have a proportional effect on data averaged

over longer terms.
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Considerable care has been taken with both installation and oper-
ation of the Mawson and Mt. Wellington monitors, and it is hoped that
their performance is at least average when compared against other detectors
of the world-wide network., On these grounds, a realistic estimate of the
variance of the harmonic vectors, or of their amplitudes or phases, is

double the statistically expected variance of these quantities,

bo763 Effect of use of an incorrect barometer coefficient

YVariations in atmospheric pressure ten& to be almost entirely irregu-
lar in polar regioms, gradually taking on a more regular character as the
observer moves towards the equator. The regular variations are principally
semi-diurnal but diurnal variations do exist at some stations. At any
given station the mean annual vectors, both diurnal and semi-diurnal, are

remarkably consistent from year to year.

Approx- Diurnal Semi-diurnal
Station imatg ) Tim(.a of ) Tim? of
Lati~ Amplitude Maximum Amplitude Maximum
tude (mb) (Hours L.T) (nb) (Hours L.T)
Godhavn # 69° .13
Mawson -63° 07 18.8 .03 9.0
Prague 50° .32 4.7 .39 10.2
Christchurch *  =44° 47
Hobart -43° .39 2.2 62 9.3
Mt. Wellington =43° 12 19.4 .53 9.4
Rome 41° .23 3.9 47 10,1
Cheltenham * 38° 67
Kula - 20° 21 3.5 .92 9.5
Chacaltaya -16° .20 8.7 77 10.1
Huancayo * -12° 1.3
Kodaikanal 10° .28 13.2 1.31 11.7

Lae -6° .84 bob 1.25 9.6
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Table 4,21, Average anmal mean Diwrnal and Semi-Diwrwal Pressure
Vectors at various stations. Amplitudes for stations marked * due
to Forbush (1969)., Remaining values from analyses by the author.

Variations from year to year generally do not exceed *0.5 mb and
* 0.4 hours.,

The semi-diurmal vectors presented in table 4,21 show consistency
of phase throughout, and steadily increasing amplitude as the detector
latitude becomes lower. This effect is well known to Meteorologists and
is commected with atmospheric tidal effects., However the irregularity of
the diurnal vectors between stations suggests that these vectors may be
due either wholly or partly to local effects, such as undetected temper-
ature variations in the barometers, or diurnal air-flow changes causing
Bernoulli effects on the pressure readings. This suggestion is partially
supported by the differences shown between the Mt. Wellington and Hobart
barometers, which are separated by about 8 km. horizontally and 700 m.
vertically and which show very similar semi-diurmal vectors but totally
different diurnal ones. The Hobart records are corrected for instrumental
temperature variatioms, the iit, Wellington aneroid instrument was temper=
ature compensated, and both were opetated under a moderate degree of
temperature control. Nevertheless the fact remains that it is not con-
ceivable that the diurnal variation in the air mass over two stations
8 km. apart should be so different, and the discrepancy must be attributed
either to local air movement effects or to instrumental problems., It is
mot immediately possible to say which, if either, set of results represents
the trt;e diurnal variation of the air mass over Hobart. In the following
discussion therefore, concerning errors due to such variations, the larger

of the two figures has been employed.
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The difficulties involved in obtaining a correct value of the
barometer coefficient for any given neutron monitor have already been
discussed (section 2,2.1). A retrospective study of the type carried
out by Bachelet, Dyring, Iucci, and Villoresi (1967), hereafter called
the BDIV study, is really necessary if accurate coefficients are to be

obtained.

The BDIV study presented the first definite evidence that barometer
coefficients are solar cycle dependent., It also shows quite clearly that
the statistical error tails on coefficients derived during the IGY are
greater than those derived in later years (figure 4.24), As a consequence
of these two facts most investigators determined coefficients for their
instruments during the IGY, and retained the same coefficients for some
yvears, regarding the values they were using as being the best obtainable.
At some stations a single change in coefficient was made at some time
between 1961 and 1966. Such changes have all tended to reduce the dis-
crepancy between the coefficient actually used and the BDIV value, even
though in several cases the analyses on which the changes were based were
quite independent of the BDIV study. This was the case with the Hobart
group, which changed the coefficient employed at all its stations from

0,944%/mm to 0.992%/mm on January 1, 1962,

The pressure variations at tropical localities are, in general,
much smaller than those in temperate and polar areas. Barometer coeffici~
ents determined for such stations therefore have larger error tails than
those determined for instruments of similar counting rate located in other
regions. This is apparent in the BDIV analyses at !ima Aguila and Huancayo

(figure 4.24)., TFor this reason the Hobart group have employed the same

coefficient at Lae as for their other detectors, being aware that this is
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for some mountain stations (due to Bachelet et al, 1967).

The yearly mean values of the attenuation coefficient




Z0%,

mot necegsarily the best coefficient for the station but deciding that

it is the best available.

The BDIV coefficients for each of the 21 stations which they con-
sidered have been averaged over the years 1961,1962 and 1963, Denoting
pressure coefficients by o the mean coefficient thus obtained has been
compared with the coefficient actually used at the station to produ;e an

error 6o = o

So. .. ]
used ~ Opprye  [Be rem.s. value of —= for the 21 stations,

expressed in percent, is 4,2. The major part of this is accounted for by
discrepancies at 4 stations; Kiel, where Eg- equals 107, Zugspitze and
Sulphur Mountain (each 8%) and Buenos Aires (7Z)., The r.m.s. value of
Q%-for the remaining 17 stations is 2,3%. This compares with an average
uncertainty in the BDIV coefficients of #27 (Huancayo), #1i7 (Mina Aguilar),

17 (Kiel and Hermanus), and % }7 at the remaining stations. The value

of 0.57 found for S%é at Huancayo is clearly fortuitous,

The combination of an erroneous barometer coefficient and a diurnal
or semi-diurnal pressure vector will lead to residual pressure-associated
vectors forming part of the vectors obtained from pressure corrected data.
Ideally one would wish to subtract the residual vectors from the observed
vectors., This requires knowledge of both 80 and the pressure vectors.
Alternatively the raw neutron data should be recorrected using a retro—
spectively determined value of o, the determination being carried out for
each individual year and station, The labour involved in either procedure
would bé substantial as BDIV coefficients are not available for a number
of stations used in this survey, and pressure vectors are available for very
few of them. The alternative is to make, from the available data, the

best possible estimate of the likely errors involved in ignoring the
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effect,

Bearing in mind that generalisation may be dangerous in this case
it is apparent, from table 4.21 and Forbush's data that the stations may
be grouped into low, medium, and high latitudes for consideration of

pressure vectors. This is done in table 4.22 where the corresponding

Amplitude Range of

Diurnal Amplitude of Residual Vectors
Latitude Group Pressure Vector (mb) da/o = 57 forda/a = 2,37
Polar 0.0 to 0.2 000 to 007 .000 to .003
Temperate 0.2 to 0.7 007 to .025 003 to .0l1
Tropical 0.2 to 1.3 .007 to 047 .003 to .021

Table 4,22, Possible amplitudes of residual vectors for observed
pressure vectors.
amplitudes of the residual pressure associated vectors for hypothetical
stations for which-gg is 57 are also listed. Such values of ©&o/a
have been observed, but with certain obvious anomalies removed the r.m.s.
value of Sa/0 drops to 2.3%7 as mentioned above. In this case the
majority of the residual vectors have amplitudes around .0l7, only slightly
greater than the standard error of amplitude of the observed annual vectors

for most IGY type monitors,

Fowr stations exist for which BDIV coefficients and pressure vectors
are botb available. For these stations the amplitude of the residual
vector 1is, as depicted in table 4.23, less than the standard error of
amplitude except at Mt, Wellington in 1961, The exceptional case hag a
fairly large 8o and moderate pressure vector, a combination that might be

thought fairly bad. The observed diurnal vector in the pressure-corrected
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data is .,187 # ,007% at 15.41 * .14 hours L.T. The corrected vector,
with the residual pressure associated vector removed, is ,203 * ,0077%
at 15.53 £ ,14 hours L.T. The amplitude difference is statistically

insignificant at the 957 confidence level,

Anplitude, . Standard
s . Pressure So BDIV Ampll?ude error of
tation p - —(7%) Coeff of Residual
Diurnal o (7/mb) Vector (%) observed
Vector (mb) > °/  wectors %
Mawson (1961) 07 =5.3 749 ,003 008
(1962/3) 07 0.0 746 .000 008 -
Mt., Wellington (1961) «39 =5.9 .756 017 007
" " (1962/3) 039 -1 02 0753 0003 0007
Rome 023 +4 2 689 007 012
Huancayo 1.3 ~0.5 734 005 007

Table 4.23. Effect of faulty barometer coefficient at sane stations.

It may’be concluded that the use of an incorrect barometer co-
efficient is not a major problem at most stations, although it may well be
so at a few, Some errors are definitely introduced to the diurnal vectors
observed, they will be systematic both in time at one station and between
stations at the same time (due to the relatively constant directions of
the pressure vectors). This can cause small errors, of order a few
degrees, in the estimated direction of the free-space anisotropy, but is
more likely to affect its estimated amplitude since, roughly speaking, the
diurnal. pressure vectors tend to be out of phase with the observed vectors
at ﬁany stations. The overall effect will be to introduce a quasi-~
statistical scatter in the free-space vectors estimated from various

stations., If the amplitude of the residual vector is comparable with the
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standard error of ampliéude of an IGY monitor, as it appears to be, and
if the residual vector is in phase with the observed vector at some
stations (e.g. Mawson, Mt. Wellington, and Kodaikanal), and out of phase
at others, the uncertainty in the amplitude of the estimated free-space
vectors will be approximately doubled. Thus, from this cause alone, the
expected variance of the estimates of the free-space amplitudes could be

up to four times the statistically expected value.

4.7.4 Other FErrors

Other factors, besides those mentioned, will intrude into the
vectors recorded at any individual station., Those which are common to
all sections will not be detected by inter—section comparison, and may not
be revealed by residual variance tests. Uncompensated diurnal environ-
mental effects come into this category. Such factors will contribute to
the scatter of the free-space estimates in an unestimable fashion, but it
seems reasonable to expect that the variance of these estimates could easily
be doubled by the combination of these effects and the errors inherent in

the computational processes (Section 4,7.1).

4.7.5 Combined effects

Since all of the factors discussed in the previous sections are
independent of one another their combined effects are multiplicative.
Taking a factor of 2 from the pseudo-Poisson instrument-associated effects,
of 2 to 4 from the residual barometer associated vectors and a further 2
from thé other possible errors we find fhat a realistic value of Z could
well be between 8 and 16 times the statistically expected value, E(Z).

Consequently the likely values of Z could range up to 8 to 16, in all cases.
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L,7.,6 Practical Irrors

The standard deviation 0. of the amplitude of a vector r has been
directly derived from the total number of counts recorded in the period to
which the vector refers (Section 4.2.6). It has been shown in section
4,7.2 that the use of . so calculated leads to an underestimate of the

variance of the vectors observed by the different sections of the same

neutron monitor.

An altermative method of estimating . exists. Dyring & Rosen
(1961), using data from the neutron monitors at Uppsala and lMurchison Bay,
have shown that the residuals vhich remain in some cosmic~-ray data after
the first and second harmonics of best fit have been subtracted, follow
a random distribution. Thus the variance of the residuals can provide an
estimate of the variance of the original data. If quasi-statistical
variations are present in the data, or if all the counts contributing to
the data are not statistically independent, the variance estimated in
this way will be higher than that estimated on the basis of Poisson
statistics alome. An estimate of 0, which we shall call 0;, may be

made from this variance.

By anmalogy with eqn. 4,21

.. 2,
n

% = /1% 4,27

where G‘e is the standard deviation associated with each residual, and

n is the number of observations (12 bi~hourly or 24 hourly) employed.

Sandstrom (1965) cites Guest (1961l) as stating that an unbiased

estimate of tae variance, 02, of the residuals is given by
e
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2 n -
0 = I (e, = )2
e k
Lot S 4,28
n=2j~1 *
where € is the amplitude of the th residual and j is the order of the

highest harmonic removed, In the present case j = 2.

Values of 6; have been obtained for all data employed in the diurmal
analyses. It is found that, except for occasional statistical fluctuations
in individual months of data, 0; is always greater than 0, for the same

period, except at one station.

It is convenient to define the ratioc of the variances of the

amplitudes, as computed by the two methods, as

¥ = "z 4,29

This ratio will also apply to the variance to be associated with
the vector end-points, since this quantity is twice the variance of the

vector amplitudes regardless of how it is calculated {(section 4.2.6).

Sandstrom (1965) has noted that the ratio of U; to o, varies between

different detectors. This is confirmed by the present work (Table 4.24).

However it also appears that this ratio, and therefore Y, depends to some
extent on the total number of counts included in the data., Most IGY
monitors studied yield Y values, for annual mean harmonics, in the range
1.5 to 3.5. 64 type monitors have slightly higher values of Y as do
‘some (but mot all) high altitude detectors. For any particular monitor
the anmal Y values are generally greater than the average of the Y values

of the contributing months; the Y value of a multi-year average harmonic



is greater than the values associated with the individual years; and

the Y value associated with the vector obtained from the entire monitor
for any given period is greater than the average of the values associated
with the harmonics obtained from each section for the same period. These
results for the Mawson IGY monitor appear in figure 4.25, where the

ordimte is plotted as y, = V¥, the ratio of the standard errors.

Station ¥ Station ¥
Brisbane 2.3 Mawson 2.4
Buenos Aires 3.3 Mina Aguilar 7.6
Churchill 2.6 Mt. Norikura 4,2
Deep River 3.7 Mt, Wellington 1.8
Hermanus 3.3 Munich 2.2
Huancayo (Section A) 446 Pie=du=1{idi 9.9
Jungfraujoch 4,1 Ottawa 1.6
Kampala 2.5 Resolute 1.4
Kiel 9.6 Rome .55
Leeds 2.4 Sulphur lMountain 2.3
Lindau 2.6 Thule 2.4
London 2.9 Uppsala 2.3

Table 4.24 Average anmual values of Y (eqn 4.29) for 24
stations 1961-1983. The average value of Y for 16 Sea level
stations (excluding Kiel) is 2.4 and for 6 Mountain stations
(exeluding Kampala) is 6.5.

The Deep River neutron monitor has been enlarged twice, The annual
y values associated with the various count ratesarealso shown in figure
4,25. It is clear from both the lMawson and Deep River examples that the
observed variance, and therefore standard error, of the residuals decreases

more slowly than does their expected variance as a larger number of counts
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are included in the analysis.

Increase in Y with increase in counts could indicate the possible
existence of small harmonics in the data, of order 3 or higher. Regular
variations other than harmonics of 1 cycle per day would not be revealed
by these results, due to the superposition of data on a daily basis before

analysis (Section 4.3).

For relatively small count totals the extra, mon-statistical,
seatter introduced into the residuals by ignoring possible higher order
harmonics will also be relatively small if the amplitudes of the igno?ed
harmonics are small compared with their standard errors of amplitude,

In such cases the residuals will appear to be random variates, as found
by Dyring and Rosen, and Y should asymptotically approach a minimum value,

theoretically unity but in practice probably a little higher (section 4.7.2)

The proportion of the scatter in the residuals due to the ignored
harmonics, and consequently the value of Y, will increase with increase
in included counts. Once the amplitudes of the ignored harmonics become
large compared with their standard errors 0;2 will become effectively

constant. In this condition we have

i.e. Y <« N
where N is the total number of included counts,

From figure 4.25 the first signs of this occur, at the two stations,
in the region N = 10° to 10'%, A first assumption is to comsider that

the amplitudes of the ignored harmonics can be mo greatér than ‘the standard
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error associated with the lower of these limits, approximately 0.005%.
Such harmonics could not usefully be investigated on an annual basis
using the methods outlined in this thesis for studies of the diurnal

variation, and the matter has not been pursued further, *

Very high annual Y values associated with lower=—count-rate instru-
ments (such as averages of 20 at Kampala and 32 at Haleakala) suggest

severe fluctuations in the data of other than cosmic-=ray origin. These

could be due to large high—order harmonics in the data but are more likely

to be due to repetitive sudden fluctuations in counting rate. This view
is supported by the discrepant vectors found for these stations (sections
44,2 and 4.6.3); by private discussions with Dr.M.A. Shea concerning
Haleakala; and by observations at Kiel, whose average annual Y value
(table 4.24) is 9.6, The diurmal vectors for this station have been
found discrepant (section 4.4.2) and inspection of the residuals after
subtraction of the first and second harmonics reveals that the residual
for the bi~hour pefiod 2200 to 2400 U.T, is frequently too large to be

explicable on purely statistical grounds.

The averages of the monthly Y values for the individual sections
of the Mawson and Mt. Wellington neutron monitors from 1961 to 1963 are
1.6 and 2.0 respectively. There are mo significant differences between
the sections of the same monitor. It was shown in section 4,7.2.4 by a

quite &ifferent technique, that the ratio between the observed and expected

E<]

Observations of 3rd harmonics in Mt. Horikura muon awnd Deep River neutron
data were reported at the Hobart Cosmic-Ray Conference by Fugjimoto,
agashima, Fujii, Ueno, and Kondo (1971) and Mori, Yasue, and Ichinose
(1971). .
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variance of the first harmonic amplitudes (i.e, Y) was 1.8. The good
agreement between the two methods indicates that, for these stations at
least, the scatter between the vectors recorded by the different sections
is entirely due to quasi~-statistical moise inherent in the data, and not
to systematic differences between ‘the sections, Neither does this level
of Y value appear to be associat':ed with non-random components remaining

in the residuals., It is probable, but mot certain, that these conclusions
apply also to other detectors whose annual Y values are less than about

2.5 or 3, '

One station consistently displays low values of ¥, The average
of the annual Y values at Rome for the period 1961 to 1966 is 0,97. For
1961 to 1963 the average was 0.55 (table 4.24), The counting rate for
this detector is of the order of 17,000 counts per hour, rather low for
a standard IGY monitor at its latitude and altitude. A more likely figure
would be in the range 26,000 to 30,000 counts per hour, One possible
explanation could be that an abrormally long dead-time was used in the
recording equipment to guard against the possibility of recording multiple
events arising from a single incident neutron. However the reduction in
count-rate is rather large for this explanation, and N. Iucci (private
communication) reports the use of a dead-time of 20 isec with a resulting
nultiplicity of 1.13, This compares with a dead-time of 5 Hsec and

multiplicity of 1.2 (McCracken, 1958) of the Hobart group neutron monitors.

Fieldhous e, Hughes, and Marsden (1962) have reported the mean life-
tine of thermal neutrons in an IGY monitor to be about 170 Usec. There
is therefore mo essential difference between the Rome and Hobart group

neutron monitors in this regard, a conclusion supported by the similarity
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of their observed multiplicities. The reason for the low values of Y

found for Rome remains unknown.

4.7.7 ©Effect of use of practical errors

Sandstrom (1965), and others, have suggested that the érror limits
quoted in cosmic~ray observations should be computed on the basis of the
observed variance of the data rather than on its estimated variance.

This is strongly supported by the results presented in sections 4.7.2

and 4.7.6. Accordingly a number of the inter-station compe'lrisons dis~-
cussed in sections 4,5 and 4.6 have been recomputed in order to obtain new,
practical, error limits for the various quantities which have been deter-
mined, The process does not alter the central values of B and P‘u’ mr the
free-space amplitude constant and phase, obtained from a given set of
stations. Heither does it affect the comparisons carried out in section
4.5 between the various coupling coefficients, effect of retention and
rejection of mountain stations, etc., except to make the differences which
were observed somewhat less significant.

As expected the minimum Z values obtained using practical errors are
about half those found using Poisson statistics when all doubtful stations
have been rejected., This ratio tends to i)e larger when all stations are
used. Table 4.25 shows the various values obtained in the two cases in

a typical year.

Amplitude Phase

Constant L.T. ' Z

Errors B Range RuGV Range

Poisson 0.2 0.0to0.6 40 30to60 .263%,016 18.33%,26 12.9
Practical 0.2 =0.2to0.9 40 < 120 .263%£,034 18.33%+,38 5.9

Table 4.25. Comparison of Poisson and Practical Errors for 1964.
The eame eight stations were used in each case. Quoted limits
.are 95% confiderce.



214,

4,8 COICLUSIONS, DIURVAL AMALYSIS OF NEUTRON DATA

Table 4,26 presents the final results obtained in each of the years
1961 to 1966. The error limits quoted in this table, and also in tables
4,25 and 4.27, are the limits of the variable concerned on the assumption
that the other variable is invariant at the value stated., (Section

4,5.,6, figure 4.21).

Yo. Estimated Values Co
Year of of Amplitude -

Sts B Range R (GV) Range Comstant Phase(LT) 2
1961 13 0.0 -0,2to+0,5 70 35t0300 L,430+,073 18.,55%.45 10,4
1962 13 +0,2 +0,lto+0.4 500 > 130 W 264,029 17.95£.,31 11,0
1963 +0,4 +0,2to+0.7 100 50to2% L,140+,017 17.73:.32 1.6
1964 8 0.2 ~0.,2to+0.9 40 < 120 .263%,034 18.33%,38 5.9
1965 10 0,2 =0.2to+0.8 60 < 300 185+,033 18,24%,49 8.0
1966 10 +0,2 =0.,lto+0.9 40 < & o296+ ,040 18.54%.39 8.3

Table 4.26.
and mountain stations rejected.
practical errors.

Fiml results for diurmal variation. ALl doubtful
95% confidence limits based on

The results in table 4.26 are presented graphically in figure 4.26.
Most of the ranges found for B include zero, and thus cannot be said to
definitely mean that B is other than zero. However all the error ranges
for B are clearly biased towards the positive and there is therefore some
indication that B may be, on the average, slightly positive. The values
of Ru’ whilst rather wide-ranging, are consistent with currently accepted
values, Similar values of Ru would have been obtained had B been
arbitrarily fixed at 0.0. The directions of raximum are not significantly

different from 18,00 L.T.,' except possibly in 1961, even then the differ-
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ence is not great., The values of the amplitude constants depend crit-
ically on both Ru and B and thus the wide range in values is not necess=-

arily as significant as it appears at first sight.

These conclusions must be qualified by the large value of Z in all
years except 1963, Possible reasons for these high values have been put
forward, and it must be assumed that these are the best attaimable, = They-

appear to be the major shortcoming of this type of analysis.

The principal difference between this and previous analyses is the
simultaneous determination of P and Ru’ combined with the use of the full
vector information available from each detector. At the time of previous
investigations (e.g. Faller and Marsden, 1966; McCracken and Rao, 1966)
it was thought that Ru was rather higher than has subsequently proved to
be the case. These investigators consequently felt justified in regarding
variations in Ru as uninportant, and assigned arbitrary high values to it,-
usually 500 GV. They then concluded that the average value of B is
indistinguishable from zero. The effect of setting R, = 500 GV in the
present analysis, and subsequently determining B, has been discussed
(section 4.5.5), and is further illustrated in figure 4.27, The lstati.ons
used in figure 4.27 correspond exactly to those used in figwre 4,26 and
table 4,26, and it is seen that the average value of B obtained in this
way is indeed approximately zero. However figure 4.17 shows that, whilst
the neutron observations are not as dependent on Ru as they are on B, a
definite value of Ru is indicated, particularly by the phase information.
It is thus important that this be taken into account in determinations of

Be

The analyses presented in this chapter show that the errors inherent
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in determinations of the parameters involved are larger than has previously
been believed, resulting in rather wide ranges of possible parameter values.
In chapter 5 we will consider how observations from underground muon

detectors can be used to reduce these ranges.

4,9 THE SEMI=-DIURNAL VARIATION IN NEUTRON DATA

The analysis techniques applied to the diurnal variation may also
be applied to the semi—diurn;l variation., For data=handling reasons it
has been convenient to consider both harmonics, for any given set of
stations,_in the same computer run. This has been done for many of the

diurnal analyses reported earlier in this chapter.

The amplitudes of the semi-diurnal variations observed by neutron
monitors are much smaller than those of the diurmal variations seen by the
same detectors (figures 4.10 ard 4,11). The standard errors, however,
have the same magnitude for both harmonics (section 4.2.6). Consequently
the second harmonic has a much lower signal-to=-noise ratio than does the
first. This is reflected in the variance curves and contour plots
obtained., . The variance curves similar, for example, to figure 4.27, are
very shallow since changes in the estimated free-space vectors caused by
quite large changes in B are of the same oxder as the standard error of
the vectors. This is also evident in figure 5 of Rao and Agrawal (1970).
The contour plots are therefore broad and shallow, and it is not possible
to put very precise limits on the parameter values. In these circumstances
only the f£inal results obtained are presented (table 4,27, figure 4,28),

with no discussiocn of the intermediate stages of the analysis.
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Year Sz. 8 Range Ru(GV) Range Amplitude Phase

Sts constant L.T. Z
1961 13 1.2 > 0.6 150 60tol000  ,0010£.,0004 2,6%1.7 2.7
1962 13 1.4 >0.2 80 35to 500 .0012£,0005 4.0%1.,8 3.7
1963 9 2,2 >1.0 60 35to 250 ,0001+£,00005 3.8%f2.0 8.7
1964 8 1.0 indeter- 250 indeter- .003 #,001  3,3%2,2 2.7

ninate minate

1965 10 1.4 > 0.4 1000 > 40 0001%+,0001 2.,4*2,2 0.8
1956 10 0.8 >0.2 250 > 45 005 %£,003 3.3%2,2 1.8

Table 4.27 Final results, semi-diwwrnal analyses. 95% practical
conftdence Limits,

The stations used in these analyses are the same as those employed
in the final diurnal analyses. From the semi-diurnmal viewpoint these
need mot mecessarily be the best available set. However there is evidence
that those stations which are reliable in the diurnal context are also
reliable for semi~diurnal studies. The wide limits found for the para=—
meters, regardless of which particular set of stations was used, support
the view that it was not worthwhile to make a separate selection of stationss

for the semi=diurnal case.

Preliminary investigations showed that the lower limiting cut-off
was not an effective factor in determining the scatter of the estimated
free-space vectors, provided it was less than a few GV. It was therefore

set at zero.

The exponent of the cosine dependence on asymptotic latitude was

also investigated. As in the diurnal case the useful information comes



221 .
from the scatter of the estimated free-space amplitude constants, Whilst
the results are not quite as clear-cut as in the diurnal case (figure 4.15),
and there is rather more variability from year to year, a value in the
range O to 1.5 is strongly indicated., The value 3 proposed by Lietti
and Quenby (1968), (section 3.4.2), appears to be excluded., The exponent
was accordingly set at unity in the calculations leading to the results

of table 4.27.

Figure 4.1l shows that the observed second harmonic amplitudes are
larger at equatorial than at polar stations. This has been noted previous—
ly (esg. Katzman and Venkatesan, 1960; Rao et al, 1963). It was found
in the initial analyses that the rigidity exponent is clearly positive,

and the range investigated was therefore set at 0.0 to 2.2,

Lietti and Quenby (1968) have proposed a direct rigidity dependence
for the semi~diurnal variation, at least in the range below around 100 GV, '
Some confirmatory experimental evidence is available (Ables, McCrackern,
and Rao, 1966; Hashim, Peacock, Quenby and Thambyahpillai, 1969; Rao and
Agrawal (1970); Subramanian (1971). .The present results confirm that
the rigidity exponent is positive, and encompass the value unity without
distinguishing it from other positive values. They also show that the
upper limiting rigidity cannot be reliably determined from the neutron data
used, except that it is clearly greater than 35 to 40 GV. This is in
agreement with the 70 to 100 GV range found by Hashim et al for the period

1965 to 1967 using inclined underground muon detectors.

The amplitude constants found are small, and dependent as the value

of B obtained. Quenby and Lietti (1968) predict an amplitude constant,
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for a direct rigidity dependence, of approximately 0.0025, in good agree-
ment with the results obtained here for 1964, If 8 is set equal te 1.0,
within its possible range of values, similar values of the amplitude

constaat are found for the other years, except in 1965 vhen it is rather

smaller,

The times of maximum fouﬁd appear consistent from year to year.
The average value over the six years is 3.2#*2.1 hours, The radial or
cross-radial directions predicted by Subramanizn and Sarabhai (1967) appear
to be excluded., Instead the directions found are approximately perpen—
dicular to the average direction of the interplanetary magnetic field, as
predicted by Quenby and Lietti, and found by themselves and by Rao and

Agrawal,

The minimum values of Z obtained are reasonab".i_e, in fact better
than those found for the first harmonic. This contrasts with the result
reported by Rao et al (1963), (section 3.4.2) for 1958. Their con-
clusion is drawn using a rather small value, 25 square degrees, for their
expected variance. More likely figures would be of order 100 (Poisson
erfors) or 200 (Practical errors) square degrees. The latter reduces

their Z value to about 6, comparable with some of the values in table 4.27.

There does mot seer to be any useful information on solar cycle

trends in the semi-diurnal variation obtainable from the present results.,
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CHAPTER 5.

THE HODART UMDERGROUND MJON TELESCOPES.

Sele INTRODUCTION

The conclusions reached in the previous chapter leave fairly wide
limits on the possible values of B and Ru for the first harmonic of the
solar daily variation in cosmic-ray intensity. This is partly due to
the rather similar rigidity responses of all neutron monitors, regardless
of their geomagnetic location. The limits can be considerably reduced by
the combination of neutroﬁ monitor results with those from other types of
detectors which are more sensitive to prbnary'particles of higher rigid-
ities. Such instruments respord in different ways to changes in § and
Ru than do neutron monitors. A suitable instrument for this purpcse is

the underground muon detector installed near Hobart,

—

This instrument is a vertically aligned semi=-cubical duplex nuon
telescope, having a count rate of 65,000 counts per hour in its original
conditions It has operated in a disused railway tunnel at Cambridge, on
the outskirts of Hobart, since October 1957. A full description of the
observatory and its equipment has been published, (Fenton, Jacklyn, and
Taylor, 1961)., Since their paper appeared a more detailed survey of the
area has revealed that the effective instrumental depth is 36 metres water
equivalent (m.w.e.) below the surface (Jacklyn, 1970), and not 42 m.w.e.
as originally believed. A third section was added in mid 1966, raising

the count rate to 95,000 counts per hour.

5.2, THE OBSERVATIONS.

The magnitude of the solar daily variation observed in underground

mion data is small compared with that seen by swrface neutron or muon
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detectors., TFigure 5.1 shows the amplitudes of the mean annual solar
diurnal variations observed over a number of years by the Deep River and
Mawson neutron monitors and the Hobart underground telescope. All data
are corrected for pressure changes only. Annual mean sunspot numbers
are also plotted. There i1s a noticeable correlation between the under—=
ground amplitude and the sunspot numbers, indicating that solar-cycle=-
related changes occur in the annual diuwrnal varijation at higher rigidities.
Irregular variations from year to year are also evident, consistent between
all three instruments. Both observations oppose the suggeséion (McCracken
and Rao, 1966) that the mean annual solar diurnal variation is relatively

invariant from year to year.

Before discussing the results obtained from the underground tele-
scope we first consider some of thne factors which may affect the observa-

tions .

5.2.1. Atmospheric Effects.

The difficulties which are associated with the use of surface level
nmuon detectors for daily variation studies (section 2.2) are much less
severe in the case of underground instruments. The various atmospheric
effect coefficients are relatively small, the partial barometer and
negative temperature coefficients falling as the mean rigidity of response
of the detector rises. Dutt and Thambyahpillai (1965) indicate that the
Duperier formula (section 3.2.1, eqn., 3.1) is adequate for the correction
of undefground data, Table 5.1 lists the Duperier coefficients obtained
for the Hobart and London underground instruments., The London temper=-
ature coefficients are greater than those for Hobart, in spite of the

greater depth of the London observatory (60 m.w.e.). The figures are
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well substantiated, being very similar to values found earlier by Dutt
and Thambyahpillai. They are still small however, particularly the
negative temperature coefficient, compared with values found for surface

instruments (table 2.2).

Hobart 36 m.w.e. London 60 n.v.e.

Total Barometer Coefficient 7%/cm.Hg., =0.655%0,042 =0.,495%0,026
Partial " " meowon =0.591+0,044 -0.,467+0,026
Negative Temperature " %/ k. -0,459%0,250 -0.76 0,13

Positive " " 7/°C +0,020%0.010 +0 .,042+0.006

Table 5.1,  Atmospheric corrvection coefficients for underground
mion detectors. Hobart values from Fenton et al (1961); Lowndon
total barometer coefficient from Dutt and Thambyahpillat (1965);
other London values from Peacock (19689).

In normal usage the underground data are corrected for pressure
jariations only, using a total barometer coefficient. The practical use
of these corrected data for solar daily variation studies then rests on
the likely amplitudes of the daily variations in the height and tenper-

ature of the secondary particle production region.

To some extent such variations are a function of regional meteoro-
logical cqnditisns. The necessary observations are difficult to nake,
and few studies are available. Bercovitch (1964, 1967) has concluded that
there is no significant daily variation in upper atmosphere temperatures
above the 300 mb, level over Canada. Teweles and Tinger (1960) reached
a similar conmclusion. Harris, Finger, and Teweles (1962) observed an
annual average diurnal temperature variation of amplitude about 0.5% at

100 mb, over the Azores., They believe their observations may contain
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diuirnal insolation errors, and a separate derivation in the same paper,
from wind data, gives an amplitude of 0.2%. Hashim, Peacock, Quenby,
and Thambyahpillai (1969) state that an upper limit of 0.2°C can be put
on the diurnal temperature wave amplitude, corresponding to a variation
of amplitude less than 0.01% in the cosmic-ray flux, with time of maximum

close to local noon.

A series of observations, covering a 28 day period in September and
October 1966, have been made near Melbourﬁe, Australia (Cormonwvealth Bureau
of Meteorology, 1968), and have been analysed by Tucker (1971). The direct
‘teriperature observations, made with an exposed white=-painted thermistor,
reveal a diurnal variation in the 100 mb, region of amplitude O.SOC, with
maximum close to local noon. In contrast to the results of Harris et al.,
Tucker's analysis of wind data suggests a slightly larger amplitude, about
1.0°C, with a maximum near 1800 L.T. However he warns that considerable
errors are involved in the derivation of temperature from wind observations,

due to the large random component in the wind data.

The Melbourne observing site is about 420 miles from Hobart, and
the results should be applicable there. They suggest a diurnal variation
of amplitude about 0,027 in the Hobart underground data from this cause,
gowever Tudker's results appear much larger than have been observed else-

where, and it is not clear whether they represent annual averages.

Concerning the negative temperature effect Thambyahpillai, Dutt,
Mathews, and Pomero (1966) quote the annual mean diurnal variation in the
height of the 100 mb, level above southern England to be 42 metres, with

a maximum at 1300 L.T., which would give rise to a variation of amplitude
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of 0,037 in the London underground data. Tucker's observations of diurnal
pressure waves at fixed altitudes over Melbourne imply a diurnal variation
of amplitude 35 metres in the height of the 100 mb. level, with maximum
around local noon. These results agree well with those of Thambyahpillai
et al., and suggest a diurnal variation of amplitude 0.,016%, with maximum
about midnight, in the Hobart data. This variation almost cancels that
predicted from the positive temperature effect., Tucker's pressure data
are directly derived from the temperature observations using a hydro-static
equation., Hence any insolation errors should affect both results equally,
and the conclusion of a negligible resultant cosmic-ray effect at Hobart

is still valid.

Some direct evidence that the atmospheric diurnal waves in under-—
ground data are small is also available. Peacock (1969) has shown, using
data from the inclined underground telescopes at London during solar minimumn,
that the upper limit for the atmospheric vector in both inclined and vertical
detectors is 0.0157. Jacklyn (1970) concludes from a study of several
years' data from Hobart that there is no persistent significant variation
out~-of-phase with the solar diurnal variation. In effect this means that
the negative temperature effect cannot be significant or, alternatively,
tﬂat it is significant but is effectively cancelled by the positive temper—
ature effect in the manner outlined above., His anmalysis does mot exclude
the possibility of an atmospheric assoéiated resultant vector approximately
in phase‘with the genuine cosmic-ray variation, as would happen were the

positive temperature effect dominant,

For the reasons outlined above data from the Hobart underground

detectors have been used without further correction for atmospheric effects.
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5.2.2. Coupling Coefficients.

It is not possible to obtain coupling coefficients for underground
detectors in the manner normally employed for surface instruments, i.e.
latitude surveys taking account of geomagnetic cut-off rigidities at the
various observing sites. lowvever Fenton (1963) has obtained a set of
differential coupling coefficients for the llobart undexrground detectors
using a theoretical treatment to obtain the rate of plon production from
primary protons. A quite different treatment by llathews (1963) employing
extrapolation of existing surface latitude surveys, together with an
empirical response curve for a muon detector at 312 gm.cmfz, has led to
similar coefficients. With no known reason to prefer one of these sets
of coefficients to the other Fenton's results have been used in the present
work., They are calculated for a depth of 40 m.w.e., and therefore

slightly under-estimate the contribution from the lower rigidities.

5.2.3, Modulation Coefficients.,

The computer programme used to obtain modulation coefficients for
neutron monitors (section 4.2.1) is not suitable for use with muon
telescopes due to the latter's more complex geometric sensitivity (Parsons,
1959) . Before the necessary modifications to the programme were under-~

taken Dr. R,M., Jacklyn kindly made available values of B, and G1 (section

1
4,2.1) vhich he had calculated in the course of his own work. These

values have been used throughout the present chapter.

The range of B covered by Jacklyn's coefficients is smaller than
that employed in the previous clhiapter for neutron monitors. However the
likely values of B are bracketed. A potentially more serious problem

is that they have been calculated for an assumed latitude independent



230,
diurnal variation, whereas the neutron éoefficients assume the cosine
dependence found in section 4.4.5., There is evidence (Jacklyn, Private
Communication) that the variation may be latitude independent at higher
rigidities. The effect on the coefficients of introducing a cosine
dependence has been estimated by the present author. The results obtained

using the two sets are compared in section 5.4.1.

5.2.4, The Orbital Doppler Effect.

High rigidity cosmic-ray particles cannot be trapped by the inter-
planetary magnetic field, and therefore cannot take up any motion, such as
co-rotation, associated with the interplanetary field. To a first
approximation such particles are all those having rigidities greater than
Ru. The earth's. movement through the gas comprised of these particles,
as the earth orbits the sun, causes a Compton-Getting type of solar diurnal
variation to be observed (Compton and Getting, 1935). The maximum of the
variation, in free-space, is at 0600 L.T., in the forward direction along
the orbit. The effect is generally referred to as the Orbital~Doppler

effect, shortened to OD in the following discussion.

There has been uncertainty in the literature concerning the correct
expression to be used in calculating Compton-Getting vectors, apparently
due to the complexities of the co-ordimate transformations involved. The
matter seems to have been settied by Forman (1970), who derives the aniso~
tropy which will be observed in particles of energy E to be

v
I E = (2+av) :.;._ _ 5.1

E + 2me?

E + me?

where o =



and ¥y is the magnitude of the exponent (assumed negative) of
the energy spectrum of the particles,
v is the average speed of the particles, and

V is the velocity of the body moving past them.

The relativistic cosnmic-ray particles imvolved in the OD effect

have minimum energies of order 50 to 100 GeV. For such particles, observed

from the earth, ¢ = 1, y = 2.5, and ..__-l =10 7,

L) ) ~ "'4
o e BOD (E) = 4.,5x10 5.2

The free-space OD vector, 0D, depends solely on the value assigned
to Ru' For any particular detector 0D is modulated, both geomagnetically
and by the response characteristics of the detector, to give ris; to an
observed vector od. For neutron monitors, which have a proportionally
small response at high rigidities, od is negligibly small compared with
the observed diurnal vector . However for instruments which respond
more to the higher rigiditie.;-_g_cl beccmes significant. For the Hobart
underground telescopes r varies between 0,0257 and about 0.107, and od
is of order 0.02%. To enable valid comparisons to be made between the

diurnal vectors observed by this and similar detectors and those observed

by neutron monitors an OD~free vector, r;, must be used such that

= - o | 5.3

|
Evaluation of od requires assumption of a value of Ru’ one of the
quantities being sought by the amalysis. TFortunately the dependence

is mt great, and the assumption of a likely value suffices. Dr. Jacklyn

(private communication) has calculated values of od for the Hobart data
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-~

and has consequently obtained mean values of ¥y

years., His results, extended by the author to the end of 1969, are listed

for each of a number of

in table 5.2,

Observed r, A d od Corrected rl’

Year 1 ssume Z1
Amplitude Phase R _(GV) Amplitude Phase Amplitude Phase
(% degp) (7)  (deg) ¢3) (deg)

1958 081 251 120 017 084 099 253
1959 110 249 120 017 084 127 251
1960 0387 260 120 017 084 104 260
1961 D44 229 120 017 084 060 240
1962 071 245 120 017 084 .088 249
1963 0064 234 75 022 081 085 241
1964 049 222 75 022 081 069 234
1965 023 205 60 025 079 D42 234
1966 062 208 60 . 025 079 079 222
1967 039 225 75. 022 08l 059 238
1968 074 243 90 020 082 094 247
1969 059 229 100 018 083 076 237

Table 5.2. Removal of Orbital Doppler effect from Hobart under-
ground results. The quoted observations for the years 1958 to 1962
are averages of the vectors recorded by the Hobart and Budapest
underground observatories. The differevces between the observations
‘made by the two detectors, which are at similar depths, are within
statistical limits in all years.

5.3. METHODS OF ANALYSIS, °

Analysis of vector information is not as important with underground
detectors as it is with neutron monitors. The majority of the information
required for the present purpose is contained in the amplitude of the
observed vectors, and in any case the statistical errors in the observed

phases are proportionately rather large., Consequently it seems
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preferable to consider amplitude and phase information separately. It
will be shown, in the following sections, that the results from each are

mutually consistent,

5.3.1. Analvsis of Amplitudes,

Jacklyn and Humble (1965) have shown that it is practicable to
determine Ru’ for a given periOc'l, by comparing the results from an under-
ground telescope with those from a suitable neutron monitor. Using the
Hobart underground telescopes, and Mt. Wellington neutron monitor, they
obtained a value of 95 = 15 GV for R, in 1958, after setting 8 = 0,0
according to the results of Rao, McCracken, and Venkatesan (1963), 1Mo

account was taken of the Orbital Doppler effect in that analysis.,

The method imvolves the estimation of the free~space-amplitude
constant, A, for different assumed values of Ru for each detector. The
values of A obtained from the neutren monitor are rather insemsitive to
changes in Ru’ whereas those obtained from the underground telescopes are
highly sensitive to such changes. Curves of A v 2, for the two instru-
ments therefore intersect at a steep angle, indicating fairly precisely a
value of Ru' For the same reason the value thus obtained is relatively
insensitive to small errors in the amplitudes of the diurnal vectors
observed by either instrument. Figure 5.2 shows the case for the Hobart/
Budapest combined underground telescopes, after correction for the OD effect
and the Deep River neutron monitor in 1958, assuming B = 0,0. The error

linits are 95% practical, the value of R obtained being 88 '.*_‘i: GV, which

is consistent with the earlier value.

In the present instance it is required to allow for the case of a
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varying B. Families of A v R curves may be drawn, for each instrument,
with B as a parameter. The intercept of the curves for corresponling B
gives a value of Ru which could be associated with that particular value

of P

The plotting of families of A v Ru curves is a tedious business,
requiring to be repeated for each nev period of observation. Fortunately

a much simpler technique exists.

For each point on the curves A =

W=

where R is the amplitude of the vector observed by the detector and B is
the amplitude modulation coefficient for the particular instrument and

assumed values of B, R coupling coefficients etc. (Section 4,2,1).

For two particular detectors X and Y, we have

R R
A. = x and A= "y
) y )
X y

The required comdition is that Ax = Ay and therefore

R R

£ = X

B B
y

X
i Bx RX
-B—- = R—- 5.4
y y

Thus the necessary ratio of the response constants equals the ratio of

the amplitudes of the observed vectors.

Sets of values of B for various stations and conditions have been

computed (section 4.2.1)., These are then plotted, on a logarithmic scale,
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as functions of Ru. Using B as a parameter, families of curves are
obtained for each detector (Figure 5.3). Such plots, from different
detectors, may be overlaid, with the B scale of one set superimposed on,
but displaced along, the B scale of the other (Figure 5.4). The use of
logarithmic scales enswres that, for a given displacement of the Bx scale
relative to the By scale, the ratio Bx/By is constant throughout the com-
bined diagram regardless of the absolute values of either quantity. The
displacement of the two plots is adjusted\such that Bx/By equals the
observed value of Rx Ry for the period under consideration. The values
of R, consistent with this ratio for various values of § may then be read
directly from the intercepts of the appropriate B -curvas. Obtaining
results for other periods them only entails altering the relative displace-

ment of the two sets of plots.

The statistical uncertainties associated with each vector lead to
a range of possible values of Bx/By' To 95% confidence the true value

of this ratio lies in the range

R~ 20 R_+ 20
__X X to X X
R. + 20 R =20

y y y y

Possible combinations of B and Ry which satisfy each of these relations
are obtained as described above and their locii plotted as a B v. Ru
graph (Figure 5.5a). The region between the two curves represents a
swathe of possible B, Ru combinations consistent with these particular
observations. The region is of quite different shape to that obtained
from the neutron data alone in the previous chapter. Superposition of

the two regions on the same diagram puts considerable constraints on the
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possible ranges of B (Figure 5.5b).

5¢342. Analysis of Phase,

A similar process to that described above can be carried out using
the phases ¢X and ¢y recorded by two dissimilar detecto;s. The phase
nodulation coefficients Gl (section 4,2,1) are available for a variety
of neutron monitors anﬁ combinations of B and R, Jacklyn (private
communication) has computed similar coefficients for the Hobart underground
telescopes. Both sets are in units of hours. Converting to angular
measure let the coefficients for two particular detectors be Tx and Py
respectively, For observed vectors in directions ¢X and ¢y we have

estimates

n, = ¢x + Tx and ny = ¢y + Py

for the directions of the free-space vectors. Applying the condition

that nx = ny we have

o =9 = I =T 5.5

Families of curves of T v, Ro» with B as a parameter, are plotted
for each station. A linear scale is used for I's The same overlay
technique, and subsequent plotting, as used in the amplitude case can
then be employed to delineate a further region of possible combinations

ona f v. Ru plot.,

In practice the technique is of little use since the geomagnetic
deflection associated with the Hobart underground telescope is relatively
insensitive to quite large changes in Ru and is almost totally insensitive

to changes in B (figure 5.6). The maximum change in T between the extreme
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. . 0 . .
likely values of Ru is only of order 10, This must be compared with

. . . . . . . o
the 957 confidence limits on the phase observations, which average +30°,
In consequence very large rezions of possibility are obtained on B v, Ru

diagrams by this method.

5.4, RESULTS.

5.4.1. Combined Observations.,

The precise meaning of tabulated errors, discussed in section 4.5.6
in connection with results obtained from neutron intercomparisons, becomes
even more uncertain when such results are compared with those obtained
from the underground muon studies. TFor this reason results in this

section are presented graphically.

Figures similar to figure 5.5a have been obtained for each year
1961 to 1966, They are obtained from the Hobart underground muon ampli-
tude observations, corrected for the orbital-doppler effect, and the
Deep River neutron monitor. The latter instrument is used since it
displays estimated freewspace vectors close to the mean free-space vector,
averaged over a number of neutron monitors, in each year. It also has a
low statistical error, even on a practical basis., The resulting regions
of possible combinations of B and Ru are plotted in figures 5.7 and 5.8,
where they are labelled rwon regions., The regions of possible $ and Ru
combinations obtained from the final neutron analyses (figure 4.26), and
here labelled neutron regioné, are plotted»in the same figures super-

imposed on the muon regions.

The regions of possibility obtained from the Hobart underground

phase observations, when combined with those from Deep River, entirely
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encompass the regions derived from the other two methods in every year
(section 5.3.2). They are not presented in figures 5.7 and 5.8 since
they provide no further useful information, They do, however, indicate
that the conclusions reached from the neutron and muon amplitude techniques

are not inconsistent with the diurnal phases observed underground at Hobart.

Figures 5.7 anﬁ 5.8 shov basically similar results. In figure
5.7 the muon regions have been computed on the basis of a latitude indepen-~
dent of anisotropy at higher rigidities (section 5.2.3). 1In figure 5.8
the muon regions refer to a cosine (latitude) dependence at all rigidities.
In each case the neutron results principally delineate a range of possible

B values, the muon results then determining the range of Ru and imposing

further restraints on 8.

The values of Ru obtained in figure 5.8 are a little higher than
those in figure 5.7. This is to be expected Compared with the errors
inherent in the measurement the difference between the two sets of results
is ot large., The values of B obtained are essemntially the same for each
case. For all years the central value of the range of B is positive,

in some cases surprisingly so.

In 1962 and 1963 the combined analyses appear to exclude the
possibility that B = 6.0. Jacklyn, Duggal, and Pomerantz (1970) demon-—
strated that B = 0,0 was a likely result for all years 1958 to 1966
(although their analysis does not definitely exclude non-zero values),
and they evaluated Ru on this basis. It is interesting to put B = 0,0
in the present analysis, and compare the values of Ru thus obtained with

those found by Jacklyn et al. The values are listed in table 5.3,
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Underground
Analysis Latitude 1961 1962 1963 1964 1965 1966
Dependence
Jacklyn et al Independent %0 & 70 70 55 60
Present work " 56to74 - - 50t098  45to77 59t085
" " cosine

(latitude) 62to82 =~ - 53tnll7 48to90 66t090

Table 5.3. Values of R , in GV, obtained by different analyses
e u
assuning B = 0.0 )

&

~

Jacklyn et al did not attempt to specify the possible errors in
their results, but they must be at least a few GV, The differences
between theirs and the present values of Ru are therefore statistically
significant only-in 1961, although it could be argued that the consistently
higher values obtained through solar minimum by the present work imply
either that Ru was higher, or that B was more positive, than was found

by Jacklyn et al for that period.

5.,4.,2, Solar cycle changes derived from muon anmalyses.

The year to year changes in observed diurmal variations are repre-
sented, in the Déep River neutron monitor (figure 5.1) for instance, by
amplitudes varying over a range of up to 2 to 1, and times of maximum
normally varying by only a few minutes, although variations of up to one
_hour are observed., The amplitude changes could, in principle, be due to
changes in B, in Ru, in amplitude constant, or in varying combinations of
the three. A considerable mmber of combinations of these variables
appear to fit the obscrvations (figures 5.7, 5.8). It is, however,
possible to put limits on the likely year to year chamges in these

quantities.,
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Neutron monitors are too insensitive to changes in Ru’ (figure 5.3)
for such changes to be the prime cause of the observed year to year changas
in amplitude. TFor a free-space vector with unchanging amplitude constant,
A, but with varying B, the diurnal vector observed by a typical neutron
rmonitor will approximately double in amplitude for each 0.2 rise in B,

The observed phase of the vector will change by only 5 or 6 mimtes in
nost cases. Thus the observations imply that the range of possible values
of B is also about 0,2, Larger changes in B would require simultaneous

large changes in A, in the opposite sense, a rather unlikely process.

The relative constancy of B permits the solar cycle changes in Ru
to be assessed, by assigning an arbitrary, but possible, constant value
to B and determining the value of R, which then fits each year's obser=
vations., If the value of B selected is too low then the resulting value
of Ru will be too high, and vici-versa, but the error will not be large

and should not mask any cyclic changes in Ru.

In addition to the analyses reported in the previous section the
Hobart underground muon and Deep River neutron observations have also been
used to prepare further plots, similar to figure 5.5a, for each of the
years 1958 to 1960 and 1967 to 1969, Utilising the similar results
already obtained for 1961 to 1966, values of Ru’ and consequent free-space
amplitude and phase, have then been obtained for each year on the assumption
that B = 0.0 (table 5.4)., These values are compared with the sunspot
mmbers in figure 5.9. Results from the 1961 to 1966 neutron analyses
have been entirely ignored in these calculations. The free~space phase
and amplitude for each year have been estimated directly from the Deep

River observations once the range of R has been determined. They differ
u
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to some extent from the values obtained by Jacklyn et al, who obtained
values for those quantities from the average of observations of a number
of detectors., A similar scatter in amplitudes from year to year, and

early time of maximun in 1958, is indicated by both analyses.

Most Ru(GV) Estimated Frece-Space .
Year Probable Range Amplitude Phase u u
Value From To (%) L.T) JDP AL
1958 88 70 118 WAL 17.18 100
1959 126 100 170 35 17.76 100
1960 84 .68 109 W46 18,31 100
1961 61 . 56 72 W47 17.61 8]
1962 65 55 80 .58 17.99 80
1963 78 61 100 o2 18.17 70
1964 69 %0 96 42 18.10 70
1965 61 46 78 033 17.48 55 4312
1966 70 58 86 W46 17.79 60 ) 45
1967 66 55 74 .39 17.98 ) 603
1968 82 68 96 obb 18.02 : 90
1969 74 65 84 A1 17.99

Table 5.4. Values of R , amplitude constant, and phase, of the
Free-space diurnal aniscotropy. Results obtained from direct com-
parison of Hobart urderground muon and Deep River neutron obser—
vations assuming B = 0.0, and disregarding information available
from neutron analyses in some years. Errow are 95% practical,
those for amplitude and phase being small (figure 5.9).  Values
of R fourd by Jacklyn et al (1970) and by Ahlwalia and Ericksen
(197%), labelled JDP and AE vespectively, are also listed.

A small solar cycle variation probably exists in the above tabu-
lations of Ru. The large errors imvolved make it rather uncertain, however
and a value of 70 GV agrees with the observations in all years except 1959.

What variation there is appears to be rather smaller than the variatioms



250,

suggested by Jacklyn et al and by Ahluwalia and Ericksen (1970).

5.,4,3., Discussion of observations of Ra”

The values of Ru obtained in the present analysis depend on the
accuracy of the undefground vector amplitudes. As indicated in table 5.2
the vectors used up to, and including, 1962 are in fact averages of the
vectors recorded at Hoﬁart and at the underground observatory at Budapest
(40 maree,, 47° geographic). The amplitudes recorded by the two
stations are comsistently similar, and well within likely statistical
variations. In 1961 in particular (see discussion below) the two ampli=—
tudes are almost identical., It is therefore likely that the amplitude
used is correct, The phase difference of about 30° between the phases
observed by the two stations in 1961 is statistically possible., Since
the two stations are situated at quite different longitudes and in totally
different geographic locations any meteorological effects in the results
would be expected to reveal themselves by causing greater differences
between the result vectors than are actually observed. It can thus be
provisiomally concluded that serious meteorological contamination does

not exist at either station.

5.,4.4, Observations in 1961,

The diurnal variations observed by many (but not all) neutron
monitors in October and November 1961 were abmormally short (of order
0.1%), and were often in unusual directions (gection 4.,4.,2,1), The
underground vectors also displayed unusual behaviour in this period, and

the value of Ru found for 1961 is rather low,

High energy detectors observe diurnal variations in sidereal as
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well as in solar time. The existence of the sidereal variation is well
established but there is same dispute in the J.if:erature concerning its
origin. This does mot concern us here for, whatever its origin, it is
likely that the sidereal variation will be more or less constant from
month to month in sidereal time, The same may broadly be said of the
solar variation in solar time., . This being so then at some part of the
year the two vectors will re-inforce, resulting in a large monthly vector
in solar time. Six months later partial cancellation will occur, resulting
in a shorter vector in a different direction. These effects do not appear
in the annual vectors since the total sidereal contribution to an annual
solar diurnal variation is zero if the sidereal variation is time~-

invariant.

In the Southern Hemisphere re-inforcement occurs early in the year,
The monthiy vectors thus show a steady shortening and anti-clockwise
rotation until September, after which clockwise rotation recommences.
Figure 5,10 shows the 12 year (1958 to 1969) average monthly vectors
observed underground at Hobart, and compares them with the individual
monthly vectors observed by the same instrument in 1961. The unusual
behaviour of the vectors in the last three months of 1961 is clearly seen.
It indicates that the variation in solar time was much smaller than normal
in those months, the observed vectors presunably largely comprising the
sidereal compoment. This is quite coutrary to the position earlier in

the year.

A reduction in Ru to abmormally low values during these months
provides one possible explanation of these observations. Fowever inter-

comparison of the observed neutron monitor vectors appears to favour a
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Mean monthly pressure-corrvected diurnal vectors observed
Dy Hobart underground muon telescopes over 12-year pe:riod, compared with
monthly mean vectors observed in 1961,
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very lov amplitude constant associated with values of £ and R, in their
normal range. With the small observed amplitudes the errors involved

in this estimation are large and the results are therefore rather doubtful.

It does seem, however, that it may not be physically meaningful to
discuss a mean diurnal variation in 1961, and that for analysis purposes
the year should be divided into two periods, January to September, and
October to December. The technique of analysis employed is necessarily
restricted to complete years of data, to avoid contamination by variations
in sidereal time, and consequently no attempt has been made to consider

these periods on their own account.
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CHAPTER 6.

THE SOLAR DIURNAL VARTATION ~ DISCUSSION AND CONCLUSIONS

6.1 DISCUSSION

The most recent model for the diurnal variation is that due to
Forman and Gleeson (1970, not yet published), which was briefly outlined
in section 3.4.1. They derive an exp;ession for the average streaming S
of cosmic rays in interplanetary space, as a result of which an anisotropy

& will be observed. They find that

_ w)] .. [&
5 = CU0W le['3§ ]11 5& [ = }1 3.5

The quantities in this expression are defined in section 3.4.l1, and the

component vectors are illustrated in figure 6.1,

ou U
K;('é?] v “I [_'E]
hand =-J1 - 11

Y cw

Figqure 6.1. Streaming components.

In a solar centred spherical co-ordinate system the streaming may

be expressed as

T T '

_S' =

the sum of the radial, azimuthal, and perpendicular streamings. It is

observed that Sr = 0 on average, ’



Now S, = CUV = K ) cos P o £ =K -S-U-
X AR T O N = 3

wvhere ¥ is the angle between the magnetic field and the unit radial
vector £.

By observation %% = 0, and if

6 is small compared with 3U
or
we have .
cuv Kn [—?] cos® Y . ¥ K;[Br} sin I,b._i_’_ 0 6.2
U .
Now Sq) = K = siny = K U cos Y
1 = ‘11 L1 o
ey
o e Sq) = |<11 (-g—g-] sin ¥ cosl!J-'-K1 [—g—?] sin ¥ cos Y 6.3
. . . ou
Eliminating 5 Ve have
- i !
S({) o Cuv (Kn K_l_) sin ¥ cos ¥
" " 6.4
. .
Kn cos“ Y Kl sin® ¢

The corresponding anisotropy is (Gleeson and Axford, 1968; Gleeson, 1969)

g = _3_-8-_- , where v is particle speed.,
vU
. o YV (k_=x) tany
e o E 30 v 11 1

K + K tan?y
11 1

Go.
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Gleeson and Axford show that, as particle kinetic energy T =+ <,
C + (2 + Y)/3, where ¥ is the spectral exponent of the particles, This
is the Compton-Getting expression (eqn. 5.1), and consequently C is often

referred to as the Compton-Getting coefficient.

Gleeson and Axford have evaluated C for both protons and alpha
particles over a wide range of kinetic energies., They find, for protons,
a value of 1.2 at 2 GeV, rising to 1.6 at 100 GeV, confirming the approx-—

imation to the Compton-Getting relation at high energies., Setting C at

1.5, Vv at 400 Em.sec-l, and v at 3 x 108 m.sec‘-1 we have, since ¢ = 450,
£ = 6x10 3 ( IL+x |8 6.6
vhere X = Kk /K
1 11

The rigidity dependence of & rests on the dependence of C and ¥.
In the range 2 to 50 GeV / nucleon C increases slightly, The C,T
relation is mot exponential, however in this range the overall change in

C is equivalent to an R+O'l relationship for protons.

In 1965 K11 was observed to vary as Rv, with a value of 1022 cmz.

sec -1 for 6 GeV protons (Gleeson, 1969). (wr) is then independent of

rigidity, and = 2.5,

Now KI\_Z K;; (section 3,.,4,.1) with the minimum value

1+ (Lo'c)2

occurring if there is mo contribution to the scattering from random walk

of the magnetic field lines (Jokipii, 1966; Jokipii and Parker, 1969).
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Should this contribution indeed be negligible then K would also be

rigidity dependent and ¥ would be rigidity independent,

Substituting (w'r) = 2,5 we have K > 7 ]és

i.e. X Z 0.14.

In 1965 the estimate for the free-space amplitude is 0.33 (table
5.4). Jacklyn et al (1970) find a similar value. Eqn. 6.6 then
requires that X = 0.29., Thus in that year the contribution to the
perpendicular diffusion from random walk of the field lines approximately
equalled the contribution from the scattering in a smooth field, and no

direct statement can be made about the rigidity dependence of ¥.

1f Kn is not rigidity dependent the rigidity dependence of ¥
becomes even more uncertain, but the observational evidence suggests that
any such dependence must be weak.i: There appears however to be no
theoretical requirement that the observed diurnal anisotropy should be
entirely independent of rigidity. If X is rigidity independent then the
+0.1

anisotropy should show a slight rigidity dependence, about R , due to

the increasing value of C in the energy range of the anisotropy.

There is no explicit mention of an upper limiting cut-off rigidity
in the Forman/Gleeson model. However the model only holds for particles
staying entirely within a magnetic sector (Ness and Wilcox, 19645 Wilcox

and Ness, 1965), in the interplanetary magnetic field. Particles

During discussion following a paper (Humble, 1971) presenting some of the
results of the present work to the Hobart C’osmw-PaJ Conference Dr. J.dJ.
Querby stated that magnetic field power spectra give ¥ independent of rigidity
even 1f Kii1does not vary as Rv. (Discussions, 12th Int. Conf., Cosmie

Rays, Hobart, Conference Papers (University of Tasmania), 7, to be published).



traversing a sector boundary are scattered out of, or into, the sector.
Thus it could be assumed that Ru would be related to the characteristic

size of sectors during the year., There is evidence to the contrary.

The sector structure inlate 1963 and early 1964, at a time of low
solar activity, was a well substantiated system with four more or less
equal sized sectors distributed around the solar periphery. In two of
these the magnetic field vectors were divected away from the sun, and in
the other two towards it. The sectors co-rotated with the sun, their
dinensions being determined by the time they took tc pass an interplanetary
space probe.. There were also small regions of varying magnetic £field
directions, occupying about 2 or 3 days of each 27 day solar rotation
period. Thus the characteristic dimensions of a sector, in the azimuthal
direction at the earth's orbit, was-fg o 2T (= 1.4) a.u. A particle
having gyro-radius 0.7 a.u. could not be contained in such a sector. At
the reported average field strength of 6 vy (6 x 10-5 gauss) this corres=

ponds to a maximum possible particle rigidity, for retention in the sector,

of 190 GV, '

Such a particle would remain in the sector only if its gyro-centre
were on the sector axis of symmetry. A reasonable value of Ru might
correspond to a rigidity at which 507 of particles would be retained
in a sector for a significant period. This corresponds to 95 GV in this

particular case, the upper limit of the range observed for 1964,

The argument above assumes that the characteristic sector dimension
(or more properly a product of sector dimension times field strength in

the region traversed by the particle) is no smaller in directions perpen-
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dicular to the ecliptic than it is in the azimuthal direction. The

assumption is questionable.

The sector structure apparently changes during the solar cycle.
Ness (1969) reports fhat in 1966 only two sectors existed, one of 19 or
20 days and the other of 8 days, duration., At first sight this contra-
dicts the requirement of div B = O, Presumably the field lines return
at some other helio-latitude. These sectors persisted between March and
September, 1966, but interchanged polarity in that time, There is some
evidence, from data supplied by Dr, Ness to Dr. A.G. Fenton, that the
pattern of alternate long and short sectors continued until at least mid

1968,

Such changes in the large-scale structure of the interplanctary
magnetic field could reasonably be expected to have significant effects
on cosmic ray behaviour., The surprising thing is that, at least as far
as the diurnal variation is concerned, the effects are so smali. A
sector of angular width approximately %E, corresponding to the larger of
the two sectors reported by Ness, has infinite dimensions in the azimuthal
direction, so far as particles likely to be involved in the solar diurnal
' variation are concerned., The perpendicular dimension of such a sector
must be the factor which controls the maximum rigidity for retention of
particles. For the smaller sector the azimuthal direction will probably
be the controlling factor. However this applies, at least in 1966, only

to around one quarter of each month, and will have a correspondingly small

effect on the mean diurnal variation observed for the month.
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Schatten, Wilcox, and Ness (1969) have suggested that the magnetic
sectors have their origin in relatively small regions on the solar disc,
and that fairly substantial cross-radial propagation takes place. An
azimuthal source to sector ratio of about 1 to 3 is suggested. There is
evidence that the sources are at relatively high solar latitudes in 1966,
around 35° to 400, compared with their essentially equatorial location at
the end of the previous solar cycle a year or so earlier. The inference
is that the sources may follow the mormal pattern of the sunspot cycle.
The cross-radial spread, and high latitude source, reported suggest that
the perperdicular sector diameter in the region of the earth's orbit will
be at least 2 a.u., and probably nearer 3 a,u., corresponding to the |
retention of particles of 135 GV or 205 GV respectively in the larger
sectors. These.values are considerably higher than the observed values
of Ru’ and the mechanism can therefore only explain the observations if
there is a comsiderable reduction in |B| in regions well away from the

ecliptic.

6.2, COMCLUSIONS

The errors involved in detérmining the parameters of the solar
diurnal variation are larger than have been estimated by previous investi-
gators. The present work excludes the likelihood of the rigidity exponent
B having a negative value in any of the years 1961 to 1966, and suggests
that, on average, B may be slightly positive. It is experimentally
difficult to distinguish between zero and slightly positive values, and
zero is not excluded in four of the six years. These observations are in
agreement with the theory of Forman and Gleeson, which does nmot require B
to be identically zero., The highly positive value found for 8 in 1962,

_ whilst apparently satisfactory in terms of neutron data consistency, is
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rendered furtﬂer suspect by its failure to agree with the undergrouand/
Deep River analysis. There is m noticeable pattern in the changes
observed in B, and it is mot statistically possible to determine whether
it remains constant from year to year. However large year to year

changes are improbable,

The upper limiting rigidity, Ru’ shows some tendency towgrds a
solar cycle variation, with the lowest values occurring around solar
minimum. Irregular variations from year to year are superimposed on
this pattern., Some of these are undoubtedly statistical in origin,
others may well be genuine. The observed values of Ru are consistent
with the Forman/Gleeson theory, and with observed magnetic field
sector structure, but are somewhat smaller than the latter would indicate,
suggesting that some other controlling mechanism exists., The large ranges
found in the determinations of Ru arise from the counting rates of the
instruments used and the nature of the comparisons employed. They are

believed realistic,

There is no evidence for regular solar-cycle variations in the
phase, or amplitude constant, of the free-space diurnal vector., The
times of maximum observed are close to 1800 L.T., ~ It is not clear whether
the departures from this are statistical or physical in origin. The
considerable variability in the amplitude constants from year to year
may be genuine or may reflect small changes, of order #0.1, in B from year

. to year.
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CHAPTER 7.

A TRANSIENT EVENT.

7.1 INTRO0DUCTION,

November 1960 was one of the most interesting and active months of
Solar Cycle 19 from the viewpoint of cosmic radiation. Large radiation
fluxes of solar origin were observed at ground level on November 12th and
15th, and to a lesser extent on November 20th., They were accompanied by
intense magnetic activity and by Forbush Decreases in the recorded intemsity
of galactic cosmic rays. These events have been considered by a number of
investigators (Lockwood and Shea, 1961; Mathews, Thambyahpillai and Vebber,
1961; and several papers in the Proceedings of the Kyoto Conference, Vol.lL,
1962), but no consideration appears to have been given to the sharp and
short-lived decrease which occurred on November 30th and December lst 1960.
This is surprising, as the mature of the decrease appears to be unique as

far as IGY and subsequent records are concerned.

The event superficially appears to resemble the pre~decrease sometimes
seen prior to normal Forbush Decreases (McCracken and Parsons, 1958);
however, in this case no following decrease was observed, The event was
only obvious at stations whose asymptotic cones are centred between 50°
and 180° East of the Greemwich meridian. It was short~lived, four to
five hours, and had intensities of depression ranging up to 5.9Z. Some,
possibly related, effects were also observed two or three hours later at

certain American stations.,

The methods used to study the daily variation may also be used,
with suitable modifications, to study transiemt events. The December lst

event is particularly suitable for such an analysis by reason of its rapid
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onset and ending. The following sectioms discuss a study of this event.
A preliminary report of this work has been published (Humble, 1968), how-
ever some of the conclusions reached here differ slightly from those

suggested at that time,

7.2  OBSERVATIONS

7.2.1. Cosmic Ray Observations

Data have been obtained from a number of stations in the global
network; a detailed list appears in table 7.1. A number of statioms,
including several in the equatorial region, were unavailable due to equip~

nent troubles.

The stations have been divided into four groups on the basis of
longitude of the major portion of their viewing regions. The regional
names adopted refer only to the approximate longitude and not necessarily
the latitude of the recording station. The hourly or bihourly intensities
recorded by each instrument are shown in figuwre 7.1, with amplitudes
expressed as a percentage of the mean count rate for the particular instru-
ment for HOLl to H22 inclusive on November 30th (U.T.). It can be seen
that the Australasian stations saw mo marked event on either November 30
or December 1, whereas the European group stations all show a marked
decrease with a minimum occurring during HOl and HO2 U.T. on December 1.
This corresponds to a decrease in the incident galactic cosmic radiation
in directions 1n between 0 and 120° from the Sun~Farth line, i.e. in the
morning side of the anti-solar hemisphere (figure 4.1). Some sign of
the decrease is to be seen in the Fastern American stations, with the

minimunm being less promounced and occurring mainly around HO3 U.T. on



Vertical Cut-

GCeographic

. P . Altitude Type of
Station off Rigidity Longitude g
@v) (degrees) (metres) Detector

A. Australian Group
Lae 15.52 147.00 SeLe M
Brisbane 7.00 153,01 S.L. N
Mt, Wellington 1.89 147 .24 725 N
Hobart - 1,88 147.33 SeLe M
B. European Group
Kodaikanal 17.47 77.46 2343 N
Rome ] 6.31 12,52 S.L' N,M
Pic~du-Midi 5.36 0.25 2860 Ny
Jungfraujoch 4,48 7.98 3550 N
Zugspitze 4424 10,98 2960 N
London 2,73 359.91 S.L. N
Leeds 2.20 358.45 100 N
Uppsala 1.43 17.58 S.L. N
Kerguelen 1.19 70.22 S.L. N,M
Mawson 0.22 62.88 S.L% N, .
C. 'Eastern American Group
Huancayo 13.49 284,67 4000 N
RiO"'de"JaneirO 11 .73 316 078 2 .S-oL'o ' N
Climax 3.03 253,82 3500 N
Mt, Washington 1.24 288.70 1900 N
Ottawa 1.08 284 .40 100 N,M
Deep River 1.02 282,50 145 N
D, Western American Group
Sul phur Mountain 1.14 244 .39 2283 N,M
Churchill 0.21 265,91 S.L. N,M
Resolute < 0,05 265.09 S.L. ' N,M

Table 7.1. Stations used in analysis of December lst event.
N = neutron monttor, M = vertical muon telescope.
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December 1., The Vestern American stations show only a slight depression,
rather gradual and amounting to only 1 to 117 centred around HO6 ox HO7
U.,T. ' The behaviour of the American stations suggests that the effective
sink moved if anything slightly further round to the night side and rapidly

wealkened , The whole event was over in about five hours.,

The upper section of figure 7.2 shows the more general cosnmic
ray picture at the time, depicting the hourly intensities recorded
by several neutron monitors, situated at different longitudes, between
November 25 and December 2. It is seen that November 27 was fairly quiet,
following many days of intemsc activity, and that there is some evidence
of enhanced diurmal variations commencing on the following day. The
magnitude of these was much less than the magnitude of the December 1
decrease, Figure 7.3 shows the daily mean neutron amplitudes recoxrded at
Mawson throughout November and December., The neutron intensity at Mawson
on November 30 was, if anything, still slightly depressed following the
Forbush Decreases earlier in the month. There is no sign of a decrease
or other anomaly 27 days prior to the event, however a decrease was
observed 26 days later, on December 26, and this is depicted in greater
detail in the lower section of figure 7.2, It is a normal-looking event,

There was no further recurrence in the next solar rotation.

7¢2:2. Solar Conditions

The sun vas particularly quiet during this period., A class 2
flare was reported on November 28, at 1611 U.T. (maximum) from McMath~
Hulbert plage region 5953 at 809 E72, and two class 1 flares were seen
on e;ch of November 29 and 30. There were only short gaps in the flare

patrol at the time, ensuring that mo major f£lares could have escaped
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detection, No exceptional iomospheric activity or solar radio emission
were reported (CRPL, 1961). The two flares on November 29 may be
different observations of the same flare, the only difference between

them being exactly one hour in the times reported by the two observatories
concerned, The peak of this flare was reached at 0109 (or 0209) U.T.

It emanated from a solar positién NMLO EO8, in plage 5948, This plage

vas new since the previous solar rotation, having been born on the invisible
disc, Its first CMP (Central Meridian Passage) was at November 29.8, when
its intensity was rated at 3.5, the highest moted for the month. The
region subsequently split into two and lasted, at reduced intensity, a
further two solar rotations. Apart from the high intensity on its first
passage, there seeams little to distinguish this region from others present
at the time. Of the latter, No. 5946, CMP November 29.2, was making its
second appearance and weakening. It died on the invisible disc. Mo. 5945,
CMP November 28.8, intemsity 2, was also making its second rotation. It
survived until January. There are m flares listed for this regidn

during the November transit. Region 5953 made its first CMP at December
04,2, intensity 3., It made a further CMP at January Ol.3, intensity 3

and again at January 27.7, intensity 1.

7.2.3., Terrestial Magnetic Conditions

Figure 7.4 presents the magnetic observations during the period.
A sudden commencement (S.C.) of activity was moted at 1915 U.T., on NMovember
30, before the cosmic-ray event started. The planetary magnetic distur—
bance index, Kp’ rose to a value of 8 by HO5 on December 1, and then
gradually decayed. Prior to the S.C. Kp had been fairly steady between

2 and 3. Subsequent S.C.'s occurred on December 7 and then at 2100 U.T. '
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December 25, The latter was followed by weak magnetic activity on

December 26, after which Kp rose to 6+ by 2100 U.T., December 27.

7.3 NEUTRON M'ONITOR RESPONSE CHARACTERISTICS, '

The viewing regions (section 2.1.3) of medium and low latitude
neutron monitors are wide in longitude, whereas those of higher latitude
monitors are rwch more sharply defined over only a few degrees of longi-
tude (Rao, McCracken and Venkatesan, 1963). Provided the gecmagnetic
latitudes of the monitors are less than about 60 or 650, the viewing
regions are located at low asymptotic latitﬁdes (section 2.1.3). It
follows that if an event is observed to have rather similar characteristics
in Universal Time at stations havihé similar geographic longitudes but
different latitudes, it must be a genuine time variation in the incident
radiation, rather than a time invariant spatial anisotropy. The estimated
effect of the latter as seen by neutron monitors at Huancayo, Rome,
Kerguelen and Mawson is shown in figure 7.5a. The responses, in local
time, of the four detectors are seen to be quite different. Figure 7.5b
shows the responses of the same monitors to the same anisotropy, but
presented in U,T. = The anisotropy assumed was a depression of intensity
from a sector of angular width 60°. The model used fits the Mawson
observations for the event under consideration quite well; it does not
fit the observations at Rome and Fuancayo. It can also be seen from
these Figures that, as pointed out by Rao et al, any encroachment of the
acceptance cone of a detector into an already depressed region as the earth
rotates, results in only a gradual diminution of the count rate, the steepest

drop occurring at the highest latitude statiomns.
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This latter feature is observable in data from the American
stations,; which do indeed rotate in towards the already depressed region
and consequently showv a smaller amplitude than observed at the European
stations and a slightly later, more graduval, minimum, During HOL, U.T.,
the approximate time of mininum of the ewvlent, only limited portions of
the leading edges of the Amen;'icén stations' acceptance cones were receiv=
ing radiation from the depressed region. An hour or two later more
sensitive parts of the cones were covering the depressed region, jﬁst at
the time that imtensity was starting to recover. By the time, two or
three hours later still, that the Western American stations were looking
in the relevant direction, the depressed intensity had all but disappeared.
It will be shown that, during its existence, the angular width of the
depressed sector enlaréed, but it is not certain wﬁéther this was the
cause of the slight minimum observed by the Uestern American stations

about H08 or whether this was mainly due to the enhanced diurnal variation

already mentioned.

7.4+ DELIIEATION OF THE ANILSOTROPY.

Before the physical cause of the anisotropy can be established it
is necessary to determine its angular extent and spectrum. The extent
can be determined from the responses of various stations and, in principle,
the spectrum may be found by examining the ratios of the neutron and muon
responses at stations where the viewing regions for the two instruments
are similar. In the present case, only three pairs of neutron and muon
records were available. Instrumental uncertainties existed in two of

the pairs and conflicting values of the spectral exponent were obtained.

A preferable technique is to combine the calculation of spectrum
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with the determination of angular extent and to calculate the response

of each detector to a number of likely models for the anisotropy. Since
the response of each detector to any given model will be different,
different estimates of the amplitude constant will be obtained for each
station, and the model giving minimum variance in these estimates may be

selected,
The model chosen for the anisotropy is

AJ(R)
JR)

ARB cos A for GQﬁEfRu and aninu)

= 0 forR> R, regardless of direction

0 forn > Ny regardless of rigidity.

In these expressions A is asymptotic latitude and n is the free-

space direction (figure 4.1).

A computer programme, similar to that used to calculate modulation
coefficients for tﬁe daily variation, and based on the calculation of
variational coefficients, calculates the hourly - or bihourly if appro-
priate = response of a station as the earth rotates relative to a spatially
and temporally fixed anisotropy, giving the depression (expressed as a
percentage of the free-space amplitude constant A) which would be observed
in each hour or bihour U.T. = If the anisotropy is located at some other
position, the effect is merely to change the Universal time at which the
event is seen, by a fixed amount at all stations. In use, the parameters
g and n, are varied and sets of responses are calculated for each statiom.
The minimum variance technique is then used to single out the model giving

I

best fit to the observations.,
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In a study of. this type it is clearly preferable to use hourly
count rates., However, in 1960 a considerable number of stations, particu-
larly those in the Furopean group, were still reporting their results in
bihourly form. Consequently bihourly figures have been used throughout
the analysis, and the event has been treated in three stages, assuming
it to be time invariant over the three periods H23~4, November 30: and
H01l=2, and HO3=4, December 1. This is unfortunate since it appears from
the Mawson record that the event started sometime during H23, probably
around 2230, Cessation of the main phase seems to have been either late
in HO3 or early in HO4, but this is less certain since rno station with a
reasomably narrow viéring region wvas looking in the appropriate direction

at the time,

These definite changes in the form of the anisotropy during periods
when the calculations have required it to be stationary will certainly
contaninate the results. The calculated value for the amplitude constant
will be too small, and uncertainties will result in the exact location of
edge of the anisotropy. The errors are thought not to be serious, since
the nodel itself is.ceitainly in error in assuming uniform amplitude of
reduction inside the affected region. It would possibly be more realistic
to write the amplitude constant as A cos a(n - no) where N, is the centre
direction of the anisotropy and a 1is mot necessarily integer. In view
of these factors it has been thought reasonable to persist in using bi-

hourly data.

A preliminary inspection of the data indicated that the rigidity

0.5

spectrum was probably of the form R 7, or thereabouts, This value was

therefore used in deternination of the angular width of the event. No
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underaround muon observations were available, but it was apparent from sea~
level muon detectors (figure 7.1) that quite high rigidity particles must
have been inwvolved. An upper limiting rigidity of~50 GV was selected,
based on the above value of the rigidity exponent and on the muon obser-—
vations. The errors introduced into analyses of neutron data by the use

of this value of Ru, which could be 10 or 20 GV too low, are comparable with

the erroxs of observation for this type of spectrum,

Use of the above values of B and Ru showed that the best fits to
the observations are given by intensity reductions in the sectors specified
by 0 = 0° to (135%15)° for H 23~4, by 0° to (120%15)° for H 01-2, and by
(300£20)° through 0° to (180%30)° for H 03-4, It is therefore likely,
smoothing these results, that the ahisotropy was stationary in the sector
0% to 135° from 2230 to about 0200 U.T., and then gradually extended round
to the evening direction whilst maintaining a slowly weakening depression
on the morning side. The amplitude constants for the three periods,
assuning the =0.5 spectrum, were l.4, 2,5 and 1.3 respectively for the
three periods, These features are indicatéd in figure 7.6, So far as
can be determined, the intensity from directions in the 1200 to 1800 L.T. '
sector never became depressed. After HO04 it is not possible to clearly
delineate a definite anisotropy; although there are small depressions at
sone American stations, they could be due to the fairly large diurmal

variations operative at the time.

Having determined the extent of the anisotropy, the spectrum could
be checked. IMinimum variance of the estimates was found for a spectrum

varying as R-O'z’, remarkably flat for an event of this general type.
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7.5 TFORBUSH DECREASES, '

Forbush Decreases (hereafter called F.D.'s) in observed cosmic
radiation appear to be related to shock fronts in the interplanetary
medium. Such fronts occur at points of collision between fast and slow
plasma emitted from the sun. They may occur either when fast plasma from
a solar flare overtakes the slower material vhich precedes it (Parker,
1963), or at the glancing collision between plasmas emitted with different
speeds from adjacent solar regions (Sarabhai, 1963). The latter type of
shock front can be long-lived, and examples have been observed over two

or more solar rotations (McCracken, Rao, and Bukarta, 1966).

Several attempts have been made to classify F.D,.'s on phemoneno~
logical grounds (e.g. Bachelet, Balata, Conforto, and Marini, 1960 a,
1960 by Sandstrom, 1965), Some of the findings conflict, possibly due
in part to different typical behaviour of events arising from the two
causes. However Felchenko (1966) has found it possible to describe an
average flare-associated F.D. having a pronounced initial anisotropic
phase (figure 7.7; McCracken and Parsons, 1958; Fenton, MecCracken, Rose,

and Wilson, 1959; Mathews, lMercer, and Venkatesan, 1968).

Fedchenko found that the intensity in the anisotropic, pre-decrease,
phase was depressed only from directions between 0300 and 0900 L.T,, vhereas
Fenton et a2l found the depressed directioms to lie between 0600 and 1200 L.T.
The latter sector is centred on the "garden-hose" direction, looking towards
the sun alonz the archimedian spiral of the quiet-time magnetic field.

The differences in the observed directions may arise from different estimates
of the viewing regions of the detectors employed., Asymptotic directions

calculated for a high-order simulation of the terrestial magnetic field
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were not available to Fenton et al, but had been published (licCracken,
Rao, and Shea, 1962) prior to Fedchenko's investigation. However he

does not state the source of his directional information.

Fedchenko also found that the duration of the anisotropic phase
was related to the importance and helio=longitude of the related flare,
The shortest duration was observed for flares near the eastern limb
(figure 7.8). A significant corollary of these observations is that
there does mot seem to be any preferred longitude for flares which give
rise to F.D,'s observed at the earth., Towards the end of the aniso-
tropic phase an S.C. was observed, after which a world-wide isotropic

decrease ensued (figure 7.7).

The recovery of intensity following an F.D, usually starts a few
hours after the onset of the isotropic phase, The time scale of the
recovery varies from ome to a few days, with the rate of recovery vary-
ing from one event to another. At least one case of an abrupt recovery,
occurring in less than two hours on July 15, 1960, has been reported

(Sandstron, 1965).

7.6  POSSIBLE MECHANISMS FOR FORBUSH DECRFASES,

There is evidence (section 7,7.1) that the F.D. 0f November 30/
December 1 1960 is associated with a particular solar flare. In this
section, therefore attention is restricted to possible mechanisms for
events arising from such flares. The mechanisms suggested are based

on the proposals of Parker (1963).

7.6.1 Steady-State Interplanetary Conditions.

The basic motion of charged particles in a smooth magnetic field



is helical, around the field lines. The simple motion of the guiding
centre of the helix, together with its pitch angle, are often used to
characterise the particle's actual motion. If the field is nmon-unifoim
some drift across it will be observed, and this drift will be re~
inforced by scattering if magnetic irregularities also exist., It has
been estimated (section 6.1) that the contribution to the perpendicular
diffusion coefficient K1 in the interplanetary field was about K;1/7 from
each cause for particles of rigidity less than 50 ox 60 GV in 1965. The
guiding centre approximation is therefore valid for the qualitative dis-

cussion of the motion of such particles.,

Particles of galactic origin enter regions of stronger field as
they approach the sun., Their pitch angles therefore increase and,
neglecting the small percentage vhich suffer solar capture, they are

eventually reflected, or mirrored, back out again.

7.6.2. TFlares at Western Solar Lonzitudes.

Figure 7.9 shows a schematic representation of the effects arising
from a flare occurring at helio-longitude W 50. The fast plasma from
the flare creates a blast wave where it overtakes the slowver quiet-time
solar wind plasma, here assumed to have a radial velocity of 300 km./sec.
Cosmic-ray particles penetrating the wave will suffer both scattering and
energy-loss, and a reduction in flux will therefore be observed behind

the wave in any fixed energy interval.

No cosmic-ray effects should be observed at the earth until the
wave reaches the quiét time field line (hereafter called the qfl) vhich

jntersects the earth., Particles whose guiding centres are on the qfl,
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and which are therefore observed at earth, are then affected only if they
would mormally mirror closer to the sun than the point where the qfl is
disrupted, Such particles will be doubly affected, since they must make
two passages of the b}ast wave, The flux of particles mirroring between
the earth and the blast wave will be unaffected, as will observations

‘made by terrestial magnetometers. The qfl is disrupted, in this example,
23 hours before the blast wave reaches 1 a,u. Should the wave then

envelop the carth (vhich is mot the case with the example of figure 7.9)

an S.C. will be observed, An i;otropic decrease in cosmic ray intensity
should then follow since all particles reaching the earth will have pene-

trated the wave.

7.6.3. TFlares at Eastern Solar Longitudes.

As the site of the flare moves towards the east on the sun the qfl
will be disrupted nearer to the earth for the same plasma speed., Conse-
quently a shorter period of anisotropy should be observed, as found by
Fedchenko, Figure 7.10 shows the case for a flare similar to that con=
sidered above but situated at E 70, The blast wave passes well behind
the earth, and no anisotropic phase will occur. In this particular
example the qfl will be disrupted (if it still exists at that distance)
at 3 a.u. from the sun, 140 hours after the flare, Once disruption occurs
an isotropic F.C. will be observed at the earth., Since the blast wave

never comes close to the earth an S.C. should not occur,

7.6.4., Wide~anzle Blast Waves.

The preceding sections have discussed effects arising from blast

waves of angular width = 20°. The fact that F.D.'s are seen at the earth



apparently independently of the helio-longitude of the associated fiare
(figure 7.8) requires that extensive regions of space be affected.
Satellite observations suggest that the size of the regions over which
F.D.'s occur was of order 60° in 1965 (Webber, 1967), comparable with the
size of the sector structure at that time., The study of Schatten, Wilcox,
and Wess (1969) also suggests that the fast plasma, and hence the blast

wave, is likely to be spread widely in azimuth.

Figure 7.1l shows the schematic for a blast wave which just passes
behind the earth, and which originates from a flare at E 70, The wave has
the same radial veloéity as that of figure 7.10, but the angular spread
is ow 180°. & very slight increase in plasma speed would cause such a
wave to envelop t;he earth, in which case a very short anisotropic pericd,
followed by an S.C., would be expected. A smaller angular spread but
higher plasma speed would have the same result, Waves of similar, or
rather smaller, spread emanating from western hemisphere flares would lead
to the S.C. and isotropic phase which were absent from the example dis-
cussed in section 7.6.2. Waves of 60° in spread would explain some, but
not all of the observations and larger waves could well be possible in

view of the large sectors observed between 1965 and 1968 (section 6.1).

7.6.,5. Blast Uaves out of the Ecliptic Plane,

The above work assumes that the blast waves are in, or symmetrical
about, the ecliptic plane, and takes mo account of their‘perpendicular
spread, As an extreme example we mow consider a blast wave passing close
to the earth but constrained entirely to one side, say the southern, of

the ecliptic plane.
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Primary cosmic rays with rigidities observable by surface detectors
are positively charged. It follows that particles observed to arrive at
the morning side of the earth from directions in the ecliptic plane and
perpendicular to the magnetic field have their guiding centres travelling
along field lines south of the ecliptic, if the field is directed away from
the sun, Such particles will ﬁe affected by the blast wave and a decreased

flux will be observed.

Particles arriving from the opposite direction, on the evening
side of the earth, have been travelling on the northern side of the ecliptic
plane, for the same ficld direction, and will be unaffected. An aniso-
tropic decrease will be seen in approximately the 0300 L.T. direction,
An imvaud directed field with this blast wave, or an outward directed
field and a wave above the ecliptic, would result in an anisotroéic decrease
from the 1500 L,T, direction., Depending on the helio-longitude of the
parent flare a decrease might or might not also be observed in the garden—
hose direction., Any such decrease would affect high rigidity particles
to a greater extent than those~of lower rigidities, and a fairly flat

spectrum should result.

7.7. The lMovermber 30 / December 1, 1960 Event.

Compariscn of figures 7.6 and 7.7 shows that this event differs
considerably from the type of F.,D. cormonly observed. The major differences
are:—

(2) The S.C,. occurred before the anisotropic phase of the event;
(b) 1Mo isotropic phase was observed;

(¢) The recovéry was very rapid;

(d) The direction of the énisotrony was unusual,
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7.7.l., Flare Identification.

Two solar flares could possibly be associated with the event
(section 7.2.2)., The class 1 flare at 0209 U.T,, November 29 is an un-
likely candidate. Class 1 flares are more frequent than ground-level
F.D.'s, suggesting that there is no close relationship between them. The
required blast wave speed of 1000 km./sgc is also extremely high for such

a flare,

The class 2 flare at 1611l U,T., November 28, at helio-longitude
E 72, requires the more reasonable average blast wave speed of 820 lm./sec.

The magnetic observations after the S.C. may support this speed.

Snyder, Neugebauer, and Rao (1963) obtained a relationship between
the daily average magnetic activity as measured by 2 KP’ and the solar
wind speed measured by Mariner 2 in late 1962. Their relation, when
applied to the present cvent, gives an average plasma speed of 727 + 52
km./sec between 1900 U.T. Wovember 32 and 1900 on December 1. I the
maximum observed value of Kp is used a speed of 870 * 64 km./sec is indi=
cated, These values are not incompatible with the required speed, par-
ticularly as considerable scatter is present in the individual observations

of Snydéer et al, Their result has, however, been called into question,

Wilcox, Schatten, and Ness (1967) present a scatter diagran of Kn
v. solar wind speed observations.made by IMP 1 in late 1963 and early 1964,
These observations have been applied to the present event using a regyession
equation derived from them by Mansurov and Mansurova (1969). They yield

an average plasma speed, for the same period as above, of 436 kn./sec, and

a maximum speed of 496 km./sec. However Mansurov and Mansurova find that

the relationship between K.p and solar wind speed appears to be itself a



function of average solar wind speed at the time, the averaging being
carried out over a period of order a few weeks, At times of relatively
high solar activity, and conséquently hich average solar wind speed, a
given plasma speed will result in a lower value of Kp than would result
from the same plasma speed at times of lesser solar activity., Extra-
polation of this finding back to 1950 suggests that the Snyder et al.
(SiR) equation will be more applicable than will that of Wilcox et al.,
and that, in view of the intense solar activity during much of MNovember
1960, the SNR equation will, if anything, underestimate the true solar
plasma speed at the end of the month., The magnetic observations there-
fore appear to suggest that the Movember 28 flare could well have been
responsible for the Movember 30 S.C, ' Sandstrom and Tronceso (1965a,
1965b) have reported that every S.C. is accompanied by some form of
cosmic-ray disturbance at ground level, and it is therefore likely that

this flare was the cause of the present cosmic-ray event.

7.7.2. Discussion.

The event becomes similar to those outlined in section 7.6.4,
caused by wide angle eastern hemisphere flares, if it is considered that
the observed anisotropic phase merely represents incomplete developnent,
for whatever reason, of the normal isotropic phase. In such a case the
S.C. should precede the onset, as observed, provided that the blast wave
actually reached the earth. Since mo decrease was seen from the garden~
hose difection the gqfl could not have been éisrupted any significant

distance from the earth in the sumwvard direction.

The anisotropy can nov be explained if the blast wave was located

almost entirely on one or other side of the ecliptic plane (section 7.6.5).
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No magnetic field direction data are available to determine which
side, but since the flare (assuming the identification is correct) was
at heliolatitude S 09 thé wave would probably be below the ecliptic.
In this case the observed decrease in the 0300 L,T, direction implies that
the magnetic field was directed outvard. Mo decrease should ever occur
in the 1500 L.T. direction in these circumstances, but soe reduction may
be observed in both dirccti.ons along the qfl. Such reductions could be
small if the blast wave penetrated only a short distance beyond the
ecliptic on the northern side, as many particles would then be able to
get around it. A small reduction in intensity was observed in the 2100

L.T, direction, looking cutwards along the gfl, late in the event.

The remaining observation vwhich requires consideration is the
rapid recovery to pre-event level., A region whose particle density (at
a particular rigidity) has been decreased following the passage of a
blast wave usually recovers to mormal intensity over a day or two.
Recovery is by diffusion into the affected region by pe;rticles which have
passed around, rather than through, the blast wave. The time scale of
the recovery will be related to the distance through which the diffusion
nust take place, as well as to the degree of reduction in intensity in
the affected region. If 'the hypothesis put forward above is correct,
and the blast wave was almost totally restricted to one side of the
ecliptic, a region of rommal particle density was close to the earth as
soon as the blasi‘. wave had passed. Also, the observed amplitude of the
decrease was pot as large as many F.D.'s, amounting to a little less than
67 ai: Mawson when the station's viewing region was almost totally enveloped

by the decrease. In these circumstances rapid recovery, by scattering
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from the umffected side of the ecliptic, could occur., Reszdual aniso~
tropies, particularly at higher rigidities, would probably continue for
some hours, but these would not be detectable with the observations

available for the December 1 event,

On these grounds it is suzgested that the event of Movember 30 /
December 1, 1960 was associated with the passage of a blast wave which
was largely restricted to one side, probably the southern, of the ecliptic
plane. The wave also included the ecliptic plane, and intersected the
earth, but did mot penetrate far into the unaffected side. It originated
in a class 2~flare at solar longitude E 72 on MNovember 28, and had a wide
azimuthal spread in interplanetary space. There is no reliable information
on whether the F.D. observed on December 26 is related to this eventy in

view of the 26 day recurrence it is quite possible that the two are

entirely separate,
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APPEMDLX,

AVATLABLE COMPUTIMNG FACILITIES,

The Elliott 503 computer operated by the Hydro-University Computing
Centre has been used exclusively for all computing undertaken for the
purposes of the work described in this thesis. Only 25 computers of
this type were ever produced, and so far as I am aware no other cosmic-ray
group has access to one, Most of the larger programmes written have been
very closely tailored to this machine, with many machine-code inserts to
save both running time and store space. For these reasons the programmés

are not incorporated with this thesis.

The computing problens have been made both harder and easier by the
nature of the inséallation. The Computing Centre is located in the Physics
Department building, and is a small installation, not yet worlk saturated.
These factors have enabled personal contact with the operating staff, ny
own presence for the more complicated rums, and shext turn=around times
both for programme testing and production runs. These are major advantages,
as is the availability of an excellent Algol compiler ﬁaving only a few
minmor restrictions (Hoare, Hoare, Hillmore, & Grover, 1963; Wooldridge &

Ractliffe, 1963) on the full generality of Algol 60 (MNaur, 1963).

However a number of hardware and software restrictions have con-
siderably hindered rapid progress, particularly in the early years, A
Tortran compiler has never been available and any available Fortran pro-
grammes have to be manually translated, In practice this has only been
done once, with the basic part of the trajectory programme, The input="

output devices have also been a hindrance at times,
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The 503 is a fast medium=sized computer designed for use in scien-
tific and engineering applications, having a cycle time of 1.6 U sec.
and an 8192 word, each of 29 bits, random access main store. There is
only one arithmetic unit; nulti-prograiming and remote access are not
possible, In its original form the installation was extrenely basic,
consisting of the machine itself, two 1000 character/second high speed 8
channel paper tape readers and two 110 character/second paper tape punches.
The readers are still the only available input medium. The computer
operating system, standard functions etc., occupy about 2000 words of store.
The compiler occupies about 5000 words, leaving around 1000 wvords for pro-
gramme plus data. In the original configuration any programme in excess
of this length (in practice this meant all programmes) was compiled onto
paper tape, and then fed back in on a second pass, overwriting the compiler,
This severely hindered the alteration of programmes, and in any event there
was still a 6000 word limitation on programme plus data. Such a size is
quite satisfactory for straightforvard computational jobs like trajectory
calculations or harmonic analysis, but does mot permit large scale data

comparisons,

The installation remained in this form for 2 years. In January
1966 a 16k random access core backing store was added, almost quadrupling

the available storage and obviating the two-pass compilation requirenent,

The two punches cannot reliably be used simultaneously, due to
cross—tallk problems, and output of results in any quantity remained a
ma jor problem until a 300 line/minute Line Printer was installed in August
1967, followed four months later by an X - ¥ plotter. The installation

has remained in this form, the only changes being steady improvements to
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the software., It has been possible to fit, just, the largest of the
required programmes inmto the installation in this form,; with the use of

machine-coding to conserve programme = and occasionally data =- storage

requiraments.



A
REFERIENCES
Bl tb b

sl 4 sl e

J.G. ABLIES, K.G. }cCPACKEM, & U,R, RAO (1966). "The Semi-Diurnal Aniso-
tropy of the Cosmic Radiation", Proc. 9th Int. Conf. Cos. Rays 1,
203-110

H.S. AILUJALIA (1962)., "Semi=-Diurnal Variation of Cosnic Rays on Geo-
magnetically Disturbed Days". DProc.Phys.Soc. (GB), &0, 2, 472-C.

H.S. AHLUVALIA & J.I. DRICKSEIT (1970). "Solar Diurnal Variation of
Cosmic Ray Intensity during Solar Activity Cycle-20"., Proc. llth
Int, Conf. Cos. Rays, Acta Physica 29, Suppl. 2, 139-46,

H.S, ANLUVALIA & K.G. MeCRACKEN (1966). .MThe influence of the magneto-
pause on cosmic ray trajectories". Proc., 9th Int. Conf. Cos. Rays,
l’ 568"7\)0

M.V,K, APPARAO, R.,R. DANIEL, B, VIJAYALAXSIMI, & V.L, BHATT (1966). Evi=-
dence for the Possible Imission of Iigh-Lnergy MNeutrons from the S
J. Geophys. Res. 71,7, 1701-06,

Wel. AYTOPD (L965)., "The modulation of galactic cosmic rays in the
Interplanetary medium'", Planet. & Space Sei, 13, 2, 115-30.

F. BACEELET, P, BDALATA, A,MM, COIFORTO, & G. MARINI (1960b) . "Cosmic Ray
and Geomagnetic Disturbances from July 1957 to July 1958"., Pt. II.
The Geomagnetic Events. luovo Cimento, Series X, 16, 2, 320-31,

F. DACHELET, P. DALATA, A.{, COITORTO & G. MARINI (1960a). "Cosmic ray
and georagnetic disturbances from July 1957 to July 1958. Part I,
The Cosmic Ray events and their correlation with Geomagnetic events",
Nuovo Cimento, Series X, 16, 2, 292-319.

F. BACHELET, E. Dyring, M. Iucci & G. Villoresi(1967). "Synoptic study of
the attenuation coefficients for the cosmic-ray neutron monitors of

the IGY network from 1957 to 1965". lwovo Cimento, Series X, 528, 1,
106""23.

F. BACHELET, E. DYRING, M. IUCCI, AND G. VILLORZESI (1968). "Time changes

of the attenuation coefficients for cosmic-ray neutron nonitors",
Proc. 10th Int, Conf, Cos. Rays. Can. J. Phys, 46, 10, S1041-43,

G.E, DACKUS (1970). ™Mon-Uniqueness of the Lxternmal Geomagnetic Field
Deternined by Surface Intensity lleasurements'. J. Geophys. Res. 75,
31, 6339-41.

M. BERCOVITCII (1966). "The day by day correction of the meson diurnal

variation for atmospheric effects"., Proc, 9th Int. Conf. Cos. Rays,
1, 495-7. .

M. BERCOVITCH (1967). "Atrospheric Effects on Cosmic Ray Monitors'". Proc.
10th Int, Conf. Cos. Rays, Part A, 269-344, University of Calgary.

M. BERCOVITCH & B.C. ROBERTSON (1966). ™feteorological Factors affecting
the counting rate of lleutrom lonitors". Proc. 9th Int. Conf. Cos.
Rays, 1, 489-91.

P.M.S. BLACKETT (1938). '"On the Instability of the Barytron and the
Tenperature Effect of Cosmic Rays". Phys. Rev. 54, 973~4.

J.Ce CAIN, W.E. DANIELS, S.J, HUEMDRICKS, & D.C, JENSEN (1965). YAn

evaluation of the main geomagnetic field,1940-1962", J. Geophys.'
Res. 70, 15, 3647-74.



295,

J.C, CAIN & S.J. HENDRICKS (1964)., “Comments on the Vanguard 3 llagnetic
Field Data and Amlysis". J. Geophys. Res. 69, 19, 4137-8.

1.V, CANE (1971). '"Heteorological & Emviromental Effects Observable with
Cosmic Rays™. B.Sc (Homours) Thesis, University of Tasmania.

T, CHIDA & 1f. ZODAIM (1959). '"Comparisons in Cosmic Ray Diurnal Variation
betveen Sea Level and Mountain Altitude at Low Latitude", Cortnunica=
tions to the 1lth Int. Conf. Cos. Rays, compiled by Working Association

of Primary Cosmic-Ray Research, Japan, pp 24-34.
COIZDITTEALTH DUREAU OF MMITEOROLOGY, AUSTRALIA (1968). "The Laverton Serial
Sounding Experiment™, ‘Ieteo"‘ological Surmary, Director of lleteorology,

Melbourne, Australia,

A H, TOMPTON & IL.A. CETTING (1935). "An Anparent. Effect of Galactic Rotation
on the Intemsity of Cosmic Pays". Phys. Rev. 47, 817-821.

AJf. CONFORTO & J.A. SIMPSOIT (1957). '"The 24 hour Intensity Variations of
Primary Cosmic Rays". Huovo Cimento, Series X; 6, 5, 105263,

D.J. COOKE (1971) "The Response of Muon Detectors to the Primary Cosmic
Ray Flux". Ph. D. Thesis, University of Tasmania.

D.J. COOKE & J.E. fMBLE (1970). '"Directional Cosmic-Ray Cutoffs and the
- Loop=Cone Phemomemon at Midlatitude Sites". J. Geophys. Res. 73, 31,
5961-71.,

CRPL (1961)., “Solar~Geophysical Data" U.Ss Department of Commerce,
National Dureau of Standauds, Central Radio Propagation Laboratory,
Boulder, Colorado, CRPL~F200 Pt.D.

R.R, DAFIEL & S.A. STEPHENS (1966). "Directional variation of geomagnetic
cut=off rigidity around Hyderabad, India". Proc. Ind. Acad. Sci., 4,
63, 275,

L.I. DORMAM (1957)., '"Cosmic Ray Variations" State Publishing House for
Technical and Theoretical Literature, -zoscow translated by Technical
Docwumients Liaison Office, Uright~Pattemwson A.:Ll Force Base, Ohio, U,S.A,

L.I. DORAN (1963). "(’eophys:.cal and Astrophysical Asvects of Cosmic

Radiation. Progress in Elementary Particle and Cosmic Ray Physics,
Vol, VII, Yorth Holland Publishing Co, Amsterdam.

S.P, DUGGAL & 1{,A, POMERANTZ (1962). "progressive Rotation of the Cosmic
Ray Diurnal Variation Vectoz" Phys. Rev. Letters, 8, 5, 215/6.

A. DUPERIER (1944). YA new Cosmic-Ray Recorder and the Air Absorption and
Decay of Particles", Terr. Mag. Atmos. Elect. 49, 1-7.

A. DUPERIFR (1949). "The Meson Intensity at the Surface of the Earth and
the Temperature at the Production Level". Proc. Phys. Soc. AGZ,

84"96-
J.C., DUTT & T. THAMBYAHPILLAI (1965). ‘"Atmospheric Effects on the Cosmic
Ray Intensity at a Depth of 60 m.v.e. under ground at London". J.'

Atmos, Terr. Phys, 27, 349-58.

E. DYRING & B. ROSEN (1961), "Standard Errors at Harmonic Analysis on Cos=
mic Ray Data", Tellus. 13, 113-13.



. ELLIOT (1952), '"Time Variations of Cosmic Ray Intensity". Progress
in Elementary Particle and Cosmic Ray Physics, 1, 455-514; Lowth
Holland Publishing Co., Amsterdanm.

R.E. FALCOYER (1l947). "Use of Pitot Tube to compensate for Pressure
Deficiency caused by wind on Mt. Washington, Nev Hampshire'". Trans-
actions, American Geophysical Union, 28, 2, 385-97.

Ao, FALLER & P.L. MARSDEN (1966). "The Diurnal Variation during the past
Solar Cycle™. Proc., 9th Int. Conf. Cos. Rays, 1, 231-=3.

M.C, FAZZINI, M. GALLI, I. GUIDI, & P. RAIDI (1968). "Observations on
cosmic-ray variations during cold=front perturbations". Proc. 10th
Int. Conf. Cos. Rays, Can. J. Phys. 46, 10, 5 1073-7.

K.X. FEDCHENKO (1966)., ‘'Anisotropy of Forbush-type cosmic ray intensity
decrease and electromagnetic comditions in interplanetary space'.
Proc. 9th Int. Conf. Cos. Rays, 1, 2546,

A.G, FENTON (1963). '"Intensity Variations and Effective Primary Spectrum
for Mesons observed at approximately 40 m.w.e. underground at Hobart".
Proc. 8th Int. Conf. Cos,. Rays 2, 185-9, Jaipur.

A.G, FENTON, Ral. JACKLYN, & R.D. TAYLOR (1961). "Cosmic Ray Observations
at 42 m.w.e. underground at Hobart, Tasrania'. Iuovo Cimento, Series
X, 22, 285-95.

A.G, FENTON, X.G. 1{cCRACKEMN, D,.C. ROSE & B.G. {TILSOW (L959). "The onset
times of Forbush-Type Cosmic Ray Intensity Decreases". Can. J. Phys,
_3_7-’ 970-82, 19590

P. FIELDHOUSE, E.D, HUGEES, & P.L, MARSDEN (1962). "ultiple Neutron
Production in an IGY Heutron Monitor". J. Phys. Scc. Japan. 17,
Suppl AIL, 518

4,5, FINCH & B.D. LEATON (1957). "The Earth's lfain Magnetic Field, Epoch
1955,0", Monthly Notices, Roy. Astron. Soc. Geophys. Suppl. 7, 314=23,

F.G, PINGFR, M.F. BARRIS, & S. TFWELES (1964). Proc, lst Ammual ilitg.
Amer ., Inst. Aeronautics and Astronautics (Mew York).

S.E. FORBUSH (1967). "A variation, with a period of two Solar Cycles, in
the Cosmic Ray Diurnal Anisotropy". J. Geophys. Res. 72, 19, 4937-9,

S.E. FORDUSHE (1969), '"Wariation with a period of two solar cycles in the
Cosmic-Ray diurnal anisotropy and the superposed variations correlated
with magnetic activity". J. Geophys. Res. 74, 14, 3451-68,

S,E., ForpusH, S.P. DUGCAL, & M./ '« POMERANTZ (1968). "fonte Carlo Experi~
ment to Determine the Statistical Uncertainty for the average 24 houx
wave derived from filtered and unfiltered data", DProc, 10th Int.
Conf. Cos Rays. Can. J. Phys. 46, 10, $985-9.

M.A, TORIAN (1965), ‘"Neutron ilomitor Mess Absorption Coefficients at
Chicago and Climaxz during Solar Cycle 19, (1954-63)". J. Geophys.
Res. 70, 11, 2469-74.

M.A. FORAN (1967). "Solar Cycle Variation in the Mass Absorption Co-
efficients for the Climax and Chicago Meutron !bnitors, 1953-1965".
J. Geophys. Res, 72, 21, 5572-5.

M.A. FORAN (1962), "The relation between latitude and solar-cycle vari-

ations in the neutrom-monitor mass-absorption coefficient". Proc.
10th Int. Conf, Cos. Rays. Can, J. Phys. 46, 10, S1087-9.



297.

M.A, FORMAN (1970). "The Compton-Getting Effect for Cosmic-Ray Particles
and Photons and the Lorentz-ILnvariance of Distribution Functions™.,
Planet & Space Sci, 18, 25-31,

K. FUJIMOTO, K. NAGASHI:A, Z. FUJII, H. UENO, & I, RKOMDO (1971). "Cosmic
Ray Anisotropy in Interplanetary Space IIL, Daily Vaviation Third
Harmonic". Paper MOD 36, 12th Int. Conf. Cosmic Rays, Hobart, Con-
ference Papers (University of Tasmania), 2, 672.

RUTH GALL, J, JIMENEZ, & A. OROZCO (1969). '"Directions of Approach of
Cosmic Rays for High Latitude Stations"., J. Geophys. Res. 74, 14,
3529-40,

L.J. GLEESON (1969). “The Equations Describing the Casmic-Ray Gas in the
Interplanetary Region." Planet & Space Sci. 17, 1, 31-47,

L.J. GLEESON & W.I., AXFORD (1968). ''The Compton-Getting Effect".
Astrophys. Space Sci. 2, 43L-7.

P.G. GUEST (1961)., '"Humerical Methods of Curve Fitting"., Cambridge
University Press.

C.V. HARMAN & C.J. HATTON (1968). '"Contributions to the Counting Rate and
Temperature Dependence of Neutron Monitors", Proc. 10th Int. Conf.
Cos. Rays, Can. J. Phys 46, 10, S1052-6.

M.F. HARRIS, F.G. FINGER, & S. TEWELES (1962). 'Diurnal variation of wind,
pressure, and temperature in the Troposphere and Stratosphere ovex
the Azores". J. Atmos. Sci, 19, 136-49.

A, HASHI, D.,S. PEACOCX, J,J. QUENBY & T. THAMBYAHPILLAL (1969). "Under-
ground and surface measurements of the second harmonic of the cosmic-
ray daily variation and the upper limit to modulation'. Planet. &
Space Sci, 17, 10, 1749-58.

C.ALR. HOARE, J. EOARE, J.S. HILLMORE & R. GROVES (1963). "503 Algol"
Elliott Computing Division, llelbourne.

AR, HOGG (1947). “Cosmic Radiation Variations and meson disintegration',
Proc. Roy. Soc, London. Al92, 128-34,

J.E., HUMBLE (1963). "An anomalous Forbush Decrease". Proc. Astron. Soc.
(Aust), 1, 4, 146-8.

J.E, HUMBLE (1971). '"Rigidity Spectrum of the Cosmic=Ray Diurmal Vari-
ation", Paper D 25, 12th Int, Conf. Cosmic Rays, Hobart, Con-
ference Papers (University of Tasmania), 2, 612-7,

L., HURWITZ, D.G. KNAPP, J.H. NELSON & D.E. VATSON (1966) . Miathematical
Model of the Geomagnetic Field for 1965". J. Geophys. Res. 71, 9,,

TAGA COMMISSION 2, (1969)., ‘"Internmational Geomagnetic Reference Field
1965.0“. Jo Geophys. Res. _7_&, 17, 4407—80

R.M, JACKLYN (1954). "The Barometer Coefficient and Air Mass Effects on
Cosmic Rays at Macquarie Island"., Aust. J. Phys. 7, 2, 315-2l.

R.M, JACKLYM (1970). = "Studies of the Sidereal Daily Variation of Cosmic
Ray Intensity". A.N.AR.E. Scientific Reports Series C (II), No.llé4,
Antarctic Division, Department of Supply, Melbourne,



298,

R.M. JACKLYN, S.P. DUGGAL, & M.A, POUERANTZ (1970), "The Spectrum of
the Cosnmic Ray Solar Diurnal lodulation". Proc. llth Int. Conf, Cos
Rays, Acta Physica 29, Suppl 2, 47-54,

R, JACKLYN & J.E., HRBLE (1965). "The Upper Limiting Rigidity of the
Cosmic Ray Solar Anisotropy". Aust. J. Phys. 18, 451~71,

L, JANOSSY (1948). “Cosmic Rays!. Clarendon Press, Oxford,

D.C. JENSEN & J.C. CAIN (1962). "An Interim Geomagnetic Field" (abstract)
J. Geophys. Res. 67, 9, 3568-9.

J.R. JOKIPII (1966). '"Cosmic-ray propagation. 1. Charged particles in
a random magnetic field". Astrophys J. 146, 2, 480-7.

J.R. JOXIPII & E.l. PARKER (1969)., “Stochastic Aspects of Magnetic Lines
of Force with applications to Cosmic-Ray Propagation'". Astrophys. J.
155, 777-98.

J. KATZAN & D. VINKATESAN (1960). "\ World Wide Study of the Daily
Variation of the ilucleonic Component of Cosmic Rays". Can, J. Phys.
38, 1011-26.

M. KODAMA, Y. ISHIDA & I, SHIMIZU (1967). '"Development of a Darometric
Sensor Insensitive to High Winds"., J. let. Soc, Japan,; Series II,
45, 2, 191~-5.

I, ROIDQ & 1. RODAMA (1966). "Geographic distribution of vertical cosmic=
ray threshold rigidities". Proc. 9th Int. Conf. Cos. Rays 1, 558-63.

B. LIETTI & J.J. QUEIBY (1968). "The daily-variation second harmonic and
a cosmic-ray intensity gradient perpendicular to the ecliptic'ls
Proc. LOth Int, Conf. Cos. Rays, Can. J. Phys, 46, 10, 5942-4,

T, LIIDEOL (1928).
Gerl. Beitr. Z. Geovhys., 20, 12, 466,

J.A. LOCKIIOOD & AJR., CALAWA (1957). '"On the Baronmetric Pressure Co-
efficient for Cosmic Ray MNeutrons". J. Atmos, Terr. Phys. 11,22-30.

JA'. LOCKIO0D & J. [APLAIN (1967). "On the Long=Tern and the Altitude
Deperdence of the Barometric Coefficient fox Neutron Yonitors"., J.
Geophys. Res. 72, 1, 431-5.

J.A. LOCI00D & M.A, SHEL (1961). "Wariations of the Cosmic Radiation
in Hovenber 1960". J. Geophys. Res. 66, 10, 3083-93,

J.A, LOCKIO0D & W.R. WEBDER (1967). "ifferential Response and Specific
Yield Tunctions of Cosmic Ray Weutron lionitors". J. Geophys Res.
72, 13, 3395-3402. "

g .MM\ MANSUROV & L.G. MANSUROVA (1969). "Concerning a Characteristic Feature
of the Relationship between Solar-Wind Velocity and Geomagnetic
Activity"., Geomag. & Aeronmony 9, 4, 560-2 (English Ed).

T, MATHEWS (1963). '"Characteristics of Forbush Decreases in Cosmic Rav
Intensity Observed Underground”., Phil. lfag. 8th Series, 8, 387-400.

7. MATIIEUS & 1. KODAMA (1964). ~ "Magnetic Rigidity Dependernce of 1l year
variation in Cosmic Ray Intensity". J. Geophys. Res. 69, 21, 4429~34.



© 299,

T. }YATHEVS, J.3. lERCER & D. VIMKATESALT (1.968) . YAnisotropy in cosmic-
ray intensity associated with Forbush decreas es', Proc, 10th Int
Conf. Cos. Rays, Can. J, Phys 46, 10, 58548,

T. MATIEWS, T. THAIGYAIPTLLAL & W.R, YEBBIR (1l961). A mote on the Unusual
Variations of Cosmic Ray Intensity during the period llovember 10 = 16,
1960", Monthly Motices, Roy. Astron. Soc, 123, 2, 97-111.

K.G. 1cCRACKEN (1958)., "“Transient chanzes in the Cosmic Ray Intensity'.
Ph,D. Thesis, University of Tasmania.

K.G, 1{cCRACKEH & DI, JOINS (1959). "The Attemuation Length of the High
Energy Mucleonic Coaponent of the Cosmic Radiation near Sea Level.
Nuovo Cimento, Series X, 13, 9-107.

K.G. cCRACKEN & N,R. PARSONS (1958). ‘"Unusual Cosmic-Ray Intensity
Fluctuations observed at Southern Stations during October 21-4, 1557".
Phys. Rev. 112, 5, 1798-180%.

K.G. McCRACKEN & U.R. RAO (1966). “A survey of the diurnal anisotropy".
Proc. 9th Int. Conf. Cos, Rays 1, 213-8.

K.G. MCCRACKEN, U.R. RAO, & R.P. BURARTA (1966). "Recurrent Forbush
Decreases associated with M-Region magnetic storms". Thys. Rev.
Letters, 17, 17, 928-32.

K.G. 1{cCRACKET, U.R. RAO, B.C. FOWLER, :.A, SHEA, & D.F. SMART (1965).
“"Cosmic Ray Tables'. IQSY Imstruction Manual Yo, 10, IQSY Committee,
London. '

K.G\ McCPACKEN, U.R. RAO & ILA. SHEA (1962), "The Trajectories of Cosmic
Rays in a High Degree Simulation of the Geomagcnetic Field".
Technical Deport No. 77, Laboratory for iluclear Science, Mass.
Institute of Techrology.

J.B. MERCER & B.G. WILSON (1965). '"Daily Ve riation of Cosmic Pays".
Yature, 203, 5009, 477/8.

S. MORT, S. YASUE, & if, ICHIIDSE (L971). "The Daily Variation Third
Harmonic of the Cosnic Radiation”. Paper MOD 37, 12th Int. Conf.
Cosmic Rays, Hobairt, Conference Papers (University of Tasmania), 2
673"80

P, AUR (Editor) (1963). '"Revised Report on the Algorithmic Language
Algol 60". Coomunications of the Assoc. Couwput. lachinery, 6, 1=17.

N.F. NESS (1969). “The magnetic structure of interplanetary space'.
Proc, 1llth Int. Conf. Cos. Rays, Invited Papers, 41-83.

N.F, 1SS & Jof, HILCOX (1964).  “Solar Origzin of the Intcrplanetary
Magnetic Field". Phys. Rev. Letters 13, 461-4.

L., PATZER (1963). "Interplanetary Dynamical Processes'. Interscience
Momographs and Texts in Physics and Astroncmy, Vol. VIIL,  Inter-
science, Ner York,

E.I. PARKER (19564). "Thaeory of streaning of Cosmic rays and the diurnal
variation". Planet. & Space Sci., 12, 8, 735-30.



E.0.

Iq [ ] R‘O

300,
PARKIR (1966). "A brief outline of the development of cosnic ray
rmodulation theory". Proc., 9th Int. Conf., Cos. Nays, 1, 26-34.

PARSOIS (1959)., “Cosmic Ray Studies", Ph.,D, Thesis, University oZ
Tasmania.

D. PATEL, V. SARABIAL, & G. SUBRAIANIAIN (1968). "Gradient of galactic

Dos..

cosmic rays normal to the solar equatorial plane"., Proc. 10th Int.
Conf, Cos. Rays, Can, J. Phys. 46, 10, S901-4,

PEACOCK (1969). “Zenith Angle Dependence of lleteorological Effects
on Muons Observed at 60 m.v.e. Underground". J. Atmos. Terr. Phys.
31, 355-65.

J. PHILLIPS (196l). "Some Investigations of the Secondary Nucleonic

Radiation". B. Sc (llonours) Thesis., University of Tasmania,

J. PHILLIPS & 1I.R, PAPSONS (1962). "Some experiments with a mobile meutron

J.J.

U.R.

U.R,

R.L%

A.E,

A.E,

AE,

VAL

monitoxr". J. Phys. Soc, Japan, 17, Suppl. AILL, 519-23.

QUEMBY & B, LIETTI (1968)., "The Second Harmonic of the cosmic=ray
daily variation", Planet. & Space Sci. 16, 10, 1209-19,

RAD & S.P. AGRAVAL (1970)., ‘“Semi-Diurnal Anisotropy of Cosmic
Radiation in the Energy Range 1 to 200 GeV". J. Geophys Res, 75,

13, 2391-2401.

RAD, K.G. !cCRACKEYN, & D, VEITKATESAN (1963). ‘Asymptotic Comes of
Acceptance, and their use in the study of the Daily Variation of Cosmic
Radiation". J. Geophys. Res. 68, 2, 34570,

ROSENBERG & P.J. COLEAN, Jr. (1969). "Eeliographic Latitude
Dependence of the dominant polarity of the interplanetary magnetic
field", J. Geophys. Ros. 74, 24, 5611-22,

SANDST2H: (1965), "Cosmic Ray Physics". MNorth Holland Publishing Co.
Amsterdan.,

SAMDSTREIL & 0.1,. TRONCOSO (19652). "Storn sudden commencement and
inconspicuous Universal time variatioms of the cosmic ray intensity".
Ark. Geophys (Sweden), 5, Paper 1, 1-8,

SAYDSTRON & 0.L. TROMCOSO (1965b). "'Prominent Forbush Decreases and
Questiomble magnetic disturbances". Ark. Geophys (Sweden) 5,Paper 2,
9-13.

SARABHAT (1963). '“Some consequences of non-uniformity of solar wind
velocity". J. Geophys. Pes, 68, 5, 1555-7.

V. SAPABHAI, G.L. PAL & 1f. 17ADA (1965). ‘"Anisotropy of Galactic Cosmic

Rays and the Interplanetary liagnetic Field". Nature, 2006, 4985, 703/4.

V. SARABFAL & G. SUBRAMANIAN (1966)., "Galactic Cosmic Rays in the Solar

KIH’I

System". Proc. Sth Int. Conf. Cos. Rays 1, 170-2,

SCHATTEMN, J.M. WILCOX & ILF., WESS (1969). "A model of Interplanetary
and Coronal Magnetic Fields", Solar Physics, 6, 3, 442-55.



301,

MLA', BHEA & D.TF. SIART (1967)., "lorld=ride trajectory-derived vertical
cut-o£f rigidities and their application to experimental measurenents®
J. Geophys. Res. 72, 7, 2021-8,

M.A'. Shea, D.F. Smart, & J.R, McCall (1963). "A five degree by fifteen
degree world "’rld of trajectory-deternined vertical cutoif rigidities"
Proc, 10th Int. Conf. Cos. Rays. Can. J. Phys. 46, 10, SlOS)u-llOl.

I‘IIA-‘. hTWA D I". 'DIA U L\..G’. 1.\:CC LCY{EN‘ (1965) "A. utud.}f O.l. Vertlca] 1'"
Inc:.dent Cog’uc— ay Trajectories using Sixth Degree Simulation of th
Geomagnetic Field", Environmental Research Papers, Ilo. 141, A’LL‘.\.OIC&

Cambridge Research Laboratories, Bedford, ilass.

I, SHIMIZU & S. KIIORA (1957). "Experimental Detem:.nat:.on of Pressure
Deviations in Barometer Rooms due to High Winds". Met. Soc,
Japan, Series 1I, 35, 1, 1-5.

C.W, SITYDER, . NEUGEBAUER, & U.R. RAO (1963). "The Solar 1find Velocity
and its correlation with cosmic-ray variations and with solar and
geomagnetic activity". J. Geophys. Res. 68, 24, 6361-70.

G, SUBDAIAITIAN (1971). “"Semidiurnal Anisotropy of Golact:l.c Cosmic Ray
Intensity". Can. J. Phys. 49, 34~48,

G. SUBPAIANIAN & V. SAZPABEAT (19 67) "Consequences of the Distribution of
Galactic Cosnic Ray Density in the Solar System". Astrophys J. 149,
2 (Pt. 1), 417-28.

S. TEVELES & F.C. FIIGER (1960). ‘"Reduction of Diurnal Variation in the
Regorted Tmpemtu es and Heights of Stratospheric Constant-Pressure
Surfaces" J. lleteorolozy (U SWA), 17, 177.

T. THAMBYARPILLAL, J C. DUTT, T. LATIEYS, & F. ROIEZRO (L966). "The Solar
and Sicdereal Daily Variations of Cosmic Ray Intensity at a depth of
60 m.7.e, underfrrouxd in London', Proc., 9th Int, Conf. Cos. Nays
1 133—40.

G.B, TUCKER (1971). '"Divrmal and Sen'?-DiLgnal variations of Temperature
Pressure, and Winds over llelbourne (38°S)." Submitted to Quarteﬂy
Journal Roy. llet. Soc.

M. tADA (L961)., ‘"Atmospheric effects on the intensity of cosmic ray mesons.
II, The Temperature cffect"., Sci. Papers Imst. Phys, Chem. Res,
Tokyo, 535 7.

C.E, WEATHERBURY (1949), "A First Course in lathematical Statistics™
Second Edition. Cambridge University Press.

W.R. WEBBER (1963). "The Motion of Low-Rigidity Cosmic Rays in the Earth's
Magnetic Field and the effects of external fields" J. Geophys. Res,
-6_12‘)-, 10, 3065-860

W.R. VWEBBER (1967). "The lNodulation of Galactic Cosmic Rays by Inter—
planetary Magnetic Fields"., Proc. 10tk Int. Conf. Cos. Rays, Part A
146-193, University of Calgary.

W.R, {[EBBER & J.J. QUEMBY (1959). "On the Derivation of Cosnic Ray Specific
Yield Functions". Phil, 2g. 8th Series, 4, 41, 654=64,

E.T. {HITTAZER & G. ROBINSON (1944). “"The Calculus of Observations"
Blackie and Son Ltd., Glasgow.



302,

J.II'. t‘ﬁl(‘nx & II&F.o E.J-‘ESS (1965)0

"ouasi-Stationary Co~rotating Structurc
in the Interplanetary edium.

J. Geophys. Res. 70, 23, 5793-5836.
1M, WILCOX, K.H, SCIATTEN, & W.F. NESS (1967, "Influence of Inter-
planetary lagnetic Field and Plasma on Geomagnetic Activity during
Quiet=Sun Conditioms™. J. Geophys. Res 72, 1; 19~26.
R, WOOLDRIDGE & J.F. RACTILITFE (19563). "An Introduction to Algol Pro-
. - - L ‘J
grarming". English Universitles Press Ltd., London.





