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1.. INTROD UCTION

The objective of the work under this contract has been to

monitor the intensity of cosmic radiation near the north geo-

magnetic pole , to analyze the intensity variations wh ich are

observed at the AFCRL Geopole Station , Thule , to correlate

the data with those obtained at Antarctic cosmic ray stat ions

and other solar and geophysical parameters , to maintain the

cosmic radiation detectors , and to study new techniques for

observing cosmic radiation such as neut ron multiplicity meas-

urements as a function of altitude and latitude; and the ap-

plication these measurements may have to coupling coefficients

Since the results of this research are described in de-

tail In a number of publications , the main body of this Final

Report consists of a series of reprints. The princ ipal lines

of investigation will be summarized briefly in order to indi-

cate the continuity of the scientific program initiated under

Contract AF 19(628)-5200 , and con tin ue th . under Contracts F 19628-

70- C- 01 90 and F 19628 — 76-C- 00 47 ,

This final report is extraordinary i n  t h a t , in contrast

with previous ones extending over five years, it covers a

period of less than one year . This is a consequence of the ad-

m iflis tr a t ive decision within the Air Force to clQse~~eopo le

Station a n d  to terminate the scientific program that was being

conducted there. At t h e  present time , efforts are unde r way

to arrange for the cont inuation of the crucial cosmic ray ob-

servations at Thu le under different sponsorship, and A ir Force
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cooperation in arranging for the implementation of this plan

has been requested through the appropri ate channels.

2. COSMIC RAY INTENSITY OBSERVATIONS AT AFCRL
GEOPOLE STATION

The nucleonic intensity observations at Thule , G een-

land (geomagnetic latitude 88°N) have establi shed a longer data

base than any other station in eithe r polar cap. The data have

been widely used by cosmic ray phys icists around the world.

During the period covered by this report, the records were sent

o n a reg ular bas i s to th e four World Da ta Cen ters , to threa

other active groups in the United States, and to 19 groups in

17 other nations (the latter all in response to specific re-

quests. Thule cosmic ray data have also been published on

a curren t basis in Solar Geophysical Data (NOAA), an d Geop hys ics
and Space Data (AFCRL). Fina ll y , the Thule neutron monitor was

h3rd-wired I f l  to the Space Environment Services Center (NOAA ),

and provided the real time observations required for surveil-

lance and forecasting purposes. Recording at Geopo le Station

was terminated on June 13, 1976 , an d ef for ts are curr ently
u nder wa y to resume opera t ion i n t he new s ite at t he earl ie s t
possible date.

3. ANALYSIS OF COSMIC RAY INTENSITY VARIATIONS

During the brief per~od covered by this report , im-

portant progress was made toward understanding a few of the

many galactic cosmi c ray intensity in odulat lons and ani sotropies
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A. The Origin of Cosmic Ray Storms

Soon a fter th e di scover y of For bus h decreases , it was

assumed by the scientific community that , i n analo gy w ith m ag-

netic storms , the plasma rel’eased during solar flares is some-

how responsible for transient cosmic ray intensity fluctuat ons.

A few rare satell Ite observations of cosmic ray decreases st.~g—

gested that the spatial extent of the modulating region can be

large , Indicating a broad p lasma b eam. T hus , it was generally

accepted that even solar flares close to either the east or

west limbs of the sun can modulate the terrestrial cosmic ray

flux.  In fac t, on the basis of the aforementioned assumption ,

two well - known effects were deduced .

The first , called the center -limb effect, represents

the claim that flares located near the center of the sun , in

comparison with the limbs , produce larger cosmic ray intensity

decreases , The second describes an apparent asymmetry in the

modulating efficiency of flares located In the eastern and

western hemispheres respectively. More specifically, f lares

that occur on the eastern segment are related to transient de-

creases mor e fre quen tly, an d , furthermore , a pp ear to p roduce

larger magnitude intensity diminutions .

Our anal ys is of the nuc leon i c i ntens ity data from th e

polar stat i ons , which are most appropriate for this purpose for

seve ral re asons , has revealed that for a majority of the tran-

sient decreases the heretofore universally accepted assumption

is not valid. In fact , our initial study utilizing the new
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procedure of performing a superposed epoch analysis of the cosmic

ray intensity during the epochs of a l l solar flares of importance

>2 during an ent ire solar cycle (1964-1974) revealed that cosmic

ray modulation is indeed associated with solar flares , H .~5 - er ,

when the epochs are div i ded into several groups characte rized by

the heliolongitude of the solar flares , a puzzl ing relat~ o cs h t p

i s reve a le d . In som e cases , the cosmic ray intensity decrease

significantl y precedes the flare , An identical analysis of an

equal number of random selected epochs showed that thi s result

is not attributable to chance , but is statistically sign ifi cant.

In an attempt to de l 4 neate this effect , a similar anal-

ysis was conducted for 86 solar flares that were recorded during

the transit of 24 regions that had been independently identified

as among the most extraordinarily active during the same solar

cycle. The magnitudes of the composite intensity decreases are

increased by this selection process , This study has revea led

that the tIme interval between the onset of the solar flares and

the intens ity decreases anomalously ranges from +5 to -5 days 0

L ~urther analysis has shown that the~ 2 results can be understood

by ascribing the nuc l eon ic intensity modu ’a ti ons to the solar

active regions themselves rather than to specific flares , These

results indicate that strict criteria are required for di~ tinguish-

ing the relatively few Forbush decreases of solar flare or ig .n

from the p’~edom lna nt modulation effects originating in solar

active ‘~e gi ons .

At this stage it is essential to reevaluate the center-

limb and east—west effects and their theo retica l interpretat ions.

101 ~~~
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It appears that the center -limb effect is a direct consequen ce

of th e fa c t th at mos t of th e trans i en t decreases are p roduced
by the central meridian passage of the active centers

Analysis of geomagnetic data using the aforementioned

procedure has revealed that, contrary to the situation wit ’ re~

spect to cosmic ray intensity transients , magnetic storms begi n

a day (+1) after solar flare onset and maximum value of K~ is

reached on +3 day. In other words , the planetary index K~ is

positively correlate~i with solar flares. It has already been

demonstrated by other workers that the active regions are nega-

tively correlated with K~ .

b. North -South Anisotropy

A comprehensive analysis of the transient north -south

anisotropy that is a characteristic feature of Forbush decreases

has revealed that the direction of axial anisotropy is determined

by the inclination of the associated interplanetary sl~ock wave

with respect to the ecliptic plane. The study included all re-

cor ded cosmic ray events (15) for which the sense of the ani-

sotropy vector could be determined by a rigorous statistical pro-

ce dure , and the assoc iated shock orientation is known . In con-

trast , similar examinations of the same set of events showed that

there is no correlation between the sense of the north —south ani-

sotropy and either the he l iolat itude of the associated so)a”

flare or the incl ination of the interplanetary magnetic field.

An additional investigation of the collection of heretofore
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puzz ling events during which the direction of anisotropy flips

suddenly has shown that the reversal is associated with the

arr i val of a second s hoc k , presumably with an inclination that

is opposite to that of the earlier one associated with the ~ i

set of the Forbush decrease. These results provide new -n~ i~ ht

into the key role played by shocks in the transient modul at ion

mec h an i sm.

c. Interplanetary Acceleration of Cosmic Rays

The process of adiabatic acceleration of relati-

vistic cosmic rays between two converging shocks , through the

first-order Fermi mechanism , to wh i c h th e unusual g roun d leve l

event (GLE) of August 4, 1972 , was attributed earlier was examined

quantitatively, the nature of interplanetary shock waves and their

propagation being taken into account. In the formal comput ational

model the net evolution of the particle flux is determined by the

balance between the acceleration of particles reflected from the

moving shock waves and the loss of those particles which pass

through the shocks. Comparison of the results of the theoretical

calculations with the measurements has revealed that the observed

abnormalities are a natural consequence of the proposed proce ss.

In particular , the computed times of maximum and the ra~~o of

the enhancement at the mountain altitude South Pole station to

-~hat at the sea level po lar neutron mon itors are in good agree —

men t , as is the rapid decay of the particle flux after the max i-

mu~ . The in i tial growth of the nucleonic intensity appears to

L. ~~
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be delayed with respect to the predicti on , bu t this dis-

crepancy can be ascribed to the complexities in attempting

to uniquely disentagle the GLE from the behavior of the total

cosm ic ray flux and to the late deve lopment of the part i c lt

reflection coefficient of the interplanetary shock fronts .

An intensive search has revealed that the requisite conditions

for observing GLE representing acceleration between converging

s h oc ks has occurred onl y tw i c~ over a period of two solar

cycles , and on both occasions an abnormal GLE was in fact ob-

served.
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Trans ient Cosmic Ray Intensity Variations

- 

. S. P. DUGGAL and 14. A. POMERANTZ
- Bartol Researc h Foundation of The Franklin Institute

Swarthmore , Penns ylvania 19086

- Abstract

A new approach to determining the origin of trans ient

cosmic ray Intensity variations has revealed that In a sta-

tistical sense solar flares, heretofore regarded as the pre-

dominant source of the modulation , actually do not precede

the reduction In flux observed at Earth . The modulation

is attributable to some other solar feature.

I
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Alt hough world -wide transient reductions In cosmic ray

Inten sity, called Forbush decr eases (or, if they occur sequen-

t ially, cosmic ray storms), were discovered four decades

thu r prec ise relationshi p to specific solar features ,

as well as the deta 1l~ of the modulat ion mechanism in inter-

planetar y space , rema in to be elucidated. In striving to at-

ta in this goal, research in this field has followed a very

interesting course, with several detours. The purpose of

this paper is to suggest that , on the basis of new evidence,

the approach to understanding cosmic ray Intensity variations

should be redirected .

It was noted at an early stage that some Forbush decreases

occurre d in association with geomagnetic storms, character ized

by a decrease In the horizontal intensity (H) pf the Earth’ s

field. This seemed to suggest that the geomagnetic variation

coul d be responsible for the accompanying cosmic ray intensity

fluctuation. However , since the magnitude of the Forbush de-

crease was not related to the change in H , a d irect relation-

sh ip between terrestrial ma gnetic field disturbances and cos-

mic ray storms was ruled ou t (see review by E lliot 3).
Cha pman and Ferraro ’s theory of ma gnetic storms (see details

and references in the book by Chapman and Bartels4), in which the

decrease in H during the main phase is acribed to a ring current

wh ich is formed by the solar streams , led to the suggestion

~~~~ — 

. . -

~~~~

- .  
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th a t cosmic ray decreas e s could also be attributed to the

rin g current. Although the magneti c field Inside the ring

~s reduced, thereby leading to th* observed decrease In H,

outside the externa l field as viewe d by an i,~coming particle

is reinforced by the ring current, as a consequence of which

some cosmic rays that could previously enter might be de-

flected away from the earth.

However , detailed calculations indicated that , depending

on the radius of the ring, the cosmic ray Intensity change

can be either positive or negative, 5’6 whereas magnetic storm

rela ted cosmic ray Intensity changes are always decreases

(except for a recently discovered brief pulse type Increase

associated with reflection of particles from the shock front7).

Finally, studies of the latitude dependence of cosmic ray de- —

creases established conclus ively that changes in the geomag-

netic field are not the main source of the observed effects8’9.

-
~~ It Is Interesting to note that , at the same time , atten-

tion was also being paid to the hypothesis that changes in

the solar magnetic field could produce transient cosmic ray

intensity variations. V al larta 1° had suggested that cosmic

ray storms might be a consequence of variations in the dipole

magnetic field of the Sun. The so-called knee of the latitude

difect of cosmic rays was ascribed to the Störmer cutoff im-
. :

I I .  • I I , I I .  I I. - i I ,  —

L
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~~~~ by this field , which , at geomagne tic latitude above

~~ SUe , exceeded the cutoff determined by the earth’ s mag-

i: f ie l d , Th1~ hypothes is was subsequently discarded ,

an d It was later demonstr a ted that the concept of a solar

cu toff was completely inva 1id~
1 .

Similarly , a proposal that a positive electrostatic

charge on the earth , produc ing a potential of about 109V ,

causes cosm ic ray decreases by electrostatic repulsion 12

was also rejected.

Around 1950, a new generation of candidates for pro-

ducing cosmic ray modulation was born. A lfven 13’ 14 proposed

that solar corpuscular beams , presumably associated with flares,

an d carrying a magnetic field ~ perpendicular to the direction

of mo tion ~~~, can decelerate cosm ic rays via the electric field .
4. 4. 4.
E - V x B/c. However , a thorough examinat ion of this model

revealed that the net change in energy of the particles Is

zero and hence a decrease cannot be produced by this mechanism 15 .

Thu corpuscular str iam hypothesis led to several calcula-

tions (sea details and references In ~he book by Dorm.n 16) m d

an interesting suggestion that these beams contain large scale

disordered and tangled magnetic fields 17 . Since the magnetized

cloud expands rapidly away from the Sun , cosm i c rays can reac h

the ’
~1nteri or only by diffusion. Consequently, the particle den—

si ,ty is l ower inside , and when the cloud envelops the Earth , a

t rans ~ e n t  decrease ls observed. However , it~ was soon realized

- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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that this process requires extraordinary magnetic fields and

veloc i t ies 18. La ter , the lar ge scale knotted fields envisaged

by this model were replaced by small irregularities and kinks

in an overall large scale interplane tary field. These kinks

are cons iderably more efficient in removing cosmic ray parti-

cles.

Contem porary theoretical models are based upon one of the

following mechanism s:

1) Exclusion of particles by a re-entrant loop of

magnetic field , suc h as is comi~onl y observ ed i n
the corona over ac ti v e re gi ons , that Is extended

into space by the enhan ced corpuscular radiation

emanating from the center of activ ity, to form a
magnetic tongue or bott le 19 22 .

2) Deflec tion of particles fry a shock wave in inter-

plane tary space. 15

In recent years, with the availability of in situ observa-

tions of the interplanetary medium by satellites, considerable

attention has been devoted to seeking experimental verification

of the various proposed mechanisms. For example , Barouc h an d

Burlaga 23 have con tended that most cosmic ray decreases are

a ssoc ia ted w i th magne ti c “blobs ” (regions of above average in-

terplanetary magnetic field strength) in the vicinity of the

Ear th. Lockwood and Webber 24 have determined that in some

cases the Forbush decrease modulating region was co-rotating,
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and in others radially expanding. The recent results of Dugga l

and Pomerantz 25 ’26 have confirmed directly the relationship of

interplanetary shock waves to transient cosmic ray intensity

decreases.

Desp ite the considerable progress In observing and inter-

preting specif ic features of transient cosmic ray intensity

variations , conclusions concerning their ultimate origin at

the sun have been contradictory and controversial. The pur-

pose of the analysis reported in this paper is to attempt

to identify the solar source of the modulation. The ultimate

goal is to understand the relationship between the microcosm

of short term variations and the macrocosm of the long term

(solar cycle) modulation.

Before describing our results, It is appropriate to —

summarize briefly some of the highlights of the superstruc-

ture that has been constructed on the basis of the hereto-

fore general l y acce pt ed assum pti on th a t solar f lares are the

predominant source of reductions in the galactic cosmic ray

intensity .

It has been claimed that flares occurring near the cen-

ter of the visible disk are the most efficient in producing

the observed cosmic ray storms (see review paper, Loc kwoo d27 ).

Fur thermore , in addition to this so— called center —l imb effect ,

.
.

~

_ _ _
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the eastern and western regions of the Sun appeared to contri-

bu te unequally toward the creation of modulation regions that

produ ce cosmic ray intensity decreases at the earth. This

east-west asymmetry has been expl ained as arising from an

asymmetr ical field configuration in the interplanetary space

rela tive to the Sun-Earth line 28. On the other hand , alt hough

the analysis by Ba ll i f and Jones 29’30~ coul d not rule out solar

flares as sources of decreases , they hypothe sized that almost

al l Forbus h decreases can be associated with active regions

near the Sun ’s central meridian ,

SUPE R POSED EPOCH

In all previous studies of transient intensity varia-

tions , the Forbush decrease (i.e., the effect) was first Se-

lec ted , and a possible cause was assumed. The relationship

between observed effect and hypothetical cause was then in-

ves tigated. The converse procedure of assuming a possible

cause and then determining the nature of the effect (i.e., a

cosmic ray Intensit y variation), if any, woul d seem to be

more rational. Conse quently, in order to avoid the inevi-

table bias that results from ass igr~i ng a s pec i f i c solar

flare or an active center to a §iven Forbush decrease, as

has oeen the trad itionai practice , we have examined by super-

posed epoch analysis the cosmic ray intensity variations
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assoc iated with a large number of solar flares without any

selection criteria. The effects of long term variations ,

which can introduce complication s in the study of transient

fluctuations , are minimized by expressing the cosmic ray data

as deviations from the mean intensity during 27 days (1 solar

rotation) centered on the epoch day. The result of a Chrea

analysis comprising all 379 solar flares of Importance >2

that occurred during solar cycle 20 (11 year period from

1964—1974) is shown In Figure 1.

Note that a single day with multiple flares is regarded

as one epoch , s i nce th e lon g recover y ph ase of a For bus h

decrease precludes finer temporal resolution. Furthermore ,

this procedure affords a more conservative estimate of

standard deviations. Contributions from enhanced diurnal

var iations are minimized by using daily mean values.

Com parison of the data recorded at north and south po-

lar stations (Thule and McMurdo , respectively) indicates

that no complications are introduced by axial anlsotropy 31 ’32 .

Al though north -south asymmetry is a characteristic feature

of cosm ic ray storms, the magnitude and direction of axial

anisotropy is not related to the position of solar flares.

However , the direction Is relate d to the inclination of

the associated shock waves with respect to the ecliptic 25 ’26.

Al though the duration of north-sout h differences is usually

TT ———--i~-.- -:-. .= ~~~~~~~~~~
- -
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short (<1 day), several lon ger-lasting events have been re-

corded 31 ’32. Thus, while the individual epochs in Figure 1

are l ikely to be characterized by north -south anisotropy ,

their random sense prevents the accumu lation of a net ant-

sotropy In any large data set. Consequently, the composi te
of 379 epochs does not reveal any significant north-south

effect.’

The Chree analysis in Figure 1 clearly reveals a decrease

i n th e com pos i te nucleon i c Intens i ty at polar stat i ons of abou t

0.8%. However , it Is striking that the onset of the decrease

precedes the zero day (i.e., time of the flare). Furthermore ,

this discrepancy is exacerbated by the fact that a finite inter- S

val , corres ponding to the transit time of solar plasma from the

sun to the vicinity of the Earth , mus t elapse prior to the onset

of the cosmic ray intensity decrease. A recent comprehensive

study of spacecraft observations of interplanetary disturbances

that occurred between 1968 and 1971 has revealed that the average

speed of interpla netary shock waves , which presumably lead the

p iston plasma , is about 650 km/sec with a range of 400 to 1000

km/sec 33 . Th is result, couplea with the observations of

For bus h decreases 27, indicates ~~at both for slow and rapid

decreases that are included fr. Figure 1, a plasma transit

time of 2(+1) days should be added to the time of occurrence

of the flare . This is indicated in Figure 1 (and all other

simi lar figures) by the shaded band. Thus , it appears that , on

---~~~~.—~~ -—-~—--~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .. -~~~
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avera ge , the cosmic ray decreases actually commenced several

days prior to the a r r i va l  of f la re  ej ec ta  at the earth.

In contemplat ing this puzz l ing  s i tuat ion , t he  f i r s t

possible explanation Is that the entire va r ia t i on  d isp layed in

Figure 1 may have occurred by chance. Unfortunately, s i nce
the day-to-day intensity variations do not represent Independent

data points , it is not possible to estimate the standard de-

viation of individual points In Figure 1 by conventional sta-

tistical proceoure. However , Figure 2 reveals that if 379

epoc h s are selec ted at r0ndom , the intensity variations , in

five trials of Chree analysis, are significantly smaller than

those In Figure 1. By comparing the pooled variance determined

from Chree analyses based on random epochs with the variance

of the curve in Figure 1 , we find that the probability that —

the indicated result occurred by chance is < .0005.

Since the puzzling result displayed in Figure 1 is not

fortuitous , we must seek a physical explanation. In the

search for an alternat ive solar characteristic that is respon-

sible for cosmic ray decreases , we have divided the 379 solar

f lare epochs into three groups based on the location of the

solar flares. The resultin g superposea epoch analysis , s h own

~.r. Figure 3 , revea ls  that whereas f la res  on the eastern hemi-

sp nere might be a ssoc ia te d  wi tri cosmic ray oecreases, the cen-

tral (3 0 ° E- 3 0 °W) an d western flares cannot be thus related ,

since in these cases the cosmic ray decrease preceded the

ar r iva l of plasma In the v ic in i ty  of the Earth.

I
-~~ T~ .ri 

—: 
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Figure 4 Is similar to Figure 3 , except  that the 86 epochs

in this Chree ana lys i s  represent  all v is ible solar flares

(Imp >2) that occurred in a selected set of 24 extraor dinary

flare rich active centers during the per iod 1964-l974~~ , ex-

cluding the active center associated with the record~.break ing

For bus h decrease of Au g us t , l972~~ . Agatn , i n th is selec ted

subset ,~ the cosm ic ray Intensity Is not related to the flares ,

However , for each group In this Figure , the central meridian

passage (CMP) of the ac t i ve  region in which the f lare occurred

is indicated by the intersection ~f the diagonal (dotted) line

with the respective composite int ensity curves. It is apparent

that the cosmic ray decrease in each group is associated wtth

the CMP (+1 day) of the active region.

It is of interest to conduct a sim ilar test of the re-

la t ionship of geomagnetic activity to flares and to active

cen ters , respective ly. The results of a Chree anal ysis of

data for the same 379 flares is plotted in Ftgure 5. It is

clear that , regardless of whether the daily K~ sum Is expressed

as an absolute value , or as a percentage to normalize the epochs

for changes during the solar cycle , the level of geomagnetic

activity increases roughly one day after flare onset.

At this stage , It is essential to note that , in contrast

w ith the cosmic ray intensity, the planetary geomagnetic index

does not always vary inverse ly with the level of solar ac-

tivity . The positive correlation displayed in Figure 5 is quite

L . - —~~- .~~~~~~~ - .



- ~~~~~ — — -. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
,,

~~~~~~~~~~~~~~~~ • ~~~~~~~~~
. .

A -12-

wel l known for f lares assoc ia t ed  wi th geomagnetic storms 36 .

How ever , when var ious manifestations of activity such as

photospheric sunspots, chromospheric calcium plages , or

corona l X5303 are selected to define the epochs, a minimum

In fol lows ~MP by three days 37’38. The associa tion of

quiet geomagnetic cond itions with active regions can be under-

stood in~terms of slow solar wind con~ it1ons (Figure 6) assoc-

iated with the closed field lines of the active regions 38’39.

In view of the fact that, unlike the cosmic ray case,

is correlated either positively or negatively with solar

ac tivity extreme caution must be exercised In attempting to

separete the flare effects from control by active regions.

T hus , for our present purposes, fur ther analysis of is not

warran ted . 
.

CONCLUSIONS AND DISC USS ION

It is clear from the aforeme ntioned analysis that the ma-

jority of transient intensity variations of galactic cosmic

rays are related to the passage of active center , and cannot ~e

assigned directly to specific solar flares. Of course , It has

long been thought that ac t i ve  centers play a l Imi ted role In

producing bot h recurrent (27-day) and non-recurrent cosmic ray

in tens i ty  va r ia t i o ns 40 45 . The present wor k has revea led that ,

i r ~ fact , active centers do play a major role in the modulation

process. However , In light of the statistical nature of this

analysis , the direct production of Forbush decreases by some

In div idua l flares is not precluded . 
. 

~~ -- —-- . - ---~~~~~~-,— ~~~~~- — --— ——-~~~~~~~ .—-~~---- — .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — .
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In any case it appears that the well known center -limb

and eas t -wes t  effects require reeva luation. In fact the

ear ly conclusion , based on assuming a one-to-one correspondence

between solar flares and transient decreases, that flares lo-

cated near the cen ter of the sun are more efficient in produc-

ing cosmic ray events (center-limb effect) can be understood j
in terms of the result presented here. Since most of the mod-

ulation Is produced by the CMP of active regions, those solar
flares that occur In the active regions when they are near

the center of the visible disk would , at first sight , seem to
cause lar ger and more frequent transient decreases.

The eas t-west asymmetry effect , accord ing to which flares

located on the eastern hemisphere of the sun are claimed to

be more efficient producers of transient decreases than are

wes tern flares, can also be unders tood in terms of Figure 3.

Com pared to eastern flares there is a little chance that flares

on the western hemisphere are likely to be associated with de-

creases since the modulation producers (active centers) create

wes tern solar flares after crossing the central meridian.

If flares are not responsib le for day-to-day variations

in cosmic ray intensity , wha t other phenomenon associated with

act ive centers creates the mo dulation region In interplanetary

space? Recen t solar observatio ns have revea led that ac-

tive regions, over which the field lines are closed , are not

_ _ _  ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
— — -j  
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the progenitors of high speed plasma streams . On the contrary ,~
areas characterized by open field lines , i.e., coronal holes
(see Figure 6), display almost a one-to-one relationship with

high speed streams 46. Since our preliminary Inve stigation

u tilizing the procedure described above has revealed that co-

rona l holes are not associated with cosmic ray storms , m d i-

vi dual high speed streams do not appear to be promising as

the modulating agent.

Recen tly, I t has been demonstrated by Smith and Wolfe 47

that beyond 1 AU many interaction regions between ad jacent

sola r w i nd s treams ar e accom pan ied by e i t her forwa rd shocks ,

reverse shoc ks or shock pairs. In fact , th e i r observat i ons

are consistent with the earlier proposals that the stream-

stream interactions lead to the development of co-rotating

interplanetary shocks. This apparent formation of co-rotating

shocks beyond 1 AU signifies that the basic structure of

the interplanetary medium in the outer solar system is dif-

ferent than that with which we are familiar near the orbit

of the Earth.  In princi pal , these interaction regions with

re la t i ve l y  large and i r regu la r  f ie l ds , and a s s o c f a t e d  w i th

s nock waves , can modulate co sm i c ray s. As mor e da ta regar di ng

a larger volume of inter planetary space become availab le, it

s no u ld  become feas ib le  to determine whether these i f lte rac t ion

re gions and the associated shock waves are the missing links

in the relationshi p of the flare rich active regions with

transient cosmic ray decreases. Finally, the importance of

obtainin g field and plasma measurements far beyond the p lane

~~~~~~~~~~ 
. .
~ 
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of the ecl iptic, for construct ion of a three -dimensional mod-

ulat ion model , canno t bs overemphasized.

Th is research was sponsored by the Nationa l Science Founda—

tion. Appreciation is expressed to Scott E. Forbush for help-

ful discussions concerning the subtleties of the statistica l

evaluation of su perposed epoch analysis.
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FIG U RE CAPTIONS
F ig. 1 Superposed epoch analysi s of nuc leonic intensity re-

corded at stations in the two polar regions with re-

spect to al l major solar flares that Gccurred during

an en tire sunspot cycle (No. 20). The zero day Is the

ti me of one or more sudden chromos pher i c eru pti ons ,

and the cosmic ray intensity is the percentage deviation

from the mean during the 27 day interval  (1 solar rota-

tion) centered thereon. The shaded band indicates the

time of the arrival near the earth of the plasma assoc-

iated with the flare. The composite cosmic ray inten-

sity decrease significantly precedes the epoch date.

Fig.  2 F ive  t r i a ls  of Chree ana l ys i s ,  e a c h  f o r  the same number

of e p o c h~s as in Fig.  1 , but w i th  randomly se lec ted  zero

days. This p roce dur e p rov i des sta ti s ti cal conf i rma ti on

that the effect has not appeared by chance.

Fig. 3 Analyses of same data as in Fig. 1 , but w i th  epochs sub-

divided into three groups according to the location of

the solar flares. The cosmic ray intensity decrease onset

clear l y p rece des th e flare s occurr i ng In th e cen tral an d

western segments of the solar disk.

Fig. 4 Ana l ysis similar to that in Fig. 3 for all days (86)

on wh ich  maj or so lar  f l a res  (Imp >2) occurred during

the transit across the visib l e disk of 24 of the most

extraor dinary active centers that were observed during

solar cyc le  20. The in tersect ion of the dotted l ine wi th

the curves represents  centra l  mer id ian passage (CMP) of 

.- ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ _-~~~~~~~~~~~~~~ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the active regions. For each of the three groups

the decrease Is relat ed to the CMP of the active

regions.

Fig. 5 Chre e ana lysis of K~ sum , ex pressed as percent (top)

and absolute value (bottom) , for the same 379 epochs

as in FIg. 1. Unlike the cosmic ray intensit y , geo-

ma gnetic disturbances are related to the arrival of

ej ecta from so lar flares.

Fig. 6 Schematic representat ion of solar act i ve region

(closed magnet ic field lines) and coronal holes

(open field lines) . The velocity of the solar wind

emanatin g f rom act ive regions i s lower than that

assoc ia te d  wi th  holes. 38 ’39
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Origin of Transient North-South Anisotropy of Cosmic Rays

S. P. DUGGAL AUD Fl . A. POMERA NTZ

Dartol P.escarch Foundation of The Franklin Insti tut e
Swarthmore , Pennsylvania 19081

A B ST RA CT

A comprehensive analysis of the transient north -south

anisotropy that is a cha~~cterist i c feature of Forbush de-

creases has revealed that the direction of axial anisotropy

is determined by the inclination of the associated interplan-

etary shock wave with respect to the ecliptic plane. The

study included all recorded cosmic ray events (15) for which

the sense of the anisotropy vector could be determined by a

rigorous statistical procedure , and the associated shock ori-

entation is known. In contrast , similar examinations of the

same set of events showed that there is no correlation between

the sense of the no rth-south anisotropy and either the he lio-

latitude of the associated solar flare or the inclination of

the interplanetary magnetic field. An additional investiga-

tion of the collection of heretofore puzzlin g events during

• 
~: h i c h  the direction of anisotro py flips suddenly has shown

that the reversal ic associated with the arrival of a second

shoc k , presumably with an inclination that is opposite to

that of the earlier one associated with the onset of the Forbush

decrease. These results provide new insi ght into the key role

p l ayed by shocks in the transient modulation mechanism.

- S 
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INTROD UC TION

Because of the dynamic character of the mechanisms that

produce tr ansient fluctuations in the cosmic ray intensity , it

is exceedingly difficult to comprehend them in any detail. It

is clear that the observed proper ties of Forbush decreases are

attributable to specific features of the interplanetary magnetic

field (IMF) which may occur indi vidually or in combination.

These include:

a) Magnetic irregularities — rapid or slow fluctuations

in the direction or magnitude of the IMF;

b) Magnetic bottles or tongues—extended structures of

intense magnetic field;

c) Shocks or blast waves and tangential disconti nuities.

The phenomena under a) are contained in the convection-

ciffusion approximation of the transport equation that describes

the streaming of cosmic rays in the interplanetary medium.

Some of the observed transient intensity variations can be

~scr~bed to rapid changes in the parameters that determine the

net anisotropy or modulation. Both b) and c) are manifestations

of the motion of boundaries , and , in effect , the relevant the-

oretical analysis describes the sweeping up of particles by a

F m o v i ng semi-permeable membrane. Combinatio ns of these de-

~artures from equilibrium conditions undoubtedly play a role in

:~ r~y of the observed transitory modulations and anisotrop ies .

-

- - - - 
- 
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Over the years , a number of models of the configuration

of interplanetary p lasmas resulting fr, m solar disturbances

have been prop osed to account for various features of cosmic
* ra y s torms , including enhanced diurnal waves (Lockwood , 1971).

With the acquisition of direct observations of the IMF , fur-

ther studies of the observed characteristics of transient in-

tensity decreases have been conducted , and additional explana-

tions of their origin have been put forth (Pomerantz , 1975).

Recent developments indicate that anisotropies perpendicu-

lar to the ecliptic plane can provide a powerful diagnostic

tool for understanding the mechanisms that produce the trans-

ient intensity variations. In the present paper , we re por t

the results of an investigation of the relationship 0f the

ax~ a1 anisotropy to solar and inter planetary phenomena in

an effort thereby to elucidate the basic modulation mecha-

nj sm.

It has been established that anisotropy perpendicular

to the plane of the ecli ptic is a characteristic feature of -

cosmic ray storms (Dugga l and Pomerantz , 1971; Mercer et al.,

1971). The sense of the north-so uth (N-S) anisotropy varies

-
- from event to event. In fact , during a single Forbush decrease ,

the sign can change several times (Duggal and Pomerantz , 1971).

As a point of departure for the study described here ,

it seemed plausible to start from the hypothesis that , in

cases where the dominant mechanis m producing the Forbus h de- 

.~~~~— - - . .~~~~~~~~~~~~~~ - - - - -- - .- --—~~~~~~~~~~~ -- - -~~~— -—— - - .- -. - - -- -.
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crease is (c), i.e., interplanetary shock waves , there might

be a relationship between the direction of the observed north—

s~~ th anisotropy and the inclination of the associated shock

normal with respect to the eclipti c plane. The parameters

needed for an analysis designed to test this possibility have

been determtned for a group of interplanetary shock waves

(Chao and Lepping, 1974). Although the number of events for

which the required comparison can be made is small , it com-

prises the only statistically significant currently available

set for which the parameters have been determined by consistent

procedures. Consequently, a similar search for other possible

relationships of the north-south anisotro py to , for exam p le ,

the location of the associated solar flare , or the direction

of the IMF , must be confined to the same set of events. Fur-

th ermore , a comparison of the results obtained by following

identical procedures serves to put the final conclusion into

its proper context.

DATA A N A LYSIS

Determination of ~orth -South Anisotropy /

The method for determining the direction of the north-

south anisotropy vector has been described elsewhere (N agashima

e-c a l ., 1968; Duggal and Pomerantz , 1970). Briefly, for per-

ioa s in which the magnitude of the longitudina l anisotrop y Is

~ma ll , the fract ional change in the cosmic ray intensity I at

sea t io~ i is given by: 

— .— 
.44
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A ÷ B sin A*(y,1) (1)

Where B = a sin A
3 .

Here , a , A and B are constants , y is the variational spec-

tral index , A~ is the latitude defining the direc tion of the

total vector of anisotropy , and A * , the effective asymptotic

latitude of viewing for Station 1 , is given by:

sin A*(y,1 ) = J R ( P)P ~~sin A (P)dP/J R(P)P~~dP (2)
Pi P i

where R (P) is the neutron monitor response functi on , P4 ~
the threshold rigidity , and A is the asymptotic lat ~or

particle s with rigidity P. Thus a least squares fit of the

data from several stations to (1) yields the magnitude and

di rection.of the north -south anisotropy vector. Note that

since we are interested only in the sign of the north -so uth

anisotropy , an approximate value of the spectral exponent y,

which could be determined more precisely by an iterative pro-

cedure , is adequate. Finally, it should be cautioned that ,

in contrast with this objective analytical procedure , the di-

rect comparison of the intensities at a north and a south po-

lar station can lead -to grossly erroneous conclusions regard- 
•

ing tne north -sout h anisotropy (Duggal and Pomerantz , l 97l)~

Determination of Shock Norma l

Solar plasma observations with sate llites make it p05-

sible to recognize the passage of a shock wave , and to deter-

--—. -- -- 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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mine its characteristics (Sonnett et al., 1964; Hirshberg ,

1968; Taylor , l9~69; Hlrshberg et al ., 1970; Hundh au sen , 1970;

Bur laga, 1971 , Lep p lng, 1972 , Bavassano et al ., 1973, Dryer ,

1974). When pre- and post -shock magnetic field vectors (B 1
A

an d B2, respectively) are known , the shock normal n~ can be
assumed to be parallel to ~.B x (B 1 xB 2), where ~B = B2 -

on the basis of the magnetic coplanarity theorem. On the

other hand , the normal to a tangential discontinuity 
~~ 

shot~1d

be parallel to B 1 x B2 . Thu s the normals n 5 and ~~~~~ 

can be

evaluated for any event regardles s of whether the field dis-

turbance is associated with a shock or tangential discontinuity .

Data from two or more spacecraf t have been employed for dis-

tinguishing between a shock and tangential discontinuity (Chao

and Lepping, 1974). In this case , the relative position vec-

tor with respect to a pair of spacecraft , AR - R 1, is re-

lated to the propagation speed of the discontinuity , V d, and J
to the time difference , ~t , between observations of the dis-

turbance at the two points in the fol low ;~~ manner:

~ ~d 
= V d At (3)

where 
~d 

is the normal to the discontinuity . Also , since the

normal component of the magnetic field is continuous across

any type of discontinuity, then AS is parallel to the surfac e

of the discont inuity , i.e., for any type of discontinuit y

the followin g relationship holds:

~~

- - -

~

- - —- .-—-

~

-.•

~
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It is important to note that both the shock (for a scale of

.01 AU) and tangential discontinui ty (.002 Au) can usually be

cons id ered as p lanar and ,fur th er more , in general , it can be

assumed that they propagate at a constant speed (Burlaga and

Ness , 1969; Chao , 1970). The simultaneous solution of (3) and

(4) yie lds both and rid . W hen data from three or more space-

craft are available , the redundancy improves the preci sio n of

By comparing 
~~ 

and obtained from single spacecraft mag-

netic field measurements with 
~d 

computed from multiple space-

craft and by using other techniques such as the signatures of

different types of discontinuities in the IMF , Chao and Lepping

(1974) have been able to differentiate the ~angentia l discontinu-

ities from shock waves. Furthermore , by using both single and

multiple spacecraft methods they have deduced shock normals

with uncertainties of approximately +10°. They have divided

the 38 shocks that were found during the period 1968-1971 into

two groups. The first , which we shall designate C , comprises

22 shock waves for which the determined orientations are rela-

tively more accurate. Each of these was assigned to a spe-

cific solar flare. Some of the remaining 16 shocks were not

assigned to a specific solar flare.

RES U LT S

Int erpl anetar y Shock Waves

It is well known that not all storm sudden commencements

(SSC) are accompanied by a Forbush decrease , i .e., no t ever y
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interplanetary shock wave that reaches the earth produces an

observab le  cosmic ray in tensi ty  dec rease .  Only 18 out of the

aforementioned 38 shock waves are associated with Forbush de-

creases in which the intensity change exceeds 2%. To ascer-

tain the association between shock wave and the cosmic ray

storm and to minimize the complications from stream— stream

interactions , the following two criteria have been applied

to the 18 events: a) The time interval AT between the onset

of the SSC (T1 ) an d the onset of Forbush decrease (12) should

not exceed +6 hours; b) no other SSC should occur during the

time interval (AT ) between the arrival of the primary shock

wave that presumably initiated the Forbush decrease and the

end of the epoch of north-south anisotropy. Thus , three of

these 18 events have not been included because the association

of a Forbush decrease with the listed shock wave cannot be

unambiguously established. Hence this study concentrates on

the north-south anisotropy observed during the remaining 15

Forbu sh decreases (Table 1).

Data from eight stations (Table 2) were analyzed in

terms of (1) to determine the sense of the north -sout h ani-

sotropy. In accordance with the conventional definition , we

nere define the direction of the cosmic ray anisotropy vector

as tnat from which the greater flux of cosmic rays arrives ,

rather than the direction of maximum intensity depression

(Duggal and Pom erantz , 1975). 

-—~~~~~~~~~~~~~~~~~~~ _ _
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To determine the correlation between the direct ions of

the shock waves and the north —south anisotrop y , it is essen-

tial to convert all the angles to the same coordinate system.

If the shock inclinations , available in solar — ecliptic coordi~-

nates , are converted into the geographical system , several

complications arise. Note that in this conversion the un i—

versa l~ time (UT) is quite import ant. However , to e 1 im i , ..~.a

the longitudinal anisotropy (see section 2) and to a c h i e v e

the necessary statistical precision , the north—south anisotropy

cannot be evaluated over too short an inter val of time. Since

beyond a basic statist ical limit the choice of the interval

of anisotropy is arbitrary, the comparison of the directions of

north -south an isotropy and the shock wave becomes subjective.

Fur the rmore , it is found that the onset of the north —

south anisotrop y does not necessarily co incide with either

the arrival of the shock wave or the onset of the Forbush de—

crease (cf. Table 1). Hence , a similar complication arises

in specifying the universal time .

For tunately, because the angle between the rotational

axis and the plane of the ecliptic (66.5°) is invariant , the

sense of north—south anisotrop y is the same in geographic and

ecliptic coordinates. The results of the analysis of the 15

events for which the required data are available are plotted

in Figure 1. Here the abscissa refer to the inclination of

_ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~~~~~~~~~~~~~~~~~ — —-- -.— - . -- .-— -
. 
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the shock normals with respect to the e cliptic , as determined

by Chao and Lepping (1974) and the symb ols S and N represent

-66.5° and +66.5° rather than +90° as explained above. The

shock parameters for the circled point are regarded by these

authors as being relatively more re1ia :~~. (C).

It is clear that , i n mo st cases , a south -pointing ani —

sotropy vector is associated with a shock arriving from north

of the ecliptic , and vice versa. From the binomial distribu-

tion (assuming two modes for shock wave inclination , positive

and negative with respect to the ecliptic , an d two modes for

N-S anisotropy ; i.e., P = 0.5), the probability that the agree-

ment in F igure 1 occurs by chance is 0.0032.

Sol a r Fl ares

- By following a similar procedure , It is of interest to

ascertain whether the correlation of the anisotropy direction

witn shock wave orientation may merely be a consequence of the

location of the solar flares associated by Chao arid Lepping

w i t n the events in Figure 1 . Figure 2 shows the re latio n sh ip

tf  the direction of the anisotropy to the heliographic loca-

t io n of the flare. In this case , there is not a statisticall y

signif i cant correlation , since the probability of the observed

ci stributi o n occurring by chance (P=O.5) is no: sn~a1l (0.18).

Tn is is in agreement with our earlier suggestion that there

toes not appear to be a relationship between the locations of

associated solar flares and the directions Of N-S anisotrop y

(Dugga l and Pomerantz , 1970).

__________ 

_____ 

I I
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IME Direction

It is of interest to inquire whether the sense of the ani —

sotropy vector is related to the direction of the IMF. For

th ’s study , the 3-dimensional vector averages of IMF , for those

epochs during which the occurrence of north -sou th anisotropy

has been confirmed by the data from eight stations , were eval-

uated. The direction of the resultant vector is plotted as the

abscissa in Figure 3 , and the ordina tes are the same as in the

prev ious figures. Since IMF data for two events are not avail-

able , only 13 cases remain. There does not appear to be a sig -

ni ficant correlation between the ani sotropy and the IMF. From

the binomia l distribution the observed result can easily occur

by chance (probability =0.21).

The lack of a correlat ion between the IMF and N-S anisot-

ropy directions is not surprising since the latitudinal angle 6

of the IMF vector shows a large variability compared to the

variations in the direction of N-S anisotropy. This is evidenced

in Figure 3 by the large fraction of uncircle d points for which

the inclination with respect to the ecliptic is opposite to that

shown in the figure aurin g more than 25% of the observed inter-

val.

Figure 4 shows an alternative and somewhat more detailed

presentation of data relating to this point. Here , although

the north-south anisotropy direction was constant for five days

(July 10— 15) during the well known long duration anisotrop y

event of 1968 (Pomerantz and Dugga l , 1972), the sense of the 

~~~~~
. . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~., 
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IMF ci rection was eA~ eeding i y variable. The regress ion pl ot

in Figure 5 reveals that there is no correlation between the

magnitude of the polar cosmic ray intensity differ ence A NS and

the IMF direction.

DISCUSSION

It is well known that anis otropy in the p lane perpendicu-

lar to the ecliptic can arise from the particle crift produced

by a radi’a l cosmic ray density gradient , ~n , in the presence of

the IMF , B. However , in view of the recent Pioneer X and XI

observations , indicating that the radial gradient is small ,

<3%/AU in the vicinity of the earth (Van Allen , 1973; McKibben ,

1975; McKibben et al . , 1975; McDonald et al . , 1975; Axford et

al., 1976), the particle drift proportional to BxVn is expected

to be negligible. It has been estimated , from data provided

oy the worldwide network of neutron monitor stations as well as

by inclined meson telescopes at a sing ’e station , that changes

in the direction of B produce a N— S anisotropy of the order of

on ly 0.1% (Bercovitch , 1970; Kondo et al. , 1975). Since the

p r esen t study has been restricted to magnitudes exceeding 0.2% ,

the finding that there is no significant correlation between

the inclination of from the ecliptic and the direction of ani-

sc:ro~y is not incompatible with the earlier conclusion. Further-

more , it should be remarked that an out of ecl iptic field corn-
-~ + +

~ore nt B~ will , on the basis of B~xVn drift , contribute to the
V

~z~ rr~ thal anisotropy only. -

The original model of north-south asymmetr y envisaged a

relati ons r .ip between the flare loca tion and the sense of the

I - .-
—, L JUW~~~~~~~~~~~~ .~~~~ _.. :=::.~:z~.:..•-~------ ~~~~~~~~~~~~~~~~~~~~~~~ —~~ - -~~ :~~~:::~~:
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anisotropy (Nagashima et al . , 1 968 ) .  However , in the simple

picture that appeared to account satisfactorily for the first

observation of this phenomenon , no allowance was made for the

fact that the solar plasm a beams can change their character-

istics in interplanetary space. Furthermore , the later obser-

vation of events in which the direction of the N-S anisotropy

flips rapidly cast doubt on the hypoth€sis that the he l iolati —

tude of the solar flare is a relevant parameter. Thus , the

conclusion that the direction of N—S anisotropy is unrelated

to the flare helio l atitude is in accord with t~ a present state

of our knowledge.

In contrast to more or less continuous observations of

the field and the solar flares , the parameters of interplan-

etary shock waves are available for a few events only. Bavassano

et al . (1973) have evaluated the parameters of 16 interplane-

tary shocks during 1968 with data from a single spacecraft

(Pioneer 8). Nine of these shocks are unambi guo t~s1y associated

with the anisotropy in cosmic ray storms of magnitude >2%.

Since seven of these shocks are already included in Figure 1

no furt ne r conclusion can be drawn from these data. Only one

event associated with a Forbush decrease and satisfying the

-

• 

criteria of section 3 is ava ilable from the small number of

shocks listed earlier by Chao (1970) and Ogilv i e and Bur laga

(1969).

Despite the fact that the total number of events for which

the requisite data are available is small , this study (section 3)

has revealed that there is a significant relationship between the

direction of anisot ropy and the inclination of the associat ed

- _______ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - •~~~~~~~~~~ 
-
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shock wave , it is of Interest to determine whether the charac-

teristics of events during which the direc tion of anisotropy

reverses sudde nly are also consistent with the attrib ution of

the sign of the anisotropy to the shock wave in clination.

Th us , if the relationship indicated by the present study is

indeed real , we expect , ignoring complicated events involving

stream-stream int eractions , that a) the phase inversion is

associated with a second shock wave and b) the inclination of

this shock is opposite to that of the earlier one associated

with the onset of the Forbush decrease.

Although there are no cases for which the informa-

tion required to establish b) is available , among the cosmic

ray storms that have been analyzed there are a number of

events in which the first condition a) holds. Figure 6 shows

an example of a cosmic ray storm with which a pair of SSC was

associated. The onset of the Forbush decrease on March 31 ,

1970 , can be attributed to the shock wave that produced the

SSC recorded at 0529 U.T. The onset epoch shows a north-south

anisotropy (from north direc ion) of about 2% (Figure 7a).

On the other hand , a 1% anisotropy with the opposite phase

was observed during the recovery portion of this storm (Fig-

ure 7b). This reversal of the direction of the anisotrop y

appears to be associated with the SSC at 2153 U.T. on

April 1 , 1970 (Figure 6). Although the inclinations of the

shocks that produced the two SSC are indetermi nate, we expect

that in the absence of spatial complications in the configur-

a t i ons of solar plasma and the associated shocks , they are

_ _ _ _ _ _ _ _
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likely to be opposite.

A thorough search for similar events (anisotropy reversal)

coverIng 12 y ears for which high counting rite neutron monitor

data are available yielded 5 events that are suitable for analy-

sis (Table 3). Note that these include both small (3%) and

large (8%) cosmic ray storms. For each event listed in Table 3 ,

the direction of anisotropy was determined by least squares fit

of the neutron monitor data to (1). Despite the fact that the

magnitude of the anisotropy was small in some cases , the change

in sense was statistically significant in every event that is

cited. The onset of SSC is genera l l y  w i t h i n  +10 hours of the

onset of reversal. Because of statistical considerations , the

estimated time of reversal is necessarily quite imprecise , with

an uncertainty that can be of the order of four hours.

Several other examples (not listed in Table 3) in which

the reversal of the anisotropy is associated with Si have been

found. It has been suggested that some Si may be caused by

tangential discontinuities (Burlaga and Ogi l vie , 1969). Fur-

thermore , it is quite possible that some Forbush decreases

may be produced by tangential discontinuities (Quenby , 1 971),

in which case north-south anisotropy might also be related

to these interplanetary disturbances. At this stage insufficient

detailed information about the latte r is available for conduct-

ing a statistical invest igation.

It should be noted here that some events do occur in which

a second or third SSC does not produce a change in the anisot-

rop y direction , although in some of these cases the magnitude

____________ ti
- ~~ - ~~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~ 
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of the north — south anisotropy shows a va riation associateo wic.~
the SSC , which may be indicative of the arr ival of a shock wi th

/

different -inclination. Events of this type may represent a

t ra in of shock waves  that are s im i la r ly  or iented wi th  respect

to the ecliptic plane. Conversely, there are some examp les of

anisotropy reversals that are unaccompanied by SSC. These lat-

ter events presumably belong to the same class of phenomena as

those Forbush decreases which are not associated with sudden

commencements (Lockwood , 1 97 1 ) .

It must be emphasized that the relationship between shock

waves and anisotropy is statistical in nature rather than one-

to-one , since other phenomena, such as stream-stream interactjons ,

non- uniform plasma configurations, etc., can also con trol the

cosmic ray density distribution. Nevertheless, despite the fact

that the onsets of some Forbush decreases are not associated with

shock waves , every Forbush decrease displays north — south ani-
— sotropy.

Finally, at this stage , the reason for the time differ-

er,ce between the arrival 0f the shock wave and the onset of the

an isotropy that is sometimes observed is not clear. Detailed

understanding of this effect proba bly requires information

concerning the characteristics of the shock waves as a func-

t ion of radial distance from the sun. Furthermore , knowledge

of the complete geometr ical configuration of the solar plasma

is required to evaluate the relative roles play ed by shoc k w a ves,

zo nge n t i a l discontinuit les and the piston plasma in the observed 

--.--— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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evo lu t i on  of the north-south an isot ro py during a par t icu lar

cosm i c ra y s torm.
The inverse correlation between the inclination of the

shock wave and the sense of the north-south an -isotropy that has

been revea led by our ana lys i s  i nd ica tes  the key role played by

shocks in producing Forbush decreases. Further progress in de-

ve lop ing quantitative models that can account for all of their

features will depend heavily upon the availabil i ty of multi-

spacecraft interplanetary plasma and field data.
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TABLE 2: Stations providing nuc leonic intensity data utilized

— 
for eva lua t in g  the sense of the north-south anisotropy.

Longitude , Altitude,
Station Symbol Latitude East Meters

South Pole SP 90.0°S 0 2820

- McMurdo Mc 77.9°S 166.70 48

- Swarthmore Sw 39.9°N 284.7° 80

- 

Deep River DR 46.1°N 282.5° 45

Goose Bay GB 53.3°N 299.6° 46

1 Inuvik In - 68.4°N 226.3° 21

Thule Th 76.6°14 291.6° 260

Alert Al 82.5°N 297.4 66

:~ 
.

I

_ _ _ _  

_ __ _ _ _ _ _  _ _ _ _ _ _  a—
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FIG U RE CAPTIONS
Fig. 1 Sense of the north-south an-isotropy plotted as a func-

tion of the inclination of the associated shock wave

for the 15 cosmic ray event s for which the shock con-

figuration has been determin ed by a consistent procedure .

The circled points here and in Figure 2 represent cases

in’ which the deduced shock parameters are considered to

be relatively more reliable (Chao and Lepp lng, 1974).

As explained in the text , N and S represent +66.5°

from the ecliptic plane.

Fig. 2 Plot similar to that in Figure 1 , but with he lio lati-

tude of the solar flare to which the shock designated

by the corresponding number was ascribed as abscissa.

Fig. 3 Graphical representation similar to those in the

two preceding figures , but with the inclination of the

interplanetary magnetic field with respect to the eclip-

tic as abscissa. The circled points represent relatively

stable field orientation during the epoch of north-south

ani sotropy . For the uncircled points , the inclination

is opposite to that represented by the mean during more

than 25% of the observed interval.

Fig. 4 Thule and McMurdo nuc leo riic intensities during an un -

usually long duration event in which the direction of 
- 

i

north -south anisotropy remained constant for about

six days. Despite this persistence , the IMF Inc li na ti on

di sp 1ay e~ large fluctuations about the ecliptic plane.

L~.
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Fig. 5 Regression plot of intensity difference between

~orthern (Thule) and souther n (McMurd o) polar stations

versus IMF i ncl i na ti on for th e s i x da y per i od covere d

by Fi gure 4. Points represent four hour means.

Fi g. 6 A cosmic ray event showing an abrupt reversal in the

sense of the north-south asymmetry . The associated

storm-sudden commencements denoting the arr ival at

earth of interpl anetary shock waves are indicated.

Fig. 7 Nucleo n ic intensity deviation from the pre -event lev el

(AI/I) plotted as a funct ion of the effective asymptotic

direction of viewing, sin A*(y ,i), according to Equation 1 ,

for a number of stations (Table 1); (a) during the onset

phase of the Forbush decreas e in Figure 6 (horizontal

shading) and (b) du ring the recovery phase (vertical

shading).
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Adiabatic Fermi Acceleratio n of Energetic Particles Between
Converging Interp lanetary Shock Waves

E. H. L~ v ’~~ S. P, Du~~~A 1 ~ ;~\I) ~74~ A. Po\l i -RA\T/

8U,I~,I ReIeareh Foundaziern oJ the Frank/i ,, inci,i,i1-. Sll art hrnurt - . Penn.s l ~L ama I ~IO.~I

1h~ pro~es~ 7)1 ~idiabatic acceleratIon o frCIat IV ISt IL ~()SI11I~ t J , S heI~~ecn t~~7) coI1\I rgIIlg ~~~~~ Ihrough
the t irsi-order FermI mechanism , to w hwh the unusual ~r~und e~d e~ent (6 LE) of August 4 . 1972 .  ~~~~~
dltributeti earl ier IS exam ined quant itatively. thc nature ol I I I t e rp Ianetar ~ ~h 7 ) 7 k ~~7I~~e~ and their prop4gd-
Lion being taken into account . In the formal compu tat ional iiiodcl the net evolut iiin Iii the particle flits is
determine d by the balance between the acceleration of pa rt icles reflec ted tront the nioving sho c k wases
and the loss of these partic les which pass through the shocks . Comparison of the res ults of th~ theore t ica l
calculation s wi t h the measurements has resealed that the observed abnormalit ies arc .t i tatural conse ’
quence of the proposed process. In particular , the computed time s of maximum and the ratio 01 the
enhancement at the mountain altitude South Pole station to that at the sea level polar neutron mon itors

are in goo d agreement , is is the rap id decay of the p-article flux alter the max imum. The initial g row th Ol
the nucleoni~ intens ity appears to be delayed with respect to the prediction , hut this discrepanc y can he
u-,cribed to the comp lexities in attempting to uniquek disentangle the OLE from the behavior of the
total cosmic ray flux and to t Ime late development of the pa rticl e retlectton coefficient ol the interplanetary
shock fronts. An intensive search has revealed that the requis ite conditions or observing OLE rep-
resentin g acceleration between converg ing shocks has occurred only tw ice -wer a period of tw o solar
c~c les. and on both occasions an abnormal OLE w as in fact observed.

- - INTROD LCT ION features of the cosmic ra~ observations and briefl y review t he

Cha rged particle acceleration is an apparently universal relevant aspects of interplanetary shock wave propagation and

feature of ag itated plasmas as they relax to a more particle trapping by hydromagnetic shock w av es

homogeneous equilibrium. It is generally t hought that such ac- 
~ X PER t MI- --ITAL A ND THEOR~T ICA I. CoNsiD ~ RATio ~ s

celerat io n in dtst urbed astrop hysical plasmas is responsible for
producing cosmic russ. The nearby occurrence of these ptoc- ( iis?it lc ro t -  ohcerc’ o i wns. In a subsequent section. we dis-

csses in the solar system affords the only opportunity for a cuss a search for instances of interplanetary - acceleration of

closeup s iew of their properties. Thus a full understanding of re lativistic particles that covers the last 20 years. For the

cosmtc ra~ acceleratton in t he solar system has direct applica. det at led dt scu sston of the interp lanetary acceler at ion

tion to t he general problem of the origin of cosmic ray s  phenomenon we w i l l  concentrate our attention on the ~ery

It has become increastng ly evident that the interp lanetar ~ 
we ll studied ground level enhancement (OLE) whi c h occurred

plasma is a source of cosmic ray acceleration at low energies . on August 4. 1972 [Ponie ru ?ti: and Duggal . 197 31.

particu lari~ during disturbed times associated with increased The rnatn characterist ic s of this event are an approxim ately

solar act iv i ty  ( 4  s-lord and Reid , 1962 . 1963: Parker . l96~, 10% increase in the count rate of neutron monitors at sea lev el

Jo~ (f’ii . 1966; Rao ci - 967; Lan:eroui and Robbin s , 1969; polar statt o ns having an effective atmosp heric cutoli rig idity 01

-1 m is t  rung ci a! - 1970; Ogilvie and A rens , 1971; Singer and about I GV and an approximatel y 30~- tncreas e at a mountatn

i lmti g um;iemi - 1971; L oci -  ci a! - 19741. A recent observation by altitude polar station having an effecttve atmospheric ~utot T

Pun,era,u: and t) ugga/ [ I973~ of an unusual ground level which is fractionall y lower (Figure I).  Stattons w i th  higher

enhancement (on August 4. 1972) in the relastivistic cosmic cuto ff r igtdtttes saw d imir t~hcd enhancements, and th~ in-

ray flux has been attributed by them [Pomerani: and Duggal , crease was not observed at statton s wi th  geomagnetic

l974a( to first-order Fermi acceleration of cosmic rays trapped t hresholds ahove about 1 .2 G\’ The rtgtd ity spect rum of the

between convergtng interp lanetary shock waves. This suggests particles productng the OLE is essentta ll y indeterminable h~
t hat even at relativisti c energ ies some particle acceleration is t he conventional procedure because of the ver y narrow range

an occas ional feature of the solar wind, of rigidities over which it was observed and the va st  unce rtai n-

In this paper we wil l  exp lore quantit attve l y t he process ~~~
- lies in detector response functions in the relex ant energy

•,dtahatic icce leratiori betwee n two converging shock s through region. However , an estim ate 01’ t he lower limit of th~ spectra l

t he lirst.order U 7- rmt process , ta ktng into account the nature of ex ponent -y obtained by considering t he sen si t ix i t ’. sd those sLi-

inter planetary shock wave propagation. We w i ~I then comp.ire lions at which the enhancement was  not observed indicates j
t he results of the theoretical calculations w i th  the uhscr sa - ~ 7) [ I o s k iiood et a/ , 1975], Actua lly, t f we ta ke the dat .i at

dons We wi l l  find that the pecu~iar i t te s o f  the o hse rsatt on s are t heir face va lue and considerth ef l uct uat ton s in the rec ov ery ~ml ’

a natura l consequence of the adiabatic acceleration process in I- 1)-I as indtcaied by high-rigidity cutoff detect o rs , -i spectr a l

the solar wind index y ~ 20 is not nconsistenl w t ( h  the ohsers ,ntons in t he

Before proceeding wit h the analys is , we w i l l  discuss t he mati i range between about I 1 and 1.2 GV
Ha:i/ei- s)~ot-a i t  a! ( I  973 ] have obtained spect r_ i  I inlorma-

lion ,it lower rigidities i ~U.9 0 V I  during short itt lerx. ils 01
- \ - w  at L )cpartm cnt ii PLneiary S.ieiics ’s Lunir and Plinci,irs ti me before and i;tc r the ground leve l enhat iceme nt. I heir

I ah.~r,~tor ’. - I r l isers i t y “I \r i / immi i I empc . -~r i ,ona s~~s I measurements indicate a rigi dity spectrum wi th  -~ 10
(op~rig hi ~ ‘ri- h~ the ,-\merica n ( eophysic a Union ]1 , i 7 17 1 i 7 7 I 7 /  et of - 1975] in the range ~ O ,~_O . 9 (i\ In the

7--_________ — — - -‘7-7-- 7 —  
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1i c w i l l  assuti t e iriat the leading shock w as moving at

about ~ ($ i  kmm i s as it passed earth and that the spccd
2O~ - -

I remained re lat ivel y coi lv t a nt over t he next I or so hours

‘ \ 
- w hich are  iii iniCrest to us On Iltis basis w e  ciii estimate that

during t ime g rou nd level  enhancement the leading shock was
So715 POle ~ between (1. 1  atid ( 1 2  A t  pasi eart h and w a s  moving al about

~~~ST ~ 
~xi km s Al t i igether the relal ive clos~~g ve loci t y ui t he two

a - 
- shII~ks mit question e li Iront an initial value ol about 5~~X) knt

~~ - 0 —  
s - to about 51$) km s 1 by the time the i ivertakin g shocka

F- or t he purpose ot our later calculations t wi l l  he helpiul to
have a simp le anal y t ic ’ expression for the motion of the secondz
s hock and for the rela live closing veloci ty of the two shocks
The expression

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

pissed caro l

~~ 0- -.
~~~~ - -Z 7’ 7

’ 
I 1 ( R )  (5500 — 4550R) km s0 -

7- 
-
‘ where R is expressed in astronomical units hits the correct5 ‘ 7.

qua litative form for the deceleration , and is in reasonable
agreement wit h the observ’ai ions. It g ives a sun-earth t rans ;- 

FD- i transit time for t he overtaking shock In the approx imation
time of about 15.5 hours, in go td agreement w i th  the observed

t hat the leading shock is about 1/10 AU beyond ea rth, mos-

_______________________________________ 

ing at 500 km s I, the closing velocity is
4 8 2 6 20 24 

.~ V(R)  = ( 5000 — 4550R )  km suN iVE RSA L TIME

I Observations of the abnormal ground level enhancement w here R is the position of the overtaking shock These appros-
On ~~agI,si 4 . 19 7 2 , at the mountain altitude South Pole stat ion and at imations for the motion of the two shock waves w ill allow us
t wo  polar sea level stations , McMurdo , Antarctica . and Thule , to obtain simple analytic expressions for the evolution of theGreenland. The points represent hourly mean percentage deviations cosm ic ray flux during the ground level enhancementfrom the quiet prestorm level at each location on August 3. 1972. 

Particle trapping Magnetic field discontinuities reflect(After Pa#neran,: and Duggal , 1974a(.
a traction of the particles moving from the weak field side
into the strong f ield, Such reflection of charged particlesabsence o f a rigidity dependent shock refle ctton coefficient for 
from hydromagnet ic s hock waves and stmt lar  magnetic fieldenergetic partic les the adiabatic acceleration process does not discontj nuitj es has been examined in quantitative detail byproduce large changes in the spectral index of the particle flux. severa l authors [ Weni:el , 1964 ; Rosenkilde , 965; / ludso,iThus the very soft spectrum of the particles producing the 1965 . 1967 ]. Parker (1963] has explored the relationship ofground leve l enhancement reflects the steep ly falling initial shock reflection of energetic particles to the 1-orhush decreasespectrum of the accelerated partic les. In summary, it is c lear phenomenon. l ! udsu i i  (1967] has calculated the reflectiont hat the spectrum steepened with increasing energy. ‘y increas- coefficient of a number of dealt /ed shock transit ions b r  aning from a value of 9 or 10 below about 0.9 GV to greater isotrop ic distribution of particlesthan 20 hs 1 2  GV . The particle reflection coeflicient from a shock discon tinuityThe time dependence of the particle flux is shown in l- igure depends on t he magnetic field structure and on the pitch ang leI. The enhancement peaks betw een 1400 and 1 600 UT, 7 o r b  distribution of the particies In general , t he particles w i th in  iihours after the major solar ac t i v i t y  which prece ded I: The loose ly defined losv cone pass throug h the magnetic discon-detai led morp hology of this cosmic ray enhancement and of t i nut t y  wit houl reflection. The actual loss rate depends on theassociated shock waves has been discussed by Po,neroni: and rate at w hich the loss cone is refilled. The loss cone ix .1 fumic-Duggal (l974a1. lion of the phase oF the part icle motion uthoui the magnetic

lnterplanetari- sh(I( h waves, The feature of interp lanetary f ield lines as well as of the particle pitch ang les . Thus reflection
shock wave propagation in which we are mainl y interested
here is the deceleration, Many questions about shock wave
deceleration remain to be answ ered; several aspects of the
prob lem have been surveyed by Dryer [1974] . \ \Consider t he relative speed of the fast overtaking shock S.
on August -; and thc slower shock S1 which preceded it . as il-
iust rated sc hematicall y in Figure 2. The second fast shock vs ,is ç . EA R~~ -driven ny a strongl y decelerated blast wave [Drter ei a! - 1972 ] Q G

.s .;r’ an . iver ag c sun-eart h transit speed of about 2900 km - . - >3000 s~ see ’ ~,IOOO s~’ sec

~ ~epor cd eadie r by Pornerani: and Duggal (1974aJ. The ni- Ji 
/

t.au speed s if  this shock was  apparent l~ in excess o f 55(X) km I
I, by t he t rite i t  h~d reached eart h’s - r b it the speeli had s . !

fallen to ihou ’ l(XXJ km ‘ . Thit slower leading sho,~k riud ar  /
average si ; i-e u* rt h ;rans~1 speed so do ou t 40° km s 14v S
tr ,~ t ime s uch nte rp la - ~ ar~ shocks reach the o~ 1ui of earth i -~~ 2 ~~~~C : .7i .  siI.IiJr.int ~il the t w o  ;

~tc r r I ,ul~e t.7Iy s hoc~,s ‘ii
inei r s c ~~ds fall to typically 500—700 km see Dr ier . \ a g 7 - s i  4 1972

_ _ _  LA
~~~~~~~~~~~~ _~~~~~~~~~ _, ~~~~ ..—.—-—‘-~~ ~ — 

, -~~~~~~~--- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,—~

— - 7-- --



-~~~~~~~~ -—

C- 3
i v s i- i s i Ri iKp i s~~i 15115 Ps~~ii i i i  A i i i i  K - s i i ( 1 \  5 3

from a shock discontinu ity is analogous to reflection from a
magnetic mirror but not completely equivalent to it .

Figure 3 depicts schematically tw o obvious possibilities for
t he topolog~ of t he magnetic field during the time of the
A ugust 4. 972 , (iLL. Figure 3u s how s distortions of the usual
Arc himedean spiral field under the tntluence of two successive
blast waves . Particle confinement between the two shocks is
possible because of the shell .like nature of’ interp lanetary blast
waves Figure 36 show- s the case in which flare ejecta driving
the leading shock carries lines of force of the solar magnetic

Sunfield to form a so-called Gold bottle. The front of the bottle
moves awa y from t he sun with the velocity of the leading
shock. The dimensions of the bottle decrease at a rate given by
the difference between the two shock velocities. In this second
cave . partic le confinement is more efficient by crudely a factor
of 2 because particles can be easily lost only once in a round
trip between the two shocks rather than twice. We will even-
tually presume t hat the second case is applicable to the present
discussion. This configuration is cons istent with the limited
available magnetic field data and provides efficient particle

io~

t h \  

(b)

trapp ing.
It remains for us to estimate the particle reflection coefficient

of the second shock discontinuity. In view of the complications
and uncertaint ies involved in computing the reflection coeffi-
cient ( I  — A ) from first princip les it is preferable to take a Sun
crude phenomenological approach. The magnitude of the For-
bush decrease produced by the second shock was about Fig. 3. Tw o alternative schematic representations of the topology
2O—25~i Makin g a sen crude es timate of k on the basis of of the interp lanetary magnetic field at  the time of the August 4 . 1972 .

GLE. Although either could produce the particle confinement en-
Par A t - r s  [1963] anal ysis of the 1-orbush decrease , we estimate v isaged in the model, the more efficient Gold bottle confi guration in
A 0 .1—0 .1 5 . 3/,. wh eh is consisten t with the immited availab le magnetic field data , is

r’sresumed to h~ applicable to thc present st iscussion
FORMAl. COMPUTSI1ONAL. Mout~i

A cce leration of energetic particles trapped between two
h~dromagnetic shock waves or magnetic f ield discontinuit ies separation is ~~V —dL -di. (Strictl y. L is the distance along
t hrough the fi rst-order Fermi process (Fermi . 1949] has been the field lines that a particle follows between its reflection
discussed previous ly for a var iety- of ci rcumstutsces [Parker , points rather than the rectilinear distance between the shocks.

95 ,y 4~~/ , p/  and Reid, 196 2; Weni:eI. 1963; -iokipii , 1966; While this may affect some numbers used in the subsequent
/ l udim,n , l Vt”7 1 In this section we will develop a simple model calculations , it is easy to see that the conclusions are not
for the cv ilut ion of -i population of relativistic particles changed in any substantial w a y . )
trapped betw een tw o  converg ing or overta king interplanetary Assume for the purpose of computing the average albedo
s hocks . The net evolution of the particle flux is determined by acceleration of the energetic particles that reflection preserves
t he balance between the acceleration of particles reflected from the component of motion parallel to the wall and reflects the
the moving s hock waves  and the loss of those particles which normal component I ,,. This assumption does not mirror the
pass t hrough the shocks , exact behavior of particles reflected from hydromagnetic

Pur is t 0’ transport equation. For highly energet ic particles shock fronts; indeed we will later use the fact that the reflected
t he acceleration by a moving shuck wa v e is dominated by t he particles are scattered in pitch angle. However, t he expression
reflection, cyc lotron radius effects and gradient drift s along the that we obtain for the average acceleration of the reflected
shock electric field being generall y less important . These latter relativistic particles is adequate for the present computation.
effects, w hich dominate the motion of lower energy particles The change in the total energy of a particle upon comp letion of
spending long times in the vicinity of the shock transition , one round tri p between t he closing walls is then bE =

have been recently discussed by Sarri.s and Fun A llen [1974] 2L~~1 ’ t ’ ,,/c~ to f irst order in (~~V/c) .  Since a particle makes
and by ( hen and Armst rong (1974] . In the present calcu lations
we will include only the contribution to the acceleration due to
reflection from the moving shock. The qualita t ive evolution of _________________ _________________, 

~v ~t he particle flu.s is not changed by the inclusion of additional
acce leration eff ects , which can he easily added should it
become desirable to do so at a later tt me .

In order to avoid comp lications in the computational modef
we wi ll consider particles moving along magnetic h eld lines
between two semipermea ble walls as shown in Figure 4 . Sup-
pose that at each encounter with a wall a particle has a
probabilits A of pass ing throug h and being lost from the trap- Fig. 4 . Illustration of the basis for the computation al model.ping region and hence a probability (I — A ) of being reflected. in which the particles are assu med to mos-e along magnetic field t ines
If L is the distance between the walls, the rate of change of between the two semipermea ble w a lls converging with velocity ~ I

—~~~~~ - . — -7-— .—- - .~~~. — —~~~~~~~~~~~~~ — -~—- —~~~ - -~~~~~~,-~~-— -~~~~~~-——— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ - .—, - 7- ~~~ - ~~~~~~~~~~ - - - -~~~~7-
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(~ ,
/21, )bz round trips in a time bi, the rate at which a sing le we obtain

particle gains energy through this first-order Fermi process is a~ 3kc 
~~~~~~~

dE —
~~~~ dL (E2 

— m2c4 ) + 4aM’ e [e vi + m2c4 ]~~’2 F 0 (6)
(I)

di 
— 

L di E whence
where ~ is t he pitch angle of ’ the part icle. Pitch ang le scattering

E (E 2 2 4 1/2

by magnetic field irregularities and at the shock transitions will F(E) m c ) +
2

keep the particle distribution nearly isotro p ic , and we will mc

2 1 1/2average ( I) over an isotropic pitch angle distribution. 
. G(L11

~(E
’ — mc ) ] (7)

The details of the balance between the particles which are
reflected and those which penetrate and are lost depend on the With j( R , I )  = R2F , where j  is the omnidirectional particle flux
details of the shocked magnetic field. In the case where the and R is rigidity, (7) becomes
magnetic field is essentiall y smooth except for the shock dis-
continuity itself the reflection is independent of rigidity in the j (R ,

~ R2[~~ 
+ m2cS ) t7

~
2 + R

broad range of rigidities corresponding to Larmor radii larger mc
than thc dimensions of the shock transition and smaller than .G(L i/a (:)R) (8)the gross sca le of the entire region of shocked solar wind. In
the case of intermediate scale magnetic field irregularities the where G is an arbitrary function of its argument and will be
particle reflection coefficient may depend on rigidity. The chosen to satisfy an appropriate initial condition . In the fol-
reflection coefficient of real interplanetary shock waves is cer- lowing we will be concerned primarily with the integral flux
tainly rigidity dependent to some extent. However , the above a cutoff rigidity R~,
relatively small variation of Forbush decreases with rigidity -

[Lock wood. 197 1) indicates that the reflection depends only 1(t) = 
f 

j(R , t) dR (9)
weakly on rigidity. For this calculation we will presume a
rigidity independent probability of loss k at each encounter Ultimately, we will calculate the evolution of an initial dis-
with a shock discontinuity, If the spatial density of protons tribution of energetic particles. But for the moment it is in-
with energy E is (.1( E). then the average rate at which these par- st ructive to estimate the conditions necessary to produce a
tid es are lost from the trapping region ~ substantial increase in the particle flux, In general , cosm ic ra y

spectra decline relatively rapidly with increasing rig idity, so
Uvlja)lc/aL (2) that the largest part of the contribution to (9) is from particles

where e is the particle velocity and a= I or 2 in the magnetic vs .~h rigidities just above the threshold. Suppose that in the
field configurations illustrated in Figures 3a and 3b , respec- vicinity of the cutoff the initial particle distribution is a power
tively, law in rigidity

Consequcntly. with tp~) = and (ii> ~,, the transport equa- j(R, 0) = A R ”  (10)
tion for the trapped particle density is

Combining equations (8). (9), and (10), we obtain
.3U I dL 8 f(E~ — m2c4) ‘1 1 dL
ôt 

— 

3L dt ôE~ E ~~ ~~~~~~~~~ U [L o ] i t+2t ~’3J(e)~ ’. A — I R ”
kc (E 2 m2cl)i772

.5 V.+ 
~
_
~L 

— 

E 
U = 0 (3) 

~f(
( L / L 0) 27’3R 2 

+ m2c 4
1

m12 + (L/L 0~~~~ ,~~~
5
~ ’27 

dR
ER 2 + m2c4] ”2 + R J

Ev oL uTio N OF AN INITIAL PARTICLE POPULATiON (11)
10k/p/i [1966] in a discussion of some aspects of particle ac-

celeration at shock fronts has explored severai properties of where L0 is the initial separation between the two shocks and L
(3). Here we want to investigate the evolution of an initial pop- = L0 — ~ V0i. Consider the behavior of 1(1) for short times,
ulation of energetic particles under adiabatic acceleration , and such that ~ V0:L0 ’ << 1, by expanding (II) to first order ‘

we will proceed directly to the solutions of (31. in s.
In order to examine the basic properties of the particle equa-

tion we will first consider the case when ~~ V = .~ V2. where ~ ~~ 1(t) = A R ,.’ 
[

~ + 
(‘t’ + 2)el

isa constant. Multiplying (3) by c(E’ — ,n2cm ) -~~ and defining — I 3 ]

F ( E) = [c / E(E2 
— ,nacs)i~

a) U(E) (4) Akc I~~ R -
a 

/ ~~s” - — -
~’-i~ dR + Q

2( )  (12)
ni c )

we obtain after some manipulation It will suffice to consider the case when R, >> mc2 ; then 1(t)
3L m9 F (E2 

— ,n2c 4 ) ~ F grows if
E c9E .~V0/c > 3k .’2a(’y + 2) (13)

2 
— 

2 40/2

~L 
_~ç

,, 

(E m £,,.L_,, F = 0 (5) Th e point s we will make herc are unchanged by a more exact
E evaluation of the m ’ t e l r,lis ir. ( 12).

Defining the new variables Equation ( 13 ) ex presses the relation between the closing

• Im~ ~(L” — m3c’)’ ~L 
- ~ velocity of the shock wuv -~ s , the particle spectral index , and the

leakage rate of particles through the shock disconttnuities that
y • —In [(V — m 2c’~ 

iLi I must be satisfied if the particle intensity is to continue increas-

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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ing through the adiabatic acceleration process. All of the Out will always be much larger than the number leaking in , and
qualitative features of the ground level enhancement that we the uncertainty in the appropriate boundary condition can
are discussing follow from this relation, As we have noted, ‘y is affect the net leakage rate by no more than about 10% during
not changed substantiall y by the acceleration process. We will most of the event. This will have very little quantitative effeci
make the simplify ing assumption that while the shock is on our conclusions. The leaKage of particles into the accelera-
propagating toward the earth , the reflection coefficient k re- tion region must be taken more completel y into account if

a mains unchanged. when ( 13 ) is not satisfied, the magnitude of the enhancement is
Consider the values of k and a specified above: A = 0.15 and small.

a = 2. Then (13) yieIds (.~V0/c) > 0.1125 (“y + 2 ) 1 , We have !zfj eci of shock wavedeceleragion . We now proceed to com-
suggested that in the August 4, 1972 . GLE the spectral index pute an idealized model exp licitly including the deceleration of
between I and L2 GV was of the order of ‘y ~ 15, Conse- the shock waves o display the character istics of the tempora l
quently, ~ V0 must exceed 2000 km s in order for the part i- intensity profile of the GLE. We will use the idealired
d c  acceleration to overcome the leakage losses, thereby per- decelerated closing velocity defined earlier , which can be writ-
mitting the flux to continue to increase. In this way the time of ten
maximum in the ground level enhancement is determined by dL / R ‘the deceleration of the closing velocity between the two 

~~ V = — — = 5000(,~l — —) km s ° (14)
shocks. Note also that as ‘1’ decreases , the critical value of di I .1

.~~ 
V0/C increases. As was mentioned above, the observations where R is measured in astronomical units. Equation (14) is

indicate that the particle spectrum of the August 4 event is not intended to fit the sparse data covering the propagation of
abruptl y terminated , i,e., the spectral index -y increases with in- the shock waves that produced the August 4, 1972 , GLE. In
creasing rigidity. For such a spectrum, it is a natural conse- chc,osing a functional form for the shock velocities we have at-
quence of( 13) that the peak in the enhancement observed with tempted only to represent the qualitative features of shock
detectors with lower cutoff rigidity should occur somewhat wave deceleration. We have therefore presumed a function
earlier. In the next section we will compute an idealized which gives the observed sun-earth transit times and which
representation of the adiabatic acceleration process which ex- permits a straightforward solution of the cosmic ray equation.
plicitly includes the deceleration , and we will see that this tern- Rewriting (14) as
poral dispersion is small , of the order of an hour. The observa-
tions are not inconsistent with this predicted effect. Unfor- dL ’dt = — V 0L/L, ( I S)

tunately, however , many complications prevent a conclusive where L0 is the initial separation of the shocks (I.! AU) and L
tes t of the temporal dispersion. Among t hese are the large . = L0 — R and using (3), (4), and (15), we obtain
rap id short-period fluctuations in the nucleonic intensity at
different stations and the difficulty of accurately determining 3L0 OF (E2 — m2c4) OF
effective atmospheric cutoffs when the particle spectrum is an ‘j7” ~T + E
unknow n function of rigidity. 0

Before proceeding to an idealized model for the adiabatic 
_ _  

3kc v,i/L. (E
2 

— m2c4)1”2 
F — 0 16acce leration process , which we will compare with the observa- ~“ 2a ~0 

e 
E 

—

t ions, it is worth making two additional points. First , it is in-
s tructive to determine how the acceleration process affects the Defining ~ = (V0t/3L 0) and ~

‘ = in (V — m2c4) I’2, we obtain
cosmic rays of galactic origin. The spectral index of these par- trorn ( 16)

t id es is ~y < 3. Using (13), we find that in order to produce an OF OF 3kc e3
~appreciable increase in the gaI~ctic component of the cosmic ‘

~~~~ + + ~‘j7’ ~~~}
“
~~~ m2c4) 112 F = 0 (17)

ray flux . .~ V0 mus t exceed 6500 km s~~. This is higher than the
susta ined propagation speeds of interplanetary shock waves. Writing = 

~ + ~ and y = — 
~ , we obtain

Hence galactic cosmic rays do not enter into the present dis-
cussion in a substantial way. OF 3 kc e2

~ 
~~V

The second point concerns the boundary conditions which ~~
‘ - + ~ “j7 ~~~ 2 4 1/2 F 0 (18)

have been implicitly assume d in our calculations, The bound- X a o (e + m c )
ary conditions come into our accounting for the loss of parti- Solving (18) and expressing the solution in terms of particle
des from the acceleration region. We have not taken similar rigidity R yield the general solution for the isotropic particle
account of the particles which may enter the acceleration flux
region from the outside. It is straightforward to rewrite (3) to ‘

inc lude leakage of some particles back into the acceleration 
- J Ac L0

reg ion and to reduce it to a formal solution. The solutions are j (R, i) = GEL / (i)R] ex~ 
~~~ ~relat ively complicated , part icularly w hen shock wave decelera-

- - - r 2 4 i / i  2 2 4 i, -2 ”Pition iv included explicitl y. We will argue that for our present 
- 

(R + ‘H C ) 
— 

3 (R + rn c )_ 
~ (19)purpose the effect of particles leaking into the acceleration L R 4 2 R JJ

region from outside is negligible. The main consideration in
this study is the morphology of the ground level enhancement: where again the function (i is determined by the initial
growth and decay of the particle flux and particularly the time spectrum of the particles. To determine G, we will assume an
of maximum. As we will see, the particle event represents an initial spectrum which reflects the cutoff behavior outlined
enhancement of about an order of magnitude in the flux of the earlier. Consider the initial spectrum
steep spectrum particles. Thus during the main part of the ‘(R 0) = (‘0)event the energetic particle density is much higher in t he ac-
celeration region than outside. The number of particles leaking with the slope increasing smoothly from a value of about 9 at
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0.8 GV to about 20 at I .2 GV . Combining I 19) and (20). we tii be compared with the observed maximum at about 1500
obtain UT , the computations are in good agreement with the observa-

I 
lions Of course , one can tune t he computational model more

j(R. t) = 
A[~~~1] ~ R coefficient , or t he spectrum, but greater precision is obviously

i.’.i/ .W ,L,i’ ”R-2 f inely hy slightly adjusting the shock velocity . the reflection

kc L, I(R 2 + m 2
~

4 ~~ 
noi warrante d at the present time.

- exp —j - ‘j~
—
~ ~ R3 (mY — We have chosen the nominal atmospheric cutoffs of 1 l  GV

and 0.9 (iV to compare the results of the calculations with

— 
UL(iY L~~~~R

2 
+ tn2c 4 } 1 ”2  polar observations at sea level and at high altitude , respec-

R3 t ivel y (Figure I). Note that the ratio of the computed maxima
compares we ll with that of the observations .r .~~. — ~ (21) 

The proper normalization of the curves n Figure 5 requires
an estimate of t he contribution of the ambient steep spectrum
part icles to the total solar particle flux prior to onset of the

We should point out that the analytic spectral form given by ground level enhancement arising from the adiabatic accelera-

(20) ceases to be applicable below about 0.8 GV , w here the lion mechanism. This analysis is comp licated by t he comp lex

spectra l index would continue to decrease in disagreement conditions that prevailed at this time. In particular , the solar

with the observat ions. In this discussion we will confine our at- partic le emission occurred during the initial phase of a For-

tention to rigidities near I GV , w here this discrepancy bus h decrease at a time characterized by significant

betwecen the spectrum measured at lower rigidities and our anisotropy. Thus all of our attempts to evaluate objectively t he

ana lytic representation is of no consequence. With a lOot l5~ 
intensity of the steep spectrum component prior to the rapid

loss probability very few particles undergo a total rigidity in-  en hancement failed to lead to unambiguous results.

crease of more than 0.1 or 0 2 Gv . Nevertheless , cons ideration of all relevant factors suggests that

Using (2 1) and (9I, we compute the evolution of the integral a contribution at t he sea level polar stations by t he steep

particle flux above an appropriate cutoff. In constructing spectrum so lar component of the order of half a percent is con-

Figure 5, we have assumed a coupling coefficient C’(R) R3 to sistent w ith the observations. With this initial intensity the

represent the propagation through the atmosphere. It iv well ca lculations predict about an 8% enhancement , as is shown in

known that coupling coefficients are not well determined near f igure 5. Then with Ihe initial spectrum (equation (20)). the

the atmospheric cutoff~ the approximat ion we have used here calculations show that the initial contribution to the particle

is satisfactory for our present purposes. fluii from the steep spectrum component above 0.9 GV should

Recognizing the limitations inherent in the approximations be dbout 5% (which also appears to be consistent) and the

used in constructing our model, we can com pare Figure  5 magnitude of the increase should be about 30%, which is in
directly with the neutron monitor observations. The curves good agreement with the observations. Finally, we note t hat

show the computed evolution of the particle flux measured t he rap id decay of the ground level enhancement is also in good
with ground-based neutron monitors having cutoffs at 0.9 GV agreement with the calculations. The particle flux has fallen
and 1.1 (iV , as indicated. Time is reckoned by assuming that to its preenhancement salue some 3 or 4 hours before the

the shock wave set out from the surface of the sun at 0630 ~~~~ following Forbush decrease , FD-2. This decrease in the parii-

t he time of maximum activity of the flare which produced the dc  flux, hours before the arrival of the second shock , is a direct

overta king shock. We have neglected the relativel y slight mo- consequence of rapid deceleration of the overtaking blast

tion of the first shock wave during the interval shown. The wave. W hen the closing velocity between the two shocks falls

computed time of maximum is just after 1400 UT. Since this is hek~w 1 500 or 2000 km s - ‘ . the leakage rate of particles from
t hc cont inemcnt region becomes larger than the rate at which
t he f lux is increasing as a r sult of adiabatic acceleration.

The computed growt h phase of the ground level enhance-
ment disagrees substantially with the observations. A detailed S

sum of a decreasing galactic compone iit due to the evolving
com parison is difficult because the observed particle flux is the

lirsi Forhush decrease and the increasing solar componenf. An

/ ~ ~~L;G~Js~
’ unam biguous separation of these two components is not feasi-

20 -i hlc se rt hckss , ii appears Ihat the observed onset is delayed

/ 
scs -e r.i~ hours with respect to the computed time of the initial

5 —  - 

\ 

enhancement , V~ e suggest t hat this discrepancy is due to our
- r,ecessari l~ idealized representation of the formation and

~ 
propagat ion of interp lanetary shock waves . As a part icular cx-

- -  
- - amp le . constder t he reflectivity, for energetic particles, of a

~..i~~.~ptic ric. ii s hock wav e  propag. ting outward in the~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~~

. - FO-2 \.~ h- me dej n spiral magnetic h eld, Where the as’era~e field is
rid,ir ~\ i ormai to the ~~ire ~~1~~in of shock propagation. .~o large
n.~. nei ic disconiinui~ iv pro duced. Thus near the sun the

8 0 2 4 5 ~~~~~~S -

VI ‘~ ick ~ef ~e~~s sci~ ~~4 ~~.i, ~~~~~~ i f  an~ . is i~ 2.5 the shock

f ig 5. ( .~~~ . ted e% iiution ot the ~, - 
~~~~~~ h~~~~ CiL’ i1i~~~ ’ ~~~~~ 

c progrcssev (ur,hcr s~or~ ihe sun . vs here the obliquity of

~~ d iferent etTt~ t ise a.m vç . r cc .~ ~ ii~~tTs . tr ~~ p .i1 U,~~~ 
,~ III C 

t 1~c eld to ihL’ h ; ~s roist increases . flat t he particle relice-

partic le ret ’fe~- : v  i ty of the vi - .  div: ’r.tiiiutty represents the
~~O I , 1 d I ~ . &~~~~

) 9 (iv and sea !~~el (~ I I p 1 ,  ‘ia~,~3ns in . S-i i y hccomes i~i~ rrci~hie. O:~ 
- iv basis , our estimate for the

- 
_ _ _ _ _  
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average va lue during the transit from the sun to the earth. observatories) have been used to identify the shock pairs. It
From the severa l hour duration of the delay, we can estimate should be remarked here that several authors have suggested
t hat the shock front becomes well developed . w ith respect to that some ssc are attributable to tangential discontinuities
cosmic ray re flection, at a few tenths of an ast ronomical unit rather than shock waves [see, e.g.. Taylor, 1969; chao andLep-
from the sun In addition , our one- dimensional model does ping, 1 974 ]. This dual interpretation does not seriousl y a ffect
not inLorporate t he effect s of spherical or quasi-sp herical the present study, since both shock front and tanbent ia l dis-
geometry w hich characterizes the real solar wind. The continuities are acceptable in our model, The physical causes
sp herical effects are most marked during the first few hours of of sudden impulses (vi ’ , s i )  are more com plicated, although
propagation of the second shock , and they also depress the mi - some of these can be produced by tangential discontinuities
tia l growt h of the cosmic ray flux below that deduced from the (see But/ ago and Ogi lvie [1969] and references therein); hence
one-dimensiona l computations. in this study the shock information was derived solely from ssc

Future attempts to produce fully quantitative models will data.
have to take these and other additional effects into account. If For the present purposes a double shock has been defined as
highly detailed observations of part icle enhancements due to a pair of shocks with onset times (T , T2) at the earth that
adiabatic acceleration become available in the future , suc h satisf y the following criterion:
mode ls may serve as ground-based diagnostics of inter-
planetary shock w ave formation and propagation. At present T~ 

— 7’2 60 > ~T > 1 hour

t here are not enough observational data to warrent the con- The lower limit ~ T > I hour recognizes that onl y hourly
struction of a more sophisticated model, cosm ic ray data are considered in this study; on the other

hand, t he upper limit is rather arbitrary since of course the dis-
SEARCH FOR ADDiTIONAL EVENTS tance between any two shocks depends on the velocities of the

In the light of the above results we have conducted an inten- individual shocks. In general, this limit allows distances of the
si’ic investigation to determine whether particle acceleration in order of I AU between the leading and following shocks,
interp lanetary space was in fact observed in all cases where the The results are summarized in Table I - The ~ V criterion was
requisite interp lanetary conditions prevailed , as specitied by satisfied when the velocity of the following shock S2 unam-
our model . This study includes the entire period (1 952— 1973 ) biguousl y exceeded that of the leading shock S.  as required
for which continuous records of the arrival at the earth of low- for the mechanism to operate.
energy solar particles is available. Our theoretical model requires a significant velocity differ-

The abnormal characteristics of the August 4, 1972 , GLE en-,c between t he following and the leading shocks (equa-
provided an emp irical basis for identify ing particles accelerated non ( 13 ) ) .  Direct satellite ‘observations of shock velocities
by t he converging shock mechanism [Pomerantz and Duggal , near t he earth are available in only two cases . For the remain-
t974a [. In particular . cr iteria for distinguishing protons ac- ing events the mean velocities of the shocks between the sun
ce lerated to relativistic energies in interplanetary space from and the earth were estimated by assoc iating the ssc with solar
t hose normall y acce lerated in the immediate vicinity of the sun flare observations. As Table I shows , there was an unam-
inc lude [ Poinerani: and I) ugga/ . 1974a ] ( I )  unusually long biguous determination of a significant relative velocity
delay between t he onset of flare activity and the GLE. (2) between the leading and following shocks in two events. In
significantly steeper energy spectrum , ( 3 )  preexisting ambient both cases , shock-accelerated particles were observed , and the
low-energy solar pro;ons , and (4~ appropriate juxtaposition of relevant phenomeno logy has already been reported by
two converging interp lanetary shocks , t he following shock Pomeran:: and 1) ugga! [l974a1.
moving apprecia bly faster than the leading shock. Starting It is also important to investigate the converse question , i.e..
from the third criterion , we have studied all per iods during have any of the previousl y recognized GLE been erroneously
which either significant polar cap absorption was observed ascribed to direct particle acceleration at the sun? An up-to-
[Bwlei . 1964 ; Pomerant: and Duggal , 1974b; A. J. Masley, date summary of all GLE observed since the start of
pr ivate communication . l9 73[ or measurable fluxes of systematic monitoring in 1936 has recentl y been published
energetic so lar particles were reported [ Van Hollebeke ci a!.. [Puinerani: and Duggaf . 1974 6]. Reexamination of these e;ents
l974~ has shown that the time delay between the onset of the flare

Since geomagnetic storm sudden commencements (ssc) are and the onset of the relativistic particle increase is abnormal
generally regarded as signatures of the impact of shock waves for only two events , namely. July 17 , 1959, and August 4. 1972 .
on the magnetosphere . these data (i.e., ssc recorded by � 10 which have been discussed earlier. Furthermore , studies of

TABLE I. List of All Shock Pairs That Occurred Between 1952 and 1973 at Times When Low-Energy
Solar Particle Fluxes Were Observed at the Earth

Leading Shock S Following Shock S~ .~ I

i~vent ~ I . Criterion G L E
No. Year Date UT Date Li hours Satisfied Observed

I 1957 Sept.2 0314 Sept.4 300 58 no no
2 1959 July 1 5 0803 Jul y 7 16314 57 ~es ~es
3 960 April 5 300 April 7 15 11 50 no no
4 1 960 April 27 2020 April 30 0132 53 no no

1 960 April 30 0132 April30 121 3 II no no
6 1968 Oct.31 0859 Nov. I 0916 24 no no
7 1 969 Feb.27 0307 Feb.28 0423 25 no no

1972 Aug. 4 0220 AUg. 4 2054 19 yes yes
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Jsever a l wo rkers have shown t hatcxcep ~ for t hese cases a diffu - - i ’ / .  .. / d ~~ i ’ , !, I’his research was sponsored by the Naiional
sion model for t he propagation of particles between t he sun Science fo undation and by the Ai r i-ORe Cambridge Research
and the earth predicts the intensity SC C S US time profiles of all I,~~~i aton es . Ai r Force Systems Command, under contract F 19628-

70-(’ -019()
major ( LE observed with neutron monitors [ Mey er ci a/j . ihe Editor thanks T. P. Armstrong and J. R. Jokipii for their as-
19 56; 1) uggal ci aI~ . 1971; Lock wood and Shea , 196 1 : sistanee in evaluating this paper.
Po,nerant: ci a!, . 1 96 1 . Dor,pzan. I 963; Bur/ ~,ga. I 967. 1 970;
Loc k wood . l96S~ Baird ci a! , 1967: Fisk and A xford, 1969 : RFFE~~ NCES
Dugga! and Pouzerani:. 1972 , l973a , 6] . Armstrong, T P.. S M. Krimigis, and K. W. Behannon, Proton

SUMMAR Y AND CoNclusioNs fluxes at 300 keV associated with propagatiag interplanetary
shoc k waves , J. Geophys. Rca.. 75. 5980 , 1970.

c have re~ iewed the main features of the anomalous Axford, W I., and G. C- Reid, Polar cap absorption and the mag-
cosmic r ay ground level event that occurred during a widel y netic storm oc Februa ry 11, 1958, J. Geophya Rca.. 67, 1692,
studied remarkable series of solar , interp lanetary, and ter- 1962.

Axford, W. 1. , and U C. Reid , Increases in intensity of solar cosnucrestrial distur bances in August 1972 fCoffet’. l973~, In par. rays before sudden commencements of geomagnetic storms, ./
ttc u lar , we have examined quanti tati vel~ the orig in.i i Geophys Res - 68, 1793, 1963.
hy pothesis by Po,nerani: and Duggal [1974a ] that the August 4 Bailey, D. K., Polar cap absorption, Planet. Space &i., 12, 495,
GLE resulted from adiabatic Fermi acceleration of cosmic 1964. 4

rays trapped between a slowl y mov ing interp lanetary shock Baird, G. A.. G. G. Bell, S. P~ Duggal. and M. A. Pomerant a,
Neutron monitor observations of high energy solar particleswave and a rapid ly moving second shock which was overt a k- during the new cycle , Solar Phys , 2, 491, 1967

ing t he first during that time. Bazilevskaya , G A., Yu. J. Stozhkov , A. N. Charakchyan, and T.
Several authors ]Ba:ilevskava et a!.. I973~ Lockwood ci a!. , N.Charakchyan,The energyspectra andthe condition,ofprop-

1 975] have proposed alternativel y that exotic cosmic ray con- agation in the interplanetary space for solar protons dunng the

~ainment and propagation effects were responsible for the cosmic ray events of August 4 to9, 1972, P~’oc. ml .  Co,i/: Cosmic
Rays 13th . 2, 1702, 1973.peculiar nature of the August 4 event. However , on t he basis of Burlaga , L F., Anisotropic diffusion of solar cosmic rays, J Geo-

t he present calculations , it is clear that such effects need not be phys. Res.. 72. 4449, 1967.
postu lated. In the absence of a quantitative treatment of the Burlaga, L. F , and K W. Ogilvte , Causes of sudden commence-
proposed exotic mechanism, further discussion is not war- ments and sudden impulses , J. Geop hys. Res., 74, 2815, 1969.
ranted at t he present time Burlaga, L. F., Anisotropic cosmic ray propagation in an inhomo-

geneous medium, 1, The solar envelope. Aria Phys., 2, 9, 1970.
Comparing computations based on the present simplified Burlaga. L. F., and K. W. Ogilvie, Causes of sudden commence-

representation of relativistic particle acceleratici i. by overta k- ments and sudden impulses, J. Geophya. Rca., 74, 2815, 1969.
ing interp lanetary shock waves, with the observations , we find Cheo, .3. K., and R. P. Lepping, A correlative study of sac’s, in-
substant ial agreement. The computed time of maximum parti- terplaneta ry shocks, and solar activity, J. Geophys. Rca., 79,

1799 , 1974 .dc  flux agrees within an hour w ith the observed maximum in Che~, G , and T. P. Armstrong, Numerical simulation of three-
t he ground level enhancement. The computational ratio of the dimensional motion of charged particles in interplanetary
max imum amplitude of the enhancement at the mountain shocks tabstract), Eos Trans.. AGU, 56, 1165, 1974.
.~liitude sout h polar neutrt~~ monitor to that of the sea level Coffey, H. E. Ed. . Collected data reports on August 1972 solar-

terrestrial events, Rep. UAG 28. parts 1—3, World Data Centerpolar mon itors agrees well with the observations. The rapid A , Boulder, Cob ., 1973.
decay of the particle flux after the maximum and substantiall y Dorman, L 1., Geophysical and astrophysical aspects of cosmicl,eforc :he following Forbush decrease is also a point of good radiation. Progr . B/em. Par ticle (‘os,nic Ray Phys., 7, 236, 1963.
agreement between the computations and observations. We I7ryer, M., E. J. Weber , A. Eviator , A. L. Frohlich, A. Jacobs, and J.

~~ ie t hat the observed initial growt h of the nucleon~c intensity h Joseph, Interplanetary shock wave propagation beyond
earth during August 1972~ A progress report (abstract). Boais aelaycd w i th  respect to the computations This delay is ap- Trans. ACt.’, 53, 1058, 1972.
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