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CHAPTERR II 

Ringg current theories and related problems 

2.11 INTRODUCTION 

Inn this chapter a summary of ring current theories will be given. Using satellite data some 
simplee calculations of the magnitude of these currents will be made. The effects of ring cur-
rentss on the magnetic field measured on the earth will be treated. With known field variations 
modell  calculations on magnetic cutoff rigidity changes will be carried out. Finally, con-
siderationss on the effects of the partial ring current will be given. 

2.22 THE MAGNETOSPHERE AND MAGNETOSPHERICSTORMS 

Too get an idea of the physical processes going on in the magnetosphere during a geomagnetic 
storm,, though not very well understood up to now. we will first give a brief description of the 
presentlyy accepted model of the magnetosphere. 

Inn figure 2.1 a schematic noon-midnight meridian cross-section of the terrestrial magneto-
spheree is reproduced from a paper by Russell (1975). 
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Fig.. 2.1. A schematic noon-midnight meridian cross-section of the terrestrial magnetosphere. Used by permis-
sionn D. Reidel Publ. Co. 

Ass has been pointed out in the introduction the magnetosphere is the region around the 
earth,, beginning at the magnetopause, where the geomagnetic field exerts an effective influen-
cee on the motion of charged particles. The shape and position of the magnetopause will be 
modifiedd due to enhanced solar wind streams (e.g. Massey, 1964). 

Withinn the magnetosphere different characteristic regions can be distinguished. The plas-
maspheree is a region of relatively cold plasma corotating with the earth and also containing the 
Vann Allen or radiation belts. These belts are characterized by the presence of very energetic 
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chargedd particles. However, as the density of these particles is rather small practically no inter-
actionn with the cold plasma will occur. The plasmasphere extends to about 5 i). in the equa-
toriall  plane and may be asymmetric due to the general asymmetry of the magnetosphere. 

Onn the day-side magnetosphere two areas can be distinguished where magnetic field lines 
touchh the magnetopause. The places of contact are generally referred to as neutral points since 
thee magnetic field is very small there (Kavanagh. 1972). The regions where the field lines touch 
thee magnetopause are called polar cusps. As practically no magnetic barrier exists all charged 
particless can freely penetrate into these regions. 

Thee plasmasheet is a region of hot teneous plasma extending far out into the magnetotail. 
Itt is located around the neutral sheet in which magnetic field reversal takes place. The plasma-
sheett is modified considerably during magnetospheric substorms. 

Accordingg to Akasofu (1968) a magnetospheric substorm is defined as a transient phenome-
nonn in the magnetosphere. Owing to the passage of an interplanetary shock wave a sudden 
compressionn of the magnetosphere takes place. This compression is often followed by succes-
sivee occurrences of explosive processes within the magnetosphere. The lifetime of these proces-
sess is 1-3 hours. During a magnetic storm several of these substorms occur so we may write: 

Magnetosphericc storm = compression + Ï magnetospheric substorms. 

Forr a real magnetic storm to occur the time intervals between magnetospheric substorms 
mustt be sufficiently small such that the protons in the ring current region can accumulate to 
buildd up a large ring current. In this way the main phase of the storm develops. Figure 2.2 
showss a schematic diagram for the build-up phase (Akasofu, 1968). 
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Fig.. 2.2. Schematic diagram showing how the occurrence frequency and intensity of magnetospheric sub-
stormss are related to the total population (or the total kinetic energy) of the protons of energies 
1 - 100 keV in the trapping region. Used by permission D. Reidel Publ. Co. 



Thee physical process of a substorm is not yet completely understood, in particular the 
accelerationn mechanism involved. 

Thee interplanetary field has a sector structure in the ecliptic plane. In general four sectors 
aree present (Ness. 1967) two with magnetic field direction towards the sun and two with field 
directionn away from the sun. The sizes of the sectors are not identical. Apart from the radial 
fieldd direction the interplanetary field has a component B| perpendicular to the ecliptic plane 
ass well. This component may be either north- or southward directed. In his open field model 
Dungeyy (1963) proposed a mechanism of the interaction of this perpendicular component 
withh the geomagnetic field. In figure 2.3 (Dungey. 1963) a schematic diagram of this interac-
tionn is shown. 

InterplanetaryInterplanetary Field Southward 

Fig.. 2.3. Schematic illustration of the open magnetosphere, for southward, top panel and northward, bottom 
panel,, interplanetary fields (Dungey, 1963). These sketches do not attempt to show the correct 
lengthh of the tail nor the magnitude of the magnetic field normal to the magnctopause. Arrows illus-
tratee plasma flow directions. Taken from a paper by Russell (1975). Used by permission I). Rcidel 
Publ.Co. . 

Whenn the interplanetary field has a northward direction the interaction mechanism adds 
magneticc flux to the day-side of the magnetosphere and removes flux from the tail. The mag-
netospheree is in the ground state then (Akasofu and Kamide. 1976). 

Whenn the perpendicular component B| turns southward an eroding effect begins at the nose 
off  the magnetosphere. The magnctopause moves inward and the disconnected field lines be-
comee draped behind the earth thus forming a stronger tail field. 

Ass the solar wind is streaming with a certain velocity vsu. a dawn-dusk electric field E = 
v s wx B || is formed across the magnetosphere. With a solar wind velocity of 1 O6 m/sec and B( 

== 5 nT this electric field has a strength of 5.10"3 V/m. 
Duee to this electric field a convective motion of charged particles in the direction of the 

FF \ R 
earthh begins in the magnetotail. The convective velocity wil l be v = — —̂; B being the local 

D " " 

earth'ss magnetic field. 
Whenn these convected charged particles come closer to the earth a drift motion due to the 

inhomogeneityy of the field wil l start. Protons drift westward, electrons eastward. 
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Thee now slowly evolving picture of a magnetic storm starts with a southward turning of the 
interplanetaryy field component perpendicular to the ecliptic plane (Russell et al.. 1974; Cahill, 
Jr.. and Lee. 1975; Kane, 1977). Russell et al. showed that the threshold value of Bj_ required 
forr the onset of a magnetic storm is at least 5 nT. They also concluded that the dawn-dusk 
electricc field must be larger than 2.1CT3 V/m before injection of energy in the ring current 
starts. . 

Ass the eroding effect starts the magnetic pressure beyond the earth will increase resulting in 
aa thinning of the plasmashect. Figure 2.4 gives a summary of the magnetospheric changes 
(Russell.. 1975). 

l ig .. 2.4. Summary of the magnetospheric changes observed during the growth phase of substorms. Used by 
permissionn D. Reidel Publ. Co. 

Inn the plasmashect the plasma is convected earthward forming the ring current at about 3-5 
rEE distance from the earth in the equatorial plane. The main phase starts when the ring current 
beginss to develop. As protons play the most important role (Frank, 1967) a possible asym-
metryy is always located in the afternoon-midnight sector. 

Afterr this brief qualitative description of magnetic storms the ring current theories will be 
reviewed. . 

2.33 PARTICLE DRIFT MOTIONS 

Forr the drift velocity of a charged particle due to magnetic field inhomogencities, the gradient 
drift,, can be written (e.g. cf. Roederer. 1970) 

2 2 

vGG = - I - B x v B (2 .1) 
2qB3 3 

wheree in is the mass, q the charge of the particle, v̂  its velocity perpendicular to the magnetic 
fieldd B. The simplest model calculation of the ring current density can be made by assuming 
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thee presence of only 90° pitch angle protons. The strength of the geomagnetic dipole field 
variess with distance as r"3, so equation (2.1) yields 

,, 2 2 3mvv r 
vGG = — T (2.2) 

2qBErE E 

wheree r is the distance of the drifting particle from the earth in the equatorial plane and BE 
thee magnetic field strength at the equator. 

Assumingg a density of n protons/m3 a current density j G results 

JG== nqvG = —- ( 2.3) 
Bcr r ErE E 

ee being the kinetic energy density of the protons. 

Duringg the December 1971 magnetic storm satellite measurements of the ring current par-
ticless have been made with Explorer 45 (Smith and Hoffman, 1973). At r = 3,6 rE an energy 
densityy of 3,5.10"8 J/m*3 was found. This results in a ring current density with the assumptions 
madee above: j G = 6,88.10"9 A/m2, which is rather low as will be shown later. 

Forr a more realistic calculation of the ring current density one also has to take into account 
thee ring current density due to curvature drift, the diamagnetic current density and the pitch 
angle-- as well as the velocity distribution of the particles (Akasofu, 1963). 

Thee total drift current density is: 

Jdr=^-- B x v B + 4 - S - (2-4> 
B 33 p2

c B 2 

 2 2 

pnn = vinmv|, ps = nmv// the particle pressures perpendicular respectively parallel B, pc is the 
radiuss of curvature of the magnetic field line. 2 

00 mvi 

Thee magnetic moment of a charged particle in a magnetic field B is M = — —- B so the dia-
magneticc current density is given by 2B 

j d i aa = vxnM = - v x — B (2.5) 
BJ J 

Thee total current density is 

Pnn - Ps „ B x v pn 
JJ = Jdr + Jdia = -^~2~ B x ^ c +

 D 2 (2 .6) 
DD Pc B3 

Takingg a pitch angle distribution proportional to sin pa and a gaussian velocity distribution 
Akasofuu (1966) calculated the magnetic field strength produced by a ring current as a function 
off  the distance from the earth. The results are shown in figure 2.5. The parameters used were 
j33 = 3, as measured with satellites, the velocity distribution peak at r = 3 rL. and an energy 
densityy of 9,6.10"7 J/m3. 
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Fig.. 2.5. The magnetic field B produced by a ring current (Akasofu, 1966). See text for parameters. Used by 
permissionn D. Reidel Publ. Co. 

2.44 MAGNETIC FIELD OF A RING CURRENT 

Assumingg a ring current I at a certain distance arE in the equatorial plane of the earth, its 
effectt on the horizontal component of the geomagnetic field can be calculated. Cylindrical 
coordinatess wil l be used. Figure 2.6 shows the configuration: Q is the projection of P on the 
planee of the ring current. In this case A r = A2 = O (e.g. Landau and Lifshitz, 1960). 

Fig.. 2.6. Configuration for the calculation of the magnetic field B7 at P for a ring current with radius arE. 
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M«« cos ŝ  Mo 77 ar..- cos ^ d^ 
AA . = — I § dl =— 1 ƒ 

4TTT R 2TT2TT O' ƒ (a2 r2 + r2 + z2 — 2arl.-r cos </>) 
2.7 7 

w w itl ii  ar, as the radius of the ring current. Substituting 0 = Vi{$ n) equation (2.7) gives: 

Mnn k ar. . 

withh k2 

A - - -- ? ^ ( — ) ƒ 

4arEr r 

dfl l 

/ ( 1 - k 22 sin2t9 
2 / / 

TT/22 sin2 I? di? 

ƒ ( ! -- k2sin2<?) 
(2.8) ) 

Substitutingg K = ƒ 

(ar,,, f r)2 + z2 

n/2n/2 dd TT/2 2 
andd E- ƒ / ( l - ^ s i n 2 ^ ) ™ 

ƒƒ (1 -k2s in2#) 

thee complete elliptic integrals of the first and second kind, repectively, we finally arrive at: 

A A 
M00 I ar, 

yy J( - )( (1 - v>k2) K - E ) 
i ii  k r 

(2.9 9 

11 '\ 
Usingg B = (rA^) equation (2.9) gives for the magnetic field strength at P: 

rr ör y 

BB M p I 1 " - 2 ' ' 
ZZ ~ ii  2 / ( ( a r E + vV + z2) ' (ar,. r)2 + z2 

a'' rf. - r - z' 
(KK + —E E) 2.10) ) 

Att the equator on earth : z = 0 and r = rE , so equation (2.10) reduces to 

„„ Mo 1 K E 
B77 = — — - ( + - ) 

nn 2rE a + 1 a — 1 

AA plot of equation (2.11) with I = 1 06 A is given in figure 2.7. 

(2.11 1 

Fig.. 2.7. The horizontal component B7 of the magnetic field at the equator for a symmetric ring current 
inn the equatorial plane as a function of the distance aq from the earth. The current intensity is 
II  = 106 A. 
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Usingg the same satellite data as before : a - 3,6, the measured depression of the horizontal 
componentt at that time being 65 nT, equation (2.1 1) gives for the ring current a value of I = 
2,24.1066 A, in fair agreement with values given in the literature (e.g. Fukushima and Kamide, 
1973). . 

Inn applying equation (2.11) one must be very careful as the derivation is based on a filamen-
taryy current. 

2.55 TREIMAN THEORY 

Nextt the effect of such an extra field on the cosmic ray intensity measured on earth must be 
calculatedd (Treiman. 1953). 

Forr a charged particle with momentum p and charge q moving in an axially symmetric mag-
neticc field with a vector potential A independent of the azimuthal angles an integral of 
motionn is: 

prcoss X sin X + Aqrcos X = constant (2.12) 

(e.g.. cf. Rossi and Oibert, 1970) 

wheree r is the distance of the particle from the origin of the coordinate system (in our case 
thee earth's center), X is the latitude and X is the angle between the velocity vector and its pro-
jectionn on the meridian plane.  ̂ c os ^ 

Forr the magnetic dipole field of the earth holds: A r = —-—-— (2.13) 
r2 2 

M rr being the magnetic moment of the earth. 
Withh the assumption that the cross section of the current is small compared with arr two 

casess can be distinguished for a ring current with magnetic moment M rc, viz.: 

Mr,,rcoss X 
Arcc = — fo r r< arF (2.14) 

(arrr )3 

and d 

M rccoss X 
ArL.. =—- for r> arL (2.15) 

r r 

wheree the index re denotes the ring current. 
Replacingg the ring current by a current sheet with a current density proportional to cos A 

thesee equations hold for all values of r. We shall, however, also indicate such a current as a 
'ringg current'. 

Introducingg as the dimensionless St0rmer variable: 

(2.16) ) 
qMLL ' \ n M , . / / 

thee radius of the earth will be: 

andd the ring current radius will be: 

Dl = r ,(-r y' /22 e n, 

// P \ '/z 

\qM|:/ / 
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Equationn (2.12) together with the equations (2.13), (2.14), (2.15), (2.16), (2.17) and (2.18) 
gives: : 

cos22 X cos'2 X 
DcosXsinxx + + KD2 = constant for D < D,. (2.19) 

DD DJ
a 

and d 

cos''' X 
Dcoss X sin x + (1+K) = constant for D > D, (2.20) 

D D 
Mrt. . 

withh K = . Assuming K < 1 and proceeding as in the ordinary Stormer theory, we arrive at 

thee minimum momentum pv for a particle to reach the earth from the vertical direction: 

pvv =-— cos4X ( Uv -(4cos"6X - l ) 2M r c / a3 j for cos2 X> 2/a (2.21) 
4rJ:: \ > 

and d 

pvv = -Q
y cos4X [ Mt.; ( l -2/aJ)M r c }  for cos2 X < 2/a (2.22) 

pc c 
Thee magnetic rigidity R of a particle with momentum p and charge q is defined by R = — < 

cc being the velocity of light. In the undisturbed earth magnetic dipole field the Stormer cutoff 
rigidityrigidity  Rsv for particles arriving from zenith is given by 

cMrr cos4 X 
Rsvv = — = 14,9 cos4X GV 

r[;; 4 
ass can be derived from equation (2.21) or (2.22) taking Mrc= O. 

However,, if the geomagnetic field is disturbed by the field of a ring current with magnetic 
momentt Mrt, equations (2.21) and (2.22) give the cutoff rigidity values 

ii 2 M r c 
11 1 _ f 4r*r»c-6 Tk - n 

k k 
R;vv = Rsv 1 - (4cos"6X -1) forcos2X > 2/a (2.23) 

ll  Mt : a3 ' 

and d 

M M 
KK = Rsv {  1 - O - 2/a3> - - }  for cos2 X < 2/a (2.24) 

M,, , „ 2Mrc 
Withh Bi = — and Brc =—— equations (2.23) and (2.24) yield for the cutoff variations 

33 3 

aa q. 
Brc c 

ARSVV = R;v - Rsv = Rsv (4cos"6X - 1) - - for cos2 X > 2/a (2.25) 
Bl--

i j j 

ARÏVV = R;V - R S V = R,V (a3/2 - 1 ) -— for cos2 X < 2/a (2.26) 
B i : : 

lsvv iXsv sv " s v 

AA plot of ARSV versus Rsv with Brc = 150 nT and a = 4 and 5 is given in figure 2.8. 
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Fig.. 2.8. ARS as a function of Rs for two values of the distance ar(. of the current sheet from the earth. The 
sheett current magnetic field is 150nT. 

Ass can be seen from equations (2.25) and (2.26) it is possible in principle to derive both the 
locationn and the intensity of the ring current from cosmic ray data with the Treiman theory. 
Upp to now this has not been possible from magnetic measurements on earth. 

2.66 PARTIAL RING CURRENTS 

Soo far we only considered symmetric ring currents. As has already been known for a long time 
mostt of the magnetic storms show an asymmetric effect during the main phase. Looking again 
att the physical picture of the development of the main phase we note that protons drift west-
ward,, so the first effects of a stream of protons will be seen in the dusk-midnight sector of the 
earth.. Exactly this asymmetry is observed in the magnetograms of the horizontal component 
att low latitude magnetic observatories. If a station is in this sector when a magnetic storm 
beginss a large decrease in the horizontal component is measured, while a station in the 
morningg sector registers only a small decrease of this component. 

Thee magnetic index Dst is a measure for the field-strength of the ring current. The definition 
4 4 

off  Dst is: Dst = !4 2 A Bj sec Xr where A B, is the variation of the horizontal component referred 
i== 1 

too a preceding magnetic quiet time and Xj the geomagnetic latitude of station i. To arrive at 
thiss index the mean values of the horizontal component from four low-latitude stations are 
calculated.. These stations are: Hermanns (19.23 E: 34,42 S). Kakioka (140,18 E; 36,23 N), 
Honoluluu (202.00 E; 21.32 N) and San Juan (293,85 E: 18,12 N). The locations are given in 
geographicc coordinates. 

Thee generally accepted physical picture of the storm development is that simultaneously 
withh the ring current, a partial ring current builds up in the afternoon-midnight sector. This 
asymmetricc ring current closes via field-aligned currents and an eastward electrojet in the polar 
ionosphere.. The field-aligned currents are also called Birkeland currents as Birkeland was the 
firstt who suggested these currents to exist. Field-aligned currents have been measured with sa-
tellitess (e.g. Kamide and Akasofu, 1976). The currents show a dependence on K the planeta-
ryy three hours average index of magnetic activity. The poleward flowing currents have a larger 
currentt density than the equatorward flowing currents. The measured current densities are of 
thee order of 10"6 A/m2 (Yasuhara et al., 1975). From this we conclude that our simple min-
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dedlyy calculated current density of 10"9 A/m2 is too low, as only a part of the current wil l 
floww in the form of field-aligned currents. 

Fukushimaa and Kamide (1973) gave a comprehensive review on partial ring currents and 
theirr effects on the horizontal component of the geomagnetic field. As has been pointed out 
already,, up to now the physics of the origin of the partial ring current is not well understood. 
Ass new satellite data become available, more sophisticated current models of magnetospheric 
substormss and storms are being constructed (Kamide et al., 1976). 

Cummingss (1966) made the first model experiments on partial ring currents. Figure 2.9 
showss his model. He concluded that the asymmetry in the horizontal component at low lati-
tudess decays much more rapidly than the symmetric ring current field and that the drift of the 
asymmetryy is westward. 

22 2 

Fig.. 2.9. Wire model for the partial ring current system for measuring its magnetic effect on a model earth. 
(Afterr Cummings, 1966). Taken from a paper by Fukushima and Kamide (1973). 

Takingg a current of 1 06 A at a distance r = 4rE from the equator, Fukushima and Kamide 
dissectedd with this model the contribution to A B of the three different currents, namely the 
partiall  ring current, the field-aligned currents and the eastward ionospheric current. They came 
too the conclusion that the Birkcland currents give the main contribution to the variation of the 
horizontall  component at the equator and the partial ring current contribution is about half of 
thatt of the field-aligned currents. 

Itt is to be hoped that the joint efforts during the International Magnetospheric Study (IMS) 
wil ll  clarify the problem of the partial ring current. 
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