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latitudes |A| < 65° (that is, for Mcllwain parameters L. < 5.6 rg) the cutoff
rigidities are most sensitive to variations of the z-component of the magnetic
field within geocentric distances r < 2 I.recoszl‘ and within a longitude sector
extending from the longitude of the station up to 60° to 90° to the east of it.
Within this region, magnetic perturbations being overhead and immediately
to the east of the station are found to have the largest relative effect.

In the second part of the study, the effects of magnetospheric current
systems, corresponding to the Bostrom models, on the cutoff rigidities und
the asymptotic directions at Kiel, Jungfraujoch and Rome were examined,
The effect of a Bostrom type 1 model current system (partial ring current) on
cosmic ray cutoff rigidities and asymptotic directions is largest at longitudes;
corresponding to the western half of the region covering the main disturbance
of the equatorial surface magnetic field. The dependence on longitude is mord

ronounced at high latitudes than at mid- and low-latitudes. At latitudes

Al > 52° the magnitude of the effect depends significantly ou the radius of
the partial ring current. At rigidities a few GV above the main cutoff the
effect on usymptotic directions is mainly restricted to a westward shift in
longitude with amplitudes lAlll < 25° for a current intensity corresponding to
a strong magnetic storm. At lower rigidities the magnitude of the effect
increases and the asymptotic latitudes are substantially affected as well.  As
an interesting fact, however, the asymptotic direction corresponding to the
main cutoff mgidity is found to be almost invariant, even if the main cutoff
itself muy have changed significantlv,  Bostrom No. 2 model currents can
also considerably affect the cosmic ray cutoff rigidities as well as the
asvaptotic divections.  The maximum effect occurs immediately outside the
castern and western border zones,  The maximum amplitude of the effect
decreases approximately as an exponential function of the lutitudinal distance
between the point of observation and the foot point of the current system in the
icnosphere.

The significance of the results is discussed with respect to cosmice ray
research as well as to the study of the perturbed magnetic ficld in the
mugnetosphere,
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Effects of Asymmetric Magnetospheric
Currents on Cosmic Radiation

1. INFRODUCTION

During Loree greomagnetic storms significant increases in the ground-level cos-
e vy antensits aue to oo depression of the cosmic ray cutoff vigidities huve been
obsorod with arenlitudes depending both on geomagnetic latitude and local time
( \n-ns;l Debrunner of ~l;2 and references therein), It is assumed that this effect
originadtes from coerent svstems developing in the carth's magnetosphere during
the modn phiase of oo geomagnetic storm. Vecordingly, scveral attempts have been

made to correlate the varistions of the cosmic ray cutoff rigidities with the param-
crtors of vartous carrent systerms, Ao A pto now, most of these studies were

crrried out s suming o tnedhic iy svonnetrie carrents, neglecting the well estab-
li=hed longitudin:] a=svinmctey in fhe goomsenetico disturbance ot low- and mid-Latitudes
during nognctico Storn s The csvraneteic perturbation superposed upon o syvoomet i
fiebt depres<ion hos been bt Db sovee ] aathoe= fo 0 Jongitudinally limited,

poocti D ring cerent cith freld chicaed cloiee firongh thie tarors D tonosphe e

(¢ x'ling—:,h Dok ok b b Pt rence s fhese e, I s boeen i

obe e cb b e setn colere Db Pare coport fo sty the offects of seh o ep -

teto e et coste s on e peope e of costeae e poartreles fpangi fh
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. domain of the euarth’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,
and examples of the basic tools needed in the procedure are illustrated in Section 3.

Then, in Section 4, the results of u simple study correlating local perturbations
in the geomagnetic field with cosmic ray cutoff rigidity variations are discussed.
Section 5 contains a summarv of a detailed quantitative analysis on the effects
of u partial 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-

netospheric and cosmic ray research.

2. METHOD OF PROCEDURE

The differential equation describing the path of a particle of charge q and
-
momentum Sin the earth's magnetic field, B, is given by
i2—) l-» N
d'x _ q dx
yol I~ Bl (n

(Rossi and()lb(‘r‘tg). where X represents the position vector, sthe arc length along
the trajectorv, andp = l;§| . Unfortunately, this differential equation does not have
o general analytic solution even if i is expressed as a simple dipole field. It is,
therefore, common practice nowadays to study the propagation of cnergetic charged
particles in the carth's magnetosphere by numerical calculations using a mathe-
muatical model of the carth's magnetic field.

The numerical methods for the integration of g, (1) are well established and
corresponding computer programs have been published by several authors
(McCracken et al;'() Shea et alm). As 1s done usually in cosmic ray physics,

the particles are characterized in these programs by their rigidity

8. Rossi, Bo, and Olbert, S0 (1970) in Intvoduction to the Physices of Space,
MceGraw-Hill, New York.

a, \eCracken, K. G., Rao, U, R., and Shea, MJA, (1962 The Trajectorics of
Cosmic Ravs in o High Degree Simulation of the Geomagnetic Ficld,
MU T Toch, Rpt. Noo 07, Ny 0-2670.

10, =ted, MUAL, smaret, DL, and Covmichael, H (1976) Summury of Cutoff
Rigidities ¢oleulated With the Interastional Geomuagnetic Reference I"ield
for Viarious Epochs, LERDP No. 561, AT GI.-TR-:/6-0115, ADA028978.

|
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where o 15 the veloceity of light. The procedures then utilize the fact that Eq. (1)
remains unchanged if the signs of q und ds are reversed. The trajectory of a
particle with vigidity I arriving at o specific location from a specific direction is,
thoervelore, determined buckwards by tracing the path of an identical particle, but
with opposite charge, leaving that particular location in the specified direction,
The computer simulation of particle trajectories in space, that is, the
trogectorv=*racing technique, has been used as @ basis for the procedure followed
i the analvsis of the offects of asvmmetric magnetospheric current systems on
cosmie radiation, According to this procedure, which is illustrated schematically
i Figure 1, a model of the quiescent geomagnetic field had to be specified first.
Tie main tield ner the ecarth is normally represented by a sum of spherical har-
montes with coetficients determined so as to produce the best fit to experimental
data, In recent vears great eftorts have been made to develop quantitative models
able to desceritbe the magnetie field within the entire magnetosphere.  For the quiet
time magnetie field configuration, several models now exist which include the con-
tribuwions trom magnetopause, ring and tail currents in addition to the main field
O ke l). In the present study, allowance had to be made for the taet that in the
process of caleulating o cosmic rav trajectory the magnetic field has to be evuluated
oy positions and that the respective amount of computer time should stay
witnin reasonable Yonits. o Therefore, we have not utilized the most . ophisticated
todels ot studv. For o number of imtial calculations, which were essentially
mmtended to give oomore qualitative thon quantitative overares of the possible offects
ol tocat mmagnetie perturbations on cutofl rigidities, o simple dipole representation
e heen wsed to speed up the computations, I tollowing, more guantitative analy -
<17, tne aurescent gnoenetie field was described by the Interitional Geomuagnetice
ederencs Field dn Y appropriate for Epoch 196500 (JAGA Commisstion Zu). it
1 coement, tor tnis problem, to express the geomuapnetie to-ld an geomagnetie
Goediinaotes e vces oty done by Nead, b Wiath the qoescent ¢ yimagnetie tield

bBoerae spe atted, models of *he pertonrbed goomngnetie freld nave then been con-

egctedd b e rposttion o the di=tarbance tield cencrced by the different
v toptie e poode D caieprent s sten s npon bae qurescent noagnaetie tield, Dhe
VoW ke, HL L TTav gy Quantitative modeling of pliowet ey magnetospheric magr etic

tocb s, ettt ive Modeling of Mogncetospnerie Processes, Geopnyas,

Moriop s e, 2000 edted Dy U0 Obsens NG, Woastington, DL,

-
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effects of the magnetic perturbations due to the model current systems have then
been evaluated by comparing the results of trajectory calculations using both
quiescent and perturbed muagnetic field models,

QUIESCENT DISTURBED
GEOMAGNETIC GEOMAGNETIC
FIELD MOCEL FIELD MODEL

. 4 b 4

TRAJECTORY CALCULATIONS Figure 1. Schemautic Representation

L 3 —J of the Procedure Followed in the
EETWYTT NN Study of the liffccts of As‘ymmct ric
CUTOFF VALUES CUTOFF VALUES Magnetospheric Current Systems on
ESTMPTOTIC OIFEC TNy (A3 TMPTOT X DIRECTION Cosmic Radiation ‘
b .
L COMPARISON ]
CHANGES IN

PENUMBRA /CUTQFF VALUES
ASYMPTOTIC DIRECTIONS

Basced on the requirements of many cosmice ray studies, two quantitics were
of speceial interest with respect to the offects of disturbances in the geomagnetic
field: the cutoff rigidities of cosmie ray stutions and the asymptotic directions of
cosmic rav particles,

The cutoff rigidity of v specific location on the carth and of a specific dircection
ol ncidence s penerally defined as the rigidity below which cosmic ray particles
are insceessible tothat Jocation from the specified direction. Following the pro-
cednre described by Shen of le cosmic ray cutoff rigidities have been obtained
hy determoning for the entive vipidite spectrum whether an individual rigidity had
ctrectors ecessible froan pnfingtye tthet is, had on o allowed ten jectorvy o not. For
cgiven foo o st geonsgnctic coordinates L, @ oand for a given divection,
choracterized b e sonith ongle foand the ezimuthal angle 0, (see Fiaure 2 tor the
corresponding Croone < of peterenced cnleulations were initinted at o rigidity well
chove the capectod cutatt, and cosmine v tragectories have been caleul:ded of dis-
crete gt ynfers sl o A .00 G s the caleuladions were progressing

docene throash the proadit s s cten, e re=alts adwavs chonged Prom the coastls

dloscd orbit s Yo Complen o tare o sdlowed, torbidden, and quoasi teapped
bt s vl b ta e cpectar e i T inte s cted the sotid ettt v st eated
PA, b, M, et Db, e A C e aeken, WGl t1EY N stad of verta ]
cobtert rpeneitre - 0 e sty cdegeos Sl ahions of the gooanenetie feld,
dooGeopie -, Bess Ty,
- - e A
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Figure 2. Irames of Reference
Used in the Study of the Effects
of Asymmetric Magnetospheric
Currents on Cosmic Radiation
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Figure 3. Penumbral Structure and
Cutoff Rigidities Ppp (main cutoff), Pe
(effective cutoff) and Py (Stormer cutoff),
as Defined in the Text, for Cosmic Ruy
Particles Incident From the \ertical
Dircction ot Jdungtfraujoch (geomagnetic
latitude &y 40,787, geomagnetic
longitude @) ;= 90,077, White indicates
allowed rigidities and black indic tes
forbidden rigidities.  The daty refer

to the Internntional Geomngnetic
Reference IMield appropriate for

Fopoch 19600

. . o . . . . 14
e Fiovee B, threee distinet cutoft picidities as o detimed by Shea o al Boave heen
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Ps(/\, ®, A, ¢) 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 Stormer cutoff, although
its calculated value is in most cases well above
the actual cutoff rigidity corresponding to the
Stormer cone as defined by 5151”1“1”‘:]6

PC(«'\. &, 0, o) the effective cutoff, given bv

PM(«‘,(P. 4, 0)
P(h @ 6,00 = P(t, & 0,0 - C(p; A, @, 6, 0) dP

P A (P, 3, W
S( ’ ¢ )
where

1if the orbit corresponding to P is allowed
C(p; 1, @, 6, ¢9) -
0 if the orbit corresponding to P is forbidden,

As illustrated in Figure 4, the asvmptotic direction of 1 cosmic rav particle
having a specific rigidity and arriving at a specitic location on the carth from a
specific direction of incidence is the direction of motion which this particle had in

interplanetarv space prior to its interaction with the carth's magnetic field. It is

obvious that asvmptotic directions are a primary means of relating cosmic rav in-

tensity variations at the earth with the direction of the particles in interplanetary
), 17

1S
space (McCracken et al ). The trajectorv-tracing method enables an accurate

determination of asvmptotic directions for a specific model of the carth’s magnetic

. . . 18 . . ; . . .
field (Shea and Smart” 7). In the relatively simple field models used in this analvsis

the asvmptotic direction of a particle has been determined by its direction of motion,
expressed in terms of the geocentric coordinate svstem, @ 25 earth radii, where

the effects of the geomagnetic field on the orbit becon e insignilicant,

16. Stormer, C. (1955 The Polar Aurora, Oxtord University Pross,
Fair Lawn, Now Jersov,

17, ANceCracken, K. 6., Rao, VoL, Fowler, 1300, Shea, MO AL, and Smarn, DL,
(1968 Cosmic Ravs, Arnals of 'whr_lQ\'\‘. Vol 1, (Geonhvsi al Moeasareysenr o
Techniques, Observational Sehd Tules and Troatment o Datad, o dited by

CLAL Minnis, Chaprer B 198, The MTUD Pres=, Carrbridee, Massachns e S

18, Shea, MoAC, and Smeaer, Dby (1073 Azvmptotie Pairvetions and N eeneal carons
Rigidities for Selected Chosnic-Ray Station= a= Caloulared Tsg the
International Goormianetl. Relovencd TTelT NOdeT Appropriae oy ™
Fpoch TN75 0, TRT XA I, SFCRT TR 75 0277, AT VITSTR6.




I order to wrierstand specitic aspects of the effects of asymmetric mag-
etospheric cnrrent svstems on cutof! rigidities and asymptotic directions it was
Ais0 necessary to study the detailed elements ol particular, representative particle
"rajectories. bFor this purpose several computer programs were developed to give
craphical representations of the particie orbits as well as of a number of charac-

fertstie parameters evaluated along the trajectories,

ASYMPTOTIC
VELOCITY
VECTOR
! A
: GREENWICH
MERIDIAN STATION MERIDIAN v
» ) "% /‘\

: ,Ki STATION ™\

S /K TRAJECTORY
S C2;7 1 STATION LATITUDE A
- ]

: o
oo ‘-
-\ %
3 ~ 4
Eo e

@ STATION LONGITUDE ®
{ Fronee 40 [iustration of the Definition of the .»\an’mtolir
q e ction ol Anproach (rccording 1o shea and Steartld)
‘13 A0 COMPUTER PROGRAMS FOR THE GRAPHICAL REPRESENTATION

OF COSMIC RAY TRAJECTORIES

Fhe oliowins cornpute: programs= have beon jevelopedd tor the graphical repre-

creallonor oS0 b r Tragec torle s and ol cortamn descoriptive parameters:
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An example of a plot created by program TRJPLT?2 is given
i Figure 6,

Program to plot the trajectory described by a particle in
the particular magretic meridian plane which, at any

“ime, contains the particle and rotates with the particle
around the geomagnetic axis. A sample plot is given in
Figure 7. This representation is useful to study the
complexity of the trajectories and to classifv the orbits

according to their different type,

ﬁé\
N\

s

Figure 5. Side and Top View, in
Geomagnetic Coordinates, of the
Trigectory Within Geocentric
Instances »° 3re Described by a
Cosmic Rav Particle With

Rividitv P 4042 GV, Aveiving
IFrons the Vertical Direction at
Jungtfraujoch (geomagnetic

latitude oy - 47,787, geomagnetic
longitude &y - 90.07°, as Calculated
Utilizing the International Geomag -
netic Reference Field \ppropriate
tor Ipoch 1965, 0
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4. SIMPLE STUDY ON THE EFFECTS OF LOCAL DISTURBANCES OF

THFE. GEOMAGNETIC FIELD ON COSMIC RAY CUTOFF RIGIDITIES

In order to get an insight into the general aspects of the effects of asymmetric
magnetospheric current systems on cosmic radiation, an initial study was con-
luctet correlating the variations of the cutoff rigidities of two European neutron
monttor stutions, Kieland Jungfraujoch (see Table 1 for corresponding station data)
with specific local perturbations of the geomagnetic field. In this analysis the
quiescent geomagnetic field was represented by the field of a simple dipole with
magnetic moment Mo 8,06 ¢ 1025 G —a'm:g, having its origin at the center of the
carth and the dipole axis intersecting the surface of the carth at 78, 57°N and
AU TE%WL The components of f; at geocentric distance r, geomagnetic latitude .

and veomagnetic longitude @ were, therefore, given by

Bl L@ - e e sin A
B, o, ) (M/e") cos & (3)
I{d)(r‘. L, d) 0 .

In the first part of the study the perturbed geomagnetic field was modeled by

-
superposing the disturbance field, B',

*'l Ly
B (e, N, D) r 3
- . >
M, ., D) (4)
0] vy,
on the dipole field, By varving the adjustable boundary, r successively from

13’
"I T earth radius (0 ) o targer values it was possible to analvze the dependence
of the cutof!f changes on the radial structure of geomagnetic perturbations.  Inorder
to facititate comparisons of the results with the theoretical work by 'l'rm’man'g on
the effect of the cquatorial ring current on cosmic rav intensity, " was chosen so
as to describe the mavnetic field of a current sheet flowing on a geocentric sphere
with radius o and having g current density proportional to the cosine of the geomag-

,
natic fatitude,  Therefore, 13 was detined by

BTG o o e,y =i

t I
e, Ly (Zl\i“/ Y o= tor G
13 (b(!" g 0

PO UV S U e B — o e - i a_.




TR A
TR TN = T e T Y TR . TN e, T e TR T LR,

B" (r, A ®)

(‘2MR/P3) sin A

B”A(I'. A, ‘p)
B"q)(r. A® =0

- (MR/r3) cos A forr>a (5b)

respectively, with I\/lR 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

" _ 3
B (r, A, @ = 2 Mp/a (6)

and that for r » a the disturbance field f;” is a simple dipole field.

Table 1. List of Locations Used in the Analysis of the Kffects of
Asyvmmetric Magnetospheric Current Svstems on Cosmic Radiation

Kiel Jungfraujoch Rome
. *
Geographic coordinates;
- latitude A 54, 30° 46.50° 41.90°
- longitude E & 10. 10° 8.00° 12,52°
*
Geomagnetic coordinates:
- latitude A 54.77° 47.78° 42.46°
- longitude £ & 05.77° 89, 82° 92, 42°
- L.-Value® 2,54 1. 94 1. 50
t Vertical cutoff rigidity in
S the geomagnetic dipole field
L --main cutoff Py 1.83 GV 3,43 GV 5.00 GV
; --effective cutoff P(‘ 1.70 GV 3,22 GV .74 G\
;;. Vertical cutoff rigidity in
;. the IGRE, Fpoch 1965,0
E - main cutoft l’\] 2039 G 4,81 GA 6,30 G\
. - effective cutoff I’(4 2,26 G FoA7 GA 6. 16 G\
e
s
8 % )
- Buhmann et al
X

10 Bahmann, ROV, Rocdever, G, Shea, ML VL, and Soaoat, Db, o100
Report 17AG-38, Aaster Station 1=t tor solar-=1errestrial Physio < Data oot
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The results of these calculations are illustrated in Figures 8 and 9, In
Figure 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, rg of
a4 magnetic perturbation according to Eq. (4) with H"z(r <a)= - 100 nT and with
the values a3, 4 and Sr'(_ for the radius of the corresponding ring current. It
canbe seenthat for 'y < a(if a = fire), and r
the relative cutoff variation AP/P on "

3 o >
BS 4re (if a = 4re). the dependence of

3 can well be approximated by a linear

frunction. Since AP/ P also depends linearly on B' , we find in this range of r
p z g B

Pl
2 3P\, ¢
o (-F_
M, ¢

dr . "
x“aB .

)

3.5% (r_ - 100 n) b, (7)

ey L A R S S
e a=3rg

‘. y 4
- LR XX
4 . o? ‘ [ 3

(%]

gl \i. . .
3 3 - reee
cg o 2 "y‘ e gt e
a=4rg
16 -a= 5"
F Y - L H.L—A,fJf_Ag;%,L—-J
i 2 3 4 5 6

RELATIVE CHANGE iN CUTOFF RIGIDITY

BOUNDARY RADIUS OF MAGNETIC PERTURBATION,re [re]

IYigure 8. Relative Changes in the Vertical
Main Cutoff (O), and in the Effective

Vertical Cutoff Rigidity (@) at .Junglfraujoch

as a Function of the Boundary Radius, T

ot a Magnetic Disturbance According to

s, (4) and (5) With B, (r < a) - -100 nT

and a3, 4 and 5r, Superposed Upon the

Main Dipole IMield (see text for details).  The
corresponding undisturbed catoft rigidities are
l’M 3.43 GV, P 3.22 GV

Farthermore, the relative cutol't changes are almost independent of 'y for

a0t e Yy and for r e (ifa c dr ) with approximately equal amplitudes
e o

§

[ o [

or ol vadues oo e o This Tast result is in good qualitative agreement with the
.

o lnsion= obtaanced by Treiman for the svimetric ring current, In Figure 9

arresporzhing resalts for Kicel obtaine:d with the same Jdisturbance held

1o < 100 1l and with radii of the ring current equal toa 4, H, 6 and 7 v
-

e shown, Abhough these resutts are in general sinvilar to those tound for
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Jungrfraujoct, significant differences can be observed. First of all, the dependence

v 1he relative cutoff variation, AP/ P, on the boundary value ry €an no longer be
approximated by a single linear function in the ranges PB < a (if I‘H = 4, 5, and 6r‘e)

and T Br il a Tr( ). On the contrary, we find
. .

23y
(&} ( [,
AL O

or B
Ui B 2

== 1.5 H'l‘ - 100 n'l‘)‘! (8)

in the region e~ ~ 2,51
€ “ 1

, o

2 e

9%t

A g s e 00! (9)
31‘\5015 v

for 2.5v <p. <a(ifa =4, dortr Yand for 2,50 <6r (if o= 7r ). lhis
¢ B ¢ ¢ [ [

indicates that the cutoff vigidity at Kiel is approximately [ive times more sensitive
ro perturbations of the z-component of the geomagnetic fieldat geocentric distances
2, 31'( << (n Cthantoequad magnetic disturbunces witnin fr < r < 2, 51‘0. It can then
also be seen hum the curves corresponding to a - 6r and a = 7r'e that the cutoff
doeidity at Kiel is influenced by changes in the gonmdgnetic field within geocentric
Hstances of upto r = 61-“ in contrast to the corresponding value of r = 41'(‘
found for Jungfraujoch,

In the =ccond part of the analvsis the disturbance field superposed upon the
veormarnetic Adipole field was chosen to be

B, @) ford @0 @
Be, S @) (10)

0 clsewhere

A IV s aeadn detined by g, (3) and \\lwrvtb\\ and (bl;' descripe the gecomagnetic
fonovtn e of the western and castern boundaryv, respectively, of the longitude sector
ant aeang the mmagnetic pertarbation. By varving the parameters ‘Pw and (DE with
Sespedt oy =pecitic location on the carth it was possible to study the dependence of
“he cntot changes on the lonvitudinal structure of geomagnetic perturbations, Typical
cosults of these caleulations are presented in Figures 10 through 130 Figure 10
show s the retative changes in the vertical main cutoff and in the effective vertical
crtor U choe ity tane franoc b as a function of the longitwdinal position of the center
veridian, 1(1)\\ . d)l" 2, v ammagnetic perturbation with constant width

(Dl' - ‘l),\ 07, thr densiy l-:”yn' Coab s =100 nEand a s dr ot is evident that hoth
. b
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Figure 9, Relative Changes in the Vertical MNain Cutoff
(©), and in the Efrective Vertical Cutoff Rigidity (@) at
il as a Function of the Boundary Radius, T3 of a
AMagnetic Disturbance According to Eqs. (4) and (5) With
H”,/(r' “ad - =100 nT and a - 4, 5, 6 and Tre Superposed
[ pon the Alain Dipole Field (see text lor details),  The
corresponding undisturbed cutoft rigidities are;

l.\] 1,33 GV, and l’(, .70 G\
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tre moain cutoit s well us e eftective cutott rigidity show n clearly murked de-
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GEOMAGNETIC LONGITUDE OF MAGNETIC PERTURBATION, T

Figure 10. Relative Changes in the Vertical Main
Cutoff (), and in the Effective Vertical Cutoff
Rigidity (@) at Jungfraujoch as a Function of the
Longitudinal Position, T = (&y + ®)/2 of 2 Mag-
netic Disturbance According to Egs. (10) and (5)

With &g - $4, = 90°, B',(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 .~ 3.22 GV
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Figure 11, Relative Changes in the Vertical Main
Cutoff (O, and in the Effective Vertical Cutolf

Rigiditv (@) at Kiel as a Function of the lLongitudinal
Position, T - (d\\ S )2 of a Magnetic Disturbane
According to Egs, (107 and () With & - R - 907,
H”z(r"':l) = =100 0T and a = A, Sllp(‘f'[)n:«‘('r} Upon the
Main Dipole Field {(see text for details),  The corres-
pondinge undisturbed cutoflf rigiditios ares I’“ = 1,63 G\,
l’(.-— 1.70 G\ :
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containing the disturbance field, with the station being located at the western
boundary, that is, with <I>W = <I>JJ. The magnetic perturbation is again characterized
by B" (r <a)=-100 nT and a = 4rg. The data show an extremely strong dependence
of AP/P on the longitudinal width of the perturbed sector, W = <I>E - CDJJ, in the range
0° = W < 30°. For W = 60° the resulting changes in the cutoff rigidities already
amount to ~80% of the final value obtained for the W > 90°, It can be concluded
therefore, that cutoff changes at midlatitude stations are mainly detcrmined by the
magnetic configuration within a longitude sector extending from the longitude of the
station to approximately 60° east of it, Figure 13, finally, shows the corresponding
results obtained for Kiel. It is again found that both the vertical main cutoft 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. VFor muagnetic disturbances

with longitudinal width 30° < W < 60° the maximum changes in the cutoff rigidities
are of the order of -20%. It is interesting to note that these changes are by a factor
of ~1.25 larger than the depressions resulting for W > 90°, that is, for magnetic

perturbations with a large longitudinal extent.
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Figure 13, Relative Changes in the Vertical Main

Cutoff (), und in the Lffective Vertical Cutoff
Rigidity (@) at Kiel as a Function of the Geomagnetic
longitude of the Iastern Boundary, @, of a
Magnetic Disturbance According to Eqgs. (10) and

(5) With &y = &, B, (r~ a)= -100 nT and a = 4rg,
Superposed Upon the Main Dipole Field (see text

for details). The corresponding undisturbed cutoff

it e 12 - TGV P = LT0GY
rigidities are: ]I\l .83 GV, }(J 1.70 GV

Bused on the results of the simple study presented in this section, the follow-

ing maan conclusions could be drawn:

- ot low and midlatitude stations (| ﬁ| < 50°) chunges in the cutoff rigidities
are modnly determined by variations of the z-component of the magnetic
field within o Jongitude scctor extending from the longitude of the stution
to approximately 607 cust of it and within geocentric distances

)

v be s ocosT and
o

- ot locations with geomagnetic latitudes 50° £ |A| < 65° changes in

cutoft rigiditics o re mostly due to variations of the z-component of

v

the mugnetic field within o longitude sector extending from the
longitude of that perticular location to approximately 00° cast of it

)
and within geocentric distunces ¢ < 100« cos™A
o

M 2 i smn e 2o

-
o
ot

T




e

1 N A A A Al A e Rin

ﬁ .

LB o s e g

»

L

TP TY YTy

LECAN L SEL S GRS ae D

}
}
S
[
E

5. THE EFFECT OF A PARTIAL RING CURRENT AND OF FIELD-ALIGNED CURRENTS
ON COSMIC RAY CUTOFF RIGIDITIES AND ON ASYMPTOTIC DIRECTIONS

In . second study, tne eftfect of o partial ring current and tone effect of field-
aligned currents on the cutoft rigidities ot Kiel, Jungfriujoen and Rome (see Tuable |
for corresponding station duta), and on the asvmptotic !irections of cosmic rayv
particles areiving at taese locations was investigated. This analvsis was based on
tue model current svstems snown in Figures 14 and 15, corresponding to the
Bostrom Noo 1 and 2 Models (l%()stx'(jmzo). The magnetic fields of the current
systems tive been calculuted dccording to the method proposed by Kisabeth and
Rostoker. -1 Contributions by currents induced in the ground were taken into account
by upproximating the carth as an infinitelv conducting spnere covered by a perfect
insulator of depth D (D = 250 km).  The International Geomagnetic Reference Field
appropriate tor Epoch 1965, 0, 1n geomuagnetic coordinates (Meudw), was used to
describe the gquiescent tield: the perturbed model was represented by the super-
position of the mugnetic frelds generated by the respective model current systems

snd the quiescent tield,

.
»
A
e
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\ >
Figure 14, side and Top View
ol Model Current Svstem No. 1
(partial ring current) and
R Detinition of its Descriptive
= Parancters
4
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Figure 15. Side and Top View of
Model Current System No. 2 and
Definition of its Descriptive

Parameters
S
!
¢
)
g We first discuss the cutoff variations caused by a Model No. 1 current system
L‘ with \WW = 90°, |.= 4 L, 1= 2 106 A, and an altitude of the ionospheric currents
1 = 100 km. According to Fukushima and Kamide7 such a current system is repre-
sentative of the magnetic disturbances observed during magnetic storms in the
g cvening sector, It produces o maximum decrease of the equatorial magnetic field
i, at = dp of 160 0T, with the mugnetic flux density By(r, /= 0°, @) in the equatorial
plane depending on geomuagnetic longitude and radial distance as shown in Figure 16,
In Figure 174 the relative variation of the vertical main cutoff, I"M, and of the
effective cutoff, l’(_, as a function of the longitude of the center meridian of the
current system, 1, is shown for Kiel, The maximum effect with the main vertical
cutoff lowered by 24, 5" and the effective vertical cutoff decreased by 26, 57 is
found for T 120°, that 1s, when the station is located near the western boundary
1 of the longitude region with maximum perturbation of the equatorial magnetic field.
¢ In Figure 17b corresponding results «re shown for the mid-latitude station
- Jungfroujoch, It is obvious that especially the variation of the effective cutoff shows
k~ aomuch more prononnced dependence on T at Kiel in comparison with Jungfraujoch.
. ‘ This result is in sgreement with the et pointed out by l)m'm:m5 that the typical
3 cosmic rov increnses ohserved during geomagneticndly active periods depend more
t cleavrly on tongitade for stations with sinall geomagnetic threshold than for low-
g Iatitude stations, The Intitudina] steactare of the cutoff chunges caused by
Model Noo U enrrent and its dependence on the radius of the partinl ring current
- P are lln=trted in Table 200 Here the relative variation of the effective vertical
3 crtoff rigidits novmclized Yo the axinoen change in the equatorid surface g -
i netico fickd nd overaged onver the intersal 200 T 0 1200, 1~ tisted, for the <tatrans
; WKicl, Jungfrongoch nd Romes 1t s evident that the cutoff variations ot Kicl depend
p
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significantly on the radius L whereas at Jungfruujoch and Rome they do not. The
resulting latitude effect is a characteristic property of the particular geoiretrical

structure of the current system.
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Table 2. Effect of Model Current System No. 1 (partial ring current) With
W = 90° on the Effective Vertical Cutoff Rigidity at Kiel, Jungfraujoch and
Rome, Averaged for 90° = T = 120° and Normalized to the Maximum Change
in the Equatorial Surface Magneti~ Field

Effective Vertical Normalized Relative Chuange in
Cutoff Rigidity Effective Vertical Cutoff Rigidity
tIGRF, Epoch 1865.0) % /100 nT}
Station GV] L=3r L= 4r L =5r
e e e
Kiel 2. 26 8.5 0.5 15.8+ 0.5 19.8+ 0.6
Jungfraujoch 4,47 4.6+ 0.5 5.312 0.5 4,3z 0.6
| Rome 6. 16 3.5+ 0.2 3.5+ 0.2 3.4 1 0.2
4
b The effect of a partial ring current on asvmptotic directions is illustrated in
: Figures 18 and 19. DBoth figures refer to cosmic ray particles arriving from the
q vertical direction at Jungfraujoch, and to a current svstem with the parameters
I = 90°, W = 90°, I.= 41'0 eand 1 = 2 106;\. 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 IGRY, 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 particles. It can be seen that for

rigidities P > 5.5 GV the effect is mainly restricted to o westward shift .n longitude

with amplitudes lAl[/! < 25°. As the rigidity decreases below P = 5,5 GV, the
magnitude of the cffect increases strongly, reaching maximum changes in both
asymptotic longitude and latitude for rigidities just above the value of the quiescent
! main cutoff. It is interesting to note, however, that the asyvmptotic direction
L corresponding to the respective muin cutoff rigidity remains practically unchanged,
t_, regardless of the actusl value of the muin cutoff rigiditvy,

Due to the fuct that the effects of magnetospheric current svstems on cutoff
rigidities «nd on asvmptotic dircections arve closely correlated, all the results
4 ° describing the dependence of the cutoff chinges on the parameters of the current

system apply analogously to varintions of the asvmptotic directions,
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The offects of field-aligned currents on cosmic radiation are in general less
pronotunced compared to the effects caused by a partial ring current. The longi-
tudinad offect of o model current svstem according to Figure 15 is illustrated in
= :").:')r'(‘, [= 2 106:\ and H = 100 kmi,
In this plot the relative varistion of the muain cutoff and of the effective vertical

Figuee 20, Tor the parameters 11 = dr |, 1.2

cutoff 4 Kicl are shown as o function of the longitudinal position of the current
svstems Faor the specified directions of the current vectors, the cutoff rigiditices
i reascd when the station is located more than =57 west of the current system.,
117°

105°,

vrigiditios ore decreased when the station is situated cast of the current svstem,

whetrceas the

L'he cutoff

CmiNimiun inereasce of 5, 6% oceurs for T

Gt T

for the man cutoff

cffectroe cutoft rigidity shows oomeaximum increase of 4,

The moaoxnnmn depression of the moain cutoft s found for 1 - 90Y with an amplitude
!
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of 8.4%. For the effective cutoff a maximum decrease of 5. 7% results at T = 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 chunges caused by a Model No. 2 current system is illus-
trated in Figure 21. Here the relative variation of the effective vertical cutoff
vigidity for Kiel, Jungfraujoch and Rome averaged over the interval 80° = T £ 90°
and normalized to the current intensity is plotted us a function of the difference

A/ between the geomagnetic latitude corresponding to the foot point of the inflowing
field aligned current [ A 1= arc cos (r()/Ll)O' 5] and the geomagnetic latitude of the
stations, *, The different data points have been obtained for LL1 = 3,0, 4.0, 5.0 re
and .2 = 4.5, 5.5, 6.5 . respectively, As can be seen the resulting correlation

can be approximated by an exponential of the form [exp(-A /5. 14°)].
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Due to the fact that in this unalvsis the 1GRE has been used to model the
quicscent geomagnetice field, the quantitative results obtained can actually be re-
lated to real experimental measurements and obscervations.  In particular, a
comparison of theoretical and experiment ] data will allow us to verifv and adjust
the geometry und mtensit. of the man current svstems used to model the disturbed

nognetosphe e,
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in the geomagnetic field and their effects on cutoff rigidities and asymptotic direc-
tions. In particulur, our calculations show that the method which was up to now
generally used by cosmic ray physicists to calculate changes in cutoff rigidities
from the average worldwide depression of the equatorial surface magnetic field
during gcoxnugx.};;ic storms, that is, from the parameter Dst (Oba_yalshi;24
Fluckiger et al™ ), can lcad to substantial crrors of the order of up to 100%. The
proper analvsis has to tauke into account the asymmetric longitudinal structure of
the magnetic perturbation. A method which makes allowance for this effect will be
proposcd in another report,

Of further significance is also the fuct that the present study clearly indicates
that in order to be able to describe the propagation of cosmic ray particles of
vigidities 7 < 2 GV through the domain of the carth's magnetic field in full con-
sistence with the observations, cven the model of the quiescent geomagnetic field
should include the contributions due to external sources. The technique presented
in this report allows tor this effect and can, therefore, be essentially useful in the
study of the orvigin of particles incident at the earth at high latitudes, especially in
the vicinity of open field lines, This problem is still not solved satisfuctorily
dthiough it is of considerable interest for many applications (Debrunner and
I.on k\\mntz{)), Finally, from an inspection of a1l the results obtained in this study
roelating the changes in cutoff rigidities und in asvmptotic directions with specific
mocpnetic perturbations, and from the comparison of the magnitude of these dis-
turbances 5o function of geocentric distunce, geomagnetic latitude and longitude
wath the actua]l magnitade of the external contributions to the geomagnetic field it
o be coneluded thed from the point of view of cosmic ray rescarch for the repre-

catation of the main geomagnetic field *here is probably no need to include spherical
Soarnontes wath orders moeh higher thun nine,

In anmortzig, the new inaipht obtudned in this study into the effect of perturba-
tions b the peononctic ficld on the propagation of cosmie ray particles near the
corthe all certtanl cnoble o nproced anndysis of cosmic rav data obtained during
eapgnetie b cetive periods and hopetully lead to anincreased use of cosmic ray

voecsurements as o additionad tool i the study of the disturbed magnetosphere.

Zho Obooastn, Foo0100y Pintes of high energy particles into the solar ionosphere,
loopt, lonosphere aod spaee Reso Japan,  T5(No, 3):201,
vww

2h. Uhekiger, tL, Drebranoer, H., Vrens, AL, and Binder, OO0 (1975) Cutoff
rigidity vaortations of Luropean mid-letitude stations dueing the September 1974
Forbush decrenso, Conference Papers, 14th ICRC, Munich, 11331,
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26 Debreunner, He, oond Dockeood, 0N 01280) The spatiad anisotropy,  vigidity
spectrany, and propogsdon charneteristics of the relativistic solor particles
during thecvent o Mo 7, 1076, 00 Geophvse Rese 85605375,
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