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domain of the earth's magnetosphere. The corresponding results were expected

to demonstrate the significance of cosmic ray measurements as an additional tool

for- magnetospheric studies, especially in modeling the disturbed magnetic field

in the magnetosphere.

In the following, first the approach to the problem is reviewed in Section 2,

aind examples of the basic tools needed in the procedure are illustrated in Section 3.

Then, in Section 4, the results of a simple study correlating local perturbations

in the geomagnetic field with cosmic ray cutoff rigidity variations are discussed.

Section 5 contains a summnary of a detailed quantitative analysis on the effects

of o pailial ring current and of field-aligned currents on both cutoff rigidities and

asymptotic directions in different latitude regions. In conclusion, the significance

Of the' results obtained in the entire study is discussed in Section 6 for both mag-

netosphet'ic and cosmic ray research.

2. NIET11IOD OF PROCEDURE

Thel( differential equation describing the path of a particle of charge q and

monte))ntun]l p in the caritb s magnetic field, 13, is given by

- - l- x)1 (1)

(Ro.-siiand~lbert ).where X represents the position vector, s the arc length along

the rajectorv, and p . Lnfortunately, this differential equation does not have

gene rA nMaltic' solution even if 13 is expressed as a simple dipole field, It is,

theefoecommon practice- nowadaiys to study the propagation of energetic charged

pa rticles in the earth's magnetosphe ic bY nume rical calculations using a mathe-

matMicA mod~rel of the earth's magnetic field.

*1hi( riurta rical niethods for the integration atI 1:I. 1 1) are well established and

59 )t~l ngan)put ci pingrarns have been publisihed by several authors

(1%l A' acke n t I al; Shea cI a I0 ). As is done usually in cosmic ray physics.

Ow pari, C Ml'C are car'acte rizecl inl these programs by their rigidity

8. Iass. B , nt )lbit.S. Mt170) in fllt iodut lion lo the Phy'sics of' Space,
1%1{;raw -Hll. New York.

'I.hk('':ckri, 1K,. C., im, I . R. . :td Sheai, Al. A. ( 1962) Thle Trajectories of
n zc[Ivs in) 1 ulgh Beg te i uato of' the Geomagnetic Field,

At. ~ 1 1? I) . ci t. N o. 7,N) 0-26710.

11). MO*A. \.1>t t ). 1. 'Intd (z 'ili ittc 'wl, If. ( P9)( ;llfd u ttrV Of' Cutoff
ttL'tii' 'cumtm'd \\ ith f h14 InternitioizilIG fdntgnetic lcference Field

f~~~~~~~~~r~~R \ rosEohLi'N.51 IC.TI;6-01 15, AI)A021398.
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warfe c- is flte velicitv of light. The procedures then utilize the fact that Eq. (1)

remiairis tii' ged if the signs of q and ds are reversed. The trajectory of a

py iticl "v di rigidity P arriving A a specific location from a specific direction is.
ftherlift)c re, nnd akadsb m~ the path of an identical particle, but

withi oppssite chtat gi-, lea ving that paticular location in the specified direction.

I' i-Ci oiphittCV i-siam olaf ionl Of p~artiCle2 trajectories in space, that is, the

mu cte cingtechnriquei, has been used as a basis for the procedure followed

il Ht- a in Ivs is el flt-u Ii -ct s of asymmetric miagnetosphe tic curren systems on

t0 nmit riintiun. Acording to this procedure, which is illust rated schemnatically

I~i F ic 4 , a imidvi of thu quiescent geomnagnetic field had to be specified first.

Ini- teain lt.v Id lit' ir the ea!rth is norimally icpresented bya sumn of sphe rical ha r-

iii 111c. %itrr -viifficicrtts det riired so as to produce the best fit to expe rimental

iiit a,. Iilv nt ea I-S uZrea t iftvort s have been niade to develop quantitative models

to~ 4 lesc rihi- the Miagrnetic field withn the entirie niagnetosphe re. F-or the quiet

t"f1 c i iLittic ld uvniritipaiion, severael models now exist which include the con-

i-alii FIMIII- trill iiia42ritiaoSi, ring and tail carrents in addition to the main field

44V,t I u-r 4.Ii tho- presi-rt study , illitwarce hadl to be miade for- the fact that in the

isA (, 4I 'Il uala~tini 2 viisriiic i-tc trajectory tlit- rirtienetc field has to be evaluated

ci .rc psitu Indm thait tin- re spuctixe arrionrit Of' eviipUte r tiro Should stay

mIi r- soiiliuts. Ilit-itf ii, wet juic vot lutili/ed if 1 - movst . irphisticated

ri-I ini tmii- 'tudi. I or- a riiib--of initialcliltiac i-iw-i -sniil

ihliti h i t\ mor iiii jiatlitivi, tfl~ri itiatititlitict e .% en rit it t he poss ible effects

0i Im 1I iiiipiietic. viitiir-haitiirs tin -iitiift tigiditit's, . iitl- ilupitle ri-!iresentatirin

I i, v1 i~tit i ,cd up '! CilIn vHa tcst-b- 1tiS In a trtritina 4n q iinltiai'tiC- a nl

I (r u 2 -l I' I- iclIt il(l t: 4) vi))r ptititi- to Epoch Pfi) 1 65i . ) 41 \(-" Commrrriis sion 2 ). it

- . '-rtir I ,?i- tie ilbliril pr)hem v-pi-s ft-e u-n giii ili In 4ii-lf~iirvi42 tui

n0- ] Hr do . hc Mt' t c h I d. \\iti the 'I ic , -v -,, ii 1ii _tein fct ed

-p -ii-I !1oJ lI- Ii! In- .-it ara'; 2 l pner t ikr ile- nt i% -- flu-mu bc-en) Itor-

1),i iiv. i.I 'l ~u iii ilvi- iliii-ii II l n I.- lC h\ ii iia tisriuii rc nne 'i

0 -. ri .1 ,) i - i(It* 14.\' 11tl-ou-Kii A >irictiia. Ii.
4 l 0i~ '%" A 'd JJt ) I1 os w l

-. 'Purl> - 1111 2 i i-fart' , -uu I44 ' '-a Iim- tni'nif

i~i,-i- I ,k tL (I Ii- . i; iir- -.-. 1--. I', rni44474I2.nitno i



effects of the magnetic perturbations due to the model current systems have then

T"I been evaluated by comparing the results of trajectory calculations using both

quiescent and perturbed magnetic field models.

QUIESCENT DISTURED
GEOMAGNETIC] GEOMAGNETIC
FIELD OE FIELD MODEL

TRAECTRYCALCULATIONS F igur( . Schematic 11ep resentation

4W of the Procedure I-ollowed in the
PEUBAPNMR Study of the L_ ffects of AsYmmetric

CUOF AE LUTOF VAU MpNagnetospheric Current Sy stems on
ASYMPTOT___ CosmC YPI ICDJAic Radiation

F_ COMPARISON

CHANGES IN
PENUMBRA /CUTOFF VALUES

ASYMPTOTIC DIRECTIONS

is5((f or illh- rri,(ertl-lts ,f rrrs(0511 r~Iy studies, t i,(J quantities wer[e

of - i lilrt(r- ,.t v. if 1 r(-Qr~e t o thw If (,r:fs of (list itrbilnces in thec geonlagoletic

field: fil- eutfff rigiditifrs of siieia.stations ;ind ft(,e asvnipfotic dire ctions of

The err1t''f rigift., of Sf -- lreIII locatioti on the( e-;rth and of a specific direction

I Irrih I)- Is -wel fetr-fw -s frill rigidity bel'ow% whichl cosmiic tic% pairticles-

'," III -islh- f. thft jI. ljnl' frir i te spreeificd (lil'el:tiorn. lollowing thec pro-

(.dnri -I ribid (I hir- fd I~ "m rYcutoff rigidities lierve beei.n ohftie~d

h% . Irt rnimitiL i0 fIii (-rIIrl rigitdity sprictrirr witfiel ji inch-. irlual rigidit.% haid

rIf- (l t- I.- "t! I I I rIliri'; (flh t is, hurld :III llro,Ir-(I ti fr-tor\- ort lit. I k)l

it I r I t, ii:-i 1. 'ii 11 i ll hi t i till j inlid i i gle o, si I- 'rirr-r- 2 Ior i

fil!, m~~~~~j!Si f!I tf I,,I -f %, \

hS 'l 11 p ((

0i I ! II l i , I l , ; 1 !1 1 -I t d i w I d r . 1 ) 1 f I : ( (



F igure 2. F rames of Reference
r Used in the Study of the Effects

0/ of Asymmetric Magnetospheric
0A C urrents on Cosmic Radiation

m'iniu oiiniL

3. Pei(b v~ t intl
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pS(A 4b, n, 0,) the lowest rigidity for which the trajectory

calculations yielded an allowed orbit. For the

past 15 years this trajectory -derived value has

been referred to as the St6rmier cutoff, although

its calculated valure is in most cases well above

the actual cutoff rigidity corresponding to the

St6rrner cone as defined by St6rmer; 
1 6

P (D. 0, M) the effective cutoff, given by

q~~ (A, 1). 0, p) f~Q ( ~,t.c)- J, (P; ,4,0,o) dP

PS

where

C(P; ~ t? 0 if the orbit cor'responding to P is allowed

0 ii the orcbit cot'rresponiding to 13 is forchidden.

As illustrated in Figure 4, the asvni ptoti d'irect ion of ai cosmic cav particle

having a spcfi igiditv and acriving at a spedifir location on the eact h from a

specific direction of incidence is the direction of rmot ion %%hich this particle had in

inte rplanetarv space pci or to it., initecact ron with tlhe ea rth' s mag~netic field. It is

obvious that ast.niptotic dircect ions ace a pciniarv means of 'elating cosmic r'av in -

tensitv variationls at the earth with the directio ti ' the iarticles in intet'plati'tarv

-pace-(- Wc('racken et a[ 9. li).Te t ia ecto r'v-t raring method enables an arrnr'atte

iieterniinatiion of asvmnptot i d i rections for a specific model ilt the earthi's roagirtic

field (Sln'si nd Srnor'it 1 ). Inl tie relatively s;imple !ild ir h,,! sed inii his analysisz

[tie a1s vI'itotii' lirectinr if a par'ticle has4 Ieen d'tei'miiiel hv its diretiori ' rnii,

exprt'se'd inl f('im if Ole ieontic riiiilnati' ;*"I(T1in 11 25 earthi adii, Mwri

hel erffects of t iwomagnreti' f'ield on 01C, othit h" I' irisi' iialit.

Fairi Law n. i%(

17. \hk-ra,k'r . IK.,. li t I I I ~ll. 1) 'xlxi ' M. \ mld sm Irt, 1).1'
(11"68) ti)siiul ll:iv, ofi if lwi KIQ"Y \ I I ,Olvi' ii
'I c'i riijii1'.'-. ()lis _ rl Itir if1_-A Ii '111 ,ri ,i f I iiWi f 1 I I

1 . 'M I iril ~ i i-,C i p IoiI I e1 fi P I 1' ri d- .ii1

19. ha , NI . lTYIPY I . IVfY 7It T I AFl' IIT A wT
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III it-lI( It till ia -4pvciIi A aspects oll the effects of asymnmetric mag-

clepini '~l'Iiisysemsoil uutof'! rigidities and asymptotic directions it was

a' ~ ~ ~ ~ ( s-ic isuydi'dtie lmnt lpri'lr representative particle

-i I Io' w thi's IpurIpose Several computer programs were developed to give

citfiil iii'n~miiaIrii ite parrio-ie orbits as well as of a number of eharac-

fciii~li'iI5i.Ijliat'{l ilmli, the trajectories.

ASYMPTOTIC

GREENWICH
MERIDIAN STATION MERIDIAN

-71STATION LATITUDE A TAETR

STAT ION LONGITUDE 0'

0I C.SNI It TiTtI

cl' '' icli'1 11

-''Ir v.

* w. 'I

0 L



Ani example of' a plot created by program THJPLT2 is given

Ii Figure 6.

I HA 1.12 Program to plot thle trajectory described by a particle in
thle particular magnetic me ridian plane which, at any

1 Contains thle particle and rot ates with the part ide
around the geomagnetic axis. A sample plot is given in
lFiimre. 7. This representation is useful to study the

ompFle~xitY of' the trajectories and to class ilfv the orbits
ack-orin2 to their different type.

I-irc 5e. Side anl lop i ew, Ii
(;vomnagntii (,)r'ilnatis, of' the
AI r~i,tu\ lov kithiin (ifooceritri,
I r -ne 51-( l)oscriled hV a

I ii Ittv P 1' - 1 2' (1\ . :\rriving
1' ron! Il et-tical 1Direc-tion at

I itit ii' ' j 4. 70 ' reonliagne1tic
lurijtihi(tt 90.0O7', as (alrulated

I tlivillg tOe lutet inatiollul GeoniaQ
riet HII le rimew Fiol N ppmoomrizte

1:[)()( I It P)5, 0
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_______________________ Figure 6. G raphical Representation

0* 1S* 360, 1o w . of the Trajectory and of Additional
Characteristic Parameters (as

90* described in the text) of a Cosmic
45.- Ray Particle With Rigidity

* __0_ P 4. 42 GV, Arriving From the
<.goantclnitd j 0 7)2 Vertical Direction at Jungfraujoch

(geomagnetic latitude Aj 47. 780.

0' ' as Calculated Using the International

Geomnagnetic Reference Field
10t Appropriate for Epoch 1965. 0

w 0.1

0.0

2-

GMLAT 47.78' Az z 0.00' P 4.420 GV
GICN=90.07: ZE = 0.00' ;;'1i Il
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gy 1. SIMPLE STUDY ON TIE EFFECTS OF LOCAL DISTURBANCES OF
tTHE GEOMAGNETIC FIELD ON COSMIC RAY CUTOFF RIGIDITIES

In order to get an insight into the general aspect9 of the effects of asymmetric

niagnetospheric current systems on cosmic radiation, an initial study was con-

incte.! .o r relating the variations of the cutoff rigidities of two European neutron

iioiiito, stations, Kiel and Jungfrauioch (see Table 1 for corresponding station data)

I.i ;t jciti local perturbations of the geomagnetic field. In this analysis the

tiuls,'.nt c cnoagritic field was represented by the field of a simple dipole with
2 5 2

rriaurot tileint M B. 06 • 10 (-cm , having its origin at the center of the

ckrth nmdtilt, ,iipoL' axis intersecting the surface of the earth at 78. 57 'N and

611.7 6'%,. 'It- he co1ponents of I1 at g(eocentric distance r, geomagnetic latitude P.

mnil U.OlIgl(,ti' lonituhi (1) were, thercrfore, given bv

1 , . *4)) - (2A'/ r :1 ) 
sin . j

I d- . :'., 4d) 0IP~c-s(

In th lirst pazrt ofI li(, stuIv tco. perturbed tteoniatlinctic field was modeled by

- Ilj)w Ipo i ll-" lIt(' (list 11 hlt' ) ' ' i , I .,

V" (,,', ,)) . 4)) ' t'rIV

WO., ".., V (4)

m the dipe10* fied. liv vatvinLr the adiustable boundary, t,. su-ccessively from
Vr I cati i-adios '.-) to lt get \:luvs it was possihe to analyze the dependetrce

fti h(iitctl) thaiiLg s on i he t:' lial sIt'littllct of' geonrlagletiC titLt'htions. In ordler

lo !: cilit t e o iip a r s o i.s of t h e re s t t s w ith th e th o r c t ic a l w o r k b v 'I r e im a n o n

Ile (c-Flet- cc tihre cq triial tllgQ cI elrrt O11 coStic' raV iltelsitv, i'" was chose(n so

; tilo d'.t('rib re I lw taglltit' 1'ic el it" crriel it siheet fInwirig )n a L Ticc-erltcic sph(ere

k ith iaiii; ;I :and 11;a il i :t c rrl nt iclisit\ poi ott ircl:] to tin ( cit tl't it L gicloig-

t at t a ituti I . "Ihto ', I-c cl-' It" :15 ,Ic, tic-,',I hv

I 'r,. (2Io[I 1

I, ; < < , t +

lI. r 1) (2 \ 1 ,+ ,
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B" (r. A.4) = (2MR/r 3) sin A

B"A(r, A, ') =- (M R/r3) cos A for r > a (5b)
B"1(r. A, ) = H

respectively, with M R denoting the magnetic moment of the ring current. It can

easily be seen from Eqs. (5a, 5b) that inside the current sheet, that is, for r - a,

the disturbance field is uniform in the z-direction with

t'l z(r, A, 2) = 2 R/a 3  
(6)

and that for r > a the disturbance field B is a simple dipole field.

Table I. List of Locations Used in the Analysis of the Effects of
Asymmetric Magnetospheric Current Systems on Cosmic Radiation

Kiel Jungfraujoch Rome

Geographic coordinates:

- latitude A 54. 30' 46. 500 41. 90'

- longitude E (1 10. 10' 8. 00' 12. 52*

(;eomagnetic coordinates:

- latitude ,% 54.77' 47. 78" 42.46'

- longitude E 9 5. 770 89. 82' 92. 42'

1,-Value* 2. 59 1.9 4 1.59

Vertical cutoff rifi ditv in

the geomaanetic dipole fieId

-- main ,,utoff P 1. 83 GV 3. 43 (;v 5. 09 G V

-- effective cutoff P 1. 70 f;V 3. 22 GV 4. 74 (;

Vertical cutoff rigidity in

1the it; F', EIp(ohl P)65.0

- main -i 'toff l,.A] 2. :il G\ 4. 1 G\ 6. : i \

- l 'ClCCI uVO r 1tof1' P 2. 26 G 1.17 (i\ 6. 16(

] Iil i ri e 1 I

I+t r~u i lla , H . , , w i+,' l ,,r .r .J.( -. l< , . El . + d rt, +; , I . I I I i l

\\ I) -\ !,,, S,, , T :,,nvia I' .- ,.:7 jji. 7 7 _YXn-i( \ ,, 5;i j p+ i
Ii I A

S



The results of these calculations are illustrated in Figures 8 and 9. In

Figur, 8 the relative changes in the vertical main cutoff and in the effective vertical

cutoff rigidity at Jungfraujoch are plotted as a function of the radial extent, rB. of

:r magnetic perturbation according to Eq. (4) with B" (r -< a) = - 100 nT and with
z

the values a 3, 4 and 5r- for' the radius of the corresponding ring current. It

canbeseenthat for r 3a (if a = 3r e), and r < 4 re(if a - 4r ), the dependence ofcan esen tatrer r

the relative cutoff variation AP/P on r13 can well be approximated by a linear

Iunction. Since At'/P also depends linearly on B" z, we find in this range of r B

3. 5< (r 100 nT) (7)
o J*.H 0 Hz C

a a

-4 ,

-6 a' 3r5¥
0 S

1 2 3 4 5 6
BOUNDARY RADIUS OF MAGNETIC PERTURBATION,r o [ e]

Iigut-' 8. Relative Changes in the Vertical

Main Cutoff (0 ), and irn the E;ffec.tivo
i k (or'tiral C;utoff R ijditv (0) at ,lungfraujioch

ts at Fmition of1 the l ,oundtary Radius, rt1j,
ot' a Magnetic. Disturbanc'e A(ccording to
F':q.s. (4) arnd (5) With 1"z ( - - a) - -100 nTl
;111( a 3', -1 atAd 5r, Supe rposod U~pon the
Nlklitl I)ip)(le' I.,io"d (See te'xt lot. dltaits). The
Sor, e.-;pondina undi,,turbe-d c-,itoff riaidliti(es are,
p M :3. 43 (GV, P (' :3. 22 (;V

I' ~r'~lIl'!i, th"~ t'elativ,' (,tD ff, cl'h nl_ (.- ;r , alllo(st i l ')erpt- r t of ' ] for

t , (I W t I ' ,Irld For r'} H , , Jr (it - 4r', ) %v;th appo) mtlateklv e'qual ampl{littlet(.s

' ,r III '.% lu ' it 'I It his Il.txt r'e' 11 t i ; ill L ood) l utll itatlic" :+ '''l+ 'l i i ll('

, tl, ~ ~ ~ h% '~:i m q 'tl~ il' I "l ' itlllllt for the( \'lr) t r' " 'inlv U'( Otv'll. Ill /"iLut.'(

r'l l" ' i) )ri tit L: !', - ! lI- *1 K ,' o h) t:litw ,I k ith lhe, :. tle( ,li. tllrh;II (,(, flik 'll

t" I H o l i ) I' :m ,l W ii i ': tt i ,of lt,' rir,L! , twr'(,rt- .lw to it 4. ), 6 ,lld r7 t

/o o

20
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.llnit'rlatlO i, slirifil tt lif'retie est can be observed. First of all, the dependence

III(. '.lativ , WtoI' variation, .Nl' ', on the boundary value r, (.an no longer be

iproxinatt( hv a - mLZthI linr "i function in the ranges r 13 a (ift' I B 4, ., and 6 re )

k r fir iII t -, I-). ()n the ,ont'acv, we find

1. 5' 1\ oVr-' 8
cli.

.z
I eta2 o ii' t) ,

Il l ' 1-( io r ]I - 1 2. 5, ( ' 1 0 J! r l t 
!

2__')____-_ - 7. .- t 100 l -1
(9)

MB C

h) t 2. 5 r < I- < (ift 4. t l' o Ir trid lor' 2. 51, < 6r (if = 7' ). Ihis

tttlit'5at, that the Iut rr tigiitv at Kiel is approxinmatelv five times more sensitive

,,, t)('ttt't)tirts of the z -coit orieptt f the g(oimiagtetic fieldat geocentric distances

2. 5-' (1 ' < i ' titltui'ttt l ttl tt ('tic l mittci'it lcv's vitmin I r, < r < 2. 5r . It can then
I' ' C'

hlu( hi' seel fromt Ihe (ll've s co'r'estporti ri2 toi ; - 6r and a = 7r that the cutoff

iilit v ;it KiIi is rllu ,'tel I)v 'c) irt2'5 Iti ilit l( 'ilmagneti(' field within geocentric

ii. t1 ) 1I) l r t fit ' ill tontra.t to th( corresponding value of t' 4r!' e

lit t ' s~corlt )i 'l o' Ili(- alri iv i5 the ,i.-turhanice tield superposed upon the

l tI _r ) I( I Iw s I it) 4 t I l' i\'

V;,. furt) (

0 c(sl. (\'¢ ( 'I r

"! ~ ~ ~ ~ ~ ~ ~ ? 1,il Wfl t" 11," 1.11 I,,' , l , I' 1, sl~ t houi 1))II<;1 rV, r'''espe tivelv, of the lon ~i tude sec'tor

<u t,' l , ll, 'l tl'l "!)')l~l'),ti)). w\ va, rving thle param etersg ( . and 4[)[. with

hi' [t t tiort I tih(' ';tlh it was possible to study the dependence of

'h, w ,11< It if -, ,tri thf, lo)ri t, tt ittl u ;trt ict't'' f of agneti perturbations. Ivpical

0- t'l'-,' 'tlIlll i)ri ;ir' tpref itl il ligures 10 through 13. Figure 10

4ll -*,\ I itt t 1.0i\ tt t r e l l th' vt''tia tait cutofl' and in the eflective vertical

ii', ti t? tt 0 A. ii i 12' 0) ;It i tiluctiot (f' Ilhe longitulinal position of the center

I I ) " I (i ti If(ti I t'titur hla i o't with c toris-tant wi(ith

( '1 ) 'fl, ! , t' ' I"," (it ' 0it -100 tt ;ti i lit . It is evilent that both

Kl 21
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0( 120* 240* 360

GEOMAGNETIC LONGITUDE OF MAGNETIC PERTURBATION, T

Figure 10. Relative Changes in the Vertical Main

Cutoff k). and in the Effective Vertical Cutoff
Rigidity (e) at Jungfraujoch as a Function of the

Longitudinal Position, T 
= ((4V + DE)/2 of a Mag-

netic Disturbance According to Eqs. (10) and (5)

With (DE - 4\ 
= 90o, B"z(r

<- a) 
= -100 nT and

a - 4r. , Superposed Upon the Main Dipole Field

(see text for details). The corresponding undisturbed
cutoff rigidities are: P = 3. 43 GV, P C :3. 22 CV

I-
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containing the disturbance field, with the station being located at the western

boundary, that is, with (D = (Dj. The magnetic perturbation is again characterized

by B" (r < a) = - 00 nT and a = 4r . The data show an extremely strong dependence
Z e

of AP/P on the longitudinal width of the perturbed sector, W = (D - J' in the range
E JJ

00 - W < 300. For W Q 60 the resulting changes in the cutoff rigidities already

amount to -80% of the final value obtained for the W > 901. It can be concluded

therefore, that cutoff changes at midlatitude stations are mainly determined by the

magnetic configuration within a longitude sector extending from the longitude of the

station to approximately 600 east of it. Figure 13, finally, shows the corresponding

results obtained for Kiel. It is again found that both the vertical main cutoff as well

as the effective vertical cutoff rigidity are extremely sensitive to magnetic perturba-

tions above and upto ~30' to the east of the station. For magnetic disturbances

with longitudinal width 300 < %V < 600 the maximum changes in the cutoff rigidities

are of the order of -20o. It is interesting to note that these changes are by a factor

of -1. 25 larger than the depressions resulting for V > 900, that is, for magnetic

perturbations with a large longitudinal extent.

WIDTH OF MAGNETIC PERTURBATION, W=A'- Da

0' 120P 240' 360'

0
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op 120" 24cf 36c

.0

U 0

.I -20 .1
GEOMAGNETIC LONGITUDE OF EASTERN BOUNDARY

OF MAGNETIC PERTURBATION, (VE

F~igure 1:3. Relative Changes in the Vertical A~lain
('utoff 0 ), and in the Effective %Ver'tical Cutoff
Rigidity (0) Lot Kiel as a F~unction of the Geomagnetic
[.ongitude. of the E'astern B~oundary' , 4 ,, of a
Makgnetic Disturbance According to tE.qs. (10) and
(5) %% ith (D%% = (, | z 2=100 nT and a = le,,

Siperposed Upon th an inoe Field (see text
for dtils). The cotresponding undisturbed cutoff
rigiditie(s at re: P a a 1. nt3 G\o o t = 1.7o0 G nV

t, (,d or l thon iSueS of the simple study presented in this ertion, the follow-

i\2 .Itoti lu.sionS (otlid he dra wn:

-tt I% l Magneld midliitud sttions (It.i c 50') changes in the cutoff rigidities

,i (-i ,i II 1 ( I-tII t d .% v irijt o s f fe z - con ponent oftfi agnet ic
fit'Id %. ithil :, longithde SeFl ex(ending from the longitude Of the station

to pproxine 6' erp ' ose st of it nd ithin geocentric distances

2.orI .. ; uire to

J it, fias oitl go ,i ctic Luttudes 50 -L<55 changes in

it-,f rigidities Lve noVsllt due mo eby iitions of tile z-Component of

th (191lVttic field fiGkit o itkd within gctor c,xtending from the

ltingitud . 'tif fhat j)itliicul:itI lo,-z;tion to ipprotxiniatel v 900 east of it
,

JItld ,i tnil pJ-i-,ft'ic disf.tnt(,.- r < 10t, ' cos t.

4



C TI 'IIF t141[CT OF A PARTIAL. KIN; CURRENT A~ND OF HIELD-ALIGNED CURRENTS
ON C:OSMIC( RAY (1'1FF RIGID)ITIE'S A~ND ON ASYMIPTOTIC DIRECTONS

Illn -eit-,o st ud\ (l etA uect Wt p I ti,11 ring Cuirrent and toie effect of field-

Ali.gnid CIVIi tieti Mli tW C cutoff riLg iditie',- it kid. A Ungfra ujocn and Rome (see T able I

lot (*oriit-solidiiigv ;t.1tion daa), anid onl t i a svmptotic Ji rections of cosmic ra vY

v iClIC' il'l-lilll it t cSc' lOCAtinS W.,iS inlVestigated. T1his anatlysis was based on

t'L 111ii itl k'(1 Sin StClste ii n5rowf in I-igures 14 and 15, co rresponding to the

114i itri~ii No. I ind 2 iModcls M ost tomn The magnetic fields of the current

SIi StL1.- Liii~t htI c ee cilcunitod ac.cordingv to ttic metliod proposed b,, Kisabeth and

Hxostokc c. I ( out riblitioris b% C Li rrents induced in the WIround weetaken into account

hy aipp ioxiltiiit o the e"irt i-tas an intinite lv conducting spie re cove red by a perfect

inz-la~to~ 01 of i-th 1) (1) = 250 kii. The Inte rnational Ge ornagneti R' eference Fied

a pproi.J ac loi E~poch 19165. 0, ill geotnagnetiC Coidinitcs (Aled 13), was used to

dc-ic iibt- the (juie'scent I ield: the( pc 'rtu i-bed model wLIs represented by the super-

piisition (Ii the lliagniltic fi'elds Pene rated by% the respective model current systems

A

I .gur, 14. ,side ind lop View
()t AMwl1.1 ( urrent S~stcni No. 1
(pa irtrl ring e c~rl'nt I and
liii iiiit ion i it' Its Discriiptive

I MrI

M , II, ) N!- d w'l lo



I Figure 15. Side and Top View of
EMNT.Model Current System No. 2 and

I Definition of its Descriptive
- Parameters

We first discuss the cutoff variations caused by a Model No. 1 current system

with W 90', 1. 4 re* I = 2- 106 Ax, and an altitude of the ionospheric currents

H I 100 kmi. -According to Fokushimaz and Kamide 7such a current system is repre-

.-jentaitive of the magne'tiC disturbances observed during magnetic storms in the

evening -;ectoir. It produces a iaixinium decrease of the equatorial magnetic field

it r I r o(f 160 riT, with the mazgnetic flux density I3 A(r, A = 0', 4)) in the equatorial

plane depending onr niaignotic longitude aind radial distance as shown in Figure 16.

In F igo rv I i' thel rTt ive va;riation oJf the vertical main cutoff, P) Al and of the

(ffectivo cutoff, PI' :i a a function of the longitude of the center me ridian of the

cuirrent ,avstcrn.,1, is shown for Kiel. The maximumn effect with the main vertical

Cutoff lowe re'd h% 24, .5": anrd the effective vertical cutoff decreased by 26. 51 is

found for T 1200, that is, -%ien thle station is located near the western bounda rv

of the longitude region with rmaxim our pe rtu rbation of the equlatorial magnetic field.

In F igu re 17 b corripo a nding r's alt a I shown for the mid- lat it ode station

.1 Ungf r: u goch . It is obviouis t1)hat ispi jilk then variaition of thle effective Cutoff Shows

a tocII norm prnune dpnidere (in *1 at IKiel inl conIpa rison wkith JlongfraIUJOChi.

This re-sult is- in :gr(-i.erriirnt with fli0 to(t li)iintid out by IDor'nin 5th'it thletpia

cosniio riV% in r(-i.s ih, I during gimoiiigneticdJlv ti periods depend ti() I

i-l II. in lo1 hrigitih. foraw ui with nv girit1igietic thirshoilu tha!n for low%-

I fittldf- -Jtt rs I Ili Ititiiliriti' a tf i10tiiic of the c-utoff chiangis c~mused by a

11 r. urif !rid ifa , hp( wktIltki in the idihus of 01cp. 1 iriI ring Cu1rrent

4 ii- ill - tii.f fd in I b 2. H- r tim. ic(l Jii.- vitiation rif thf.e mfective %mrticml

'itft rg ff r rriri,.rli. I' o h f rm , r xtriii ch rigf inn tim. mylimtrl il aun cm a

nith 6 1 id - - L!t r(I -,% l f' I tin 4 r% i t '1 d ' 20 , i. ta mi, o t, 4 fti''mi

1kii 1, hinurig 1111 11 i rd Ui:W !n. If i is % i [it thitJ ttic ( kfiti f v. it r i t 1K i I ih pm rid
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significantly on the radius L whereas at Jungfraujoch and R~ome they do not. The

resulting latitude effect is a characteristic property of the particular geoiretrical

structure of the current system.
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K Table 2. Effect of Model Current System No. I (partial ring current) With
W = 900 on the Effective Vertical Cutoff Rigidity at Kiel, Jungfraujoch and

* Rome, Averaged for 90' - T < 1200 and Normalized to the Maximum Change
in the Equatorial Surface Magnetic Field

Effective Vertical Normalized Relative Change in
Cutoff Rigidity Effective Vertical Cutoff Rigidity

tIGRF, Epoch 1965.0) ["%16 / 100 nT]

Station [GV] L = 3re  1 e L = 5e

Kiel 2.26 8.5± 0.5 15.8± 0.5 19.8± 0.6

Jungfraujoch 4.47 4.6 ± 0.5 5.3 ± 0.5 4.3 ± 0.6

Rome 6.16 3.5± 0.2 3.5± 0.2 3.4± 0.2

The effect of a partial ring current on asymptotic directions is illustrated in

Figures 18 and 19. Both figures refer to cosmic ray pa rticles arriving from the

vertical direction at Jungfraujoch, and to a current svstenr with the pa rameters

17 = 90' , "' = 90', 1 = 4r c and I = i2 10 6\. In Figure 18, the asymptotic directions

obtained for specific rigidities in the perturbed geomagnetic field model are com-

pared to corresponding results obtained by using the R;III-, Epoch 1965.0. In

Figure 19 the absolute changes of the asymptotic directions in longitude and latitude

are plotted as a function of the rigidity of the pa rticles. It can be seen that for

rigidities P > 5. 5 GV the effect is mainly rest ricted to ci westward shift .n longitude

with amplitudes 1AIPI < 250. As the rigidity decreases below ' 5. 5 GV, the

magnitude of the effect increases strongly, reaching n11cixim um changes in both

asymptotic longitude aM latitude for rigidities just above the value' of the quiescent

main cutoff. It is interesting to notc, howeve r, that the a syviiptotic direction

corresponding to the respective 1main cutoff Vigidit re ma ins p r:ctically unchMged,

regardlCss of tile actl valc )Of tire urairn CuItoff 'igiditv.

Due to the fact that the e'ffects of iiiagoetospherit' tirrent sYstcis on cLuotff

rigidities ,nd on aisymptotic dit'(ctions . 11'hlosely cr'elated, 11 the results

describing the dependec e Of tr c 1rt ' 11rui(r s ouIt c:I rillieters of th ('r rent

syvster :apply c nalogo usly to' :c11jit jiMts (I' fir tS% , rJrrptotic < ii'i iors.
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(b ff1 e-ts If, field - aigned cur renrts on Cosmic ratdiajtion are in gener Iaclss

p rrio-Ifd (olilpa red to the effects cztrseri b.\ a pairtial ring current. The longi-

*tIldljliI ('flet'k of aI modeI l cr-rent s\tinacco rding to F igu re 15 is illust rated in
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cutof, it IIIl a jre -Ilwxn as.- a funcltion of theC longituldinal IoSitilll Ofl thle cu11rent

-,si(l.I (w fill speeifiel (lilectiolS of the0 LWOWn vector.S, the Curtoff rigidities

III It -d %.- II I fill, thet,tionr is Imalell 11101 than -5 e LS) of thel currentl~ SYStenl.

I(I ll iI III -Ill I 1t . Ill INiIIII, ill (-i~( ()> :; o f tj;, oclAIIv.5 tkl "I 7I where-as thec

.I(ete. liti rijiiit% FIY tIl ixniln incrcease( ()f .4.2' it T 105'. I1 Curtoff

vijvIitr1 .. ] .'I~,5 d V.11 till' Staitil is SitnlAtId s III till' current Svstenl.
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of 8.4%. For the effective cutoff a maximum decrease of 5.7% results at T z 82.

A similar, but less pronounced longitudinal structure is found at midlatitudes indi-

cating that the amplitude of the effect depends strongly on latitude. The latitude

dependence of the cutoff changes caused by a Model No. 2 current system is illus-

trated in Figure 21. Htere the relative variation of the effective vertical cutoff

rigidity for Kiel, Jungfraujoch and Rome averaged over the interval 80 'E T : 90'

ind normalized to the current intensity is plotted as a function of the difference

A.'. between the geomagnetic latitude corresponding to the foot point of the inflowing

jiell aligned current [" I. = arc cos (re/L 1)0.5 and the geomagnetic latitude of the

,tations,. The different data points have been obtained for L1 = 3. 0, 4. 0, 5. 0 r

ant 1.2 = 4.5, 5. 5, 6.5 r e respectively. As can be seen the resulting correlation

can be app)roximated by an exponential of the form [exp(- A /5. 140)].
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5r qP
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l odel Current System No. 2 WithF- .L1I = 4r e ,  1. = 5.5r e and 1 2. 10 A
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C l~~ue to the faict thait iii this an, ls is t he lIi <V has been used to model the

quiescent geOntaignetic' field, flt-e quantitaitive resulits obtaned can1 a ctUallv be re -

kited to reall expe riruer-ita Il itra sitr meit s and obs, nvaions. In parcticular,' a

C01n1pa cison 4)I thocet icA I ard Ixjt ejmuitut 'I datai will alow us to yerf ad adjust

the gtrttr tv .nd titteisit. f ti fit' MAI iii iV rent SVStertt s used to model'the disturcbed

6 IGNIFIfT %(4 F HFV HFs I' S

I fl( . ~ tV kj 1,1 4t-i t , d lltftl titi icwf t I. fi foirtt.l tj rt hitht
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in th.. geomagnetic field and their effects on cutoff rigidities and asymptotic direc-

tions. In particular, out- calculations show that the method which was up to now

K gene rally used by cosmic ray physicists to calculate changes in cutoff rigidities

from the average worldwide depression of the equatorial surface magnetic field

during peuolnagnetic storms, that is, from the parameter Dt (Obayashi;I2 4

25 5t
Fflckiger et a[" ), r-an lead to substantial errors of the order of up to 100%. The

prope r :r~lsis hars to take into atccount the asymmetric longitudinal structure of

the riagnetic pertourbationi. A miethod which makes allowance for this effect will be

proposed in inotire report.

Of fUr-therC sigruifiennce is Arso) the fact that the present study clearly indicates

thait inl ruder to) be ale to describe the propagation of cosmic ray particles of

rigiditie-s 11 2 (;\ through thoe dlomain of the earth's magnetic field in full con-

sist ec \i itir the ribse rviiins, even tire model of the quiescent geomagnetic field

SiiOld lfinn rid( tire, Coiifl ihotioris (LIre tor external sources. The technique presented

inl tiis ipmt I 1ois fo r this effcunt mid can, the refore, be essentially useful in the

sttlmix i tire rwigin of pillrticles iicidet t Atire earth ait high latitudes, especially in

th. %i( irrit% "tf jri fieldi linles. 1ThIis p roblern is still not solved satisfactc rily

ljtIioiiIL2I it r.- "t .iIIiside. rAbn irnte rest for iriv aipplicittions (Do *brunner and
2x 6 1 m11 klll\ , f rorn I :In inlspect ion of : lIl the re sult s obt ained in this st udy

tI jIIIV 
t

1( nib rgi 5li i CIitOff rigidities a rid inii svrrriptotic directions with specific

Ill lgin f, n- p 1to btjOIis, anfid fromi thre ioniiparisofl of the miagnitude of these dis-

-Proh 1(- ,.- iirirntiin Of' ge'oni t ronl( diSt:' leeC, geomI~rgnet(ic litittrde aind longitude

If it i illu toI rnglnitiri( of' lire ixte nil Eont rihotions to the geomiagnetic field it

11 1) ,'n1( rlcd tlit froml tre- priirt (if vieWk of cosmic ray~ resc ivch for the repre-

If !'1 )the~ iflirin g")Iriitit ietri 4irk, is probably no need to include spherical

-no ~ ~ f ii /rg I)(ir% iri.~igirt ih~uirr tis stirdy mii the effect oif perturbii-

fu-1n- iiitL~ n ir Lrl( i i ll i1 +if( uwpgt o fr of usin ru; pa rticles neatr the

1h ,ill , :trr -1i 1n1 ill :ily1,sis Of' nor;Illic: n-. dy la~ obttined during

1.' -!it [Aft - n mu1 (l i i. I f(i) 1 I in ii stud-,v tif the nlistir brd inigntusphere-.

11.. 1. 1b ir I. Ii~ iIi- Ji uirI rIi r_ Y p vut iC.I-ii iifit oi lIe sI (. S) l onro slhere,
I'lift oiiicji r i d iii cf. J p ii- ir q i, I 11 Ni'. -0: 201.

. ki i r, IV, In i :rr-- h? 1. tum; iri , 1., -rd bIruifnde , 9 5) ('oltof f
c i iit% rl.itori'l,- I 1 tin- p- i rnrru-Ititrrdi st~itions duriing tlie >e tr9b 7 l4

4 ~~1 di Po7r-ril :l-in- ' 1 irs 4th 111, Alorri-i, 4: 13 11.

IIt 1w( iir 11i. 7A NI-- -u i, . I Ii IM ) I'll- sr:,tii js Iriili , riuidity
I p Utw . 3!, ptl i - (dhe~ t-jt~ ,o tii -tl-ti sn i p ivtux-Irs
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