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Abst ract 

Detai l ed examination of the Forbush decrease characteristics 

requir~s that the observed intensity variations be r epresented as 

separable functions of time and direction. A method of analysis has 

been developed for the achi evement of this objective, the cosmic 

radiation intensity appearing in graphical representation as a con

tinuous function of direct ion (wi thin the equatorial plane and perpen

dicular to it) at hourly intervals. Under most favourable ci rcum

stances, intensity fluctuat ions of ~% may be observed with time reso

lution approaching two hours and spatial resolution approaching 30°, 

The method has been applied to the Forbush decrease of March 23, 

1966. The structure of the decrease has been described phenomenologi

cally and the various features examined in the context of per tinent 

mechani sms . 

An asymmetrical blast wave i s suggested as the source of the main 

decrease , Dr i f t mechanisms resulting from magnetic f i eld gradients 

and from part icle convection appear to be respons i ble for some of the 

strong anisotropies that are observed, whi le the acceleration of 

particl es between approaching shock waves is invoked to explain other 

features . 

( iiI) 
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Chapter One 

Introduction 

The characteristics exhibited by the cosmic radiation reflect the 

production, propagation and interaction processes experienced in its life

time. While passing through galactic space the radiation participates in 

particle-particle and particle-field interactions. Upon entry into the 

"heliosphere," the region dominated by solar processes, interactions 

are mainly with the electromagnetic fields associated with the outflow

ing plasma known as the "solar wind." Since the medium through which 

the cosmic radiation propagates varies spatially and with time, the 

properties of the radiation will do likewise. Cosmic ray time varia

tions recorded at the earth are therefore a reflection of the modula

tion processes, and are indicative of the solar processes governing 

,their evolution. 

Although the primary radiation is now sampled directly by 

satellite-borne detectors, time variations have been mainly recorded 

as count rate fluctuations of detectors located deep within the earth's 

atmosphere. These detectors respond to the secondary nucleon or meson 

components which are the progeny derived from interaction of the 

primary particles with the atmosphere. Time variations are usually 

characterized with respect to the form of the count rate versus time 

profiles (i.e. the intensity time profiles) of high latitude neutron 

monitors. The progeny of primaries with energies <2 GeV* are not 

*1 GeV = 109 electron volts. 
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detectable by neutron monitors owing to strong atmospheric absorpt i on . 

Further, the geomagnetic field places a lower limit, known as the thres 

hold rigidity, Rth , on the rigidity* of primaries allowed access to the 

top of the atmosphere. Rth varies from about 15 GV at the equator almost 

to zero near the geomagnetic poles . High latitude neutron monitors there 

fore respond indirectly to the integral spectrum of cosmic ray primaries 

with rigidities greater than about 1 GV . 

Time scales of the different forms of variation range from minutes to 

years, and their amplitudes may vary from a few tenths of a per cent (the 

limit of detectability) to hundreds of per cent. A brief survey of the 

characteristic types of time variation follows. Detailed reviews of these 

variations have been presented by Webber (1962), Dorman (1963), and 

Sandstrom (1965). 

1.1 The Eleven-Year Cycle 

The intensity time profile of a high latitude neutron monitor 

exhibits an II-year periodicity which is in approximate anti-correlation 

with indices of solar activity, such as sunspot number. The neutron 

count rate at sunspot maximum is about 80% of that at sunspot minimum 

which represents a decrease of about 60% in the integral intensity of 

the primary radiation. The decrease is highly r igidity dependent: the 

low rigidity cosmic radiation (R-vl GV) is reduced by about 90% com

pared to 10% for R ~10 GV particles [Webber (1967) ] . 

All charge components with rigidities R > 1 GV undergo the same 

fractional modulation throughout the cycle . At lower rigidities, 

however, protons suffer greater modulation than alpha particles 

*Rigidity = R = Pc = momentum'c in units of GV (1 GV = 109 volts) .Ze charge 
for highly relativistic particles, rigidi ty becomes equivalent numeri 
cally to efiergy. 

c arge 
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[Webber (1967)]. This is indicative that the modulation mechanism 

changes from a rigidity dependent form to one more strongly dependent 

on the particle velocity. 

The intensity reduction is believed due to changes in the magnetic 

field structure and perhaps the position of the heliospheric boundary 

such that particle propagation into the inner solar system is more 

effectively inhibited. 

1.2 The 27-Day Variation 

Superimposed upon the II-year variation are shorter fluctuations 

which show close association with the 27-day synodic rotation period 

of the sun. These apparently relate to the rotation across the solar 

disc of long lived centres of activity. Indices of geomagnetic activity 

exhibit strong anti-correlation with the cosmic radiation intensity 

indicating that the modulation occurs in the inner solar system. The 

amplitude of the variation is ~ 5% and has superimposed upon it indivi

dual depressions of a few days duration. 

1.3 The Daily Variation 

The time profiles of high latitude neutron monitors exhibit small 

variations which display periodities of 24 hours in solar time. When 

examined by the technique of harmonic analysis, most of the amplitude 

(~0.5%) is seen to result from a diurnal component which, if of 

constant phase, would be caused by rotation of the detector beneath an 

anisotropy fixed with respect to the earth-sun (E-S) line. 

The anisotropy obtained by averaging the diurnal variations over 

periods ~ 1 year and making appropriate corrections for the directional 
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response of the neutron monitors, is shown to have a maximum 90° to 

the east of the E-S line . The explanat i on advanced is that the aniso

tropy represents a competition between the outward convection of 

particles by the spiral shaped magnetic field which corotates with the 

sun, and the inward diffusion of cosmic radiation along the lines of 

force. 

When shorter periods are examined, the diurnal variation exhibits 

changes both in amplitude and phase, particularly during periods of 

solar activity. 

1.4 Solar Flare Increases 

On infrequent occasions, neutron monitors show large increases in 

count rate with rapid onsets (3-300 minutes) and slower decays (2 hours

2 days). These increases are due to the production, by solar flares, 

of high energy protons. The characteristics of these events will be 

described more fully in Chapter Two. 

1.5 The Forbush Decrease 

The Forbush decrease is characterized, in the intensity-time 

profiles of high latitude neutron monitors, by a sudden decrease in 

count rate of amplitude 5%-15% which takes place on a world wide scale . 

Minimum intensity having been reached in 2-10 hours, the class i c 

profile (cf. figure 2.5 . a) exhibits a recovery which is approximately 

exponential in time, the total recovery period lasting from a few days 

to several weeks. Often, however, the recovery is interrupted by the 

occurrence of successive Forbush decrease events resulting in a 

complex superposition of profiles. In addi tion, the event is itself 
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superposed upon the II-year and 27-day variations, so that its final 

recovery level may be above or below the pre-decrease intensity. 

Further complicating the profile is the presence of an "enhanced daily 

variation" of 1%-3% amplitude and shifting phase. 

These criteria for identification of small Forbush events are some

what arbitrary as there appears to be a continuum of decrease magnitudes 

less than 5%. It becomes difficult to distinguish these from combina

tions of irregular fluctuations, enhanced daily variations, and small, 

slow symmetrical decreases which seem to be associated with general 

solar activity. Statistical fluctuations of -vl%/hr. in the IGY moni

tors compound the difficulty of detailed analysis. Many investigators, 

particularly when involved in cross-correlation analyses with associa

ted geomagnetic and solar phenomena, classify short term decreases of 

all magnitudes as Forbush events. 

This thesis is devoted to the analysis of a single Forbush 

decrease--that which occurred on March 23, 1966. In order to provide 

a background for the study, an extensive review of the prominent 

characteristics is provided in the following chapter. These include 

the association of the Forbush decrease with solar and geomagnetic 

activity, the form of the intensity profiles, the associated anisotropies 

and the rigidity dependence of the modulation. Also included in Chapter 

Two will be a review of the pertinent models put forward to explain the 

observed features. 

The remainder of the thesis includes (i) the development of a 

method in which the Forbush decrease may be represented as a separable 

function of time and direction, (ii) application of the method to the 

March 23/66 event, and (iii) interpretation of the results of this 
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study in the context of the models described in Chapter Two. 

Hereafter, the words cosmic radiation and Forbush decrease will 

appear in the abbreviated notations CR and FD, respectively. 
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Chapter Two 


A Review of the Forbush Decrease Problem 


2.1 Associated Phenomena 

All observed major FD's have been associated with large (type 2+, 

3, or 3+) solar flares [Webber (196 2) ]. Likewise the incidence, upon 

the earth, of large fluxes of high energy solar protons, sometimes 

called solar CR, and the sporadic onset of large geomagnetic storms are 

initiated by solar flares. Much research has been devoted to the 

investigation of the cross-correlations among characteristic features 

of these phenomena and of their source. 

In sections 2.1.1 and 2.1.2 the basic features of geomagnetic 

storms and solar CR events will be briefly reviewed. Certain properties 

of the flares themselves will be discussed in section 2.1.3, with 

emphasis on their role as sources of the phenomena of interest. The 

inter-relations of geomagnetic storms, solar CR, and FD events, 

particularly in the context of their propagation between flare and 

earth, will then be examined in section 2.1.4. 

2.1.1 Geomagnetic Storms 

The large, fully developed, sudden commencement (sc) type geomag

netic storm displays certain prominent features in the time profiles 

of the horizontal (H) component of low latitude magnetometers. These 

are enunciated below and displayed in figure 2.1 . 

(i) sc: An abrupt increase in H occurs almost simultaneously 

around the world. The rise time, of the order of 1-5 minutes, and t~e 
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magnitude, are dependent upon latitude and local time. The sc i s 

generally attributed to the sudden compression of the magnetospheric 

front by the arrival of a solar generated shock wave [Akasofu (1966) ] . 

According to Akasofu, the amplitude of the sc is a function of the 

pressure jump across the shock front. 

(ii) Initial Phase: Following the sc, the H component remains 

enhanced for a few hours. This is regarded by Akasofu as a new steady 

state after the impact of the shock wave. 

(iii) Main Phase: The H component then decreases over a few hours 

to a value well below the pre-storm intensity, and then gradually 

recovers in a period of 10-70 hours. The main phase is thought to be 

due to the establishment of a westward flowing ring-current at 2-5 

earth radii. Its growth is asymmetric [Akasofu (1966)] and the overall 

disturbance field has been divided [Chapman (1964)] into asymmetric 

(DS) and symmetric (Dst) components in local time. When the amplitude 

of the main phase is discussed, it is with reference to the Dst com

ponent. Geomagnetic storms, classified as weak, moderate and great 

storms, have typical main phase amplitudes of 20y, 40y, and >80y 

respectively [Chapman (1964)]. 

Other parameters of storm intensity are the Kp index and the Ap 

index, both reflecting the degree of fluctuation of the geomagnetic 

field. Dessler &Fejer (1963) interpret Kp as a measure of the time 

rate of change of solar wind pressure, while Akasofu (1966) argues that 

this is untenable since satellite results show Kp to be correlated with 

solar wind velocity but not with plasma energy or momentum density. 

The properties discussed above, while fairly typical, are not 

cammon to all events. Akasofu (1966) notes that i n many instances the 
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sc may occur without a well developed main phase and vice-versa indicat

ing independent, though often correlated, sources. 

~ Ma o I R 
~ In ---to-~ ecovery----+i I Phase I Phase ._-

;- +8. &1 
r-i 

sc ~I 

1200 1800 2400 0600 1200 time (hours) 
Day 1 Day 2 

Figure 2.1: 	Geomagnetic Storm Profile [from Chapman 
(1964) J. 

Another type of geomagnetic fluctuation is the sudden impulse (si) 

which is similar in characteristics to the sc except that it may produce 

a decrease in the H field. They often appear in positive-negative pairs 

[Sonnett &Colburn (1965)J or in groups [Yoshida &Akasofu (1966)J and 

are interpreted as "turbulence" in the solar wind. They can furthermore 

occur unaccompanied by significant storminess [Akasofu (1966), Bachelet, 

et a1. (1960b) J. 

In addition to the intense geomagnetic storms associated with large 

sunspot groups (and usually preceded by a major flare and type IV radio 

emiss ion - cf. section 2. 1. 3), which are bel ieved due to explos i ve heat

ing of the corona and subsequent generation of radially propagating 

shock waves [Parker (1963) J, there occurs another type of magnetic 

activity which seems to lack correlation with any observable solar 

feature. This activity, ascribed to ''M-region storms," is less intense 

than the sunspot associated activity and is recurrent with the 27 day 

synodic rotation period of the sun [Bell (1963), Bachelet, et al . 
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(1960b)]. Dessler &Fejer (1963), and McCracken et al. (1966), have sug

gested that M region stonns are caused by "standing shock waves," and 

associated magnetic turbulence, which corotate with the sun, being 

attached to long lived coronal "hot spots" from which plasma is ejected 

with higher velocity than the quiescent solar wind. The shock wave is 

proposed to originate from the interaction of the faster with the slower 

plasma. 

2.1.2 Solar Proton Events 

In addition to the production of enhanced fluxes of solar wind pro

tons, large solar flares are often responsible for the acceleration of 

protons (and heavier nuclei), with energies ranging from ~ 10 MeV to 2 

10 GeV. The intensity spectra of these particles are very steep, de
- S -8creasing with R -R when represented as a power law function of 

rigidity. In fact, Freier &Webber (1963) have shown that solar proton 

spectra can be represented over the widest range of rigidities by an 

exponential function: 

RJ(R ,t) = K(t) exp (- R (t) ) 
o 

where R (t) and K(t) detennine the slope and integral flux respectively,o 

and are observed to vary during an event and from one event to another , 

The observed spectrum is the result of the superpos i tion upon the source 

spectrum of the effects of modulation by the magnetic fields through 

which the protons have passed on their way to the detector. 

Solar protons have been observed with satellite, balloon, and 

rocket borne detection systems, and indirectly, by riometers and neutron 

monitors. 
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As an indicator of the presence of solar protons, the riometer has 

perhaps been the most useful of these detectors. It records the rela

tive absorption, by the atmospheric D layer, of cosmic radio noise of a 

given frequency (usually about 30 MHz). The D layer ionization produc

ing the absorption is enhanced by the incidence of solar protons. 

According to Reid (1965), maximum absorption efficiency occurs for 100 

MeV protons, with strong absorption occurring from about 30 Mev to over 

200 Mev. Since only particles with rigidities above the station's 

threshold rigidity can penetrate the geomagnetic field, and recalling 

the steepness of solar proton spectra, only riometers located in the 

polar regions (geomagnetic latitude ~ 60°) are useful for these studies. 

These phenomena are known as Polar Cap Absorption (PCA) events. 

Protons of rigidity greater than about 1 GV can produce secondaries 

capable of penetrating the atmosphere, and may therefore be detected by 

ground level neutron monitors in polar latitudes. As rigidity increases 

towards 15 GV, middle and low latitude monitors also detect the particle 

fluxes. Such high energy proton phenomena are relatively rare and are 

often called ground level events (GLE). 

From 1956 until mid-1960, some 43 PCA events [Bell (1963)] were 

recorded in contrast to the 8 GLE over the same period. It is of 

further interest that in the 1957- 58 period of maximum solar activity , 

no GLE were recorded although the PCA frequency followed the sunspot 

cycle numbers rather closely, It is a matter of debate whether this 

latter feature is due to lack of high energy proton production during 

this period, or to the enhanced inhibiting effect of the inter

planetary magnetic fields , 
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2.1.3 Solar Flare Emission Characteristics 

It has been shown by Kamiya &Wada (1960) that when large flares 

(importance 3 or 3+) are associated with type IV radio emission, they 

have a ·much higher probability of producing large FD's. Smaller FD's 

are associated with flares lacking this radio emission. Furthermore, 

according to Bell (1963), large flares associated with continuum (type 

IV) radio bursts of wide band width (extending from ~ SOO MHz to ~ 

10,000 MHz) are responsible for most important geomagnetic storms, as 

indicated by high Kp or Ap index, as well as for PCA events and GLE. 

It is believed that type IV bursts are synchrotron radiation pro

duced by electrons spiralling about the local solar magnetic field 

lines. The upper frequencies are limited by the magnetic field intensi

ty and the energy of the electrons, while the lowest frequencies are 

determined by the chromospheric depth at which the electrons ate 

radiating. Thus if type IV radiation were devoid of lower frequencies 

it would suggest that the disturbance occurred so low in the solar 

atmosphere that it was incapable of propagating outward. The absence 

of high frequencies would suggest the existence of comparatively weak 

magnetic fields and/or the absence of high energy electrons. 

Bell (1963) also noted that when type II radio bursts accompany 

the type IV emission, the probabi lity of large geomagnetic storm 

occurrence is enhanced. Type II radio noise is characterised by a 

drift, toward lower frequencies, of the whole frequency band over a 

period of a few minutes. It is interpreted as arising from the outward 

motion of oscillating plasma. The rates of drift correspond to veloci

ties implied by delay times between flare and geomagnetic storm. 



- 13 

2.1.4 Interrelationships 

The degree of association between the FD and various types of 

geomagnetic storm has been carefully examined by Bachelet, et al 

(1960a) . They classified the 71 geomagnetic storms that occurred from 

July 1957 to July 1958 according to those with sc and well developed 

main phase, those with sc but without main phase, those with sc 

followed by larger irregular fluctuations of long duration, and the 

same categories without sc. The 24 FD's observed were classified 

according to the sharpness of onset. It was observed that: 

(i) 21 of the 24 FD events had geomagnetic storms associated with 

them, mostly of the sc variety. 

(ii) Of the magnetic storms unassociated with FD's most were 

either of the no-sc type or they occurred during a FD accompanying a 

previous storm. 

(iii) Although the time of onset was difficult to establish for 

many FD's, it was found, on the average, to lag behind the sc by a few 

hours. 

(iv) The presence and magnitude of a main phase and/or of a high 

Kp index following the sc has little influence on either the likelihood 

of the occurrence of a FD or on its magnitude . 

Upon examining the neutron monitor records of 1956-1960, Sandstrom 

&Troncoso (1964) observed that sc storms unassociated with major FD 

events are often correlated with inconspicuous CR decreases of 1%-3% 

amplitude. They concluded that there is a one to one correspondence 

between sc magnetic storms and FD's. 

On the other hand, Yoshida &Akasofu (1966), examining several sc 
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storms over the same period, noted that the onset of a FD was correlated 

with the start of intense si activity or of geomagnetic micropulsations. 

They interpreted this as indicative of "turbulence" in the solar wind. 

A number of investigators have considered the association of solar 

proton events with sc storms pnd FD events. Gosling (1964) and Bhargava 

&Subrahmanyan (1966) have grouped PCA events according to whether maxi

mum absorption occurred near the time of geomagnetic storm sc (referred 

to as sc-max) or many hours prior to sc (referred to as pre sc-max). 

Their complementary investigations showed that: 

(i) All sc-max PCA's have large FD's associated with them, and 

conversely, pre sc-max PCA's occur in association with small «3% ampli

tude) FD's. 

(ii) The amplitudes of the sc -max PCA events, and by inference, 

the proton fluxes, were larger than for pre sc-max events. 

(iii) sc amplitudes increased with FD amplitudes and with PCA 

magnitudes. Furthermore, as would be expected from observations (i) and 

(ii), the sc amplitudes were larger for sc-max occurrences than for the 

pre sc-max types , 

(iv) The FD amplitudes increase with the velocity of the magnetic 

disturbance (as determined from the time interval between the flash 

phase of the flare and the sc) when accompanied by sc-max PCA's, The 

pre sc-max events showed no such relationship, and the average plasma 

velocity was about 800 km/s compared to 1500 km/s for the other group . 

The sc-max observations were interpreted as implying that greater 

total energy involved in the flare processes causes faster, denser 

plasma to be ejected, and with it, strong magnetic fields capable of 

trapping solar protons and excluding CR. 
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Gosling (1964) further noted that the pre sc-max PCA's were pro

duced mainly by western flares and that they were preceded, within a 

few days, by a major FD. He suggested then, that good magnetic coupling, 

similar to that proposed by McCracken (1962) with respect to the 

"western excess" of GLE solar protons, must have existed, providing 

direct access from the flare site to the earth. sc-max flares, on the 

other hand, are not necessarily preceded by a FD producing flare; hence, 

he argued, there is more energy available for the various processes. 

The dependence of the various parameters on the solar longitude of 

the source flare has been examined in some detail by Yoshida &Akasofu 

(1965), Haurwitz, et al (1965), and Akasofu &Yoshida (1967). They 

observed that: 

(i) The amplitudes of the sc and of the main phase decrease in 

geomagnetic storms show a symmetrical distribution with respect to the 

solar longitude of the initiating flares. Maxima are peaked about the 

central meridian. This is referred to as the "centre-limb effect." 

(ii) The travel times of the shock wave show no such centre-limb 

effect. For all longitude groups the travel times show a wide disper

sion of values, the average being about 40 hours, which corresponds to 

a mean shock wave velocity of ~ 1000 km/s. 

(iii) FD's of small « 4%) and moderate (4%-8%) magnitudes show a 

centre-limb distribution similar to those cited above. This is seen 

for events both accompanied and unaccompanied by PCA's. Larger FD's, 

of which there were 13, show a distinctly asymmetric source distribution, 

all except 2 originating close to or east of the solar central meridian. 

The centre-limb effects for FD and sc amplitudes are produced in 

figures 2.2 and 2.3. 
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The lack of a centre-limb effect for plasma travel times is inter

preted by Akasofu &Yoshida (1967) as being due to the radial propagation 

of a hemispherical shock wave. On the other hand, the enhancement of 

the centrally produced sc amplitudes, is attributed to a relatively 

narrow "jet" of plasma which is radially ejected and responsible for 

compression of the shock in the direction of its advance. The pressure 

jump across the shock, and hence the sc amplitude, is therefore 

increased in the direction of the advancing jet. The centre-limb effect 

for moderate FD amplitudes they ascribe to a modified Parker (1961) 

mechanism, (cf. Chapter 2.4) in which the azimuthal component of the 

interplanetary magnetic field is enhanced according to the plasma 
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density of the shock wave. The source of the asymmetrical distribution 

of the larger FD's is suggested by Haurwitz, et al. (1965), as due to 

the interaction of the hemispherical shock wave with the quiet spiral 

interplanetary field (cf. Chapter 2.4). 

2.2 Characteristics of the Forbush Decrease Profile 

2.2.1 The Onset Phase 

As stated earlier, the onset of the FD is usually characterised by 

a rapid decrease of neutron intensity. Webber (1962), reviewing the 

features of the 12 largest events, lists maxlinUffi intensity decrease 

rates from about l%/hr. to 3%/hr. Lockwood (1958) noted that there 

exists a group of decreases with significantly slower onset times but 

which, in other respects (magnitude, recovery time) are comparable to 

the fast onset FD. These types are less well associated with sc geo

magnetic storms. 

It should be noted that these onset rates of decrease are quoted 

with respect to high latitude neutron monitors. If time varying direc

tional asymmetries or rigidity dependences exist, low latitude monitors 

and meson detectors, owing to the width of their asymptotic cones and 

the increased rigidities to which they respond,may show widely differing 

decrease rates. For instance, Murakami &Kudo (1960) compared onsets 

recorded by juxtapositional nucleon and meson monitors and concluded 

that the intensity decrease begins earlier for the former than the 

latter. Rigidity dependence of the onset phase will be discussed further 

in section 2.2. 

The first observation that the onset of the FD is not always iso

tropic was made by McCracken and Parsons (1958). They noted the disper

sion of onset times~at stations differing in longitude and concluded 
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that they were due to a short-l i ved anistropy in the initial stage of 

the FD. The problem was examined in greater detail by Fenton, et'-al. 

(1959), who considered the directional responses of four widely separa

ted high latitude neutron monitors. They obtained the directional 

characteristics of a number of FD onsets as a function of universal 

time (UT). The viewing directions of the monitors and a sample onset 

plot are displayed in figures 2.4.a and 2.4.b. 
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Figure 2.4: 	 Onset Di rections for a Forbush Decrease 

[from Fenton., et aI, (1959) ]. 


Having analysed 22 events during solar maximum, they concluded that the 

onset-inducing mechanism is anisotropic in the ecliptic plane, the CR 

intensity depression occurring first from directions 30°-120° west of 

the earth-sun (E-S) line and last f rom about 0°-90° east of the E-S 

line. Concerning the association wi th geomagnetic storms, they noted 

that the sc's always occurred before the depression of CR intensity to 

the east of the E-S line, and that they were sometimes observed before 

and sometimes after the initial decrease from the west. These features 

have been investigated more extensively by Lockwood &Razdan (1963a) who 
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confirmed the conclusions of Fenton, et al. (1959), that the onset aniso

tropy is directed from west of the E-S line irrespective of the 'solar 

longitude of the initiating flare. Similar results are reported by 

Fedchenko (1965) who observed, among 20 events, that the durations of 

the anisotropy increased linearly with flare helio-longitude. The 

largest FD's (-14%) showed the shortest durations of anisotropy, ranging 

from 2 to 10 hours (eastern limb to western limb) while the medium 

events (-7%) displayed durations from 8 to 24 hours. 

The onset anisotropies have been interpreted by McCracken (1962), 

Haurwitz, et al. (1965), and by Dorman (1963), and will be discussed in 

Chapter 2. 4. 

Often the record of a single neutron monitor will show a decrease 

of 1%-3% prior to the onset of the main FD. These were first reported 

by Legrand (1959) who labelled them as pre-decreases. He noted that 

they occurred from 3 to 18 days prior to a FD onset, and sometimes 

showed a recovery while other times they did not. As pointed out by 

Sandstrom (1965), some authors classify all variations occurring prior 

to the onset as pre-decreases . Discussing this further, Sandstrom notes 

that some types of pre-decrease appear to be separate, small FD's with 

associated sc, while others, smaller and of brief duration, may be 

enhanced diurnal variations [Steljes (1959) J. According to the results 

of Fedchenko (1965) quoted previously, pre-decreases occurring within one 

day of the onset may be due to rotation of the detector's asymptotic 

cone through the zone in which the anisotropy is observed. 

Sometimes the pre-decrease is interrupted by an increase of a few 

per cent, which is itself terminated by the FD onset. Dorman (1963) 

has suggested that this phenomenon is due to the reflection of CR 
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particles from the front of the advanci ng shock wave purportedly responsi

ble for the main decrease. The resultan~ CR albedo should be highly ani 

sotropic and should exhibit a "hard" rigidity spectrum. Dorman has 

cited one increase which displays these properties. To the author's 

knowledge, the "pre-increase' effect has not been widely studied, 

2.2.2 The Recovery Phase 

The recovery profile of the FD varies markedly from event to event. 

SandstrOm (1965) has discussed and depicted a number of characteristic 

types. These are reproduced here in figures 2.5 (a to f). The "classic" 

profile is that of figure 2.5.a, Figure 2, 5. b illustrates a FD which fails 

to recover due to its superposition upon slow decreases. Sandstrom ob

serves that this type occurs only during a period of decreasing CR intensi

ty. The next profile exhibits a recovery which is punctuated by a number 

of small FD's. The recovery period shown in figure 2. 5.d display the 

superposition of a highly enhanced daily variation. Sandstrom notes 

that this type is not common during periods of strong activity . Figure 

2. 5,e exemplifies a FD which is superposed upon a slow variation probably 

associated with the 27-day cycle . The two examples in Figure 2.5 . f denote 

the unusual occurrence of a recovery interval which is shorter than the . 

onset period . 

It is apparent upon inspection of the various profiles that, with the 

exception of the last example, they all involve convolutions of the classic 

profile with fluctuations of longer or shorter time scale. In addition 

. to these fluctuations, two types of intensity increase are observed 

occasionally during the recovery phase . The GLE referred to in section 

2.1.2 is due to the incidence of solar protons and may cause enhancement 
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of the count rate up to several hundred per cent. The other type of 

increase has occurred during the main phases of large geomagnetic storms 

and is believed due to a decrease in the threshold rigidities. This 

problem is very critical in the examination of spatial anisotropies and 

rigidity parameters. Its discussion will be postponed to Chapter 3.4 

while the remainder of this section will deal with the recovery charac

teristics of the classic profile and the superposed daily variation. 

Provided the recovery of a FD does not deviate too much from the 

classic profile, it may be represented, at least over a limited region, 

by an exponential function in time [Sandstrom (1965)], 

~N 
where ~(t) is the amplitude at time It' after minimum amplitude ~ is 

o 0 

reached, and T is the decay constant. The relationship existing among 

decay constant T, geomagnetic activity Kp, and solar flare location has 

been investigated by Escobar, et al . (1961). They found that of 9 FD 

events studied, those with short recovery times ( T~2-3 days) were 

associated with large Kp values and central meridian (CM) flares while 

those of lengthy recovery time ( T = 10- 20 day~occurred in association 

with lower Kp and solar flares located more than 35 ° from OM. Identify

ing the FD recovery rate with the volume of space disturbed by the solar 

plasma, and Kp with plasma density, they concluded that two types of 

plasma emission occur: narrow angle and omnidirectional. This conclu

sion supports the suggestion of Akasofu &Yoshida (1967) described in 

section 	2.1.4. 

There is some evidence that the recovery rate during a given event 
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is a function of the rigidity interval being examined, the intensity of 

the lower rigidities remaining depressed for the longest time. This 

evidence will be reviewed in section 2.3. 

When "enhanced daily variations" occur during the recovery phase, 

a harmonic analysis is often performed upon the data. These analyses 

reveal [Sandstrom (1965), Duggal &Pomerantz (196~, Rao &Sarabhai 

(1964)J diurnal and semi-diurnal components with larger than average 

(up to several per cent), highly variable amplitudes, and phases that 

may shift a full 3600 in a few days. As noted by Sandstrom (1965), 

"local" variations with time scales significantly less than 24 hours 

will contribute to spurious phase shifts and harmonics higher than the 

first. Since the technique of harmonic analysis in daily variation 

studies is premised on relative constancy of the anisotropy over a 24 

hour period, it is doubtful that its use is justifiable in FD investiga

tions. 

A more significant approach was made by Lockwood &Razdan (1963b) 

who examined the records of many neutron monitors widely separated in 

longitude and latitude. They took into consideration the mean direc

tions of response of the detectors [as computed by Lapointe &Rose 

(196l)J, in their investigation of a few prominent fluctuations during 

the recovery phases of 8 FD events. Although the spatial and temporal 

variations were not clearly separated, they were able to observe that: 

(i) Shortlived anisotropic increases (of 1%-5% amplitude relative 

to the isotropic CR level) often occurred from east of the E-S line. 

Those occurring closest to onset tended to be narrower and briefer 

while those that developed later were broader (~ 900 
) and sometimes 

lasted a few hours. 
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(ii) Increases, which originated east of the E-S line,occasionally 

remained stable over periods of 1-2 days, shifting westward with time. 

(iii) One decrease developed initially from west of the E-S line, 

with a westward shift over its 2 day lifespan. 

An outstanding increase (f"J 13% amplitude at Sulphur ~'buntain) which 

was observed during the FD of July 18, 1959, has been interpreted by 

Ahluwalia (1966) as due to an anisotropy in the galactic CR from the 

anti-sun direction. This increase showed a width of about 90° and 

lasted for some 10 hours. 

A more sophisticated method of analysis has been developed recent

ly by Ables, et al. (1967). This method separates the temporal from 

the spatial variations and displays the results as contours of constant 

CR intensity on a two-dimensional time-direction grid similar to that 

of Fenton, et al. (1959). A network of superneutron monitors, selected 

because of their narrow low latitude cones of acceptance, and similar 

rigidity thresholds (~1-2GV), was utilized to examine a small (~3%) FD 

that occurred in January 1966. This was the first FD of the present 

solar cycle. The data for each station were "deconvolved," a filtering 

process intended to standardize the integrating or "convolution" effect 

of the differently shaped directional response characteristics . In 

order to reduce the effect of random fluctuations, weighting functions 

(low-pass filters) were introduced which favour coherence between 

neighbouring stations and neighbouring time increments. A final weight

ing factor was included to compensate for the uneven distribution in 

longitude of the observing stations. 

The time reSOlution was limited only by the choice of smoothing 

filters and the use of hourly neutron data . The spatial resolution 
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however was limited by the number and distribution of stations. The 

stations included in the analysis of Ables, et al . (1967) are among 

those utilized by the author (cf. table 5.1). 

The resultant CR contour map (referred to as a 'cosmogram') is 

reproduced in figure 2.6. 

Among the features to be noted are the short-lived, narrow, aniso

tropic decreases that occur over the 2~ day onset period and the evi

dence of anisotropic recovery from the east of the E-S line. 

While the technique itself represents a considerable advance, there 

are a number of weaknesses evident, chief of which is the tendency to 

have folded into the cosmogram spurious information introduced by faulty 

interpolation (cf. discussion of this problem in Chapter 5.2.2). In 

figure 2.6, for instance, the diagonal line drawn across the contour 

'ridge' shows the development of an anisotropy which is apparently 

attached to the earth. It is more likely caused by incorrect interpola

tion across the 'gap' in neutron monitor coverage (cf. figure 3.2) that 

exists between Kerguelen and Hobart. 

2.3 Rigidity Characteristics 

Because of its importance in discriminating between various models 

of the decrease mechanism, the rigidity dependence of the modulation has 

probably been studied more extensively than any other feature. The dif

ferential spectrum that is observed during a PD can be written 

where 

J (R,t)z is the primary differential spectrum of the charge 

component 'z' for rigidity 'R' at time It' just 

prior to the onset of the FD, 

JPz,tp refer to the spectrum and time subsequent to the 

onset of the PDt and 
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6Jpz CR,tp) 
is the fractional change in the primary spectrum, Jz(R,t) 
and is sometimes called the variational spectrum. 

Although the form of the fractional modulation may be arbitrarily com

plex, it is usually represented, for convenience, by 

6Jpz CR,tp) 

JzCR,t) = 

where 

Rl and Ru are the lower and upper limiting rigidities of the 

modulation, 

KzCtp) is a constant with respect to rigidity and is related 

to the integral amplitude of the decrease, and 

Ypz(tp) is the adjustable rigidity parameter, and may vary 

during the event. 

As a rule it is assumed for simplicity that the PD variations are 

the same in both the proton and alpha particle charge components, at 

least for rigidities greater than 2 GV [Lockwood (1960)]. This assump

tion is consistent with the results obtained by McDonald &Webber (1960) 

and by Biswas (1961). In the forthcoming discussion the modulation 

spectrum will be written simply as ~ = KR- ~ , the time dependence being 

reintroduced where necessary. 

2.3.1 Techniques 

The range of rigidities affected by the PD mechanism extends from 

R« l GV to ~OO GV and must therefore be investigated by a number of 

techniques. 
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2.3.1.1 Ground-Based Detectors 

The modulation spectrum from -v2-l5 GV is usually investigated 

using the latitude effect exhibited by neutron monitors. Lockwood 

~N(1960) has shown that the fractional change in count rate (~) of a sea-

level monitor with geomagnetic threshold rigidity Rth is given by 

6N(Rth,tp) 

N(Rth,t) 

where dN£§,t) is the differential response curve [Webber &Quenby (1959)] 

which is observed prior to the PD onset . K and y are then adjusted to 
6N(Rth) 

provide the best fit with the observed latitude curve of N(R ) versus 
th

The rigidity interval may be extended beyond 15 GV by comparing 

the fractional count rate decrease of neutron monitors with those of 

ground level and underground meson telescopes and ionization chambers. 

While the differential response curves of neutron monitors are peaked 

near 7 GV, meson telescopes show response maxima at~20 GV and~70 GV 

for sea level and underground (40 meters water equivalent) locations 

respectively [Mathews (1963)]. Unfortunately, the sensitive regions of 

the meson response curves are based upon extrapolations from the 

response curves obtained at lower rigidities,so this fundamental 

uncertainty must influence interpretation of results based upon such 

calculations. 

2.3 .1.2 Balloon, Rocket and Satellite Borne Detectors 

Spectral information has been obtained from balloon-borne geiger 

counters and ionization chambers . The effectiveness of response of 
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these detectors to lower rigidities increases with increasing altitude o 

Relative yield functions have been obtained [Nerurkar (1963)] from lati 

tude surveys relating observed ionization to atmospheric depth for 

various rigidity intervals from 0 , 5 GV to 16 GV. Ascent curves are then 

converted into differential spectra. The maxbTIum sensitivity occurs in 

the 1-2 GV interval. 

Detailed spectral information in the region 0 05-4.5 GV has been 

obtained from Cerenkov-scintillator combinations flown at ~5gm/cm2 

[Webber (1962)], although these flights have encompassed only a few FD 

events. 

Ion chambers and geiger counters carried aboard the satellites 

Pioneer V, Pioneer VI, Explorer VII and Mariner II have detected 

several FD events. These detectors measure the integral flux of primary 

CR above 35 MeV, and thus respond strongly to modulation of the low 

rigidity portion of the spectrum. 

The rigidity dependence, as indicated by the parameter y, has been 

observed to vary from event to event and during the course of an indivi

dual decrease. With regard to the former, the variation of y over the 

solar cycle is of particular interest in the context of its association 

with the II-year CR modulation cycle. 

2.3.2 FD Spectra and the II-year Variation 

It has been suggested that the decreasing phase of the II-year 

cycle in CR is due to the accumulated effect of transient decreases 

[Lockwood (1958)] . Fenton, et aI , (1958) have disputed this hypothesis 

on the basis that the observed ratio of the magnitude of the neutron 

and meson components was larger, by a factor of 2, for the net long term 
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change between 1954 and 1957 than for that of the transient variations. 

Neutron monitor latitude curves were used by Lockwood (1960) to 

obtain the rigidity spectra immediately prior to and at minimum intensi

ty during 22 large (>6%) PD's recorded between 1956 and 1959, He con

cluded that the rigidity dependence of the long term variation over 

this period would be described adequately by ~= K(t)R-Y with y = 1.0 

except near solar minimum when y = 1.5. K(t) was found to vary between 

1.0 and 2.5. Similarly the PD events were found to be describable by 

R- 1 rigidity dependences with K(tp) varying between 0.5 and 2.5. A 

rigidity independent term of amplitude 1%-4% was added to fit the lati

tude curves for some events . This modification, corresponding to a 

uniform attenuation of the whole spectrum, was included mainly to 

satisfy the data of the low latitude monitors. The constant K(tp) , 

which is related to the magnitude of the integral CR decrease, was in 

general less than K(t) for the corresponding long term variation. 

These results support the hypothesis that, at least during solar mini

mum, the form of the modulation is similar for the long term variation 

and the PD , It should be noted that in this study the latitude curves 

were derived from monitors differing widely in longitude, so that 

spatial anisotropies could influence results signifi cantly, particularly 

among the smaller decreases . 

Webber (1962) has obtained the latitude curves of neutron monitors 

and sea level ion chambers for 8 of the FD's included in Lockwood's 

(1960) analysis. The PD variations were generally less rigidity 

dependent than that observed by Lockwood (1960), with y = 1.0 close to 

solar minimum and y ~ 0.5 during solar maximum for most events. The 

contradiction is in part due to the fact that the minimum bihourly 
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intensities were used as data points by Lockwood (1960) while Webber 

(1962) considered the intensities averaged over a 24 hour period subse

quent to the occurrence of the minimum. The latter method tends to 

average out the effects of spatial anisotropies. 

The results of Bachelet, et al. (1963) show agreement with those 

of Webber (1962) when the same events were analysed. When large geo

magnetic storms occurred, the values of y derived from latitude 

curves were larger. Using the "altitude effect" at high 

latitude stations ,they obtained y values commensurate with those 

obtained during "quieter" geomagnetic storms. This method of deriva

tion, although permitting larger statistical errors, is independent of 

changes in threshold rigidity which can be induced by large geomagnetic 

storms. Takahashi (1965), who examined the association of geomagnetic 

activity (Ap) with the neutron latitude effect during most of those 

FD's analysed by Lockwood (1960), noted a strong correlation. An 

attempted correction for storm induced changes in threshold rigidity 

removed part of the correlation, although a strong association between 

rigidity dependence and geomagnetic activity was observed to remain . 

The problem of the relationship existing between the rigidity 

dependences of the two types of variation appears to have been resolved 

by Nerurkar &Webber (1964). They have flown ion chambers and geiger 

counters at 10 gm/cm2 on a monthly basis between 1959 and 1963 and 

obtained a unique regression curve between the Deep River neutron moni

tor rate and the balloon counter rates. The regression curve reflects 

the form of the primary CR spectrum over this period. Additional 

balloon flights were made prior to and during 7 FD events. The 

resultant data were found to fit the long term regression curve exactly. 
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This indicated that the rigidity dependence of the FD modulation is 

identical to 	that of the long term variation at the same level of 

intensity. The same conclusion was arrived at from the similarity 

among balloon counter ascent curves at comparable intensity levels. 

The geiger counter-neutron monitor regression curve is shown in 

figure 2. 7 (dark line) with the data points obtained during the July 

1961 FD superimposed upon it. The decreasing steepness of the curve 

near solar maximum implies a weakening rigidity dependence at this 

time and was interpreted as due to the earlier removal of the lower 

rigidity CR. The "hardening" of the FD spectrum towards solar maximlDTI 

was thus accounted for. Finally, Nerurkar &Webber (1964) concluded 

that the FD and II-year variation are produced by the same mechanism, 

the former being relatively localized compared to the latter. 
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&Webber (1964) J. 
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It should be noted that the form of the rigidity dependence assumed 

by Blockh, et al . (1959), and by Dorman (1963), is given by: 

-1, 
R cfor R , 4 

6J r-= f 'IT
- 2 sin- 1 

R c 
(ZR - 1) , for i- < R 

R c< r 

-0, for R 
R c 
r 

where Rc is a cutoff rigidity determined by the magnetic field strength 

and the width of the modulating region, and If' is an amplitude constant. 

Sarabhai, et al. (1961), have examined neutron-meson ratios from 

the average profile obtained upon superposing 6 FD events, and conclude 

that Blockh's representation of the modulation fits the results better 

than the rigidity dependent form. 

Since the FD is effective at rigidities near 100 GV, this implies 

6Jthat r-= -f for Rc~ 25 GV and therefore that the latitude curve for 

neutron monitors should be flat (i . e . , ~ = -f for all Rth). This is 

not supported by the previously cited evidence , Comparison of the 

changes of CR recorded in balloon and satellite borne ion chambers to 

those of the Deep River neutron monitor [Nerurkar &Webber (1964), Rao 

(1965)J substantiates this conclusion 0 

2.3 . 3 Spectral Changes During the FD 

Although several investigations have been concerned with the 

nature of spectral changes during the course of FD events, the signifi

cance of the results is often questionable owing to the problems 

previously cited: 

(i) poor detector statistics, 
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(ii) spatial anisotropies, and 

(iii) changes in rigidity threshold associated with some geo

magnetic storms. 

These factors have led to contradictions in the detailed results when 

the same event is investigated by different workers using different 

approaches (for instance the use of latitude curves or high latitude

low latitude ratios). 

There is sufficient evidence however to permit generalization about 

one feature of the rigidity spectrum. During the recovery phase of some 

FD's, the higher rigidity portions of the spectra return more quickly to 

their original value. This has been observed in the high rigidity 

region by Mathews (1963) upon comparison of the decreases recorded by 

meson telescopes located at sea level and at 60 m.w.e. underground. 

Similar observations have been made by Sarabhai, et ale (1961), who 

examined the ratios of neutrons to mesons at low and medium latitudes, 

and by Webber (1962) who noted that the recovery time of high latitude 

neutron monitors is often greater than that of low latitude monitors. 

In addition Rao (1965) has reported that the recovery of integral 

detectors aboard the Mariner II satellite was only partially complete 

during one recorded FD while the Deep River neutron monitor showed com

plete recovery. The effectiveness with which the particles are removed 

thus decreases with rigidity from ~l GV to ~ 100 GV. It is not 

apparent that all FD's behave in this manner. 

There is some evidence that during the onset phase, the low 

rigidity particles are removed first. Kane (1965) and Lockwood & 

Razdan (1963c) analysed the bihourly neutron data of one FD and have 

observed that the rigidity parameter y was larger during the onset phase 
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than during the early part of the recovery. Another example is evidenced 

by the profiles of the Mariner I I particle counters [Rao (1965)] which 

show a more rapid onset than does the Deep River monitor, leading to 

the same conclusion . In general, however, such results are unreliable 

because of the large anisotropies that occur during onset . 

Using smoothed neutron data in the calculation of latitude curves, 

Kolomeets, et al. (1963) have reported that in several of the 9 FD's 

analysed, abrupt changes in y occurred which sometimes implied hardening 

and sometimes softening of the spectrum. They did not comment on the 

presence of geomagnetic storms, successive decreases or spatial ani so

tropies which would have affected the smoothed data . 

Few attempts have been made to disentangle the effects of spatial 

and temporal variations in the rigi dity spectrum. Kane (1965) has 

derived the y parameter from latitude curves computed bihour1y for 

stations grouped according to longitude. During both onset and recovery 

period of this event, y varied wi dely (from 0.1 to 1.0) among longitude 

groups at a given time, and to a lesser extent with time for a given 

longitude. It is likely that a por t i on of the fluctuat ions in y were 

spurious according to the correlat ion coef ficients cited by Kane (1965). 

2.4 Models of the FD 

A successful model of the FD must be compati ble with the observed 

features described in the precedi ng sect i ons . In summary, the more 

notable of these include: 

(i) rapid onset followed by slow recovery , 

(ii) effectiveness over 3 decades of rigidity, 

(iii) time varying r i gidi t y dependence of the modulated spectrum, 



- 34 

(iv) large anisotropies during the onset and recovery phases, 

(v) similarity in the modulation experienced by different charge 

components, 

(vi) pre-onset decreases and increases, 

(vii) variability of these characteristics from event to event and 

during the course of the solar cycle, and 

(viii) close association with certain solar and geomagnetic phenomena. 

Further, any theory must be compatible with the observations, clearly 

established by satellite measurements in the past decade, that the out

flow of highly conductive solar plasma occurs continuously , These 

observations serve to eliminate from further consideration models which 

depend upon he1io-e1ectric fields or solar dipole-like magnetic fields. 

Electric fields would be impossible to sustain in this plasma, while 

the dipole field (at least in the ecliptic plane) would either be 

carried away by the plasma or, if of sufficient magnitude, would prevent 

its radial flow. 

The models put forward to explain the FD effects are now based 

upon the presence of magnetic fields "frozen" into the plasma , Usually 

they are classified according to whether the magnetic fields are 

ordered or disordered. 

In the former case, the guiding centre approximation determines 

the mode of propagation, provided the spatial scales of the field vari a

tions are larger than the CR gyro-radii. That is, 

IVBI < 
1 
p

1131 

where p = 
p 

(MKS units) (2 , 1)
Z·e·B 

p is the gyro-radius of a particle with momentum P and charge Ze in a 
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magnetic field of flux density B. When the guiding centre approximation 

is valid, a particle will spiral along the field lines with changing 

. s i n2apitch angle, 'a' , determIned by B = constant, where sina - -- the 
u 

ratio of the component of velocity perpendicular to Bto the total 

velocity. When a particle proceeds into a region of increasing B, the 

pitch angle increases until a = I,at which point the particle reverses 

its direction along the field line. This condition is known as 

"mirroring." In addition to its spiral motion, the particle may undergo 

drift in a direction perpendicular to B. This can be caused by gradients 

in B (where V~B is perpendicular to B), by curvature of the lines of 

force, and by crossed electric and magnetic fields. 

In the case of disordered fields, the magnetic inhomogeneities act 

as scattering centres with which the charged particles interact. If the 

distribution of the scattering centres is isotropic, the motion of a CR 

particle approximates a random walk process . In such processes, diffu

sion theory is usually applied, and the parameter of interest is the 

mean free path, ' A'. 

The criterion for scattering to occur, and the type of scattering 

observed is dependent upon the relation between the scale size of the 

inhomogeneity, 'f', and the particle gyro -radius, ' p'. 

(i) If p« f, then the guiding centre approximation is still valid 

and the particle follows the field lines. 

(ii) If p~, the particle undergoes maximum scattering [Parker 

(1964)]. This is, each encounter of the particle with a scattering 

centre results in a large angle deflection from its previous direction. 

In this case A ~ p. 

(iii) If p>f, the interaction results in a small angle deflection 
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~ e ~ f After In' success ive encounters the net deflection will be 
P 

2 
n!.<2 f e ~ - [Parker (1963)] 0 This results in a mean free path A '" r 

p 

[Dorman (1963)J, where it has been assumed that there is a uniform 

distribution of scattering centres of scale size f, each separated by 

distance L 

From the dependence of p upon rigidity, R (cf. equation 2.1), where 

R = ~, it is seen that the mean free path is a function of rigidity. 

lIJ (R)The rigidity dependence of the modulation spectrum, J (R)' predicted by 
o 

disordered field models, is thus a reflection in part of the behaviour 

of A(R). 

In the following sections, the prominent characteristics of the 

more pertinent models will be summarized. 

2.4.1 Disordered Field Models 

2.4.1 . 1 The Simple Diffusion Model 

A simple diffusion model, proposed by Morrison (1956), pictures 

the ejection from the sun of a cloud of disordered magnetic fields with

in which the initial CR density is zero The cloud expands rapidly at0 

first to fill a large volume of space (radius "-11 AU) and thereafter it 

moves outward from the sun, its expansion complete. The CR of density 

n outside the cloud, will diffuse inwards in an attempt to return the o 

density n . to the unperturbed value o The onset phase of the FD is 
1 

identified with the entry of the earth into the cloud, while the recovery 

time is that required for passage of the cloud across the earth . 

Parker (1963) has shown that this model is incompatible with the 

longer recovery times ( > 1 week) often observed. Upon modification of 

the model to include the effect of continued expansion (thereby 
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maintaining a rough balance between CR density decrease caused by expan

sion and density recovery caused by diffusion), he concluded that in 

order to produce the observed profiles, it would require the existence 

of magnetic fields of impossibly large magnitude. 

2.4.1.2 The Diffusive Deceleration Model 

In addition to experiencing diffusive scattering, CR particles 

will lose energy in an expanding cloud of disordered magnetic fields. 

This occurs in two ways. 

(i) A particle reflected from a moving scattering centre will 

either gain or lose energy depending on whether the reflector is moving 

toward or away from the particle. Since in an expanding cloud each 

scattering centre is receding from its neighbour, the particle 

experiences a net deceleration. 

(ii) Owing to the expansion of the cloud and the requirement that 

magnetic flux be conserved, the field will weaken. Thus, a charged 

particle will undergo betatron deceleration in the weakening field. 

The change in rigidity, 'R', experienced by a particle at a time, 

'T', after its entry into the cloud is given by ~R z ~T [Laster et al. 

(1962)], where 't' is the time from the birth of the cloud. Upon equat

ing T with the characteristic diffusion time [i .e. the average time 

that a particle remains within the cloud--Dorman (1963)] it may be 

shown that 

v·r(t) 

u·A(R) 


where 

ret) = radius of the cloud at time t, 

v = velocity of the periphery of the cloud, 
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u = particle velocity, 

and A(R) = mean free path . 

The choice of A(R) ~ R then produces inverse rigidity dependence in the 

modulation spectrum. 

Laster et al. (1962) have included the deceleration effects in 

their diffusion treatment and obtain a spectrum 

b.J(R, t) '" k(t)

J (R) til{ 


o 

where k(t) depends upon the position of the cloud front, the magnetic 

field strength, and the position of observation at time 't'. For the 

case where the cloud remains attached to the sun (a condi tion necessary 

to provide long recovery times) rapid onset is predicted, followed by 

a recovery which varies as t- 1
, for t » b.t, the sun-earth transit time 

of the cloud. 

Among the features predicted by the model are: 

(i) constancy of rigidity dependence throughout the event and from 

one event to another; 

(ii) independence from charge at high rigidities but (owing to the 

inclusion of u) dependence upon the charge to mass ratio at lower 

rigidities (R < 2 GV); 

(iii) recovery times which depart from an exponential dependence; 

(iv) anisotropies which, at least during the onset phase, are 

directed along the earth-sun line, 

Further, when high energy solar protons are produced following 

such a FD, the onset of the GLE (cf. section 2,1.4) would not be aniso 

tropic as observed by MCCracken (1962) for west limb flares. 
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Figure 	2. 8: Blast Wave Configuration [from 
Parker (1963) J. 
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2.4.2 Ordered Field MOdels 

2.4.2.1 The Blast Wave MOdel 

Parker (1961, 1963) has proposed that the sudden expansion of the 

solar corona following a solar flare will produce a spherical shock 

wave (or blast wave) which propagates radially outward through the 

interplanetary medium. The resulting compression of the quiescent solar 

wind plasma, together with the requirement of magnetic flux conserva

tion, produce an enhancement of the azimuthal component of the magnetic 

field behind the shock front , This appears as a kink in the field 

lines. 

Two types of magnetic field configuration are shown in figure 2, B, 

corresponding to the extreme conditions of blast wave propagation. In 

figure 2.B.b the blast wave is "freely coasting," a condition determined 

by the parameter A = t , * This case represents the situation where the 

blast wave is slowing down according to 

1 
vet) t(X - 1)a: 

1 
a: t '3 (2 , 2) 

In figure 2.B.a the rear of the blast wave is being strongly driven by 

"fresh" solar plasma. The parameter A = 1, when substituted into equa

tion 2.2 requires that the blast wave velocity, 'v', be constant in 

this case . 

The presence of the kink inhibits the flow of particles from the 

region of weaker to stronger field , From figure 2.B it is evident that 

the areas in front of and behind the shock wave constitute the weaker 

*Parker's 'A' parameter has no connection with mean free path , 
Rather,it relates to the features of the shock wave propagation. 
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field regions, while the shock wave is the region of constriction . If 

a density gradient exists across the constriction there will be an in 

creased time delay before the densities are equalized. The difference 
'. 

in densities is caused, of course, by the expansion of the volume 

enclosed by the blast wave. 

Solution of the equation for conservation of particle number 

yields a spectrum (for A = 1) 

/:,J _ 4 (1 	 - 1/1)
T- ~ ~ 4VJ 	 (2.3) 

o 	 1/1 u L 1/Iu 

where 	 v = blast wave velocity, 

u = particle velocity 

~ c, and 

1/1 = transmission coefficient for particles passing through 

the constriction. 

Two points are immediately obvious from equation 2.3. 

(i) The modulation spectrum is independent of rigidity below the 

rigidity where particles will pass unimpeded across the blast wave 

(R ~ 50 GV). 

(ii) The modulation spectrum is independent of time . That is, no 

recovery would 	be observed. When the parameter A = ~ is introduced, 
1 

the time dependence of the recovery would be rVt-j, considerably slower 

than observed. 

Upon consideration of the effects of energy loss due to reflection 

of the modulated CR from the back of the receding blast wave, Parker 

(1963) obtained an expression similar to that of equation 2.3, except 

for the constants involved. 

The onset 	phase of this model is identified with the time To 
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required for the observat i on point to move from in front of the wave to 

3the region behind the constriction. For the case A = 2' thi s corres

ponds to T '"'-' 2 E.. "",2 hours for 10 GV particles in a 10-4 gaus~ field o v 

with v rV l()(x) km/s. If 1 ~ A < j, the onset time is determined by the 

distance between the two kinks (cf. figure 2.8.b), which is related to 

the A parameter. It turns out that To = 6T • K(A) where K(A) varies 

from 0.2 to 0.8 and 6T i s the sun-earth travel time of the shock front , 

The onset time may therefore vary from about 6 hours to a few days. 

The transmission coefficient, ~, is shown by Parker to be related 

to the relative enhancement of the magnetic field behind the shock 

front, and may be expected to take values from 0.1 to 0.3. Placing the 

fo~er value into equation 2.3 yields ~ ~10%. A similar contribution 

\\QuId be expected from the energy loss term. 

The results presented so far are based upon a simple theory in 

which source terms are excluded. In a broader development, Parker 

(1963) has included the effect of particle drift into the region 

behind the blast wave due to a gradient in the magnetic field perpendi

cular to B. The result of this modif i cation is to add a term whi ch varies 

linearly with rigidity and time . For the situation where A = 1, the 

variational spectrum would be written 

(2 . 4) 

where 

Kl = 4~V • (l~~) [cf . equation (2,3)], 

K2 = ~~ [cf. equation (2. 3) ] , 

R is the rigidity in units of GV, 


t is the time in days, and 
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K3 	 is a parameter whose value (in units of days - 1) is depen

dent mainly on the magnetic field gradient , With ,K3 close 
IL ' • 

to 	unity (large field gradient) this model would predict 

the 	following features: 

(i) A recovery phase which is strongly dependent on rigidity. That 

is, the spectrum would soften (i.e. steepen) markedly with time. 

(ii) Depending upon the value of K3 , the variational spectrum will 

be flatter (especially during the initial part of the event) than 

required by a reciprocal rigidity dependence. 

For increasing A values, the spectrum becomes less rigidity 

dependent for all times during the recovery period. 

It appears difficult to reconcile Parker's model with some of the 

long recovery periods (at all rigidities), although a sequence of 

shock waves could produce similar observations. 

In general, the CR behind the blast wave should be isotropic. 

HOwever, the CR particles with small pitch angles may be representative 

of the intensity on the other side of the blast wave since there is an 

increased probability that all such particles can pass through the kinks 

in the wave. MCCracken (1962) has proposed this mechanism to explain 

the pre-decrease which has often been observed from west of the E-S 

line. 

While the blast wave model proposed by Parker (1963) propagates as 

a hemisphere, there have been suggestions that the shock wave amplitude 

decreases away from its propagation axis. According to Haurwitz, et ale 

(1965) this would produce a magnetic field configuration which is 

asymmetrically enhanced along,and to the west of,the propagation axis. 

Although rio quantitative calculations were made, it appears likely that 
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Figure 2.9: Magnetic Bottle Confj~tration . 
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marked anisotropies would be produced during the onset and recovery 

phases of the PD. 

2.4.2.2 The Magnetic Bottle Model 

The hypothesis has been advanced by Gold (1959) that a burst of 

plasma ejected from a solar active region can carry with i t the magne

tic field that previously existed in that region. The field remains 

rooted in the sun so that the magnetic configuration remains closed 

(unlike the blast wave configuration) and resembles an expanding bottle 

as shown in figure 2.9. The curvature is caused by the rotation, with 

the sun, of the "neck" of the bottle . 

The CR intensity within the bottle is reduced because of the 

shielding effect of the closed field lines. 

Treating the bottle model in a manner similar to a blast wave with 

transmission coefficient ~ = 0, Parker (1963) has shown that the pre

dicted variational spectrum varies inversely with r i gidity (for 

rigidity R > 2 GV) and time , That is, 

~J (R,t) = constant (2 , 5) JoeR) Rt 

The time and rigidity dependence are both a consequence of dri ft, and 

require a strong angular gradient in the magnetic field. 

The onset phase lasts until the edge of the bottle is one gyro 

radius beyond the observer. The onset time will therefore depend on 

the rigidity and on the way in whi ch the bottle envelops the earth 

(that is, radially or laterally) . Anisotropies will be observed when

ever the observer is within one gyro-radius of the edge , 
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Chapter Three 

The Directional Response of a Neutron Monitor 

In order to relate the recorded count rate of a neutron monitor to 

primary CR anisotropies, three factors must be considered: 

(i) The incident charged primaries are deflected by the geomagnetic 

field by an amount dependent on the particle rigidity and the location 

and direction of their entry into the atmosphere , 

(ii) The neutron monitor detects the secondary nucleon component 

produced in the atmosphere , The number of secondary nucleons observed 

at ground level is dependent upon the primary rigidity, and the amount 

of atmosphere traversed. 

(iii) The neutron monitor IS fixed to a rotating frame of reference. 

The first two factors relate to the determination of the directional 

response characteristics of neutron monitors and will be dealt with in 

this Chapter and in Appendix 1. The problems raised by the third factor 

will be discussed in Chapter Five . 

The directional response calculations presented here follow the 

method of Rao, et aI , (1962), with two modifications to be noted later . 

These deal with normalization and the assumption of an isotropic primary 

spectrum. An outline of the procedure and the pertinent results are 

reported below, while the complete derivation appears in Appendix I , 

The term "directional response" is defined in this thesis as the 

fraction of the total monitor count rate which is initiated by the por

tion of the isotropic primary CR incident originally from within a solid 

angle centred on the asymptotic direction specified by the geographic 

coordinates (A, ~). The asymptotic directions are those of incident 
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particles well removed from the influence of the geomagnetic field (i . e . 

at "infinity"). For convenience in relating the directional response 

to hourly intensity variations, the solid angle is chosen such that it 

is bounded by meridians of longitude and parallels of latitude, in 5° 

increments. Thus the direction (A, ~) refers to the cone of directions 

bounded by (A~2.S0) and (~~2 . 5° ) where A is the geographic latitude and 

~ is the geographic longitude. 

3.1 Response to an Unrnodulated Spectrum 

Consider a monitor which exhibits a count rate No due to the inci

dence of primary CR with an isotropic, unrnodulated differential spectrum 

JO(R). According to equation A.l.S (Appendix 1), the fraction of No 

arising from particles having corne initially from asymptotic directions 

within the ith solid angle ~ . centred on (A, ~), is given by
1 

oN (~.)
o 1 = • Y' (R, ~ . ) • dR, (3.1)N 1 

o 

where 

dN (R)
1 oW (R)o = W- dR o 

is the pertinent coupling coefficient, 

dN (R)o 
dR 

is the differential response curve and is experimentally determined from 

latitude surveys. Y' (R,~ . ) corresponds to that fraction of the hemis 
1 

phere above the detector that is accessible from asymptotic directions 

included within ~ . for rigidities between Rand R + dR. 
1 
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oN (~.)o 1 thus defines the directional response function. In order 
N o 

to permit direct comparison of stations with different threshold rigidi

ties, the directional response function is normalized by requiring that 

oN (~ . ) 

for each monitor, o 1 = 100%.L Noi 

The differential response curves appropriate to 1034 gm/cm2 were 

used for all stations near sea level, while curves extrapolated to 898 

gm/cm2 and 786 gm/cm2 were used for Calgary and Sulphur MOuntain respec

tively. The directional response of the Calgary monitor is displayed in 

figure 3.1. 

Since the directional response is of less interest than the longi

oN (~.)o 1tude and latitude response, is summed separately over A and w,
No 

oN (~.)oNo (w) o 1yielding ---or-r-- = L (the longitude response coefficients) and
No A No 

oN (A) oN (~.) 
~ = I N 1 (the latitude response coefficients). These values 

o W 0 
are tabulated in Appendix 1 for the stations of interest. In addition, 

directions of average response (A, ~ are defined as the statistical 

oN (A) oN (w) 
medians of the respective ~ and ~ distributions. The medi an, 

o 0 

rather than the mean, is used owing to the skewness of the distributions 

of some stations. 

The geographic coordinates, threshold rigidity, average directions 

of response (A, ~ and their "spreads" are listed in table 3.1. "Spread" 

in this sense refers to the effective widths of the longitude and lati

tude responses. MOre specifically, the effective width is defined as 

the longitude or latitude interval within which the primary CR is 

responsible for 70% of the monitor count rate. The effective widths for 

the longitude and latitude cases are denoted Ow and 0A respectively, and 



o 
\ ...... .1...... L 

\ 
..•..:'..... i .. ........ ;..... / 

.. ~ ." ..... \ ~ ,' " .. ... "' . 
. . ' -:: \: . burhom/ 

~, ..... ' \ . .. .. ..... "/ 
" .. .. '-.. 

" . ." '. ana.. G . . . .' .,.. ........ ~ '?·Q_.t.
. ' .... .. 4··;

L.•·.ds,,.: . 
• . ... " .. ' . . .. • ~ .. .. ~, i"......... I. ""~ "t,." -..... ~... .'...... 

.. f ' ...... 
. ' 

~'. 
'. 

'. 

elohite Col ,,(.U ~ 
, . .. ... . , . .: ' ,' ~ ' 1 •• _~., 0 0-." • ,/: .. 

FifUre 3.2: Longitude Response Char acteris t ics 

To f ace page 47 




- 47 

arc measured i n degrees, 

The longitude response characteristics for these stations plus a 

few others . of interest, are depicted in figure 3.2. For each station 

0,1, (lJ;) .__.w-- % is plotted as a function of lJ; in 5° intervals, the base line 
o 

for the plot being Ao. On the lat i tude scale, a 3° interval corresponds to 

oNo (ljI)

N = 10%. Stations with A north of the equator are shaded, while 


o 

those viewing south of the equator are shown in outline . 

Figure 3.2 and table 3.1 reveal the following features: 

(i) As threshold rigidities increase above 1 GV, the effective 

longitudinal widths of the cones increase. For stations with threshold 

rigidities Rth ~ 2.5 GV, 0lJ; ~ 2.5 hours . On the other hand, Dallas, 

with \h~ 4 GV has 0lJ; '" 5 hours. 

Stations lying closer to the geomagnetic equator have correspond 

ingly wider cone widths and are therefore less suited for studies of 

narrow anisotropies in the CR. 

(ii) Stations with Rth < 1 GV scan directions significantly away 

from the geographic equator. Interpretation of the data from stations 

such as Inuvik, Churchill, Goose Bay and Wilkes must be tempered by the 

realization that they may be responding in part to ani sotropies in 

directions perpendicular to the equatorial plane . 

(iii) Polar stations such as Alert and McMurdo scan directions 

almost perpendicular to the equatorial plane. 

(iv) Due to the rapid falloff of the specific yield function (cf. 

Appendix 1) at low rigidities, the difference in count rates between 

sea level monitors with Rth ~ 2.5 GV is negligible . This means that 

they respond almost identically to the same primary CR spectrum and 

that observed variations are directly comparable. This is not so for 



TABLE 3.1 


Median Directions of Response for 

Various Stations 


Geographic Coordinates Threshold Median Direction Effective 
Station Longltude LatItude Rigidity of Response Widths 

(Degrees) (Degrees) (GV) xo ~ a ° 
A 

a ° 
1j.J 

Alert - 62.3 82.5 <0.05 81 335 15 130 

Calgary -114.1 51.1 1.09 8 270 45 25 

Churchill - 94.1 58.8 0.21 34 286 30 25 

Dallas - 96.8 32.8 4.35 -12 318 45 70 

Deep River - 77.5 46.1 1.02 10 318 45 25 

Durham - 70.8 43.1 1.41 5 332 50 35 

Goose Bay - 60.4 53.3 0.52 25 338 35 25 

Hobart 147.2 -42.9 1.89 -10 193 40 40 

Inuvik -133.7 68.4 <0.18 42 233 25 25 

Kerguelen 70.2 -49.4 1.19 - 7 87 50 30 

Leeds - 1.6 53.8 2.20 15 51 50 45 

Mawson 62.9 -67.6 0.22 -37 54 25 25 

McMurdo 166.6 -77.9 <0.05 -76 267 15 220 

Rome 12.5 41. 9 6.31 9 80 55 100 

Sanae - 2.5 -70.5 1.02 -21 19 50 50 

Sulphur Mt. -115.6 51. 2 1.14 7 270 45 25 

Victoria -123.4 48.5 1. 86 0 265 50 35 

Wilkes 110.5 -66.4 <0.05 -55 107 20 30 
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stations 	at higher threshold rigidities . In the case of a variational 

~l1J R'1 f ' h 1 1 . d ' ld dspectrum ~ or Instance, t e ow atltu e monItors wou recor 

smaller amplitudes, ~, than hi gh latitude monitors . 
o 

It is to be noted that the directional response is defined with 

respect to an isotropic flux of CR in contrast to that of Rao, et al . 

(1962), wherein the geometrical properties of the daily anisotropy are 

included in the calculation of the "variational coefficients." In the 

latter case, geocentric symmetry is assumed whereas in the study of the 

FD such symmetry would obtain in unusual ci rcumstances only. Indeed the 

use of isotropy-based directional response characteristics will lead to 

distortions of the true picture when monitors of "wide" effective res 

pense are used to explore highly anisotropic situations and particularly 

so when rapid temporal changes occur . 

3.2 Response to a Modulated Spectrum 

In most situations of interest, the primary spectrum Jo(R) has been 

modulated, perhaps in an anisotropi c manner . The spectrum is then given 

by 

J(R, n. ,t) = J (R) + ~J (R, n . ,t)
1 0 	 1 

(3 . 2) 

~J(R,ni,t) 
J (R) is called the variational spectrum and can be represented 


o 


(at least between limiting rigidities Rl and Ru) by 

~J(R,n.,t) 	 (n t) 
__.........1,.--_ = A( n . ,t) RY i' . (3 . 3) JoeR) 1 
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One wishes to examine the change in the di rectional response func 

tion upon introducing the modulated spectrum J(R, ni,t) . In order to 

facilitate the analysis it is assumed for the moment that the spectrum 

is constant in time and direction . Hence 

Furthermore, Jo(R) is assumed to be the isotropic unmodulated spectrum 

that exists immediately prior to the onset of the modulation, and is in 

part responsible for the shape of the differential response curves . 

Since J (R) changes through the solar cycle, the response curves will o 

reflect this change. In the present calculations the response curves 

are appropriate to solar minimum. As solar maximum approaches the com

putations should be repeated using the attenuated differential response 

curves. 

According to equation A.l.7, the relative change in the count rate, 

due to CR fro~ within ni , is given by 

(A. I. 7) 

The total observed amplitude due to CR from all direct ions is 

(A. I. 8) 

The fract ion of the observed ampl i tude of the modulated spectrum, 

is the analogue of the directional response function defined by equat i on 
Q(y ,n. ) 

3.1, and is given by Qn(y,ni ) = Q (y) (A. I.9) 
s 



TABLE 3.2 

Median Directions of Response As a Function of the 
Rigidity Parameters y , R R

'P' i I 

Station y 0.0 -1.0 

Victoria 

I~Ru (GV) 

(GV) 

200 

100 

60 

~ 

2650 

2650 

2650 

Rth 

a 0 
'1jJ 

350 

300 

300 

4.0 

~ a 0 
'1jJ 

264 0 300 

2640 250 

2640 250 

9.0 

~o o 0 
IjJ 

262° 25° 

262 0 200 

262 0 200 

R
th 

~o o 0 
IjJ 

275° 350 

275° 350 

275 0 350 

4.0 

~o a 0 
IjJ 

2680 250 

2680 250 

2690 25() 

9.0 

IV> a 0 
IjJ 

2620 150 

2620 150 

2620 10° 

Inuvik 200 

100 

60 

2330 

2330 

2330 

25° 

250 

200 

2340 

2330 

233 0 

300 

250 

200 

2350 

234 0 

2340 

400 

350 

300 

2320 

2330 

2330 

10° 

100 

100 

232 0 

2330 

2330 

15° 

150 

150 

2330 

2330 

2330 

20° 

20° 

20° 

Alert 200 

100 

60 

3350 

335° 

3350 

1300 

1200 

1150 

3350 

3300 

3350 

1300 

1450 

115° 

3300 

3300 

3300 

1700 

1500 

1500 

3450 

3450 

3450 

650 

65° 

650 

3350 

3350 

3350 

900 

85° 

850 

3300 

330° 

3300 

95° 
1100 

1300 

U1 o 
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Upon summing over A the analogues of the longitudinal response coeffi 

cients are obtained: 

(A, l . lO) 

oNo (tjJ) 
If y = 0, ~(y,tjJ) reduces to N provided ~ = Rth and Ru =00. 

o 

Computations of ~(y,tjJ) have been made using various values of the 

parameters y, Ru and Rl , for three typical stations--Victoria, Inuvik 

and Alert. ~ and 0tjJ are tabulated as functions of these parameters in 

table 3.2 . 

It is observed that: 

(i) ~, for all stations under consideration is quite insensitive to 

the values of the upper and lower bounding rigidities of a rigidity 

independent modulation spectrum although the effective response widths 

change somewhat for the high latitude stations. 

(ii) For the case of strong rigidity dependence (y = -1.0) in the 

modulation, ~ is shifted slightly (100 maximum) for stations with low 

latitude response and almost negligibly for those wi th middle latitude 

"viewing. " In both cases, ~ and °tjJ are insensit i ve to the upper 1 imi t 

ing rigidity. On the other hand, an increase of the lower rigidi ty 

limit causes a small shift in ~ (less than 15°) in such a direction as 

to oppose the shift due to the rigidity dependence. 

Although the corresponding latitude response characteristics are 

not tabulated here, they have been calculated and are observed to differ 

little from those presented in table 3. 1. 

The conclusion to be drawn is that the directional response pro 

perties of the stations under consideration remain relatively constant, 
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at least near solar minimum, despite parameter fluctuations of the type 

which might occur during a FD . 

3.3 Rotation Into a Region With Mbdulated Spectrum 

In the previous two sections it was assumed that the primary CR 

spectrum is constant within the region scanned by the monitor. It is 

more likely that y, Rl and Ru vary somewhat with direction. In this 

section a simple example will be analysed wherein it is assumed that the 

asymptotic cone is rotating from a region of unrnodulated spectrum J (R)
o 

into one where the modulated spectrum is J(R) for all rigidities R > Rth , 

At a given time a variational spectrum JJt~j = ARYwould be observed 
o 

from asymptotic longitudes ~ > ~c' as depicted at the top of figure 3.3. 

The monitor then records the amplitude due to CR from longitudes ~ > w c 

as 

liN(W >w ) ~ c
-N"'--- = A· L Q(w, y) , 

o w>wc 

Since the maximwn amplitude, ~NJ ' recorded by the monitor shoUld 
o max 

occur when the total cone of acceptance is within the region of modula 

tion, 	the constant "A" may be eliminated. Upon so doing, one ' obtains 

L Q(w, y) 
w>wc (3 . 5) 

The amplitudes appropriate to Vi ctoria have been calculated with y = -1 

for various positions of we with respect to~. The ampl i tude of the 

decrease is sketched in figure 3 , 3 as a function of time "t" prior to 

the passage of ~ into the region of the modulated spectrum. One 

observes that a small portion of the total decrease is detected several 
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hours prior to the coincidence of ~ and ~c' but that most of the change 

occurs within ~ l~ hours of t = O. 

The example cited might be pertinent to the onset phase of a FD , 

Ambiguity of interpretation is not a serious problem provided there are 

stations located within a few hours longitude of the one experiencing 

the anticipatory decrease. During the recovery phase of a FD it seems 

improbable that such large changes in the spectral form should take 

place, so that the "rise time" of the precursory decrease is accordingly 

less. 

3.4 Effects of Geomagnetic Storms 

The relationship of geomagnetic storms and FD events was discussed 

in Chapter Two, in the context of their mutual dependence upon the solar 

wind. In addition, geomagnetic storms have a direct effect on neutron 

monitor observations of the PD. This occurs in two ways: 

(i) Geomagnetic storms can produce changes in Rth which will be 

manifested in the observed count rate , 

(ii) Distortion of the magnetosphere may alter the asymptotic 

directions of the incident CR. 

The changes in Rth are probably produced by a combination of com

pression of the front of the magnetosphere by the enhanced solar wind, 

and establishment of a ring current within the magnetosphere . The effect 

of the compression is to increase Rth [Smirnov (1965)], while that of 

the ring current is to reduce Rth [Dorman (1963) ] . The relative 

importance of these contributions is not yet clear although the observa

tion of CR increases coincident with the main phase of large geomagnetic 

storms [Dorman (1963)] suggests that ring current effects are stronger . 
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If the major effect is to reduce Rth' a negligible influence will be 

exerted on the count rate of the monitors considered in this analysis, 

as they have threshold rigidities near the atmospheric cutoff (~ 1 GV) , 

The effect produced on the trajectories of CR in a simulation of a 

distorted magnetosphere has been studied by Razdan &Summers (1965) and 

by Ahluwalia &McCracken (1965). Upon comparing ~ and a~ calculated for 

a highly distorted and an undistorted field, it was concluded that the 

change in cone widths and directions is insignificant. This was so be

cause the major effect of the distortion is to alter the trajectories of 

low rigidity CR whose contribution to the monitor count rate is minimal . 

3.5 Summary 

Calculations of the directional response characteristics of medium 

and high latitude neutron monitors have been made to determine their 

suitability for studying narrow anisotropies in the primary CR. It was 

found that stations with threshold rigidities less than about 2.5 GV are 

best suited for such studies as they respond mainly (70%) to CR from 

within a cone of directions ~ 2~ hours in width, and maintain these 

characteristics even when the primary spectrum undergoes modulation of 

the type expected during a FD a Other factors in the use of these 

stations are listed below: 

(i) The amplitudes observed by the different monitors may be 

directly compared without knowledge of the primary spectrum. 

(ii) They are not susceptible to spurious increases produced by 

reduction of threshold rigidity during geomagnetic storms. Nor do their 

directional response characteristics change significantly when the mag

netosphere is distorted. 
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Chapter Four 

The March 23/66 Forbush Decrease-General Features 

On March 23, 1966 there occurred the first major l~ > 5%) FD of 
o 

the present cycle of increasing solar activity. In this Chapter the 

various phenomena that were observed in association with the FD will be 

described and related to the large-scale features of the decrease itself. 

4.1 The Surrounding Epoch 

Prior to the March 23 FD, the CR level, and presumably the state 

of the interplanetary fields, was not greatly different from that in 

existence during solar minimum, The intensity of the Sulphur Mtn. rnoni

tor, as shown in figure 4.1, was about 99% of the May 1965 value , In 

the three months prior to March several small (~ < 2. 5%) decreases took 
o 

place, the recoveries from which were incomplete. Similarly, recovery 

from the March FD was incomplete, and subsequently a series of super

posed decreases initiated a more rapid evolution of the long- term 

variation . 

4. 2 Solar and Geomagnetic Activity 

The events associated with the first part of the March 23 FD were 

initiated by a sequence of solar flares originating in a single highly 

active region (McMath Plage Region 8207) which rotated across the solar 

disc . This was fortuitous, preventing ambiguity in the identificati on 

of the source region . Regions of lesser activity were responsible for 

the events subsequent to March 27 (day 86). 
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The solar longitudes, times of occurrence and maximum reported 

importances (from "Compilations of Solar-Geophysical Data" - July and 

August, 1966) of the major flares are summarized in figure 4,2. The 

helio-latitude of all flares lay between 15° and 35 0 N. The figure is 

split into two sections corresponding to the initial (days 75-86) and 

later (days 87-120) portions of the period. 

An attempt was made to associate geomagnetic sudden commencements 

(sc) and sudden impulses (si) with their originating flares. These are 

also shown in figure 4.2, positioned above (on the same meri dian of 

longitude) what was thought to be the appropriate flare. Those geo

magnetic events labeled ~ or si were reported by at least 12 stations 

(as tabulated in "Compilations of Solar-Geophysical Data" - January 

1967) and considered unambiguous, while those labeled as sc or si were 

observed by 7 stations or more and are probably reliable . Such events 

reported by fewer than 7 stations are not listed here since their 

existence was not clearly established. In most cases they followed upon 

more clearly defined events by a few hours and could be ionospheric 

effects related to the same initial flare , 

It was possible to associate a parent flare with every establ i shed 

sc or si event, although to do so in some cases required acceptance of 

long flare-sc delay times (~t ~ 150 hours for the sc's of days 110 and 

111, corresponding to a plasma or blast wave velocity v ~ 200km/sec). 

On the other hand, not every flare listed could be associated with a sc 

or si (cf. figure 4. 2). With the exception of one marginal 3F flare 

(day 84), which followed by a few hours 2 large and several small flares, 

all importance 3 or 4 flares were related to sc's or sits. This rel a

tionship was established for only half of the importance 2 flares 

listed. 
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It is evident, particularly during the passage of plage 8207 across 

the solar disc, that the flare-ejected blast waves or plasma disturbances 

(at least for importance 3 or 4 flares) have angular dimensions between 

120° and 180°. The travel times (flare-sc delay times) of the distur

bances are indicated on figure 4.2 by vertical arrows. With two notable 

exceptions (mentioned above) the travel times vary between 50 and 100 

hours, corresponding to velocities ranging from 400 to 800 km/sec. There 

appears to be no dependence of travel time upon longitude. This and the 

previous observation suggest that the blast wave or disturbance front 

propagates radially, as a hemisphere, supporting the suggestion of 

Akasofu &Yoshida (1967) and others (cf. Chapter Two). 

Some ambiguity exists upon examination of events associated with 

the large (4B) flare of day 78. Assuming that it is a highly energetic 

flare and noting its proximity to the central meridian, one would expect, 

on the basis of the discussion in Chapter Two, that it should produce a 

geomagnetic sc and almost simultaneously, a PD. A si disturbance was 

reported by a few stations about 30 hours after the flare but no clear

cut CR decrease was observed until a day later (day 80) when directions 

east of the earth-sun (E-S) line suffered a 1%-2% depression. No geo

magnetic activity of significance was observed at this time nor until 

the si of day 82 , These observations suggest either that: 

(i) not all large flares meet the requirements necessary to produce 

and transmit a plasma disturbance of the appropriate magnitude, or 

(ii) this flare produced a weak, broad, and fast disturbance responsi

ble for the si occurrence on day 79. The I day delay preceding the CR 

effect could be attributed to a very narrow ~ 20° half angle) central 

core whose front had missed the earth, but whose western edge had 
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enveloped the earth as it co-rotated with the sun , 

The former seems unlikely on a stat i stical basis according to the 

discussion of Chapter Two, while the latter has been proposed by 

Akasofu &Yoshida (1967) and Haurwitz, et al. (1965), (c£ Chapter Two) 

as a modification of the blast wave model of Parker (1961). This hypo

thesis will be raised later in connecti on with the present observations. 

4.3 Solar Protons and the Interplanetary Magnetic Field 

During the March 1966 events, the Pioneer VI satellite, carrying 

directional, low energy ( > 7,5 MeV) proton detectors and a magnetometer, 

was situated about 0.13 AU on the sunward side of the earth, and about 

20° to the west of the E-S line. Between March 19 and March 28 (days 

78 to 87), 9 solar proton events were detected [McCracken, et al. 

(1967)] . Integral fluxes ranged from about (0,1-1 .0) x galactic CR flux, 

except for the large flare of day 83 when the solar proton intensity 

reached about 1000 times galactic CR intensity. It is interesting to 

note that of the 9 flares identified as parents to the proton events, 

only 2 were of importance 3 or better, despite favourable locat ions, 

with respect to proton propagation, of several large flares (cf. figure 

4.2) . 

Among the conclusions of McCracken, et al . (1967), and Rao, et al. (1967) 

concerning the propagation processes for solar CR, the fo llowing will be 

of pertinence in the present study: 

(i) During the period of non-equil i brium at the beginning of most 

proton events (i.e . while part i cles are being injected onto the field 

lines), the flux is highly anisotropi c, the particles moving outward 

along the spiral field lines, suffering a certain amount of scattering in 

the process. 
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(i i ) Later i n the l i fet ime of the event, the solar CR reaches a 

state of "diffusive equil i brium." That is, a gradIent having been 

established, the particles diffuse outward along the spiral fie l d l i nes , 

being inhi bited by the presence of scattering centr es along their path , 

In addit i on they experience the guiding centre drift due to co-rotati on 

of the interplanetary magnetic field [Ahluwalia &Dessler (1962)] , The 

net result is bulk transport of the solar CR radi ally outward from the 

sun at the velocity of the solar wind, thereby establishing an anisotropy 

independent of the orientation of the magnetic field . The mean free path 

for large angle scattering was found to be ~ 1 AU . 

(iii) COincident with minimum intensity during the March FD, 

a bi-directional ani sotropy of low energy protons was observed, 

oriented along the magnetic f i eld lines , The interpretat i on, based upon 

Parker's blast wave model, was that protons, accelerated i n the shock 

front regi on, are injected through the kink at the rear of the blast 

wave and are guided along the field lines toward the sun where they 

'mirror.' The protons returning outward would exhibit ident i cal charac 

teristics (pitch angle distribution, intensity, energy spectrum) at a 

given position to those sunward bound. Further, to be injected through 

the kink they must have had small pitch angles, so that upon detection 

the fluxes would exhibit equivalent maxima parallel and ant i -parallel to 

the magnet i c field l i nes . 

(iv) In association with, and just prior to the production of the 

bidirectional ani sotropies, a large unidirectional flux of low energy 

part i cles (called "Energetic Stonn Particles -ESP" by Rao, et al (1 967)) 9 

was observed which commenced shortly after the onset of the March 23 FD 

and lasted about four hours , Part of the mechanism invoked to explain 
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the ESP was the reflect ion of the particles from the advancing front of 

the blast wave , Since this mechanism will also act upon the galactic 

CR, one would expect an anisotropic flux ~ 1% directed radially outward , 

Such a flux would be detectable in the results to be presented in 

Chapter Five . 

The pertinence of the preceding discussion is related to (i) the 

mapping of the magnetic structure of the inner solar system provided by 

the proton "tracers," and to (ii) the establishment of a model for low 

energy CR propagation in the region behind the blast wave with which the 

author's results for high energies may be compared. 

Direct measurements of the interplanetary magnetic field, made 

aboard Pioneer VI, were requested, but at the time of preparation of 

this thesis, had not been made available. 

4.4 The FD Profiles 

The ultimate purpose of this investigation is to examine the 

temporal and spatial fine structure of the March 23 FD. In order that 

the structural detail may be viewed in the context of the event in its 

entirety, the present section will be devoted to a discussion of the 

large-scale features as revealed by the 24-hour average intensity-time 

profiles. 

4,4, 1 Daily Mean Profiles 

The intensity profiles derived from the daily means recorded at 

Alert, Deep River and Dallas are shown in figure 4.3 for the period 

March 16 (day 75) to April 30 (day 120). In all cases 100% corresponds 

to the average of the 3-day interval March 16-18 . Days on which a sc or 
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si was unambiguously reported (cf . f i gure 4, 2) are indicaLed by verti 

cal arrows , 

Recalling the response characteristics of these stations (cf . 

table 3.1) it is noted that they differ as follows : 

(i) Alert responds to CR of all rigidities ~ 1 GV from directions 

almost perpendicular to the equatorial plane , Since, for Alert, the 

asymptotic directions of incidence remain approximately fixed, with 

respect to the celestial sphere, the "daily mean" corresponds to a 24

hour time average. 

(ii) Deep River responds to CR rigidities R 1 GV, but from 

directions close to the equatorial plane . Since the asymptotic direc

tions rotate with the earth, the "daily mean" corresponds to a 24-hour 

average over both time and direction. 

(iii) Dallas also responds to CR from directions close to the 

equatorial plane but with rigidities R > 4.3 GV . Furthermore, because 

of the greater width of its acceptance cone, it will respond differently 

to anisotropies than will Deep River . This will be manifested in the 

daily means as well as in the hourly data. 

The standard deviation of the count rate, given by 0 = vN, is 

reduced in the daily mean to 0 ~ 0.03% for all stations so thaL random 

fluctuations should exert a negligible influence on the observed 

profiles . 

The first sc of the series, initiated by an east limb solar flare, 

preceded a small CR decrease of ~ 1.5% which lasted over days 78-81 , 

On day 82 the initial phase of the FD began in association with several 

sc's . A rapid decrease ensued both in the equatorial plane and perpen

dicular to it . The magnitude of the decrease experienced by Dallas was 
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almost 2% less than that of Deep River , indicating that in the i ni t i al 

phase a strong rigidity dependence probably exi sted, 

At the end of day 83 and dur ing day 84, furthe r sc ' s occurred, 

Rather than diminishing however, the intens i ty both at Alert and Deep 

Ri ver began to recover . On the subsequent day a reduction in intens i ty 

again occurred, and by day 87, following another sc, the decrease 

reached its minimum value . A puzzling feature of the Dallas profil e is 

the magnitude of the decrease recorded on day 85 . Being about twi ce 

that observed at Deep River, it would seem to indicate, i f of primary 

origin, that the CR at higher rigi dities were being more effectively 

attenuated than those at lower rigidities . On the other hand, the 
. 

existence of large ani sotropi es could produce a simi lar effect , This, 

as shown i n subsequent sections is probably the case , 

4 ,4.2 Exponential Recovery 

To facilitate intercomparison of the daily mean profiles, and to 

test the predictions of the previously discussed models (cf . Chapter 

2.4). exponential curves were fitted to the recovery phases , I t was 

assumed that the observed profiles are due to the superposition of small 

decreases upon an exponential recovery from the initial decrease . For 

Deep River, an exponential curve, 6~(t) ~ exp (- f), with decay constant 
o 

1 z 14 . 4 days, made a reasonable fit, under these assumptions, between 

days 83 and 106. This curve, shown by a dotted line in f i gure 4. 3, 

suggests that recovery from the secondary decreases of days 85, 86 and 

87 was completed by day 92 and that a new decrease was ini t i ated by the 

sc of day 91 . Recovery from this decrease appears to have been comple 

ted by day 98 and the recovery then followed the exponent i al curve until 
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day 104 . Thereupon a small decrease associated wi th a geomagneti c sc 

occurred. In the following peri od a series of minor decreases and 

recoveries were observed but the CR intensity never did recover beyond 

about 99% of the pre-decrease level (days 75-77). 

The same curve (T ~ 14.4 days) i s shown fitted to the Alert and 

Dallas profiles . The observed intensity in neither case follows the 

exponential curve between days 98 and 106 as it does for Deep River. 

Inclusion of a longer decay constant (T ~ 19 days ) provides a more 

successful approximation to the data for this period but violates (day 

92) the initial premise that the curve determines the upper limit to 

which the CR intensity can recover. 

4.4.3 Mean Directional Profiles 

As noted previously, Alert, being a polar station, is free from 

the complicating effects introduced by the earth's rotation . In Chapter 

5.1 the method of obtaining the intens i ty as a separable function of 

time (UT) and direction (in the equatorial plane) i s presented . The 

results from that section have been used to calculate the 24 hour means 

for the period spanning days 81 to 100, for 4 directions: 2400, 0600, 

1200 and 1800 hours LT , As shown in figure 4.4, these directions cor

respond respectively to the anti -sun direction, 90° west of the earth

sun (E-S) line, along the E-S line, and 90° east of the E-S line . 

The means for these directions are displayed as profile plots 

in figure 4.5, and are referred to as mean directional profiles . The 

dotted line, shown for compari son on each graph, is the previously 

described Alert profile. Discussion of the quality of the data 

and .. the reliabil i ty of the derived directional intensities is found 

in section' 5.2. For present purposes, a < 0 .1% has been estimated 
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as the standard deviation applied to the 24 hour mean, due to causes other 

than fluctuations of the primary CR, 

2400 -- Earth 

0600 ---I t---1800 

,/' EastWest '

E S 
Li e 

Sun 

Fig. 4 .4: Definition of Directions , 

Examination of the direct ional profiles in figure 4, 5 reveals drama

tically the existence of anisotropies in both the decrease and recovery 

phases of the FD . That signi ficant differences exi st among the 24 hour 

means is indicat i ve of the magnitude and/ or longevity of the ani sotropi es , 

Some of the noteworthy features are described below, 

During the latter part of the onset phase (day 83) the CR intensity 

was depressed most in the direction perpendicular to the equatorial pl ane , 

The CR from the 0600 and 1200 hour directions appear to have been attenu 

ated more than that from 2400 or 1800 hours , On day 84, part i al recovery 

of the CR was experienced in the 0600 and 1200 direct ions, to t he level 

existing in the 1800 and 2400 directions where the intensi t y r emained 

almost constant , These anisotr opies are likely r espons ibl e for the 

previously mentioned disparity between the Dallas and Deep River profi les 
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on these days, and point out the undesirability of using daily mean lati 

tude curves for obtaining rigidity spectra under such circumstances . 

Between day 84 and 87 the lntensiry was depressed rapidly from the 

anti-sun direction, and less rapidly from directions 90° to the west of 

the E-S line, while the decrease occurred gradual l y in the solar direc

tion and 90° to the east of the E-S line . Discussion of the difficulties 

raised by this observation will be postponed until section 5. 3 where 

time resolution is of the order of 1 hour. Such resolution is necessary 

to separate competing decrease and recovery epochs with time scales of 

3-30 hours. 

During the first stage of the large-scale FD recovery (days 87-91), 

the 24 hour means showed similar behaviour in 3 of the 4 directions in 

the equatorial plane, and also perpendicular to it , Exponential curves, 

with decay constants ranging from t ~ 6. 5 days to T - 9 days can be well 

fitted to this portion of the profiles . Recovery was considerably more 

rapid in the 1800 direction and the intensity on 2 of the 5 days deviated 

significantly from an exponential time dependence. 

Following the sc on day 91, Alert experienced a slow 0.5% decrease . 

The decrease was about 0.2% in the 1200 di rection and is noticeable in 

the 0600 direction as a halt in the r ecovery process . The CR from the 

1800 and 2400 directions contlnued to recover however, until about day 

94 when a slow decrease, reaching 0 . 75% was initiated. A rapid increase 

occurred on day 98 in all directions after which a slower recovery 

continued. 

Directional intensities i n the equatorial plane have been computed 

only to day 100. The Alert data however, is available to day 120. As 

shown in figure 4.6, the recovery period between days 94 and 120 is 
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Figure 4.6: Recovery Characteristics at Alert. 
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well represented by an exponent i al wi th decay constant ~ 19 days . Itl 

is notable that followi ng the decrease on days 93 and 94 the decay con 

stant changes from l ~ 7 days to l ~ 19 days . But subsequent to the 

small decreases on days 97 (- 0 . 4%), 105 (........ 0 , 3%) and 112-113 (....... 1. 0 %) 

the decay constant appear s to remain constant. 

4. 4.4 Surmnary 

Some of the large-scale features of the March 23/ 66 FD have been 

described, as revealed by the intensity profiles using 24 hour averages. 

The ambiguity resultant upon us ing daily means rather than directional 

means was discussed and from the profiles of the latter it was concluded 

that both decrease and recovery mechanisms are strongly dependent upon 

direction. 

It was observed that the initial decrease and some of the subse

quent decreases of smaller magnitude were associated with geomagnetic 

sc's. During the periods following the smaller decreases, the recovery 

was exponential in form for CR inc i dent from some but not all di rect ions . 

Discuss ion of the physical signi ficance of these observat ions wi ll be 

postponed to section 5, 4 . 

4 . 4.5 Addendwn 

Subsequent to the preparation of this Chapter, data from the 

McMUrdo super moni tor arrived. Recalling from figure 3, 2 that MCMurdo 

responds to CR from directions perpendicular to and below the equatorial 

plane, it should provi de a means for determining unambiguously the 

presence of anistropies in the north-south direction o The McMurdo 

daily means, indicated by crosses, have been superimposed on the first 
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profile of figure 4,5, Large (~ 1%) anisotropi es in the north-south 

direction are observed on days 83, 84,86, 87, 97, 98, and 99 , During 

the onset the CR attenuation is stronger above the ecliptic plane, which 

is not surprising since the axis of symmetry (given by the helio-Iatitude 

of the init i ating flare) of the depressing agent is above this plane , 

The enhanced depression from below the ecliptic on days 86 and 87 is 

more difficult to interpret and will be examined in Chapter FIve , 

The rate of recovery between days 87 and 92 was the same as that 

for Alert as evident in figure 4, 5, However during the subsequent 

period, the recovery was not monotonic as it was for Alert. This anoma

lous behavi our also will be discussed i n Chapter Five. 
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Chapter Five 

The March 23/66 FD-Morphological Propert i es 

The di scussion of previous chapters has emphas i zed the desirability 

of examining the development and decay of the FD amplitude as a separ

able function of t ime and of direct ion, and with the maximum poss i ble 

resolution. The word "morphology," borrowed from the terminologies of 

biological and geomagnet i c science , IS def ined in thi s thesis to mean 

the process of development and decay as appl i ed to the structural 

features of the FD (or any other type of CR variation exhibiting 

structural detai l) . 

In this Chapter the processes involved in obtaining the morpholo

gical properties will be described and an estimate of their reliability 

given. The method is then applied to the period from day 79 to day 100 

(Ma.rch 20-April 10), the results appear ing in the form of diagrams 

called "morphoplots." 

5, 1 Treatment of the Data 

The data utilized i n the preparation of the morphoplots were the 

pressure corrected hourly neutron count rates from the stations listed 

in table 5, 1. The mean hourly count rates, No, the standard deviation 

100 % d h ' 1· ' d 1 l ' d Th .a = ----- rant e st atIon a tltu es are a so Is te e statIons
IN Ilr 

< 

o 

are divided into two groups . All stat ions in the first group, with the 

excepti on of Hobart (Mt. Wellington), are high count rate super monitors 

and are located near sea level . In order to resolve intensities reli

ably to within 0. 5% it i s desirable that a ~ 0.2%for all stations . 
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TABLE 5.1 


Stat i ons Used for Construction of Morphoplots 


Station Altitude 
(meters) 

--~. 

No / 1OJ 
(counts/hour) 

a 
(%/hr) 

Sanae 53 140 0.27 

Leeds 100 740 0 ,12 

Kerguelen 

Hobart 

Sea level 

725 I 
800 

58 

0 . 11 

0 . 42 

Inuvik 2] 720 0 ,12 

IVIctoria 71 	 430 0 .15 

Churchill 790 0.11 

Deep River 

39 

0 .07 

Durham 

145 2, 150 

590 0.13 

66 

48 

Sea 	level 

Sea 	leve l 

2283 

1128 

Alert 

McMurdo 

Mawson 

Wilkes 

Sulphur Mtn . 

Calga!)' 

Goose Bay 

'770 0.11 

950 0. 10 ---t 
38 

45 

900 

1,200 

740 

0.51 

0 047 

0.10 

0.09 

0 . 1246 

No: 	mean hour l y count rate 

100 'h 0 
(J = 	- '6/ r 

IN o 

To face page l'S 
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Hobart, which fails to fulfIll this criterion, must of necessity be in

cluded in order to help fill the large gap in the monitor network in 

the region of the Pacific Ocean (cf. figure 3.2). Further, due to its 

altitude, Hobart has a slightly lower median rigidity of response so 

that during an event which is rigidity dependent it will exhibit a 

different amplitude. For the case of inverse rigidity dependence, 

Hobart would record an amplitude ~ about 10% larger than that of a 
o 

similarly located sea level station. For the intensities observed 

during the March decrease, this would constitute a systematic over

estimate of the amplitude, varying from 0.1% to 0.6%. Since the CR 

spectrum actually observed by Hobart is unknown, no correction was made 

to its data. 

The stations listed in table 5.1 have directional response 

characteristics that fulfill the requirements set forth in Chapter Three, 

that is, they have narrow effective widths of response, and they res

pond equivalently to a given spectrum. 

Those stations listed in the second group were used as "indicator 

stations." Their function is described in the next section. 

All stations were normalized to the period from day 75 to day 77 

inclusive, Thus the count rate N ., the UT average for the ith station 
01 

over this 3-day period, served as the baseline (100%) from which the 
lIN . . N. . -N . th 

observed amplitude ~ = ( 1~ . 01) was calculated for the j hour. 
01 01 

This period was chosen because the condition of CR isotropy was then 

closely approximated. Choice of a normalization period,during which 

non-symmetrical or time-varying anisotropies existed,would introduce a 

systematic error into the calculated amplitudes and would appear in the 

morphoplots as a CR anisotropy which rotated consistently as if attached 
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to the earth , 

The original data prior to processing were scanned by eye, and 

gaps of 3 hours or less were filled with values interpolated linearly 

between neighbouring intensities, provided that more than one such gap 

did not occur in a single day. The hourly amplitudes were then calcu

lated by computer. These amplitudes were thereupon entered into 

another program to obtain computer plotted hourly profiles , This was 

done for all stations listed in table 5.1, the profiles being super

posed one above the other. All the data could then be rapidly scanned 

and intercompared for obvious errors. Such errors can have their 

sources in the process of transcription of data from the initial data 

sheets onto punch cards and in the subsequent handling of several 

thousand cards, despite extreme care . In a few cases a single ampli

tude value would change by several per cent, unsupported by coincident 

fluctuations of neighbouring stations or time intervals. One such 

incident was traced back to a character misprint on the original data 

sheet . 

When errors of this sort were detected, they were replaced by 

interpolated values . 

The profiles of the first group of stations listed in table 5.1 

are shown in figure 5. 1. Statistical fluctuations are prominent 

features of these profiles, particularly for Hobart . 

In order to reduce the statistical fluctuations the data were 

smoothed by convolving them with a l inear numerical filter. The filter 

chosen was a simple triangular shaped weighting function which trans

formed the sequence of hourly amplitude ordinates .. " x _l ' xj , xj +l , .. .j 

into the sequence . . . ,X _l , Xj , Xj +l , ... where Xj = j 

~ x.J+ l ' 
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According to the law of propagation of errors, 2 the varianceoX. ' 
J 

of X., is related to 0 2 the variance of x . , byx. ' J JJ 

= (aXj -1 ) , 
0 2 .(~)' 0 2 + exJ+l. )' 0 2°t axJ-. 1 x. 1 ax . x . dXj +l x·J J- J J J+1 

since 

Thus 

~ 0 . 6 a x . 
J 

The result of filtering the data in the manner described is therefore 

to reduce the random fluctuations almost by a factor of two. 

Any improvement in statist i cs however is made at the expense of 

resolution. A simple argument, presented in Appendix 2, shows that the 

filtering process described here will introduce a maximum error in 

amplitude of 0. 5%. This error, the difference between the filtered 

amplitude and the actual amplitude, could reach such a magnitude only 

if the ordinate under considerati on were centred on a large, narrow 

anisotropy. 

The filtered data are presented in figure 5.2; the decrease in 

statistical fluctuation is striking, 

5.2 Method of Representation 

In principle,the morphology of a CR event could best be studied 

by a continuous array of radially viewing detectors, fixed to a 
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non-rotating sphere. A single detector would then provide the desired 

information, for a specific cone of directions, as a function of time. 

The same information can be obtained from a rotating sphere provi ded the 

detectors are identical, and of sufficiently narrow acceptance angle. 

In a time interval '~t,' a single detector will rotate through the 

directions of interest. This time interval is given by ~t = ~, where 
w 

~e is the angular width of the detector and w is the angular velocity 

of the rotating sphere. MOrphological features with time scales T>~t, 

and spatial (angular) scales ~ > ~e can then be clearly resolved. 

These features may be displayed for easy interpretation in a two-

dimensional form by taking successive "snapshots" (at intervals of M) 

of the intensity as a function of direction within a given plane. 

Replacing this idealized detector array by the network of neutron 

monitors fixed to the rotat ing earth, the problem is to obtain similar 

directional intensity profiles (morphoplots) within the equatorial 

plane. In this situation the minimum interval, ~t = 1 hour, is dicta

ted by monitor statistics, and by the effective widths of the detector 

response cones. 

5.2.1 The Mbrphoplots 

During a 1 hour interval each detector rotates through 15°, which 

is about half the effective response width (cf. table 3.1) for those 

stations listed in table 5. 1. Thus the 2n directions in the equatorial 

plane are divided into 24 increments of 15° . Unfortunately, only 9 of 

the 24 directions (at a given time) were viewed by detectors, and not, 

furthermore, in equally spaced angular intervals. As mentioned pre

viously, there were no stations whose acceptance cones viewed the 
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DAY 83 1966 U.T.INTERVAL 0 TO 1 HRS 6---------5--- ~----4---------3---------2---------1------------------------------

I I I.. 1 1 I I I I m 1 -180 TO~165
lSanaa (H)I ' I I I HHHHHmHHHHHHHHHWHHHHHHHHHmHHHH~HHHHmHHHHHHHHHIL 2 -165 TO-150 
1 1 I. I I I I I 1 II 3 -150 TO-135 

o 
I I I I I I I I I I 4 -135 TO-120 
ILeeds (H)IMawson {*) I *~~~~~~~~~~~~~~~~~!~~~~~~~~~!~~~~~~~~~I~~~~~~~~~I .( 5 -120 TO-I05 
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IKerguelenl(H) I I HHHffiHHHHHHHHHWHHHHHHHHHIBHHHHHHHHHmHHHH~HHHHmHHHHHHHHHII m 7 -90 TO -15 
I IW±lkes (*1 f**~ *****f*********f*********f*********f*********f*********1 ~ 8 -75 TO -60 
I I 1 1 I I I I I I rt 9 -60 TO -45 

o I I I. I I I I I I I 10 -45 TO -30 
I I lit I I I I I I I m 11 - 30 TO -15 
I I c: I I 12 -15 TO 0 
I I 13 0 TO 15 
IHobart (HI ~ HHHHHHHHHWHHHHHHHHHWHHHHHHHHHffiHHHHHHHHHffiHHHHHHHHHWHHHHHHHHH! 14 15 TO 30 
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quadrant between Kerguelen and Hobart , This meant that each direction 

in space suffered an "information blackout" for a 6-hour period every 

day. 

A program, written in Fortran IV, was developed to produce the 

morphoplots upon the computer (IBM-360) printer. The input data 

included: 
ElN " . 

(i) the filtered amplitude, ~ (cf , figure 5.2), recorded by the 

.th . d · h· th h ( 0 J)
1 statIon urIng t e ] our UT, and 

(ii) the directions, centred upon the forementioned intervals of 

15°, which most nearly coincided with the median longitudes of response 

(cf. table 3.1) of the appropriate stations , 

A sample of the morphoplot is displayed in figure 5.3 for the 

first 2 hours of day 83, The (negative) amplitudes of the 9 stations 

are printed as vertical ordinates, [~J ' in units of per cent. The 

directions with respect to the E-S line are shown at the top of the 

diagram. Also plotted as vertical ordinates, [~] f in these diagrams 

are the amplitudes of the "indicator" stations mentioned in the 

previous section. Wilkes and Mawson, which view significantly below 

the equatorial plane (cf , figure 3.2) may be used to indicate the 

presence of broad, north-south anisotropies in the CR. The Calgary and 

Sulphur Mountain monitors, when corrected for the altitude effect, 

serve as approximate checks upon the Victoria amplitude. Data from 

Goose Bay were missing for part of the normalization period and may 

contain a spurious component. However, they may still be used to check 

the validity of the Durham and Deep River data. The necessity for such 

checks will be discussed in the following section. 

The Alert amplitudes are displayed as horizontal dotted lines and 
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allow quick compari son of the CR i ntensity perpendi cular to the equator

ial plane.* 

A continuous curve was fitted by hand to the amplitude ordinates 

within each time interval and is proposed to be a "best" estimate of 

the directional CR intensity near the equatorial plane , The curve fit

ting criterion was that nei ghbouri ng di rect ions and nei ghbouring time 

intervals should be mutually cons i stent , Some examples of inconsisten

cies encountered will be described i n the following section, 

The interpolat i on across the Kerguelen-Hobart gap i s shown on the 

curve as a dashed line to emphas i ze the uncertainty in this region. 

The morphoplot diagrams just described serve as "working copi es," 

but because of their bulk, are not conveni ent for publ i cation, A 

computer program was developed which plotted the ampl i tudes (excepting 

those of the indicator stations) on a reduced scale , The conti nuous 

curves were transcri bed from the working copi es onto these plots, which 

were subsequently photo-reduced and presented in Fi gures 5,4-5 , 8, The 

morphoplots for day 82 are shown in f i gure 5, ll . a reduced only by one-

half from the ori ginal s i ze , 

5. 2.2 Reliability of the Representat i on 

The word "representat ion," as used in thi s section, r efers to the 

fitted curve (appeari ng on the morphoplots ) which was estimated to 

represent the CR intens i t y near the equatorial pl ane as a function of 

direction at a given time. The rel i abilit y of the repr esentat ion 

depends on a number of factors, some of which were indicated earlier. 

(i) The original data contai n er rors which arise in part from 

random count rate fluctuations. After f i ltering, they st i ll contribute 

*Had the MCCurdo data been avai l able at the time of preparat ion 
of these diagrams, they would have been di splayed in l i ke manner . 
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to uncertainties (at the 90% confidence level) somewhat larger than the 

standard deviation values listed in table 5.1. 

(ii) Apart from errors of a statistical nature, the amplitude of a 

single station may depart significantly from those of neighbouring 

stations for periods of several hours , This type of error appears on 

the morphoplots as a narrow anisotropy that rotates with the earth, 

The origin of this type of spurious fluctuation is not clear, but 

the possibilities include instrumental drift, meteorological effects 

and environmental changes. 

(a) Instrumental drift should be small «O.l%/hr) and random. 

It therefore seems unlikely as a source for persistent errors of ~% to 

2%. 

(b) The recorded pressure may not,at times, represent the true 

atmospheric mass above the monitor, During high gusty winds, for 

instance, the barometer may exhibit rapid 1-2 mb fluctuations of 

spurious nature , An error of 1 mb in the recorded pressure would cause 

an error of~0 , 7% in the corrected intensity, 

(c) Certain environmental effects due to insufficient monitor 

shielding have been discussed by Berkovitch (1967). These may cause 

small fluctuations in the recorded neutron intensity of ~ 0.5% under 

circumstances where there is a change In the local (i.e. near the 

monitor) production rate of evaporation neutrons , 

When one of the amplitude ordinates was recognised to include an 

error of this sort, it was excluded from consideration in the fitting 

of the representative curve Examples of these occurrences may be seen0 

in figures 5.6 and 5.7 where the ordinate representing the Leeds ampli

tude is too large (~2%) from 0100 to 1500 UT on day 92,while that 
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corresponding to Sanae is small C"" 1%) between 0900 and 1600 ur on day 

93 . Upon examination of the morphoplots many such instances may be 

noted . 

The persistent errors described above will be decreased but not 

eliminated by filtering . They will therefore appear as diagonal ridges 

in the "cosmograms" (cf. Chapter 2,2) of Ables, et aL (1967). 

(iii) The reliability of the representation decreases with the 

amount of interpolation necessary , Thus the representation obtained 

for the directions in space scanned by monitors within the 4th quadrant 

(0° to goo east of Greenwich) exhibits maximum reliability, while the 

representation for directions opposite the 2nd quadrant (the Kerguelen

Hobart gap) is obtained completely by the interpolation procedure. 

(iv) Several stations (Inuvik, Churchill, Goose Bay, Mawson, and 

Wilkes) scan directions significantly away from the equatorial plane. 

They may therefore, exhibit fluctuations which are more consistent 

with CR anisotropies from directions perpendicular to the equatorial 

plane than from within it. Such a circumstance occurred, for example, 

during the first part of day 84. At this time Inuvik, Churchill and 

Alert experienced large amplitude increases with respect to the 

equatorially viewing stations while Mawson, Wilkes and MCMurdo had 

reduced ampl i tudes. The representation, obtained from interpolation 

among the remaining data, was in this instance assumed to indicate CR 

isotropy within the equatorial plane , 

The problems raised in (ii) and (iii) indicate the difficulty in 

attempting to assign confidence limits, in the usual sense, to the 

representation . A non-rigorous estimate of the quality of the repre

sentation may be made by noting that if the spatial distribution of CR 
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intensity remains approximately constant for a period of several hours, 

most directions will have been sampled by at least one monitor. 

Provided that there are no fluctuations of the type discussed in (ii) 

and (iv) , the interpolation procedure should result in errors less than 

~% in any direction . 

5.2 . 3 Inte!pretation of the Morphoplots 

In this section a brief discussion will be presented in which some 

of the features observed in the morphoplots are related to the actual 

CR distribution . 

5.2.3.1 Isotropic Distribution of CR 

If the CR distribution were isotropic, it would be represented on 

the morphoplots by a straight horizontal line, overlapping the dotted 

line which gives the amplitude recorded by Alert. 

5.2.3.2 Anisotropic Distribution of CR 

Anisotropies may be produced in a number of ways and will be reflec

ted in the shape of the representation. If a situation existed such 

that the isotropic CR experienced a general drift parallel to the 

equatorial plane, an anisotropy would be observed, the amplitude being 

dependent upon the drift velocity, This type of anisotropy, based on 

the Compton-Getting effect, has been discussed by Ahluwalia &Dessler 

(1962) in connection with the diurnal variation . It would appear in 

the morphoplots as a sinusoidal variation about the isotropic intensity 

given by Alert, with maximum centred opposite to the direction of drift . 

If the drift were not parallel to the equatorial plane, the sinusoid 
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would be di5to r ted, and Alert would not repre sent the isotropi c i ntensity 

level , If the drift were perpendicular t o the equatorial plane , the 

equatorial representatlOn would be flat and mIdway between the ampl i tudes 

corresponding to Alert and McMurdo . Stations such as Inuvik would 

devIate from the equatorial representation by an amount varying with the 

. cosines of their latitude , 

If a CR gradient existed in the presence of disordered magnetic 

fields the representation would be s imilar to that for the drift 

anisotropy. 

Another type of anisotropy could be caused by the eXIstence of a 

CR source or sink directed along well ordered magnetIc field lines. 

This would cause a "spike" to be observed in the morphoplot representa

tions, the width being dependent upon the pitch angle dIstribution of the 

participating particles . 

If the field lines were parallel to the equatorial plane, the ani 

sotropy would not be observed by the polar stations (assumi ng a narrow 

pitch angle distribut ion of the sort discussed in Chapter 2, 4). 

Various combInations of the ani sotropies described may therefore 

be responsible for the asymmetri cal shapes in the morphoplot representa

tions observed on many occasions . 

5.3 Results and Discussion 

Most of the information required for a discussion of the FD fine 

structure appears in the morphoplots shown in figures 5.4 to 5.8 Wh ICh 

include the period from day 81 (March 22) to day 100 (April 10). In 

order to facilitate interpretatIon, the Information is further dIsplayed 

in three different forms. 
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Time-intensity profiles of the FD are depicted in figure 5.9 as 

observed from four directions in the equatorial plane and from the two 

opposing directions perpendicular to the equatorial plane. The hourly 

(UT) amplitudes for the four directions within the equatorial plane 

(corresponding to 0600, 1800, 1200, and 2400 hours (LT)-cf. figure 4.4) 

were transcribed from the representative curves on the morphoplots, 

while the filtered intensity profiles of Alert and McMurdo* were used 

directly for the directions perpendicular to the equatorial plane. 

While each morphoplot presents the amplitude at a given time as a con

tinuous function of direction, the directional profile gives the ampli

tude from a specific direction as a continuous function of time. 

The difference between the amplitudes corresponding to each of the 

opposing pairs of directions is associated with a net flux of CR 

parallel (or anti-parallel) to one of these directions. In figure 5.10 

these differences are depicted for the 3 pairs of directions described 

in the preceding paragraph and are referred to as the difference 

profiles. The shaded portions correspond to fluxes directed, respec

tively, from goo east of the E-S line, from the anti-sun direction, and 

from above the equatorial plane, going from top to bottom in the dia

gram. The hatched portions refer to the opposite directions in each 

case. In future discussion, the net fluxes which these differences 

represent, will be referred to as Dl , D2 and D3 respectively. 

From the discussion of section 5.2.3 it is recalled that an 

approximate limit of error of ~% can be assigned to the representative 

curve under conditions of good internal consistency. The same limit 

*The McMurdo data are not shown in the morphoplots owing to 
their late arrival. 
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is assigned to the directional profiles and to the difference profiles. 

The error is not doubled for the difference profiles because only one 

of the two directions would be expected to contribute to the maximum 

uncertainty (i.e, only the direction over which the large interpola

tion is required), For the Alert-McMurdo differences, the random error 

contributions, at the 90% confidence level, are about ~%. The ~% 

limits are indicated by the horizontal dashed lines in figure 5.10. 

Times of occurrence of sc and s i events (cf. figure 4.2) are indi

cated in figure 5.9 and 5.10 by vertical arrows . 

Without pausing for detailed comment, it is obvious from figure 

5.10 that conditions of anisotropy are typical during this FD and that 

periods of prolonged CR isotropy are atypical. To further illustrate 

the directional characteristics of the anisotropies, a mapping (in 

time) is provided by summing the hourly difference vectors Dl and D2 

and adding the resultant vectors, De = Dl + D2, in head-to-tail fashion. 

These mappings are presented in figure 5.11, each vector De represent

ing the net flux of CR directed parallel to the equatorial plane and 

averaged over a one hour t ime interval . The day number and f i rst hour 

of each day are indicated on the diagrams, and the occurrence times of 

sc's and sits are marked by the solid wedges. Two factors prevent 

these mappings from being "true" representations of the net CR flux , 

(i) The sum of the difference vectors D , i s equal to the actual e 

net flux in the equatorial plane only i f the directional CR distribu

tion is sinusoidal . For i nstance, if the only contributi on to the 

anisotropy were from a very narrow cone of direct i ons (less than 90° 

total width) centred at 45° with respect to the E-S line, Dl , D2, and 

therefore D would be zero in contradiction to the true situation. In e 
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fact 	most anisotropies do not vary this rapidly with direction so that 

o still provides an approximation to the actual flux. e 

(ii) Large values of 03 are a prominent feature of the difference 

profiles. The mapping should therefore be 3-dimensional, using vectors 

Examination of figure 5.9 reveals that the FD can be conveniently 

divided into four sub-periods. The first three phases will be discussed 

In some detail and with regard to the responsible mechanisms. Only the 

outstanding features of the recovery phase will be described, however, 

and these from a phenomenological point of view. 

5.3.1 	 Pre-Onset Phase 

The pre-onset phase to be considered here is the 30-hour period 

preceding the sc at 0748 on day 82 , 

On the beginning of day 81, the morphoplots show that the CR 

intensity exhibited an approximately sinusoidal anisotropy with respect 

to a general level which was somewhat depressed from the baseline, 

presumably owing to the east limb flare of day 75 (cf. figure 4.2) , At 

about 0600 UT this anisotropy was reduced to isotropy in coincidence 

with an intensity reduction experienced by Alert but not by McMurdo. 

There was no attendent geomagnetic event and the only flare that could 

be associated with it was the large flare of day 78. After about 6 

hours the anisotropy reappeared, somewhat enhanced; the direction of 

minimum intensity being centred on 135° ~ 45° east of the E-S line. 

The vectors 0 , shown for the latter part of this period (commencing at e 

0300 UT on day 82-cf. figure 5.11), are aligned along the direction of 

the quiescent interplanetary magnetic field. 

Several possibilities will be examined in an attempt to explain 

these features. 
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Figure S.ll.a: Morphoplots for day 82 
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(i) The anisotropy might be a result of convection caused by co

rotation of the spiral field lines. This is the mechanism thought to 

be responsible for the ordinary daily variation. Such a mechanism, 

however, must cause maximum, not minimum intensity to be observed from 

east of the E-S line . Simple convection therefore, cannot be the agent 

responsible for this anisotropy. 

(ii) The pre-decrease mechanism suggested by McCracken (1962), and 

discussed in Chapter Two, predicts the alignment of D along the spirale 

field lines. However minimum intensity would be observed from the 

direction of the advancing blast wave rather than away from it as shown 

in figure 5.11. 

(iii) The fact that the particle flow is enhanced from the direction 

of the sun suggests that it may be due to the reflection of CR from the 

front of an advancing shock wave. If the minimum intensity were repre 

sentative of the isotropic level, then the albedo CR would appear as an 

increase superposed upon this level, with maximum centred along the 

magnetic field lines. The variationalspectrurn, obtained from the 

Compton-Getting formalism [cf. Ahluwal i a and Dess1er (1962)J would be 

given by 

~ 5.5 v·sine . f (5.1)u 

where v = velocity of the advancing shock wave 

~ 500 krn/s for the case under discussion, 


P = particle momentum, 


u = particle velocity 
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5 
~ 3.10 km/s, 

e = angle between the shock front and the spiral field lines 

f = fraction of the incident CR that are reflected (i.e. the 

reflection coefficient). 

Since the variational spectrum is given by 

~J(R) y
J CR) = AR , 

o 

A = 5.5 v' sine f 
u 

and y = 0. 

This would produce a maximum observed amplitude 

liN W-- A 
o 

r:::J 0 . 6%, 

provided the shock front is perfectly reflecting (i.e , f = 1). Since 

the solid angle subtended at the earth by the shock wave changes as the 

intervening distance decreases, it might be expected that the fraction 

of reflected particles would likewi se change . A measure of the effici 

ency E(r) of the process, at solar distance r, i s given by the ratio of 

the area of the shock front, A(r), to the area swept out by a particle 

of gyroradius per). Not ing that 

sina 
p (r) a: BfiT ' 

where a = pitch angle of the particle, 

and that 
sin2a
BCr) = constant, 

p (r) a: B-\ 
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Since B(r) 0: 
-xr , 1 :s. x So 2 

p (r) 0: 
x/zr . 

E(r) 0: A(r)jp2(r) 

0: 
2-Xr . 

For r < 1 AU, x ~ 2 (i.e. j varies somewhat more slowly than r2), 

so that E(r) ~ constant. Thus the amplitude of the increase would not 

be observed to vary greatly with time . 

While the albedo mechanism provides general agreement with observa

tion, there remain a number of difficulties that must be resolved. 

(a) The observed amplitude is about 2-3 times that predicted, even 

with the assumption of perfect reflection. 

(b) The intensity decrease on day 81 was experienced by Alert several 

hours prior to the stations in the equatorial plane. Ordered fields, in 

which only guiding centre motions are allowed, cannot produce this. The 

difficulty can be resolved however, by invoking the passage, across the 

earth, of a diffusive medium in which a CR gradient exists perpendicular 

to the ecliptic plane. The origin of such a diffusive medium is uncer

tain although it could be the result of the formation of plasma instabi 

lities in the shock front produced by the large flare on day 75 . Magnetic 

turbulence would be associated with the plasma instabilities. 

(c) Simultaneous with the occurrence of the si at the beginning of 

day 82, the isotropic intensity began to recover, Apparently the shock 

wave, assuming this to be the origin of the si, served to separate CR 

populations of lower and higher density . The higher density behind the 

wave could be caused by a magnetic field configuration more suitable for 

CR access into the region (for example, a larger field gradient). A 

more attractive explanation is that the shock wave responsible for the 
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later sc (i.e. that which occurred at 0748 UT) was overtaking the 

initial shock. Assuming that each represented a partially refl ective 

wall, decrease of the enclosed volume would cause an increase in the CR 

density. Further, depending on the reflectivity of the walls, some 

particles would have remained trapped in the shrinking volume for several 

"l:xmnces." Each pair of reflections would result in a net fractional 

momentum gain ~p , proportional to the difference in velocities of the 

two waves,L'1v = v2-vl' That is, 

2L'1v 
u 

where u = the particle velocity 

The average gain in momentum before the particle escaped would be rela

ted to the number of reflections involved and thus to the transmission 

coefficients, ~l and ~ 2 ,of the two walls . If the mean number of reflec
-;w - L'1Vtions before escape is n, the average gain in momentum will be p- ~ nee-' 

The particles escaping through the leading shock wave will follow the 

magnetic field lines and will be observed as an intensity increase with 

variational spectrum given by 

1'1J 5 5 n L'1V sin e . (5 . 2)J - 0 c 

The total increase observed will be the sum of the amplitudes pre-

dieted by equations 5.1 and 5.2. That is, 

(5.3) 

It is shown in Appendix 3 that 
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(5.4) 

It is observed that n increases very rapidly with decreasing t ransmis 

sion probability: for instance, n ~ 2, 3 and 9 for W= 0 . 3, 0 . 2 and 

0,1 respectively , These are the transmission coefficients estimated by 

Parker (1963) to be appropriate for the various blast wave parameters 

(cf . Chapter 2, 4). 

From the apparent travel times of the two shock waves, the veloci

ties are V l ~ 400 krn/s and v2 ~ 500 kmVs. Substituting these values 

and n ~ 5 into equation 5.3, one obtains ~J z 1. 2% which is close to the 

observed intensity . While rough agreement is observed, it should be 

noted that in the derivation of n, it was assumed that the reflection 

probability was the same for each of the shock fronts. This is probably 

not the case since the very fact that they were traveling at different 

speeds implies that the magnetic field configurations in the respective 

shock fronts differed. Further, the contribution due to the enhanced 

density of the CR population between the shock waves has not been con

sidered. An estimate of this contributi on can be made by noting that 
t:.Jthe net flux of particles across the leading boundary will be ~ ~ 
o 

to the isotropic part i cle intens i ty 
(J . -J )oinside and outside the volume respectively. From observation, --.;Jr-...

o 

N 1% so that ¥;v 0, 2% which is sma1l compared to the contribution due 
o 

to the acceleration process . 

A final point worth not i ng is that the accelerat i on mechanism 

described will become a decelerat i on mechani sm if the leading surface 

is moving faster than the trai l i ng surface ~V i > V2)' In fact by letting 

V2 = 0, the change in intensity behind the surface due to this 
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deceleration mechanism has a ~ dependence which is the same as that cal

culated more rigorously by Parker (1963) for a single blast wave. 

5.3.2 Onset Phase 

The FD onset is first observed in the morphoplots at 0900 UT as a 

~% decrease in intensity from directions about 450 east of the E-S line. 

The first stage of the onset lasted until about 1800 UT. During this 

period the maximum depression was observed from directions 45 0 to 1350 

east of the E-S line. Directions between 1200 and 1500 west of the E-S 

line were the last to experience the decrease, following a delay of some 

4 hours. Reference to figures 5.10 and 5.11 shows that the intensity 

reduction experienced by McMUrdo was somewhat less than that of Alert 

until about 2100 UT. The first stage of the onset will now be examined 

in terms of bottle and blast wave models respectively. 

There is one fact that is cornmon to both models. The depression 

in intensity will develop anisotropically, at least until the edge of 

the enveloping field is beyond two particle gyroradii from the earth. 

For a uniform field of 20 y, this distance corresponds to (1-10)0106 krn 

for particles with rigidity 3-30 GV. The time interval for passage of 

the edge of the field (traveling at v ~ 500 km/s) beyond the earth by 

this amount would be 0.6-6 hours for the two cases. Direction of the 

predicted anisotropies would be quite different for the two models, 

however. 

5.3.2.1 	 The Magnetic Bottle 

Consider the head-on envelopment of the earth by the front of a 

uniform magnetic bottle field configuration, with magnetic field vector 
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Bdirected parallel to the geomagnet ic dipole . Further, conside r CR 

incident upon the configuration from directions perpendicular to B. 
As the earth moves into the field, an expanding cone of directions 

becomes inaccessible to the earth. Initially, only directions 90° to 

the east of the E-S line are deficient of particles. When the earth is 

one particle gyroradius within the bottle, all directions east of the 

E-S line are inaccessible to CR from outside the configuration. When 

the edge of the field is two gyroradii beyond the earth, all directions 

of entry are forbidden, and the particles detected are those that al

ready existed within the bottle . If Bwere reversed, the same argument 

would hold only with directions inverted from east to west. It is 

important to note that no anisotropy would be observed parallel to B. 
Therefore, if the field lines were oriented parallel to the ecliptic 

plane, a north-south anisotropy would be observed, but no east-west 

anisotropy could be detected. 

The argument can be generalized, of course, to include anisotropies 

from any direction simply by reorienting B. Cursory examination of the 

morphoplots would seem to indicate support for the bottle mechanism 

with the orientation of Bfirst suggested. 

Analysis of the intensity decrease recorded during onset is more 

complicated than this discussion implies, however, since the whole 

spectrum of rigidities, both from outside and inside the bottle, must 

be considered. An estimate of the expected amplitudes may be obtained 

if some simplifying assumptions are made. 

Let the i sotropic CR spectrum outside the bottle be JoeR) and that 

within the bottle be J(R) • J (R) [1 - ~~ml]. Consider the earth too 

be a distance "d" within the boundary of a radially expanding bottle 
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in which Bis perpendicular to the equatorial plane (in the same sense 

as the geomagnetic dipole) as described earlier , The rigidity Rd of a 

particle with gyro radius p will be defined by l etting d = p . Assume now 

that all part icles i nside the bottle wi th trajectories that do not 

intersect the boundary are representative of the spectrum J(R) , while 

trajectories that do intersect the boundary are either devoid of 

particles or are filled with particles representative of the spectrum 

Jo(R) , The situation described is depicted in figure 5.12. On the 

basis of these asumptions one may predict the following characteristics , 

(i) Particles of all rigidities sampled from the 1800 direction 

will have spectrum J(R) , The observed amplitude will therefore be 

~N 'It ~J(R). W (R) dR 
= No = J J 0 (R) 0 • , 

Rth 
where 

~N 
~ = full decrease amplitude, and 

o 

Wo(R) = coupling coefficient. 

~N 
Thus ~800 will be constant in time . 

o 

(ii) The CR intensity will be the same for the 1200 and 2400 direc

tions. The spectra observed will depend on the rigidity. That is, 

J(R<R ) = J(R) , andd


J CR>Rd) = J 0 (R) 


The observed amplitude will be, therefore, 

• (5.5) 
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Since Rd ex: d ex: t, the amplitude will approach ~N with increasing time 
o 

It I. 

(iii) The CR spectrum sampled in the 0600 direction will also be 

dependent upon rigidity , That is, 

R 

J(R ~~) = J(R), and 


R 

J(R> 2d) = Jo(R) , 


Therefore the observed amplitude will be 

Rd 

6N
0600 J2 LJJ • W (R) .= dR, (5.6)N J 0 

0 oRth 

which is a function of time. 

The estimated rigidity dependence for the CR within the magnetic 

R- 1bottle IS ' J6J (cf. Chapter 2.4) , Substituting this dependenceex 

into equatIons (5.5) and (5 , 6) and performing the integration, the 

amplitude as a function of Rd, and therefore d, is obtained. For 

v = 500 km/s, and with B, t and Rd measured In units of gamma, hours 

and QJ respectively, one has Rd '" S·t·B . The fractional intensity 

decrease, ~(t) / ~N, is plotted as a function of time in fi ,lrt_ue 5,13 
o 0 

for each of the four directions. The solid lines refer to B '" 20y 

whIle the dotted lines are for B = lay . Shown for comparison are dashed 

lines representing the observed onset amplitudes from the 1800 and 0600 

directions, as functions of time subsequent to 1000 UT , 

Clearly the observed rates of onset are too low to be ascribed to 

the mechanism presented, unless the magnetic field within the bottle 

were reduced to nearly the same values as the outside f i eld. This, 
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however, would introduce difficulties in the recovery phase since the 

filling mechanism requires a strong magnetic field gradient to produce 

the necessary drift velocity (cf. Chapter 2.4). 

Another difficulty with the magnetic bottle model is that it pre

dicts isotropy following the onset phase. This problem could be over
+ 

come, however, if there were a strong field gradient ( V I~~ 1 ~10-7 km-l) 

in the radial direction. This would produce particle drift from the 

0600 direction and create the observed anisotropy. 

The strongest argument against the bottle mechanism is the observa

tion by Rao, et al. (1967) of a strongly collimated beam of solar pro

tons moving in the ecliptic plane in a direction coincident with the 

spiral field lines. The observation referred to occurred at about 1500 

UT (after correction for the satellite-earth travel time of the field). 

This evidence coupled with the previous arguments is unfavourable 

to a magnetic bottle mechanism. A similar conclusion was reached by Rao, 

et al. (1967) from considerations of the unidirectional flux of solar 

protons observed behind the boundary. 

5.3.2.2 The Blast Wave 

The magnetic field configuration in the blast wave model is dis 

played in figure 2.8. Since the field lines are mainly parallel to the 

ecliptic plane, one should observe, according to the preceding arguments, 

a large onset anisotropy from directions perpendicular to the ecliptic 

plane. Additionally, there should be a net CR flux, due to the trans

mitted particles, oriented along the field lines behind the shock front . 

Since the CR intensity behind the blast wave is depressed, the net flow 

of particles would be from east to west. This is precisely opposite to 
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the observed flow as shown in figure 5.11 by the vector D. From this e 

evidence alone it is clear that the simple symmetrical blast wave can

not produce the onset characteristics observed in this event. 

Despite these arguments, the abrupt change of D at 1800 UT suge 

gests the passage across the earth of some sort of front with thickness 

l ~ [500 km/s • 8 hours] ~ 1.5 • 107 km. In order to produce the 

observed anisotropy, the condition of spherical symmetry must be 

dropped. Two possible field configurations will be considered in the 

following discussion: (i) ordered fields, and (ii) ordered fields with 

some inhomogeneities superimposed. 

(i) Consider the situation where the shock wave is driven by a 

narrow cone of enhanced plasma, of half-angle ~30o. Assume that the 

fields within the shock wave remain ordered in the same manner as the 

symmetric case. This would have two effects. 

(a) In the ecliptic plane the field would be strengthened on the 

leading edge (western edge as seen from the earth) and diminished on 

the trailing edge owing to the asymmetrical interaction with the spiral 

field in front of the shock. This is the suggestion advanced by 

Haurwitz, et al. (1965) to explain certain solar proton phenomena (cf. 

Chapter Two). The magnetic field gradient produced will be referred to 

as V~IBI. 

(b) There would be a strong gradient in the magnetic field perpendi

cular to the ecliptic plane, VeIBI, the field diminishing away from the 

axis of symmetry of the blast wave. This will be referred to as the 

meridional gradient. 

The meridional gradient in Bwould cause the particles to drift in 

the direction specified (B x VeIBI). Since B is directed at a sharp 
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angle to the E-S line, the drift velocity would be from the 1200-1500 

direction as shown in figure 5. l4.a. The net flux in the ecliptic 

plane, F , is due to the sum of the contributions from drift, Fd , and n

from the transmission of particles, Ft,along the field lines from a region 

of greater to lesser CR density. Since the sum of these two con

tributions would be directed approximately toward the sun, it appears 

that strictly ordered fields cannot produce the observed anisotropy. 

(ii) Consider the region behind the shock front to consist of 

ordered fields superimposed upon which there are scattering centres. 

The latter are distributed such that guiding centre motion obtains for 

particles between scatters. The gradient drift would still occur and, 

in addition, the outward motion of the scattering centres would produce 

a convection drift, Fc' 

The net flux, F , would be the vector sum of the three contribun

tions as shown in figure 5.l4.b. That is, Fn = Fc + Fd + Ft' 

It is important to note that the absence of a radial component in 

the flux is formally equivalent to the situation where the transmission 

coefficient W= O. This condition was applied by Parker (1963) to the 

magnetic bottle mechanism (cf. Chapter 2.4) and the resulting spectrum 

was shown to vary inversely with rigidity. 

While this analysis shows that a net flux directed to the east of 

the E-S line is possible under the conditions described, it is doubtful 

that the observed amplitude could be reproduced, especially if the 

field lines were at a very large angle to the E-S line as in the case 

displayed in figure 2.8.a. Further, as mentioned in section 5. 2.3, net 

fluxes caused by drift mechanisms should show a sinusoidal intensity 

variation with respect to the isotropic intensity levels. The 
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distribution observed on the morphoplots between 1100 and 1700 UT 

appears to be asyrrnnetrically peaked. Thi s asyrrnnetry could be produced 

if the field lines were attached to a region of reduced CR intensity , 

A field line sampled at a distance "t" within the blast wave, and 

inclined at angle "s" to the E-S line, would pass through the shock 

front a distance "d" to the east of the earth, where d = t·tanS. 

Letting S = 85°, and t = 5.106 km, one obtains d ~ 0.3 AU, which is 

close to the trailing edge of the blast wave where the magnetic field 

is expected to be reduced in strength. 

This region should be populated by particles which have drifted 

out of the volume behind the blast wave, because of the meridional 

field gradient. Only those particles with very low pitch angles would 

be expected to leave the region owing to the increase in field strength 

upon entering the blast wave . The situation sketched is highly specu

lative but offers perhaps the best solution to the problem of the onset 

anisotropy. 

The second part of the onset period, beginning about 1900 UT, is 

characterised by a further decrease from directions about 30° -60° east 

of the E-S line and from above the ecliptic plane, while the intensity 

appears to increase for a short time from the anti-sun direction, and 

then to return to its former level . The intensity observed from below 

the equatorial plane, on the other hand experiences an increase of the 

same magnitude as the decrease shown by Alert. 

Consider first the intensities recorded perpendicular to the 

ecliptic plane. The syrrnnetrical increase-decrease observed is charac

teristic of particle drift. Further, the solar proton anisotropies 

observed by Rao, et al (1967) indicate that the magnetic field at the 
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time was oriented close to the ecliptic plane and somewhat inclined to 

the E-S line. The source of the drift in this case would be the magne 

tic field gradient in the azimuthal direction as noted above in subsec

tion (a). That is, with Bdirected away from the sun and 9¢ IBI directed 

west of the E-S line, the maximum flux would occur from below the eclip

tic plane as observed. 

Similarly the anisotropy within the ecliptic plane can be partially 

explained as suggested earlier in subsection (b) . The meridional field 

gradient, ge1BI, will produce a particle drift in the direction 

(B x ge1BI) which is perpendicular to the magnetic field lines as 

observed in figure 5.11 for the period between 2200 on day 82 and 0400 

on day 83. 

5. 3.2.3 Summary 

The preceding discussion suggests that the onset of the March FD 

may be produced by a modified blast wave, the features of which are 

listed below. 

(i) The blast wave was relatively narrow and interacted with the 

spiral field ahead of it to produce an asymmetrical field configuration , 

(ii) The leading lateral edge of the co-rotating blast wave had 

associated with it an enhanced field while the trailing edge had a 

diminished field. There was therefore an azimuthal magnetic field 

gradient existing in the ecliptic plane, approximately perpendicular 

to the E-S line. 

(iii) Since the propagation axis of the blast wave was above the 

ecliptic plane, a magnetic field gradient existed in the meridional 

direction. 
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(iv) Behind the shock front the field lines were kinked as in the 

usual blast wave model. In addition there were magnetic inhomogeneities 

superir~osed upon the regular fields . These scattering centres were 

sufficiently separated that particles experienced guiding centre motion 

between encounters. 

(v) The outward motion of the scattering centre frame of reference 

superimposed a convective drift upon the particles while the meridional 

field gradient produced a drift perpendicular to the field lines. In 

addition there was a net particle transmission inward along the field 

lines. 

(vi) The resultant anisotropy appeared as an enhanced intensity 

depression from about goo east of the E-S line. 

(vii) As the earth emerged from the back of the blast wave, the azi

muthal and meridional magnetic field gradients produced particle drifts 

in mutually perpendicular directions with respect to the field lines. 

(viii) Since the net transmission coefficient was zero, application 

of Parker's (1963) development for a magnetic bottle should produce a 

variational spectrum for the CR behind the blast wave which varies 

inversely with rigidity and time. 

(ix) The sense of the magnetic gradient drifts is dependent upon 

the direction of B. In this case Bwas assumed to be directed outward. 

There should be as many instances of Bdirected inward as outward so 

that another FD onset, identical in every other respect, may appear 

quite different from that of March 23 , 

(x) An alternative suggestion was invoked to explain the magnitude 

and asymmetry of the intensity decrease from east of the E-S line. It 

held that the sharply inclined, regular field lines were connected to 
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the region in the traIl Ing edge of the blast wave . Within this region 

the CR population was held to be representative of that behind the 

blast wave. 

5.3.3 Main phase 

The main phase refers to the period from day 83 to 87 during whi ch 

time several sc's occurred wIth attendant CR changes. 

During the first 12 hours of the period, the minimum intensity within 

the ecliptic plane remained approximately constant in magni tude and 

phase being directed along or slightly west of the E-S line.* The 

distribution was approximately sinusoidal, the maximum occurring about 

1600 + 200 east of the E-S line . A slow intensity recovery (about 1% 

increase) was experienced in this direction. During the same interval, 

the anisotropy that had existed perpendicular to the ecliptic plane 

gradually vanished (at about 1200, day 83) and was then re-established. 

Over the peri od described, the magnetic field direction implied by the 

solar proton data of Rao, et al e (1 967) was almost identical to that 

shown by the D vectors (after 1400 UT).e 

At 2337, a sc, initiated by a central meridian flare, was associa

ted with a change from anisotropy to isotropy in the ecl iptic plane, 

and an intensity increase from below the ecliptic. The general level 

of intensity was observed to increase i n al l directions except from 

above the ecliptic plane . 

Consider the period surrounding 1200 UT on day 83, when the 

anisotropy from directions perpendicul ar to the eclipt ic plane, 

*On the morphoplots and the subsequent diagrams, the representa 
tion shows a double peaked distribution between times 0800 and 1400 UT e 
The effect may be spurious since there is not good internal consistency 
at the time. 
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is observed to decrease, go through a mini mum and then increase 

again . In the preceding section i t was suggested that the origin 

of this anisotropy was the azimuthal field gradient. On this basis i t 

would appear that a region in which the field gradient reached a mini

mum was swept across the earth. The D3 profi le therefore provides a 

means of mapping the relative field strength across the "stream" behind 

the blast wave. 

The direction of the anisotropy in the ecliptic is more difficult 

to explain satisfactorily. First it is noted that the dri ft produced 

by the meridional field gradient disappeared. This might be due either 

to reduction of t he gradient, or to the production of an equal and 

opposite drift. The latter could occur by means of the ordinary co

rotation mechanism suggested by Ahluwalia and Dessler (1962). 

There is no obvious way of producing the observed anisotropy along 

the E-S line " This is illustrated by the following remarks. 

(i) All drift mechanisms would produce anisotropies perpendicular 

to B. 

(ii) Acceleration or deceleration of part i cles due to reflection 

from the advancing or receding shock waves would produce anisotropies 

opposed to those observed. This also appl ies to the convection of CR 

by magnetic field irregularities. 

(iii) Field lines connected to the region behind the advancing wave 

would sample an enhanced CR population since an increase is observed 

following the sc at the end of day 83. Similarly, field l ines connec 

ted to the rear of the receding wave would sample a reduced CR 

population. 

It would appear necessary to invoke some condition such as the 
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acceleration and ejection of particles in the receding blast wave, or 

the connection of field lines into a region of depressed CR intensity. 

The other possibility is that Rao, et al. (1967) have misinterpre

ted their results, in which case field lines might, in fact, have been 

inclined significantly to the E-S line. 

In association with the sc at 2337 UT, the CR intensity was 

observed to increase. In section 5.3.1 it has been suggested that an 

increase might be observed in a volume bounded by two shock waves if 

the latter were overtaking the former. Since the travel times of the 

two candidate shock waves are identical in this case, this mechanism 

cannot be invoked to explain the increase. 

It is pertinent to note that the sc and si were separated in time 

by only 13 hours. Parker (1963), discussing the occurrence of multiple 

shock waves, has pointed out that there may be considerable magnetic 

turbulence associated with the region of interaction. This is suppor

ted by the observation that the CR intensity is isotropic in the 

equatorial plane. On the other hand, there is a very strong anisotropy 

observed perpendicular to the equatorial plane (cf. figure 5.10) during 

the time between the sc and si. If scattering centres were homogeneously 

distributed in all directions it would require a very large CR gradient 

perpendicular to the ecliptic plane to produce the observed anisotropy. 

That this is so can be seen by the rapidity with which isotropy is 

achieved upon passing across the transition; the time scale, ~ 2 hours, 

6suggests that the mean free path must be ~10 km (400 km/s x 1 hour). 

Placing this value into the time-independent diffusion equation [Parker 

(1963)] one obtains a CR density gradient k~~ ~lOO%/radian. The 

strength of the CR gradient required would be reduced if the diffusion 
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coeffiCJ.ent \\Te r e great er 111 the C11 rcctlon pcrpendl ul ar to t he e--.: J ipt lC 

pl;;me than paralleJ to it , 

The charact eri.s tics of the initial portion of the main phase are 

summarized below. 

(i) The transition associated with the sc on day 83 effectively 

separated regions of higher and lower CR intensity , 

(ii) The region in front of the transit10n surface showed aniso

tropies directed such that they seem inexplicable on the basis of drift, 

albedo or convection mechanisms. 

(iii) Behind the surface, CR diffusion may playa major role but the 

conditions required to produce the observed anisotropy seem rather 

unrealistic . 

During the subsequent portion of the main phase, two scls and two 

sits occurred. Each had a small CR decrease associated with it. The 

flares responsible were located increasingly to the west of the solar 

central meridian (cf. figure 4.2). 

The first of the sc's occurred at 1225 UT on day 84 and was associa

ted with a large flare located 10° west of the sol ar central meridian. 

The same flare was responsible for the intense flux of solar protons 

detected by McCracken, et a1. (1967) and described i n Chapter 4. 3, This 

infers that the flare was more energetic than its neIghbour of 

comparable size. 

The decrease reached its minimum (about 2% below the pre-exist ing 

level) in about 3 hours. There was some indicat i on that the onset was 

observed first from east of the E-S line l~%-l%) but i ncons is tencies 
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in the morphoplo t s prevent pos I t ive i dent ification. At the same time 

there was an ani sotropy perpendicular to the equatorial plane which 

decreased during the onset and subsequently reversed direction . 

During the following few hours an ani sotropy developed which init ial l y 

had De directed almost in the anti- sun direct ion . Thereafter, De was 

directed about 1350 west of the E-S line for some 15 hours , during 

which time the peak-to-peak amplItude maintained a consistent value 

close to 1 . 5% 0 These features are illustrated most graphically in 

figure 5, 11 . If the magnetic f i eld were directed outward, the merIdio 

nal field drift mechani sm described earlier would produce a drift i n 

the di rection opposite to that observed . To correct this would require 

reversal of Bas a necessary condition . On the other hand, if the 

large scale field contained small scale irregularities, there would be 

a co-rotation drift directed perpendicular to the field lines in the 

direction of motion, and a convect i on drift in the radial direction 

caused by superposition of the average scattering centre motion upon 

that of the CR, The direction of flow In thi s case would be indepen

dent of the sign of 
4

B. It should be noted that this constitutes a 

non-equilibrium situat ion since the outward convection should establish 

a CR gradi ent. Particles would therefore be expected to diffuse in

wards along the field lines in an attempt to balance the gradient . 

If the si occurrence of day 84 had been produced by the passage 

of a shock front (of the A = 1 type) across the earth, one would 

expect to see a dramatic change in De as the earth emerged from the 

rear of the blast wave 0 This was not observed . On the other hand, 

this si may have represented the emergence of the earth from the back 

of the blast wave. Noting that the directIon of De represents a flow 
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of particles into the blast wave from the rear, and recalling from the 

previous section that the flow of particles in the region beyond the 

shock front was likewise toward the wave, a possible solution to the 

problem of the enhanced CR intensity is provided. If a region of 

rarified but disordered magnetic field were produced in the blast wave, 

passage of particles into the region would occur for particles with low 

pitch angles. Any scattering experienced by a particle would increase 

its pitch angle so that upon re-entering the region of increased magne

tic field it would be reflected. Only when the particle experienced 

fortuitous scattering, such that its pitch angle was again decreased, 

could it leave the "trap." The observed increase would be governed 

by the extent and time dependence of the rarified field. 

Since there is no net transmission of particles through such a 

blast wave into the region behind, the intensity recorded there would 

exhibit no recovery except for that provided by particle drift into 

the sides. 

The passage across the earth of the region associated with the sc

si pair (at 0958 and 1242 UT respectively) produced only a small (rv~) 

reduction in the general CR intensity level, and did not change greatly 

the amplitude or direction of the anisotropy. However, about 4 hours 

after the si, the anisotropy suddenly doubled in magnitude for only 3 

hours after which it decayed rapidly to a condition approaching isotropy 

in all directions. It is not apparent whether the anisotropy represen

ted an increase superimposed upon a generally declining, isotropic CR 

intensity, or a symmetrical variation about an isotropic level constant 

in time. From the position of the isotropic intensity level following 

the decay of the anisotropy it would appear that the latter is the case. 
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This being so, it would indi cate that a combination of the various drift 

mechanisms was responsible . 

On day 86, D3 was observed to i ncrease, prior to the sc. Assuming 

the azimuthal field gradient to be responsible requi res that Bshould be 

directed inwards . According to figure 5010, the change in direct i on 

would have occurred sometime between 1800 on day 84 and 1800 on day 85 0 

If the azimuthal gradient were always directed i n the same way-- that i s, 

opposite to the motion of the magnetic lines of force--then it would 

indicate that Breversed directions again between days 91 and 96 , 

Following the sc on day 86 the general intens i ty level was depres 

sed over a l2-hour period by an addit i onal 1 , 5 ~ . The onset proceeded 

anisotropically, the greatest reduction at all times being observed 

from the solar direction . During this period, a large anisotropy 

developed in the north-south direction , The flare or flares responsible 

for the sc and subsequent decrease were located about 60° west of the 

solar central meridian . 

If the portion of the blast wave being sampled were the t railing 

edge, the azimuthal field gr adient, and therefore the anisotropy per 

pendicular to the ecliptic plane, would be enhanced . 

5, 3.4 The Recovery Phase 

The recovery phase began about 12 hours after the onset of the 

small decrease op day 86 . Reference to figu res 5, 9-5 .11 reveals the 

following characteristics displayed by the recovery phase. 

(i) The intensity does not appear to have i ncreased i sotropically . 

That is, the rate of recovery varied with direct i ono This was a 

http:5,9-5.11
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consequence , apparently , of the large drift anIsotroples di rected mainly 

toward 900 4Sc west of the E- S lIne . T 

(ii) The intensity recovery di d not proceed monotonically from any 

given direction over long periods of t ime . 

(iii) 	The recovery profiles show two distmctive modes of mcrease: 

(a) Over per iods of 1-3 days the intensity may increase smoothly 

with time in linear or exponential fashion , This is i llustrated in 

figure 5. 11 by the 0600 profile between days 88 and 90 , 

(b) The intensity level may remain approximately constant for 

several days and then increase within a few hours to a new level , This 

is exemplified most dramatically in all profiles by the sudden increase 

on day 91. 

(iv) The general CR level appears to recover rapidly from days 88 

to 90 and thereafter more slowly . ThIS is illustrated more clearly in 

the mean direct i onal profi les displayed In figure 4 , 5. As pointed out 

in that chapter, an exponential funct i on, exp C-! ) , with - rv 4-7 days
1 

Tcould 	be fitted to this port ion of the recovery profI le . For t <. 2' 
t texp (- T") ~ [1 - ::. J, This is the form of recovery predicted for Parker's 

spherical blast wave model (cf. Chapter 2,4) , 

(v) On day 91, a large increase in amplItude (~ 3%) was observed 

from ~ 90° east of the E-S line, in association with an east limb solar 

flare. Apparently the leading edge of the shock wave co-rotated across 

the earth producing a convective anisotropy , It also served as a 

boundary preventi ng the flow of partIcles f rom a region of higher to 

lower dens ity . 

(vi) On day 96 a sc was observed in association with a flare of 

importance 2B. Al though the flare was no t far from the central meridian, 
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the shock wave produced was unable to create a significant depression 

in the CR. 

(vii) Large anisotropies (1%-2%) in the equatorial plane and/or per

pendicular to it were characteristic of much of the period. The 

direction of particle flow in all such cases was from east to west. 

This is similar to the normal diurnal variation except that the ampli

tude is often greater by a factor of two. 

(viii) Rapid changes in the amplitudes of the anisotropies often 

occurred. These changes were frequently unassociated with geomagnetic 

disturbances. 
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Chapter Six 

Conclusion 

A method of analysis has been developed for representation of the 

cosmic radiation intensity as a separable function of time and direc 

tion. The representation is achieved through use of the hourly data 

from a network of selected high latitude super neutron monitors. 

Directional response characteristics were calculated for various 

neutron monitor stations and their applicability for the study of 

temporal and spatial cosmic ray variations was discussed . Stations 

which have narrow cones of acceptance and which respond equivalently 

to a given intensity spectrum were selected . The data from these 

stations, filtered to reduce spurious fluctuations, were combined to 

produce a graphical representation of the cosmic radiation intensity 

as a continuous function of direction within the equatorial plane at 

hourly intervals . The intensity observed from directions perpendicu

lar to the equatorial plane were also included on these diagrams . 

Resolution varies with the direction being viewed and the reliability 

of the data. Under favourable circumstances, intensity fluctuat ions 

with time scales less than two hours and separated spatially by about 

30°, may be resolved to within ~% , 

The method was applied to the Forbush decrease of March 23, 1966 . 

Significant features of the pre-onset, onset, main, and recovery phases 

were described from a phenomenological point of view. Some of the more 

notable observations follow. 

(i) During the pre-onset period the isotropic intens ity level was 
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depressed but had superimposed upon it an anisotropy with maximum 

directed outward along the spiral field l ines. 

(ii) The onset of the decrease was experi enced first by cosmic 

radiation incident from directions east of the earth-sun line , This is 

in direct contrast to the western onset directions reported for pre

vious decreases. 

(iii) Following the onset period, a series of sc's occurred in 

association with large anisotropies (0 , 5%-2.5%) both in the equatorial 

plane and perpendicular to it , Magnitudes were observed to change 

significantly (-- 1%) over periods as short as four hours , The direc

tions of the anisotropies were observed to reverse on several occasions, 

within and perpendicular to the equatorial plane , 

(iv) The recovery phase was also characterised by strong anisotropies. 

These however exhibited maxima directed predominantly from east of the 

earth-sun line . 

(v) On two occasions the cosmic ray intensity was observed to 

increase following a sc , 

Attempts were made to ascertain the physical s i gnificance of the 

various observations. It was concluded that neither a magnetic bottle 

nor a spherical blast wave could be responsible for the characteristics 

of the onset period. An asymmetrical blast wave proved to be a marginally 

acceptable alternative . 

Anisotropies were attributed in some cases to dr i ft mec~anisms pro 

duced by magnetic field gradients or convection. In other cases the 

acceleration of particles between approaching shock waves was invoked, 

One set of observations led to the suggest ion of trapping of cosmic 

radiation in a region of rarified magnetic field , 
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Appendix One 

Calculation of the Longitude and Lati tude Response Coefficients 

In this appendix the longitude and latitude coefficients, as 

defined in Chapter Three, are tabulated. For the sake of completeness, the 

pertinent parts of the method developed by Rao, et al. (1962) are also 

presented. The terminology and symbols used are mainly identical to 

those used by these authors. However, one alteration in nomenclature 

is made. What Rao, et al. (1962) term as the variational coefficient 

is here defined as the directional response function, since they later 

tabulate (cf. McCracken, et al. (1965) ) the equivalent of the longitude 

response coefficients convolved with a latitude cosine term and refer 

to these too as variational coeffi ci ents. 

A.l The Method 

An arbitrary anisotropic flux of cosmi c radiation can be approxi

mated, to any degree of precision, by dividing the whole 4n of asympto

tic directions into small cones of solid angle ~., within each of which 
1 

the differential rig idity spectrum i s given by Ji(R) . The problem of 

obtaining the counting rate of a detector due to some anisotropy may 

then be solved by calculat i ng the count ing rate due to the flux Ji(R) 

from each of the solid angles ~ . . 
1 

Consider the zenith angle e and the azimuthal angle ~ which specify 

the direction of arrival of a cosmic ray particle at the top of the 

atmosphere. Furthermore, cons ider a cone dw(e ,~ ) of infinitesimal o 0 

size, whose direction is spec i f ied by (e o' ~o)' and wi thin which there 

are particles in the rigidi t y interval R to R+dR. Then according to 

Liouville's theorem, the flux of par ticles ar r i ving in dw(eo'~o) and 
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having come originally from directions within ~ . , will be J . (R), if the 
11-

rigidity 	"R" is accessible to dw from ~ . , and will be zero if it is 
1 

inaccessible. 

The counting rate oC(~ . ,R,e,~,x) at ground level which corresponds 
1 

to this flux is given by 

oc(ni,R,e,~,x) = J.(R) • T(R,e,~,x)dwdR
1 

= Ji(R) • S(R,x) • Z(e,~)dwdR, 

where T(R,e,~,x)is a characteristic of the atmosphere 

and is considered to be a separable 

function of rigidity and direction, 

S(R,x) 	 is the specific yield function and is 

defined for present purposes as the recorded 

response ' of a neutron monitor at atmos

pheric depth "x" to a unit flux of verti 

cally incident primaries of rigidity R, ano, 

z(e,ep) is a function of the path length of a 

particle incident with direction (e,ep). 

Upon integration over all directions of entry into the atmosphere, 

the counting rate due to particles of rigidity "R", accessible from n. , 
1 

IS given 	by 

(A.l. 1) 

where 

The variable "x" has been dropped from arguments for the sake of 

brevity, to be reintroduced where necessary. 

If one considers the special case of isotropic radiation, then the 
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primary intensity spectrum i s given by J (R), and n. may be r eplaced by o 1 


4n. Thus the total counting rate due to r i gidities in the range R to 


R+dR is given by 

liC(4 'IT,R) = Jo(R) • S(R) • Y(4n,R)dR. (A. L 2) 

For the sake of convenience the coupli ng constant, Wo(R) , defined 

by Dorman (1963), is introduced. Thus 

dNo I 
Wo(R) = dR . N ' (A.I.3) 

o 

where dN is the counting rate due to radiation in the rigidityo 

interval R to R+dR, ar.d 

NO is the total counting rate due to the spectrum Jo(R). 

Upon comparison of the definitions of liC in equation (A.I.2) and dN o 

in equation (A. I. 3)~ they are seen to be identical. Hence 

N • W (R)
o 0 


S(R) = Jo(R) • Y(4n,R) 


Substituting S(R) into equation (A.I.I), 

J . (R) Y(n . ,R) 
liC(n

1 
. ,R) = N 

0 • W(R) . J1CR) • Y(4~,R) dR . 
o 

In practice, J (R) i s taken as the average spectrum, "N " is the o 0 

corresponding detector counting rate, and W (R) the corresponding o 

coupling constant. 

The spectrum Ji(R) may then be written as 

where liJ . (R) is characteristic of the particular n . . 
1 1 

Upon integration over the whole range of rigidities, the fractional 

counting rate due to the directi ons within n. will be 
1 
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Y(o . ,R) 
1 (A. I. 4)Y(4n,R) dR • 

lIJ i (R) 
For an isotropic unmodulated spectrum, J (R) = 0, so that 

o 

(A. I. 5) 


where 
Y(R,O . ) 

Y' (R,O . ) 1 

1 = =-='Y..,.,CR=-,-::4...;;;1T......) 

If the modulated spectrum is assumed to be isotropic as was done in 

Chapter Three ,then the variational spectrum can be simply represented 

lIJ (R) _ • y ( . ( ) ) by J CR) - A R cf . equatIon 3.4 . After its substitution into 
o 

equation (A.l.4pne obtains the relative change observed by a detector 

due to primaries from within 0 . : 
1 

~ 
= A f W (R) • Y' (R,O . ) • RY • dR (A.I.6)

R 0 1 
. .e. 

= A • Q(y ,O . ) (A. I. 7)
1 

The quantities Q( y , o. ) are those that Rao, et al . (1962), refer to 
1 

as the variational coefficients . Setting y = 0, the direct i onal response 
oN (0 . ) 

function,defined in Chapter Three Ejust N 1 = A'Q(O, ni ), where norma 
o 

lization is achieved by requiring that A = 1, and 

~Q(O, o . ) = 100%. 
. 1 
1 lIN(O . ) 

In the case where y f 0, normal i zation of N 1 is accomplished 
o 

liNthrough division by the total ampl i tude of the variat i on, ~ , 
o 
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where 

(A. I. 8) 

The normalized directional response function for a modulated, isotropic 

spectrum is therefore given by 

Q(y,n . ) 
1= --:::--r-~ (A. I. 9)QSCY) 

oN (n . ) 
Letting y = 0, Q (O,n.) reduces, as expected, to N 1 n 1 

o 

The longitude (latitude) response coefficients are obtained by 

summing Q (y,n.) over all latitudes (longitudes). That is,n 1 

Q(y,n.)
1 

(A . LlO)= ~ ~(y) 
and 

Q(y,n . ) 

Qn(y,A) = ~ QsCY) . (A.L11) 

If the modulated spectrum is anisotropic, and it probably is, the 

problem can no longer be generalized. A form for the amplitude constant, 

'A. I, must then be included in the summation Q (y). This is the 
1 s 

approach taken by Rao, et al . (1962), as they assume a form appropriate 

to the diurnal variation. In this analysis the stations chosen have 

narrow acceptance cones (cf. Chapter Three) and it is assumed that across 

the region scanned by a detector, the anisotropy is constant. 
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A.2 Determination of Q(y,n . ) 
1 

In this section consideration is given to the practical aspects of 

deriving 

~ 
Q(y,n i ) = f Wo(R) • Y' (R,n . ) • RY • dR (A.l.lZ)

1 

R,t 

A.2.l Calculation of Y'(R,n .) 
1 

Y(R,O.) 

Y' (R,n.) 1 


1 = ~y"""(R""",....4-7T.....) 

Y(R,n.)
1To recapitulate, Y'(R,ni ) = Y(R,47T) corresponds to "that fraction 

of the hemisphere above the detector that is accessible from asymptotic 

directions included within ni for rigidities between R and R + dR." The 

determination of y'thus requires knowledge of the asymptotic directions 

for all the incident angles (8,~) described earlier . 

This is achieved by numerical integration of the equations of 

motion of a negative particle of given rigidity outwards through the 

geomagnetic field. When it is considered to be beyond the influence of 

the magnetosphere, the asymptotic direction is computed. The input 

parameters for the negative particle correspond to the location, the 

direction of arrival with respect to the zenith angle, and the rigidity 

of the positive particle incident at the top of the atmosphere. 

The trajectories for various locations have been computed by 

McCracken, et al. (1965), using the Finch and Leaton (1957) simulation 

of the geomagnetic field. The asymptotic directions corresponding to 

particles arriving from the vertical (8 = 0°) at Inuvik and Sulphur 

Mountain are shown in figure A.l . l (after Hatton and Carswell (1963)) 

for specific rigidities, the rigidity intervals 6R being chosen such 



8 = 32° 
o \ 

~-------------.---_____ ----l 

Figure A.l . 2: Solid Angles Corresponding to Certain 

Directions of Arrival . 
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that the directions do not change a great deal in going from one rigidi

ty to the next. 

Because of the restrictions of computer time, McCracken, et al. 

(1965), calculated the asymptotic directions corresponding to the nine 

directions of arrival specified by eo = 0°, 16°, 32° for the geomagnetic 

north, south, east and west (~ = 90° , 180°, 270°, 360°). The approxio 

mation was then made that if, for the rigidity interval ~Rk' a solid 

angle defined by (e + 8°, ~ + 45°), where e =-0°, is accessible from 
o - 0 - 0 

an asymptotic direction (~j' AI)' then it will be accessible from all 

the directions within n.. For e = 0 the approximation is made for the 
1 0 

solid angle defined by eo < 8°. An illustration of these solid angles 

is given in figure A.l.2. Rao, et al. (1962), have shown that the 

integral of Z(e,~) over each of these nine solid angles is approximately 

the same, and is nearly zero for 40° < eo < 90°. That is, 

8° 
Z(e,~)ded~ = constant,f Z(e,~)de = 

0° 

where 

~o = 90° , 180° , 270° , 360° (geomagnetic coordinates). 

Thus an acceptable estimate of Y(n. ,R) is the number of the above solid 
1 

angles that are accessible from ni for rigidities in the Rkth interval, 

while Y(4n,R) is the number that are available from all possible asympto

tic directions . Y(n" R)/Y(4n,R) will then correspond to Y(n . ,R)/9 
1 1 

except for rigidities near the cutoff region where some angles may be 

inaccessible from all directions . 

In the computation of Q(y, ni ) [cf . equation (A.l.12)J,integration 
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over the continuous rigidity spectrum is replaced by a summation pro

cess with respect to the Rkth rigidity centred in the interval 

Rk+l - Rk-l 
~Rk = 2 

such that Rk is a slowly varying function of the asymptotic direction. 

The quantity computed is 

Q(y,n i ) = ~ Wo(Rk) • Y'(ni,Rk) • R~ • ~Rk' (A.l.13) 

A.2.2 Calculation of the Coupling Constants 

The coupling constants, Wo(R,x~ were calculated from the differ

ential response curves obtained from Webber (1964), these being modified 

versions of those computed by Webber and Quenby (1959). 

To recapitulate, 

dN (R,x)1 o
Wo(R,x) = N Cx) dR o 

where 'x', the atmospheric depth, has been reintroduced into the 

argument. 

The differential response curves of Webber and Quenby (1959), were 

derived for the atmospheric depths x = 680 gm/cm2 and x = 1034 gm/cm2 

(sea level), from the results of a 1954 latitude survey. The portions 

of the curves beyond 15 GV were extrapolated, a power law function pro

viding a good fit for rigidities between 10 GV and 15 GV. 

In the present computations the upper rigidity limit was taken as 

200 GV, above which the contribution to the monitor rate is uncertain, 

but assumed small «15% at sea level) for a given threshold rigidity. 

Then N (x) can be calculated from o 



TABLE A.1.1 


The Different i al Response Curves 


Rk llRk 

dNem: (Rk x), 

(GV) (GV) x=1034 gm/cm2 x=898 gm/cm2 x=786 gm/cm2 x=680 gm/an2 

0 . 9 0.2 0.08 0.14 0.23 0.35 

1.5 1.0 1.13 1.87 2. 83 4.20 

2.5 1.0 3.72 5. 67 8.01 11.10 

3.5 1.0 5.95 8.72 11.91 16.00 

4. 5 1.0 7.50 10,65 14.18 18.60 

5.5 1.0 8.30 10 . 95 13.72 17.00 

6.5 1.0 8.05 10.13 12.22 14.60 

7.5 1.0 7.30 8.98 10.65 12.50 

8.5 1.0 6.50 7. 85 9.16 10.60 

9.5 1.0 5.60 6.73 7.81 9.00 

11.0 2.0 4.85 5.68 6.46 7.30 

13 .0 2.0 3.88 4. 47 5.02 5.60 

15.0 2.0 3. 25 3. 69 4.10 4.52 

17.0 2.0 2.75 3.08 3.39 3.70 

19 .0 2.0 2. 33 2. 59 2.81 3.05 . 

25.0 10.0 1. 57 1. 70 1.81 1. 92 

35.0 10.0 0.94 1.00 1.05 1.10 

45.0 10,0 0.64 0 . 67 0.70 0 . 72 

55.0 10.0 0 .47 0.49 0.50 0.52 

65.0 10.0 0,37 0 . 37 0.38 0.39 

75 .0 10.0 0.30 0 . 30 0 . 30 0 . 31 

85 .0 10.0 0 . 24 0 , 24 0,24 0.25 

95.0 10.0 0.21 0 . 21 0.21 0 . 21 

150.0 100 .0 0. 10 0 .10 0.10 0.10 

To face page 119 
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200 
dNo (R,x)

N (x) = --.-..-- • dR 
o 	 f dR 


R=Rth 


dNo(R,x) ] 

~ ~ dR R 


k 

dN (R,X)]
In table A.l.l, the values of Rk, ~Rk' and °dR are listed 

Rk 

for x = 1034 gm/cm2 (sea level), 898 gm/cm2 (Calgary), 786 gm/cm2 

(Sulphur Mountain), and 680 gm/cm2 • 

Differential response curves have not been derived for intermediate 

depths, so those for Calgary and Sulphur Mountain were obtained by 

interpolating between the two extremes. Since the count rate, N (x),, 	 0 

varies exponentially with depth x, it was arbitrarily assumed that the 

response curves do likewise, and interpolated quantites were calculated 

on this basis. It may be easily shown that 

Ix-680l 
t354jdNo(R,l034) /dNo(R,680) 

dR -----..dR....--

where x is the depth of the station of interest. 

The directional response functions for these stations do not depend 

greatly on the validity of the interpolation procedure . The differential 

response curves appropriate to 680 grn/cm2 and to sea level were also 
oNo (lji) 

used in the computation of . N for Sulphur Mountain and the results 
o 	 " 

did not differ significantly from those in which the interpolated curves 

were used . 

A. 2.3 Results 

A computer program, written in Fortran IV, was developed for the 
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determination of the directional response function,and the l011gitude and 

latitude response coefficients for any station. The program is quite 

flexible, permitting variation of modulation parameters y,~,R.e' and 

substitution of various differential response curves. Provision is made 

for the introduction of specific forms of the amplitude constant "A .". 
1 

Normalization is carried out within the program so that the output, for 

each station, consists of: 

(i) A matrix of Q (y,n.) values for all S° x S° cones which n 	 1 

contribute to the count rate. 

(ii) 	A vector, Qn(Y'~)' giving the normalized longitude 

response coefficients in S° intervals. 

(iii) 	A vector, Qn(y,A), giving the normalized latitude response 

coefficients in S° intervals. 

Computations of these quantit i es for a number of stations, and 

evaluated with various modulation input parameters,have been made and 

are available from the author upon request . The longitude response co

efficients, for the case of an unmodulated, isotropic spectrum are listed 

in table A. I. 2. 
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TABLE A.1.2 


Longitude Response Coefficients - Q(O,$)% 


o- s . 0 0.6 

5-10 . 6 0 . 2: 

10-15 . 9 0.1 


20- 25 1.4 


25-30 . 2 

30- 35 . 1 

35 -40 . 6 

40-45 .0 

45 - 50 . 2 

50- 55 . 5 

55 - 60 . 6 

60-65 .0 

65 - 70 . 7 

70-75 .0 

75 ~ 80 ' . 8 

t : I
1.4 iO. 1 2. 3 L2 0.5 , 0 . 7 , 0.3 0.0 0 . 8 2 .0 1.4 : 4.6 0 . 2 , 2 . 0 : 0 .8 0 .0 : 

1.3 ,, 

i 
: 

2,1 
I 

I 0 .7 ! 

10.,7 
! 

1°.. 0 
i

1..4 : 
I 

I L4 

0 . 7 

0 . 0 

0 . 7 

0 . 7 

,
I I 

0.5 0 . 9 1 0.3 1 OA l 0 . 0 0 . 8 0 . 6 
i 

' 0 .9 2. 1 I i 2.1 1 LO 0.4 0.0 0 . 3 

·0 . 50 . 9 3 . 2 : 0 . 4 0 .00.8 0.4 
i 

;0.0 ' 5 . 2 : 3 .7 0.0:0.0 : 1 . 3 

0 . 6 : 0 . 8 ; 2 . 9 ,i 2.0 0.50 . 3 ; 0 .2
,I I I 

0 . 9 : 0.2 ! 2.0 1 4 .0. 2 . 3: 0 . 8 i 0.4 ' 
I Iii:0 . 9 : 0.4 , 4 . 1 3 . 9 : 3.30.2 i L O 

0 .0 ' 0.3 ; 5. 4 \' 1.9 1 2. 80.3 : 0.4 : 
i I \ l 

0 . 3 i 0.4 15 . 4 ! 4. 8 !15 " 8 0 . 8 ) 2. 9 10 . 7 
j ! I! \! 
. 1. 3 !17 . 6 1 3.3 24 . 5 2 . 6 : 2 . 6 

1:0.2 112 . 5 1 5. 2 13.9 0.3 i 3.2 
1

5.5 , 4.7 !12.3 1 9 .7 0.0 ' 4 . 5 i 

2 . 7 2. 6 jl3.7 ; 7.4 10.0 i 3.3 i , ,. I . I 

1 3 . 5 4.5 t12 . 1 1 4 . 2Io.8 1 3. 6 i 
18.0 4 . 2 4 . 4 , 1.3 0 .0 6 . 5 I 

3.8 i 0 .0 

3.7 1.9 

4 . 4 . 1.4 

4.1 1.1 

2.9 0 .7 

5.2 0 . 5 

3 . 5 0 . 4 

7 . 2 0 .4 

L O 2.5 : I 
I I 'I 10 . 6 : 2 . 4 1 !3.2 ' i; ,
' :0.012 . 5 jO. 2 i 3.8\ I, 

I , 0. 5 !14 . 2 i iO.O 

! 0.2 116 . 9 
1 

io.o 
11.210 .4 110.0 1 ! 

0 .0 I 8 . 8 i !
I 
0.4 

1 0 .3 '11 . 6 ' '3.6 

0.2 :20.9 ,0 . 8 i 

1.112.40. 2 \ 
! 

0 . 415.6 io . 2 : 
, ! 

3. 3 : 8 . 6 i 
2. 3 : 9.1 i 

1 I 

3 . 4 : 6 . 5 i 

2. 9 : 3.4 1 

I 
0 .0 0.3 0 . 3 1 

0 .4 1. 2 0 .0 : 

1. 9 : 0.4 0.3 1 

0.0 : 0 . 0 I 
0 . 5 i 2. 0 

0 . 0 : 3 . 1 
I
0 . 3 

I 
5. 6 , I 

continued 

http:1.112.40
http:7.410.0i
http:4.7!12.31


Table A.l. L. contmued 

I 


~I 

~I

Q I 

I 

80- 85 p.O 


85- 90 p.o 


90- 950. 6 


95-100 1. 2 


100-105 1 . 2 


105-110 p .o 


110- 115 p eO 


115-120 0 . 0 


120-125 0.0 


125-130 0 .0 


130-135 0.7 


135-140 0.7 


140-145 0 . 0 


145-150 0 . 5 


150-155 0 . 0 


155-160 0 . 9 


160-165 0 ,0 


165-170 1.0 


170 ~ 175 LO 


STATION 


Q) 
CIS 
§ 
(/) 

, 

I 

, 0 , 6/ 

0.6 

i 

1° · 9 


I~ : ~ 0.71 

!0.3 I 

i 

1° . 0 

1° . 0 

10.4 0 . 6 

i 

0 . 2 : 

I 


i 

0.2 i 


i

0 . 5 : 

0 . 4 i
i 


i 

0 . 7 i 

0 .0 !1. 6 


1. 5 10.0 
! 

0 . 4 jO. 4 

0 . 7 1 

5. 6 


2.8 

4 . 4 1 

! 

1.6 ! 

I 


19'° 12.1 : 3. 3 :2.40.7 ,17.1 1°.5 ,
. 

3.4 0.5 


14 . 4 )1.6; 2.6 1.3 0.0 114.o,o.0 !5.1 0.6 

11.4 i1.3, 3.2 2.30.7 , 7.40 . ° 14 . 90.0 

I , I I


16 . 5 10 . 30.0 1.6 0 . 5 i 5.2 0 . 4 :2.3 0 . 9 
, I ' 

3.2 10.°12.00. 8 0 .0 1 4.4 10 . 0 12 . 3 

4.6 0.9i 1.3 1.5 0.8 3. 8 0 . 0 2.7 
i i 


0 . 9 0 . 3! 1 . 3 0.00.3 1 3.8 0 . 3 1.9 

1.9 0.61L3 0.5 0 . 6 i 2. 5 
0 . 2 3 . 9 

1 ! 

2. 30.010.60 . 4 0 . 6 ! 1 . 80.2 1 . 8 

I 
, I 

. 4
1.1 0 .0 : 2.4 0.3 0.4 ; 2. 0.2 2.2
! ! I 


0.3IO. 3!0 . 6 0 . 2 0 . 9 1 1.2 0 .0 2.4 

0 . 3 0 . 6 0.3 0.8 ! 0.5 0.8 1.3 
I ! 

0 . 31 1.1 0.0 0 . 8 \ 0 . 0 1.9 

I :0.0 0.8 0 .0 i 0.5 2.2


I i0.0 1. 81 0.0 
 0.7 

1.3' 1° . 5 1. 8 11.4 
0.6 

'I 1°.0 
2 . 0 1°. 9 


10.0 0.4 0.5 
 0.7 

0.0i :0.5 11.4 i 


1.7 

2.0 

3 . 9 


6 .0 

16 . 5 


27.5 
f-' 
N 
N11.6 

5 . 4 


2.5 

2.4 

1.5 

3. 7 


1.1 

1.5 

0 . 6 

0 . 8 

0.0 

0 .7 

0 .0 

1° · 2 \3.2 
0.8 10.9 !1.7 

0.010.2 11. 8 

0.3 10 .0 ,1.6 

I 

0.2 10 . 8 1.0 

i 0'01 0.9 
0.3 0.7 

~ 
; 

1.8 1.0 
i 

i 2.9 0 . 9 
I

! L1 0.0 
! 

1 

i 2. 1 0.3
i 


i 

i
, 1.6 

2 . 4 1.2 

0 . 8 

5.7 

21.3 

25.3 

13 . 2 


1 4.2 
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STATION 

175-180 0.4 

180-185 104 

185-190 0.3 

190-195 0 . 4 

~ 
<!) 
~ 
~ 
o 
u 

0.0 

0.0 

0.8 

2.0 
195-200 0 . 8 1. 4 

200-205 0.0 0 . 6 0 .0 2. 4 

205 -210 0 .0 0.1 0.8 2.3 

210-215 1.2 0.2 0 . 3 1.6 

215-220 0 .0 0 .2 0 . 5 7.0 

220-225 1.4 0 . 2 0 . 4 25 . 6 

225-230 p.O 0 .3 0 .0 22 . 1 :, 

230-235 1. 9 0 . 6 0 .0 13 .0 

235 -2400 .0 2.00. 5 6. 9 0 . 9 

240-245 0.5 2. 4 0.8 3.0 0 . 2 0.2 

2.50.50. 2 

204 1.2 0.5 0 . 8 

I~ 
~ 

<!) 
til 
o 
(3 

3.2 

5.5 

7.8 0.1 

.23.9 0.8 0.1 

1100 2. 1 0.1 

6. 6 3.0 0 .2 

6. 9 0 . 2 0 . 2 

5.7 2. 2 0.0 

3.6 ~.3 0 .0 

2.0 4. 2 0.2 

1.0 10.4 

0 . 534 .7 

0 .0 11. 9 

1.5 7.2 

0 . 6 4.1 

0 . 6 2.8 

245-250 101 2.7 0.3 

250-255 1.3 2.5 2. 6 

255-260 p.6
j 

3. 3 2.2 

260 265 0.6 ;13 .3 3. 2 
I 

265 ~ 270 1.8 120.4 2.3 

2.0 0 . 4 0 . 4 0.2 1. 1 0 .0 2. 4 

0 .0 1.2 0. 5 0 .4 0 .5 0.0 2. 3 

0 . 7 2,90.2 0 . 3 0 . 4 0 .0 0 . 5 

0.5 

0.0 

0.0 

0 . 5 

0 . 5 

0 .0 

0 . 5 

0 .0 

0 .0 

0 . 5 

I : 
I 
I .g
! ~ , <.
1 0 ,.... 

i ~ : ~ 
I JlS fl 

I 

~ , :::;: 

: 1.0' 
I , 
I i 

i 0.8 j 
! I 

I 1.01 

1 
104 

1 

0 . 81 
0 . 8! 

0 .01 
I 

~ : ~ ! 
0 .0 

0 . 6 

103 

0 . 9 

0 . 6 

3.01 

5·°12. 9, 

4.51 
11 . 91 

I 

I ' 

I ~:~ II 

,0.8 
101 0.0 

2.2 1 i , . 
2.5 1' o. 71 

I I3. 1
1 
0.01 

0 . 8i 0 .5 1 
I I 

CIS 
' n
I-t til o ' <!) 

+J ' ,.!o:; 
U ' ~ 

' n 'n> :=: 

0 . 5 

0.0 

0 . 4 

0.0 

0 . 8: 0 . 3 
, 

0 .010 .2 

0 .2 0.0 

1.2 1.5 

1.0 0 . 8 

0 . 8 

1. 61 0 .0 1 

0 . 60.71 0 .41 
0 .1 0 .010 . 5 0.8 

, 

0.3: 0 . 2 

0 . 2jO.0 

0.310 . 2 

101 0.0 

0 . 5 

0 . 7 

0 . 8 

2.4 

2.3 

0 .0 

2.3 

2.1 

3. 2 

5. 6 

9. 1 

0 . 3 0.010 . 3 
0 . 2 0.5 0 . 8 

0 .0 0 . 4 0 .0 

0 . 8 0.3 1.2 

0 .0 0 .2 1.0 

2. 5 0.2 0 . 9 

2.7 0 . 2 0 .0 

1. 8 0 .0 0.0 

1. 9 0.0 0 .0 

5. 3 0.8 1.6 

18 . 6 004 

117.3 0 . 7 

0 . 8 0 .0 

2. 8 0 .0 

2.1 0 . 8 

2. 9 

3.7 

4.1 

11.4 

22 . 3 

12.81 
cont inued 



Table A.1.2 continued 

STATION 

.j..J 
H1/10 <1> 
.-i 
.::t: 

~ . 3270-275 

275-280 p.5 

p . 9 280-285 

0.6285-290 

I.-i 
.-i 

Q ' M ~...c:: 
CIS U <1>

Ib() H .-i 
.-i .2 .-i 

CIS 0 u u u 

21.0 2.5 0 . 5 

6. 8 0 . 4 11.1 

708 23 . 8 0 . 3 

2. 8 25 . 2 0 . 4 

til 
CIS 
.-i 
.-i 

CIS 
t=l 

2 ,8 

3 ,3 

3. 3 

3. 0 

H 
<1> 
:>

' M 
0::: ~ 
0.. ~<1> 
<1> at=l 

1.0 004 

0.5 0 . 8 

3.0 0 . 8 

301 0.5 

I s:= ~ <1> 
1='1 .-i 

.j..J ~ <1> 
<1> H ' M Sotil 

I~ 20 H s ! :E 
<1>

::.:::I H , 
I 

0.0 0 .0 3.01 
0.5 0.0 1.6 

0.8 0.1 0.0 

0 . 6 0 . 3 0 . 5 

I 
i 

til 
"Ij 

<1> 
<1> 

.....:l 

g 

1"8' M 
.....:l 

§ 
til 

~ , 

i !i I
I 

I 0 
"Ij ~i H ' 

~ 
u 
til 

~ 

14.9 

4 . 8 

3.4 

502 

<1> 
.j..J 

~ 
.-i 
0 
til 
<1> 

0:: 

24.2 

13.2 

504 

3. 9 

I 
1 <1> 
I CIS<1> 

15 f @ 
~ U) 

0.8 

0.8 

0.0 

0 03 

. 
~I~ CIS , 

H 1='1 :

.2 <1> ! <1> 

'Q jP .-i 
.-i &~ 'M 

r-< ! 
i 

22.6 1 

I
0 . 5 

I
6.31 2.8 

i I7.8 : j 1.9 
I I 

3.1 , 2. 7 , 

I 
! 

CIS 
CIS ' M 
.-i ; H 

CIS : 0 
til ' .j..J 
o.. l u 
0.. j ' M ::> > 

19 . 9 

\6 . 3 

1 5. 5 
•
13.0 
I 

til 
<1> 
~ 
.-i 
' M 
;3: 

290-295 1.5 1.1 12 . 4 0.2 4 . 5 3.9 3. 6 0 . 3 0.1 0.4 3.3 3.0 0.2 0.01 3. 1 30 1 
295 -300 1.8 1.4 4. 7 0 . 8 5, 2 2. 5 3.1 0 . 4 0.2 0 . 3 1.0 0 .0 0 .0 1.5 1.5 0 . 5 

I 

300-305 308 1.9 3. 5 5,1 3. 9 2.9 4.7 0.0 0 02 1.3 2. 1 0.3 3.3 4 00 0 . 5 
305:'310 ~ . 1 2. 8 2. 8 6, 5 2.7 204 3. 7 0 01 0 03 004 1.6 0 .0 1.8 4. 8 11.4 
310-315 ~ . 1 0 .0 6, 6 10.7 2.7 1.9 0 . 1 0.0 0 . 5 0 . 7 0 .0 6.1 0 . 9 
315-320 ~ . 3 1.2 5, 9 24 . 7 2. 5 2.4 0 . 8 0 . 5 2. 8 0.4 15.6 0 . 5 
320-325 ~.O 0 .0 8 , 7 14 . 9 6. 3 2. 1 0 . 2 0.6 0 . 6 0 . 7 0 .0 15 . 8 0.0 
325-330 ~ . 9 0. 7 8. 0 16 . 7 ~3 . 6 2. 9 004 2. 4 1.6 0.0 0.8 5.2 0 . 5 
330-335 ~ . 5 0 . 5 5. 2 2. 9 23 . 7 12 . 5 0 . 7 0 .0 0 . 8 0 .0 0 .0 5.0 0 .0 
335-340 7.8 0.6 3. 0 1.4 8.9 23 . 1 0 . 5 0 . 8 0 . 4 0 . 5 0 .0 0 .0 2.9 0.0 
340-345 13.7 0 . 6 3. 5 2. 5 6. 3 17.9 0 . 9 0 . 4 0.4 0 . 4 0.0 1.3 4.1 1.1 0 . 3 

" 

345-350 ~.9 0 . 8 1. 8 2. 6 5. 7 12.6 0 . 2 0 . 5 0 . 8 0 . 5 0.5 1.0 1.5 1.1 O.S 0.3 
3S0~35S ~ o 6 0.0 1.9 0 . 5 7. 6 5. 3 0 . 5 0.4 0 . 3 0.7 0.3 0.7 3.4 1.7 0 . 4 0. 3 
3SS ~ 360 ~.6 0 . 1 0 .0 p . 6 0 . 3 0 .0 1.5 h . 7 0 . 8 0 . 2 1.1 0 .0 004 1.6 0.2 1 

; 
, 0 . 5 0 . 5 1.1 
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Appendix Two 

The Effec t of Filtering Upon Resolut ion 

A simple argument is presented in this Appendix to illustrate the 

loss of resolution expected upon application of the triangular shaped 

filter to the hourly data. 

It is noted first that the finite width of the detector response 

cone is equivalent to a spatial filter . For simplicity, it is assumed 

that the weighting function is triangular in shape with a total width 

of 45° so that 50% of the total count rate comes from the central 15° 

interval while 25% is contributed from each of the neighbouring direc

tions. Then the total count rate observed at time 'j' by a station 

whose median response direction is centred on the ith direction is 

N. . = ~ eN . 1 . + N. 1 . ) + ~ eN . .) . (A.2.l)
IJ 1- ,J 1 + ,J I,J 

In the matrix presented below, N .. repr esents 'true' intensity
IJ 

from the direction D. at time t .. 
1 J 

Dl Dz D3 D4 Ds • • • 
tl Nll NZ! N31 N4l NSI 

t z N12 N22 N32 N42 NS2 

t 3 N13 N23 N33 N43 NS3 

t4 N14 N24 N34 N44 NS4 

• 
Consider a detector centred on di rect i on Dz at t ime t z , direction 

D3 at time t 3 and so on. 

One wishes to compare the recor ded count rate, N33 , resulting from 

filtering in time and direct ion,with the true count rate N33 . 



- 126 

where N.. is given by equation (A.2.l) with i = j. The assumption is
11 

made that 

N. 1 . + N. 1 . '" 2 N . . '" N . . 1 + l\1 . • 1 CA. 2. 3) 
1- ,1 1 + ,1 11 1,1- 1,1+ 

The implication of this assumption is that the CR intensity changes 

sufficiently slowly and monotonically across neighbouring time (hourly) 

and directional (ISO) intervals that (comparatively) negligible error 

is introduced by the interpolation. 

substituting (A.2.3) into (A . 2. 2) one obtains 

[N 12 + NS4 - 2N33J 
where E = is the error introduced from the filtering .8 
The situation most favourable to large E would occur when there is a 

narrow anisotropy of large amplitude centred upon the direction D3 • For 

instance if the intensity were to decrease by 2% in a 30° interval and 

then increase by 2% i n the subsequent 30° interval, the error introduced 

would be E = ~%. 

The example cited is severe and probably represents a 'worst 

possible' circumstance. 
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Appendix Three 

Proof of Equation 5.4 

The proof of equation (5 . 4) will be demonstrated in this Appendix. 

Consider a particle being reflected back and forth between semi

transparent walls. Let the probability that a partlcle will be reflec

ted upon collision with a wall be 'f', where f is the reflection 

coefficient, and 0 ::; f ~ 1. The transmission coefficient, lji, is there

fore given by lji = (l ··f). 

The probability that a particle will experience one reflection and 

then be transmitted is f (l -f); similarly, the probability of exactly 

In' reflections followed by transmission is given by ~(l-f). The 

expected number of reflections experienced by a particle before trans

mission is therefore 

N 

n=lim I f n 

0 (I-f) on, O < f < 1. 

N-+<x> n=l 


= (1- f) 	 lim Sw 

N-+<x> 


It may easily be shown that 

f =--
(I-f) 2 


= ( f ) _ l-lji
n IT --lji . 

Q.E ,D. 
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