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THE MAIN PHASE OF MAGNETIC STORMS
AND THE RING CURRENT
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1. Introduction , /Eff‘ 7]
Magnetic storms are extremely complicated phenomena, but nevertheless two major
average features can be found when magnetic records are collected from middle and
low latitude observatories, well distributed around the earth. They are an initial
positive phase in the horizontal force and a subsequent larger and more prolonged
decrease, the main phase. Figure 1 illustrates the H variations during the July 11 and
July 15, 1959 magnetic storms at ten low latitude observatories well distributed in
longitude. Dotted curves are the H variations for the two intervals at the same hours
of Greenwich time on July 13/14, durmg the quiet period between the two storms.
These dotted curves may be taken to represent approximately the Sq variation (quiet-
day solar daily magnetic variation). It is clear from the Figure that both the initial and
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‘; the main phase occur on a worldwide scale. The nature of magnetic storms has been
h : studied in great details by CHAPMAN and SUGIURA (1919, 1935); see also CHAPMAN and
i BARTELS (1940), CHAPMAN (1951), SUGIURA and CHAPMAN (1960). CHAPMAN expressed

the average storm field D as the combination of an axially symmetric part Dst and the
remainder SD. Because of the worldwide nature of the initial phase and the main
phase, a substantial portion of them are expressed by the Dst component of D. The
Dst variation can be defined for an average of a number of magnetic storms or for
individual storms (see Appendix). Figure 2 shows the low latitude Dst curves for two
of the July 1959 storms.

The Dst figld is approximately uniform over the major part of the earth. Its field
lines are paraflel or anti-parallel to the dipole axis, and its primary cause is generally
believed to bdlocated far away from the earth, say a few earth radii, though there are
some who difsent from this view. Because the earth is an electrically conducting
sphere, any changes of external magnetic fields induce electric currents within the
solid and liqugi earth. It is found that the storm-time fields penetrate appreciably into
the earth’s crust and that the conductivity attained at depths of a few hundred km
suffices to shifld the deeper interior from the storm changes. The induced zonal
currents prodige an additional dipolar field outside the solid earth. Therefore, what
we observe onjthe earth’s surface is the combination of the external and induced
Dst fields (see Appendix).

When maggetic storms occur successively, their Dst fields may be superposed on
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THE MAIN PHASE OF MAGNETIC STORMS AND THE RING CURRENT 93

one another. Figure 3 shows such an example of the superposition of three successive
Dst fields. After the maximum epoch of the main phase is reached, the main phase
field diminishes, rapidly for the first 12 to about 24 hours and then more slowly.

Following CHAPMAN and FERRARO (1931), the initial positive phase is ascribed to
the impact of solar plasma on the earth’s magnetic field, and to the formation of a
cavity around the earth in the plasma. The shape of the cavity has recently been ex-
tensively studied, using two or three dimensional models.

The main phase decrease has long been ascribed to a westward electric current
encircling the earth. It is now generally called the “ring current”. Although several
attempts were made in the past to investigate the nature of the ring current (CHAPMAN
and FERRARO, 1933; ALFVEN, 1958), our present concept of the ring current is due to
SINGER (1957), who initiated new studies based on ALFVEN’s guiding center approxima-
tion for the motion of charged particles in a dipole field, and to Van Allen and his
associates, who discovered and explored the radiation belts.

In the following, we summarize present knowledge of the ring current, and discuss
several important problems which must be explored further.
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Fig. 2. The Dst(H’) curves for the July 11, 1959 and July 15, 1959 storms from 12 low-latitude
stations.
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Fig. 3. The Dst(4Xm) and Dst(4Yn) curves for the September 21, 22 and 23 storms, obtained
from 9 low-latitude stations. Xm and Y are the north-south and the east-west components, respec-
tively in the geomagnetic coordinate system. (Dst(4X») ~ Dst(H")).

2. Motions of Charged Particles in a Dipole Field

The first extensive study of the trajectories of a charged particle in a dipole field was
made by STORMER (1955), whose results are summarized in his The Polar Aurora. If
STORMER’s integration constant v is larger than unity, there are two separate regions in
which the trajectory can exist. One of the regions which extends to infinity is called the
outer allowed region, and the other which is connected to the origin is called the inner
allowed region (pp. 229-239).

Our particular concern here is the trajectories confined in the inner allowed region;
one of such STORMER’s trajectories is reproduced in a paper by VAN ALLEN (1961).
Such particles, confined in the inner allowed region, are called “trapped particles”,
because in a steady state their trajectories do not extend to infinity and thus they
remain in the inner allowed region indefinitely.

In 1940, ALFVEN (1950) proposed the guiding center approximation which with
sufficient accuracy greatly simplifies the description of the motions of charged particles \
in a strong magnetic field. By this approximation, the motion of a charged particle in
the inner allowed region is analysed into three parts, namely a circular motion in a
plane perpendicular to the magnetic field vector B (the gyration), a motion along B
(the oscillation), and a drift motion along the directions of == B X VB2 and
+ B x [(B-V)B] (the plus sign refers to a positive charge and the minus sign to a
negative charge).

The angle between B and the velocity vector w is called the pitch-angle, here
denoted by 6. The pitch-angle 8 is related to the intensity of the magnetic field by

. B
sin? @ = - -sin2 6. )
0
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Thus, the velocity component along the field line, ws, and the component perpendicular
to it, wy, are given by:

ws=wcosf; wp=wsinf; w=wi+wl. )

At a point where 8 = n/2 and By = sin28/B,, ws becomes zero and a particle is
“reflected back” towards a weaker field. Such a point is called a mirror point.

To this order of approximation, the motion of a charged particle in a dipole field
may be thus expressed: the particle oscillates back and forth with helical motion,
between the northern and southern mirror points, and drifts slowly westward or east-
ward, depending on the sign of its charge.

The velocity u of the east-west drift motion is given by

vV =v1+va, 3)
and

vi = (3 mwic/eBH) B x VB2, )

v2 = (mwic/eBY) B X [(B- V)B]. (5)

The drift u; is caused by inhomogeneity of the magnetic field (VB2), and the drift ug
depends on the centrifugal force mw2/R. associated with the motion along a curved
field line. Note that

| —B x [B x (B-V)B]/B2| = BYR.. ()

It is worth-while at this point to note that corresponding to the above three motions,
the gyration, oscillation and drift motion, there exist three adiabatic invarients
(NorTHROP and TELLER, 1960). They are (a) the magnetic moment

M=
B

of the gyratory motion (b) the longitudinal invariant [ = _[ ws ds of the oscillatory
motion (ds = the element of length of the line of force) (c) the third invariant ¢ = the
magnetic flux through a surface bounded by a magnetic surface (see below). “Adia-
batic” here means that the above three quantities M, I, & change so slowly in a steady
state that they may be taken as constants of the motion to a high degree of accuracy
(KuLsrUD, 1957). The invariance of M has been an important guide for the determina-
tion of the characteristics of particle motions in a dipole field. The Equation (1) is
simply a direct consequence of this, namely

w2/B = w2 /B, . )

This equation also gives the change of particle energy due to the betatron acceleration
in the non-relativistic case, when (dB/dr)(1/B) is much smaller than the frequency of
gyration eB/mc.
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The longitudinal invariant I makes it possible to define a surface or shell on which
the guiding center oscillates and drifts. It is the locus of the lines of force which have
the same value of 7, and is called a “magnetic surface”. In a dipole field, because of its
axial symmetry, the shell can be generated by rotating the lines of force around the
dipole axis. McILwAIN (1961) showed also that it is possible to define magnetic sur-
faces labeled by a single parameter called L for the actual earth’s field.

If the first two invariants are modified in such a way that M is decreased or I is
increased, the altitude of the mirror point is reduced; if the reduction is significant, it
increases the rate of loss of the particles by collisions in the denser atmosphere. Change
in the third invariant signifies the migration of a particle from one magnetic surface
to another.

3. Electric Currents

The motions discussed in the previous section, for a group of trapped particles, result
in electric current flow of intensity i. We examine how the group characteristics in-
volved in the calculation of the current intensity are related to quantities measured by
satellites.

Consider first a group of particles of one kind only, specified by their charge e and
mass m. To calculate the current produced in a plasma permeated by a magnetic field,
the plasma pressure and the characteristics of the magnetic field must be known at
every point in plasma. Let ps and p, be the plasma pressure respectively along and
perpendicular to B. Let p,, be the magnetic pressure (= B2/8n). In terms of ps, pn and
Pm, together with the vector characteristics of the magnetic field, PARKER (1957) thus
expressed the current intensities associated with the above three motions:

(a) The current produced by the gyration ir

i = (¢/87pm) B X {Vpu — %(pa/Pm) Vom — (Pn/pm)(B - V)B/87} . ®

Within a plasma of uniform pressure (Vp, = 0), permeated by a uniform magnetic
field (Vpm = 0 and (B - V)B = 0), the current produced by the gyration is exactly
cancelled at every point. But any non-uniformity gives rise to a net current. 1t is
expected that in the radiation belt regions the number of trapped particles increases
with radial distance to a certain point, and then decreases; this non-uniform distribu-
tion will produce a current expressed by the first term in the bracket of Equation (8).
If the magnetic field intensity is not uniform, the radius of gyration (= cmwy/eB) and
the period of gyration (= 2nem/eB) are different at different places, this results in a net
current which is expressed by the second term in the bracket. 1f the lines of force are
curved, the circular orbits due to the gyration are more crowded together on the con-
cave side than on the convex side; this results in a net current expressed by the third
term in the bracket. Let n be the number of charged particles.
(b) The current produced by the oscillation ip

iO = én ws.
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In a steady state, this current is zero, because at any point on the lines of force, the
particles passing an area dA4 (perpendicular to B) on their way to one of the mirror
points and on their way back must be equal in number. Because the particles are al-
most collisionless in the radiation belt regions, they can quickly diminish any electric
potential gradient along the field lines. Thus even in a non-steady state, this current
intensity may not be significant, and hereafter we neglect this contribution.

(¢) The current produced by the drift motion ip

ip = en (u1 + uy)

)]
= (¢/87pm)B X {3(prpm) Vpm + (ps/pm)(B - V)B/8x} .

This is due to the two drift motions discussed in § 2. In a uniform magnetic field

(Vpm = 0), the first term is zero. The second term is zero for particles with the pitch-

angle § = n/2 (e.g., trapped particles with the pitch-angle # = n/2 in the equatorial

plane do not oscillate (ps = 0), so that their contribution to the second term is null.
(d) The polarization current i,

ip = (mnc/B2) B x (dv/di). (10)

If the magnetic field intensity is changing, both protons and electrons drift with
velocity v = cE x B/B? (Note that ¢V x E = ¢B/or). However, because of the dif-
ference of their masses, there appears a differential motion between them, resulting in
the current denoted by ip.

The total current is then the combination of (a), (c) and (d), thus;

i=(c/87pm)B X {Vpn + [(ps — Pn)/pm](B - V)B/8n + mndv/dt} . (11

The pressure ps (along B) and p, (perpendicular to B) are functions of position r
(= a radial distance), ¢ (= latitude) and A (= longitude), and are given by

ps (r, ¢, 2) = _[ j'mwgn(r, b, AL, w)F(r,¢, A, 0, wydwdd

(12)
Pa(r, ¢, ) = _\' j%mwin(r, 8, ., w)F(r,0,2,0,w)dwdd,

where n(r, ¢, 2, w) dw = the number density per cm3 with velocities in the range dw
at wat the point (r, ¢, 1); F(r, ¢, 1, d, w) d = the fraction of the particles of velocity
w with range of the pitch-angle d@ at @ at the point (r, ¢, 2).

It is interesting to see how the functions n and F are related to the quantities
measured by instruments carried by satellites (COLEMAN, 1961). All the quantities we
deal with here are functions of position; hereafter we omit writing (r, ¢, A) unless it is
necessary.

Let j(0, w, w, 1) d4 dQ dw dr denote the number of particles incident, with speed
in the range dw at w, during the time interval at ¢, from within the solid angle d at
(8, v = the azimuth angle with respect to B), upon an area d4 normal to the direction
of the particle velocity vector w at a point (r, ¢, 2). In a steady state (3/0t = 0),
assuming axial symmetry, this expression reduces to
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j(r,é, 0, v, w)dd4 dQ dw . (13)

The omnidirectional intensity J(w), namely the flux of particles with speeds in the
range dw at w, incident from all directions upon a sphere of projected area d4, is

Jw) =[{ {6, v, w)sin 0 d6 dy] dw d4 . (14)

Let F' (0, v, w) dQ be the fraction of the particles of velocity w with directions within
the solid angle dQ at (6, y) at the point (r, ¢, ). Then,

n(w)F'0, y, wyw =j(0, v, w). (15)
Hence the omnidirectional intensity may be rewritten as
J(wydwdA = [[ [ nF'wsin 0 d0 dy] dw d4 . (16)

Particle detectors carried by satellites measure J in terms of energy &, rather than of
w(e(Kev) = 3mwn?/1.602 x 10-9). Further, most of the detectors measure /o, which is
the integrated J for particles with energies larger than &, namely

To(em) = f J(2) d4 de . (17)
Em
It may be possible to obtain J(g) approximately at a given point by using several
detectors with different values of ¢, or by using several detectors each particularly
sensitive to a certain energy &. Further, if F’ is measured at the same time, the function
n(w) can be obtained from Equation (16).

4. Magnetic Fields Produced by the Ring Current (general);
Self-Consistent Solutions and Perturbation Methods

The current Equation (11), enables the ring current field to be calculated. Combined
with Maxwell’s equation ¢V x B = 4r i (neglecting the displacement current) and
with the vector equation*

[V X B]s = (B/B?) x {- VB2 + (B-V)B} (18)
Equation (11) gives
dv

mn = = Va(pn + pu) + [(B- VIB4lu[(1 + (pr — p2pm)] . (19)
Combining this with

div (nv) + énfot = 0,

¢V X E + éBjot =0, (20)

divB=20,

divE = Y en (). = the summation for both protons and electrons) ,

* [ 1a signifies a vector component perpendicular to B.




»

THE MAIN PHASE OF MAGNETIC STORMS AND THE RING CURRENT 99

we have a complete set of equations, from which the solution B may be obtained when
appropriate initial and boundary conditions are given. The solution thus obtained is
“self-consistent”.

Consider the simple case in which the state is steady (¢/d¢t = Q) and div E = 0.
Then the set reduces to

Va(pn + pm) = [(B - V)B/4n]a(l + (pn — ps)/2pm) ;divB =0. N

F'y AT M-.l\..._

Fig. 4. The schematic diagram to show the distribution of the field intensity B in a cylindrical
plasma. The distribution of plasma is given by N.

If also the plasma is confined in a uniform magnetic field (its field lines being parallel
to the axis of cylinder, so that (B - V)B = 0) and if the plasma particles move wholly
in planes perpendicular to B(so that p; = 0), then,

B B
Pn+Pm=Pn+§7fz:é&- (22)

Here Bo denotes the field intensity outside the cylindrical plasma, and B is the self-
consistent solution for this particular case. Figure 4 shows this situation schematically.
In this case, the decrease of the field intensity in the plasma cylinder is entirely due to
the current iz, and thus it is said to be due to the ‘‘diamagnetism’ of the plasma.
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Unfortunately there is no simple way of obtaining such a self-consistent solution
for a group of trapped particles confined in a dipole field. The deformation of the
earth’s field due to the trapped particles affects their motions and thus the current
intensity and the magnetic field; thus it is a non-linear problem.

A first approximation is obtained by assuming that the magnetic field produced by
the particles does not affect their motions. In our dipole case, this means that the field
intensity F1 at a given point is simply the sum of the ring current field V1F and the
earth’s dipole field Fg,

Fi1 = Fg + ViF. (23)

A second approximation (V2F) to the ring current field is then obtained by supposing
the particles to move in the field F;: this gives the new estimate F for the total field:

Fo = Fg + VoF. (24)

In principle, such a process can be continued to any order of approximation (namely,
F, = Fg + V.F), and if F, converges rapidly to a certain value, it may be close to a
self-consistent solution.

5. First Approximation

A. GROUP CHARACTERISTIC FUNCTIONS

The expression (11) for the current intensity i involves ps and py, each of which depends
on a product of two “group characteristic functions” n(r, ¢, A; w)and F(r, ¢, 4; 0; w).
Hereafter, to show the essence of the calculation, we consider particles with speeds
between w and w + dw only; also F is assumed to be a function of 6 only, namely

ndw = n(r, ¢; w) dw (= the number density distribution function) ,
(25)
F = F(0) = F' (= the pitch-angle distribution function) .
This implies an axial symmetry (6/04 = 0). By suitable integrations the results can be
extended to the case when the particles have different speeds w and F is a function of
w and position.
It has been noted that for a group of trapped particles, F(@) has a form of sin *+10.
It is shown later that this form of F(8) can express fairly well observed F(8). We note
that F(@) must satisfy (cf. PARKER, 1957)

f F()do =1, (26)

so that
F(0) = A(x) sin*+19

27
A(e) = I'(e + 2221 {T'Ga + 1) )2, @D

If « =0, F(#) = sin 0, and the pitch-angle distribution is said to be isotropic.
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Figure 5 shows F() for « = 0, — 0.9 and 2.0. For a > 0, large pitch angles are in
excess, for o <C 0, the smaller pitch-angles.
Introducing (27) into (12), we have

ps = | mwinF(6) d0 dw
= mw2n | F(0) cos20 d6 dw
= mw2n(l — 4B(x)) dw,
pn = [ Imw2F(0) d0 dw
= mw?, | F(0) sin20 d0 dw
= 2mw2nB(a) dw ,

(28)

where
B(d) = (« + 2)/4(x + 3).

For the pitch-angle distribution given by Equation (27), the relation between 7 at a
general point and ny at its associated point Py on the same line of force, is given by

n = ng(Bo/B)%/2, (29)

where Bp and B are the field intensities at Py and P, respectively. Therefore, in a
dipole field, in which B./B is a known function, the number density # is determined at
every point by « and by the number density along an equatorial radius r.. (The suffix e
signifies values in the equator plane).

Fig. 5. The pitch-angle distribution Foosin ¢+ @ for « = 2.0, 0, and — 0.9. The deviation from
the isotropic distribution (« = 0) is shown by a dotted area for « = 2 and by a hatched area for
a=—09.
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We find that n along an equatorial radius (or in the equatorial plane) can be
reasonably represented by

n = nee~92" (z < 0: the inner part of the belt) ,
v (30)
n = nee=9% (z > 0: the outer part of the belt),

where
z == (re — reo)/a; a = the earth radius .

Here r., denotes the radial distance of the point at which n attains its maximum value
no. These equations, together with (29), determine the number density at any point
(r, ) in a given magnetic field in terms of no, reo, g1, g2 and .

B. DIPOLE FIELD

In our first approximation, it is assumed that trapped particles move in an unperturbed
dipole field. The position of any point P in a dipole field will be specified by usual
spherical polar coordinates or by (re, ¢, A), where r, denotes the radial distance of the
related point P, where the dipole field line through P crosses the equatorial plane. In
this section, the latter system is found to be more convenient.

With each point P we associate two unit vectors j, k which with h, the unit vector
B/B along B, form a right-handed orthogonal unit vector triad; k is the eastward unit
vector normal to the meridian plane through P and j is the unit vector k X h: it is
outward from the origin (but not radially outward). Let P’ be a point adjacent to P
with coordinates differing by dr., d¢ and d2 from those of P, namely r., ¢, . The
vector element PP’ or ds can be specified as follows relative to the vector triad h, j, k,

ds = hhd$ + jhedre + khsd/ .
Here
h1 = re(l + 3 sin? ¢)* cos ¢

hs = cos? ¢/(1 + 3 sin? ¢)? 31)

h3 =r,cos3 ¢.

Hence an element of area d.S3 in the meridian plane through P, bounded by the lines
of force, r. and r, + dre, and the radii ¢ and ¢ 4 dé, is given by

dS3 = h1h2 dred¢>
=recost pdr.ded.

(32)

Further, since the tubes of magnetic force are of constant strength,
Bhshs = (Bhghs). ,

where the suffix e signifies reference to the equatorial point on the field line through P,
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Hence
Be/B = hscos3 ¢, (33)

B. = a3B/r}, (34
B, = 0.32 gauss = B, at the equator at the earth’s surface .
A volume element dV at P can similarly be expressed by
dV = hhshz dr. dé dA
(35)
=rlcos’ pdr.dep di.

The gradient of a scalar function Q in our coordinate system is given by

160 100 _18Q
BN i
O=h, o hor,  *na

If the system is axially symmetric, the last term in the above equation is zero, and

10
hxvo—_ 9y (36)
h26r¢ .

Note also that the radius of curvature R, is given by

1 3(1 + sin2 ¢)
Re  recos (1l + 3sinZ¢)t EZ)

C. THE V3 BELT

The V3 belt, originally proposed as a model ring current belt by AKAsoru and CHAP-
MAN (1961), has later been extensively studied by AKASOFU, CAIN and CHAPMAN (1961).
This model can serve for some semi-quantitative discussions on the general features of
the magnetic field produced by a group of trapped particles.

The model belt is assumed to consist of protons of energy 150 kev. (The current
would be the same if it consisted of electrons of the same energy; see (28)). The radial
distance r¢, of the point at which 7 attains the maximum value n, = 1/cm3 is taken to
be 6a. The distribution of the particles around r., is chosen so that n is reduced by a
factor of 10 at the distance + a from re,. The pitch-angle distribution is assumed to be
anisotropic with « = — 0.5. Further, a steady state is assumed throughout. Thus the
parameters are

reo = 6a, (reo/a = fo)

np = 1.0/cm3

g1 =g =g=1517 (38)
a =—05

g = 150 kev (nge = 150 kev/cm3) .
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The current intensity vector i in (11) is now given by

c c opn
= (ps—pu) — — P, 39
i = pg, P =P th<8re> (39)

i=—ki,

Using Equations (36) and (37), Equation (39) is now rewritten thus:

- ,’I’ﬁgyi o {(fo+ 2)2e 99 'D(¢, o) + 2822(fo + 28 e 92 F($, )} .  (40)
Here
D(¢, ) = 3{1 — 6B(oi)i}‘(cos‘ $H795(1 + sin §) |
(1 -+ 3 sin2 ¢)2+i(x
F(¢, oc) — 2i(°‘)(cos ¢)3o¢+3

(1 + 3sin2 $)ta

The calculated values of i thus obtained have been used to draw lines of constant
current intensity in a meridian plane in Figure 6. The full lines indicate westward
current, the broken lines eastward current; the current intensity at re, is taken to be
unity.

Let 41F; and 41F; denote respectively the components of the magnetic field of the
ring current, based on the first approximation, parallel and perpendicular to the

Fig. 6. The field vectors of A, F, the first approximation to the magnetic field of the Vs belt.
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equatorial plane at the point (7.1, $1). Let 6Fz and JF; denote the contributions to
these components, made by the part of the ring current i that flows across the section
dSs at the point (re2, $2). They are given (cf. STRATTON, 1941; p. 263) by

or_ _MdS ¢ e e
¢ olE+or+o] E—op2+ 2
(a1)
2idSs 1 &2 — @2 — (2
OF, = — K+>—— " E{,
¢ [€+oe -+ [ € —op 0 ]

where
W = rq cosd 1,

{ = re1 cos? ¢y sin 1 — rea cos2 o sin ¢,

& = reacosd o,
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Fig. 7. (a) The magnetic field measurements made by the magnetometer carried on Explorer V1
(SmiTH, COLEMAN, JUDGE and SoNETT, 1960). (b) The field distortion produced in the equatorial
plane by the Vs belt. (c) The number density distribution, and the corresponding distribution of
current intensity and magnetic field intensity for the equatorial plane. (H: = 41F).
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and K(k2) and E(k?) are the complete elliptic integrals of the first and second kinds for
_ 4w
w0

2
Thus,

A1Fy = j 0F,dSs,
(42)
aA1F, = jéFz dSs.

The above integration was replaced by a double summation which was made by
IBM 704 and IBM 7090 Computers, for 924 elements dS3 of the meridian cross-
section of the belt. Figure 6 shows the distribution of the field vectors, of magnitude

MF = MFE + 41F?

together with the contours of the current intensity distribution. Note that since this is
the first approximation, the vector scale of force is simply proportional to the energy
density at reo, namely noe kev/cm3,

Clearly the field 41F is fairly uniform within a radius of about 24, and is almost
parallel to the dipole axis, agreeing with the observed Dst field during magnetic
storms. Beyond this distance, 4, F becomes notably non-uniform; it shows consider-
able curl in the region of most intense current. Outside the belt, the field tends, with
increasing distance, to similarity with a dipole field.

Figure 7c shows the number density distribution n(re), the current intensity
distribution i(r.) in the equatorial plane, and the ring current field intensity in the
equatorial plane A41F;(r.); note that 41F; = O in the equatorial plane. In this first
approximation, the resulting field is a linear combination of the field 41F with the
earth’s dipole field Fg. For comparison, Figure 7a shows the magnetic field measure-
ments made by the magnetometer carried by Explorer VI.

The significant dip around r.o = 6a is mainly due to the diamagnetism discussed in
Section 4. However, the contribution from the drift current ip becomes increasingly
important with increase of distance from reo. At the earth’s surface (at the equator),
the contributions from iz and ip are respectively + 11.2y and — 56.67, so that the total
change is — 45.4y. There the contribution from iy, is positive, and the major contribu-
tion to the Dst decrease comes from the drift current ip.

Figures 8a and 8b show 41F; and 41F;, together with F1 = Fg + A,F along radii
¢ = 20° and ¢ = 40°. The dip seen in the F; curve for the equatorial radius is less
prominent at higher latitudes. Thus in order to study the magnetic effects of trapped
particles, satellites should orbit lie close to the equatorial plane.

Figure 9 shows the distortion produced by the ring current belt in the field lines,
there compared with those of the dipole. The “anchoring points” where the lines cross
the earth’s surface do not change appreciably; but the ring current stretches the lines.

D. THE QUIET-TIME PROTON BELT

Recent observations by the Explorer XII satellite have revealed an extensive belt of
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protons of low energy (between 150 kev and 4.5 Mev) (Davis and WILLIAMSON,
1962). Figure 10 (top) shows a typical equatorial flux distribution during magnetically
quiet conditions, as a function of radial distance from the earth’s center; it is based on

Y Y
10000 |-« - = = ¢ e e g e e = =y 10000
= | | . ! T ' | 8 ] l 1
6 ¢, =200 ) . - F (dipote) © ; 6 b, =40° s F (dipole)
4 FIELD INTENSITY — F 41\ FIELD INTENSITY F
N mmm Py o :
2 N —— Fz 24 !
NN \
1000 AN —_— 1000 |
8- N 8
s NN e \
N r
N N ‘o \
= i
21 2|~ \ {
100§ —— - - 100 =
8- o[-
6 | 3=
i [
a 41
L I i
i i
2| 2 ! |
; :
!
! 10
+
o )‘( +50
4 A 4 -
/ 7 Nefe
aF, N . o v
o - N = N
N . P ot
N N — . e T =TT
\ - —:
aF, - aFg -
Ty SR [ 2 S \ - -50 p—----eert 202 A
\\ J -
7
~100 N 100 -
i
2 3 4 5 & 7 8 2 3 4 s [ 7 )
EARTH RADI EARTH RADH

Fig. 8. (a) and (b): The upper parts consist of graphs, on a logarithmic scale, of the intensity of
the dipole field Frz and of Fy along radii & = 20° and 40°, respectively. The lower parts show the
x and z component of A4\ F.
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Fig. 9. The lines of forces of Fi, the first approximation to the combined field of the geomagnetic
dipole and the V3 belt.
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one of the paths of Explorer XII, that lay close to the equatorial plane beyond
r = 3.5a.

The number density distribution of the observed proton belt can be approximately
represented by Equation (30), with the parameters r,, = 3.2q, g1 = 2.990, g2 = 0.419,
no¢ = 300 kev/em3 (e.g., no = 0.6/cm3, ¢ = 500 kev) (see Figure 10, bottom). For
simplicity the belt is treated as consisting of mono-energetic protons (500 kev). The
energy spectrum, however, becomes steeper for larger r,, indicating a relative increase
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Fig. 10. (Top) A typical equatorial flux distribution in the proton belt, as a function of radial
distance from the earth’s center. (Bottom) The number density distribution in the model belt and
in the observed proton belt.

of lower energy protons with increasing geocentric distance. The calculation of the
current and field can be extended to such a more complicated actual case without
much difficulty, by repeating the procedure for each spectral component, and finally
summing the contributions.

Davis and WILLIAMSON also measured the pitch-angle distribution F(8), shown in
Figure 11. The curve for F(8) oo sin3 § (namely, « = 2.0) there also shown, agrees
reasonably well the observed one. Altogether, the necessary parameters are:

reo = 3.2a
g1 =2.990
g2 = 0.419
a =20

nee = 300 kev/cm3 .
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Figure 12 (bottom) shows the graph of 41F; along an equatorial radius for these
values of the five parameters reo, g1, g2, x and #o. The intensity has a minimum value of
about — 72 y at r, = 4.1 a and a maximum value of about + 21 y at r, = 8.0 a. The
corresponding field at the earth’s surface is about — 38 y. This is less than 0.29 of B,
(= 0.32 gauss). Figure 12 (top) gives the combined field F; = Fg + 4:1F.

Perhaps the most significant feature of this particular example, based on an
actually observed belt, is that it has the largest magnetic effect of all the belts dis-
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Fig. 11. The pitch-angle distribution in the Fig. 12. (Top) The distortion of the earth’s
model belt, together with measured one. dipole field produced by the model belt in the

equatorial plane. (Bottom) The distribution of
the magnetic field 4:1F produced by the model
proton belt in the equatorial plane.

covered so far. We show later that this proton belt may well be identified with what
has been called the “quiet-time ring current”, particularly by cosmic ray physicists.
Further, the growth and decay of this belt seem to be closely related to the storm-time
ring current belt. This is discussed later in detail (Section 9).

6. The Second Approximation

Observation and calculation both show that a group of trapped particles can signifi-
cantly distort the earth’s dipole field. This distortion, in turn, affects the motions of
the particles, and thus the resulting current intensity i and the magnetic field produced.
Hence our calculation of 4 F, the first approximation to the ring current field, needs
correction.
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Our general procedure here is to calculate first 41F for a small value of nee in such
a way that Fg > A1F. Then, the lines of force must be calculated for F1 = Fg + A1 F.

Then the number density n(re, ), ps, Pn, Rc and other necessary quantities may be
calculated along the lines. However, we no longer have simple relations such as (33) and
(37), so that a large amount of numerical calculation is required, in addition to the
double summation for the magnetic field calculation.

In a paper by AKasorFU, CAIN and CHAPMAN (1961), 42F was calculated for such an
example of the V3 belt (g1 = g2 = 1.517; « = — 0.5) with ne¢e = 90 kev/cm3, The
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Fig. 13. (Top) The distortion of the earth’s dipole field F2 produced by the V3 belt, together with
Fi and the dipole. (Bottom) The distribution of the magnetic field 4:F and 42F produced by the V3
in the equatorial plane.

results are presented in Figure 13. It shows that the second approximation corrects
A1F around the center line of the belt (r = reo) by a maximum amount of 15 y. The
change from A1 F to AxF scarcely alters the location where 41F is most intense, but it
deepens this minimum by about 15y. Except in this region, the correction for the
second approximation is less than 10y; at the earth’s surface, the correction does not
exceed 3y (109 of A1F).

It is not definitely known whether F, thus successively obtained would approach a
limiting value F. The calculation of 43F or of any higher ones has not been attempted
yet.

During the growth or decay stage of the ring current there will be an electric field
associated with the changing magnetic field:

oBJot = — (1¢)V x E.
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Such an electric field will modify the mass motion and distribution of the ring current
particles (of velocity v = (1/c) E X B), considerably complicating our problem.

7. The Magnetic Moment of the Ring Current

The magnetic moment Mg of the ring current is given by

na? | 2
Mg = - {i(re, $) f%costs dSs, (44)
where
ﬂ =7 e/ a
dSs = a?f.cosidpd fedd.
For our model ring current belt, i(re, ¢) can be obtained if the parameters reo, g1, g2,
o, noe are given. In our first approximation My is proportional to noe, hence we may

write
Mg = Amngc ,

Am = m’("eo, g1, 82, 0‘) (45)
= 1.62 x 1019 {(41 + A2) Ip’ + (B1 + Ba)Ir'} .

Here A; and B; are given by

Jr 1
Ai =" X¢£ S5Yidt -
2 4]

6
Bi = 3\/7ZX¢ :i: 30Yi :i: 6
&

where the minus sign refers to i = 1 and the plus sign to i = 2. In terms of the
numbers Xi, Y;, and fo thus defined,

5 513 15
:& + ,Z;,,", + i,j;
& & 4g;

N AYIA
= (g> (2 " é?)

Xi

fo = reo/a .
(i =12
Further,
/2

(1 + sin® ¢) (cos §)1o+e

T d
(l+3sin2¢)2+*0‘ ¢

Iy =3{1— 6B(a)}J

0
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For o« = 2.0
Ip = —0.1267

Ir- = 0.1036.

The same set of parameters determines also the magnetic field produced by the ring
current. Let 41F; denote 41F at the equator at the earth’s surface.

Both Mg and A4:F; are proportional to ne¢ in our first approximation, but our
approximation breaks down when n¢ reaches the value for which at some point within
the belt 41 F approaches the dipole field intensity Fg there; the calculated field intensity
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Fig. 14. The ratio (Ma/Mg) of the magnetic moment of model ring current belts to that of the
earth plotted against the ring current fields at the equator at the earth’s surface.

F would become zero at that point. At present, unfortunately, there is no simple way
of determining Mg and 41 F in a self-consistent way when the field distortion due to the
ring current becomes serious for a large value of ne¢. Because a further increase of no¢
beyond such a critical value would not much increase Mz and 4;F, we may take the
critical value to be an approximate upper limit for nee. This critical value will differ for
different types of the belt.

To examine this point, we choose the set of the parameters g; = 2.990, g2 = 0.419
and o« = 2.0, together with several different values of re (these values of g1, g2 and «
are the same as those for the quiet-time proton belt). Figure 14 shows for several
values of reo/a the relation between the ratio M g/ Mg (M g = the magnetic moment of
the earth = 8.1 x 1025 gauss cm3) and 41 F;s (the ring current field at the equator at the
earth’s surface). The enhancement of nee increases both Mr/Mg and A41Fs, as is
indicated by each reo/a curve, although the values of nse do not appear explicitly in the
Figure. The termination of the solid part in each curve indicates the approximate
upper limits of M /Mg and 4,Fs for each belt,

Figure 15 shows also 41F/n.e as a function of r over the range from 3.5 to 6.0
(Akasoru and CaIN, 1962). Clearly the magnetic “efficiency” of the particles (per
unit ne) increases with r,,. However, since Fr decreases rapidly with r.,, the critical
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value of no¢ decreases with increasing geocentric distance. As a result, the maximum
A1F;s is larger for smaller 7.

As Figure 14 shows, the ratio M g/ME is less than unity for all values of r.o/a. This
conclusion is particularly important for cosmic ray physicists. Assuming that both the
earth’s dipole field and the ring current field extend to infinity, the ring current reduces
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Fig. 15. The distribution of the magnetic field 4;F/no¢ for the same set of parameters g1, g2 and
o, but different values of reo.

STORMER’s cut-off rigidity P, for solar protons approaching to the polar ionosphere to
(KELLOGG and WINCKLER, 1961)

p__ o

. (46)

Mg
1 .
+ M

Because the ratio Mg/ME is not likely to be more than unity,
P> Pyj2.

At College (Alaska), where P, = 0.48 Gv, the lowest value of P due to the ring current
is then 0.24 Gv, corresponding to a solar proton energy of order 60 Mev. However,
protons of energy 0.5 Mev (P == 0.031 Gv) have been observed during magnetic
storms at about the same geomagnetic latitude. This suggests that the observed
reduction is not wholly due to the ring current, or that the ring current cannot much
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reduce P if it is acting alone. The same conclusion may be applied to the quiet-time
ring current, namely the quiet-time proton belt, because the maximum ratio expected
is of order 0.63.

8. Deformations of the Outer Radiation Belt

A. LOWERING OF THE BOUNDARY L VALUE

Recent improved measurements by satellites, especially Explorer XII and Injun I, have
revealed an extensive low-energy electron belt (~ 40 kev) as well as the proton belt
(the quiet-time proton belt). Both satellites showed also a rather sharp outer boundary,
beyond which there is no significant flux of such electrons. Figure 16a shows this
situation schematically, together with a typical Injun I observation (Figure 16b).

NS
g

Fig. 16a. The schematic diagram to show the orbits of the Injun I and Explorer XII satellites
with respect to the outer radiation belt.
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Fig. 16b. The typical latitudinal variation of the directional flux of electrons of greater than
40 kev energy during geomagnetically disturbed conditions in October 1961.
(MaeHLUM and O’BRIEN, 1963).
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One conventional way of visualizing the distortion of the earth’s magnetic field is
to find the distorted field lines or deformed magnetic L surfaces and to compare them
with those calculated from the potential function obtained by spherical harmonic
analysis of the earth’s field at the earth’s surface. This cannot be done in a simple way
by having two or three simultaneous satellites with magnetometers. However, because
trapped particles move on the magnetic L surfaces, some distinct features of their
distribution in space obtained simultaneously by two or more satellites, offer a useful
guide for this purpose.

In Figure 16, if the earth’s magnetic field is expressed by the scalar potential func-
tion, the outer boundary must coincide with one of the calculated magnetic L surfaces,
corresponding to a certain value of L (McILwaIN, 1961), say L = 8.0. Thus, the
boundary L values observed by the two satellites, at the points 4, B, C, and D, must
be the same. MAEHLUM and O’BRIEN (1963) suggest, however, that in general the
boundary L values obtained by the two satellites do not agree. Such a discrepancy
seems to become serious during the main phase of an intense magnetic storm. A
boundary L value as small as 4.0 was observed by Injun I during the main phase of the
October 28, 1961 magnetic storm: however, the minimum boundary L value obtained
by Explorer XII during its life time was around L ~ 8.0 (FREEMAN, VAN ALLEN and
AKASOFU, to be published). This strongly suggests that the earth’s magnetic field and
the magnetic L surfaces containing such low energy electrons are sometimes greatly
distorted, particularly during the main phase of magnetic storms. Therefore, it is
interesting to examine if model ring currents, such as those proposed earlier, can
explain the observed deformation of the outer radiation belt. We note in this respect
that although the ring current can seriously distort the earth’s field in the radiation belt
regions, its effect at the earth’s surface is in general of order 1%, of the permanent field,
which is within the uncertainty of the present spherical harmonic analysis (4 19,). We
know now also that the earth’s magnetic field does not extend to infinity and that it is
confined in a cavity bounded by solar plasma. The effect of this limitation at the earth’s
surface is a worldwide (“DCF™) increase of the horizontal component of the earth’s
field, in general by not more than +100 y of order~~- only 0.3 % of the permanent
field. This again is within the uncertainty of the spherical harmonic analysis.

For the model ring current, we take the following parameters

reo = 3.0a

g1 = 2.990
g2 = 0.419
a =20

Several values of n.¢ are chosen to examine the effects of the ring current at different
stages of its development. Let 4Fg denote the ring current field along an equatorial
radius. The main part of the ring current field outside the ring is dipolar with the
magnetic moment M. Thus the combined equatorial field intensity beyond the ring is

given by (Mg + M)/r® .
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The flow of the solar plasma is affected by this combined dipole field. Thus, taking the
radial distance of the front of the solar plasma to be rz (in the equatorial plane), the
field intensity 4Fr due to the image dipole at a point r, along the earth-sun line is given
by

AFr = (Mg + Mg)/(2rp =+ re)3

{the plus sign refers to the night side and the minus sign to the day side). Therefore,

Boundary
\

Fig. 17. The geometry for the calculation of the magnetic flux.

the total field intensity F(r.) along the earth-sun line, can be given, as a first approxima-
tion, by
F(re) = Fg + AFp + AFy,

where we neglect the effects of the image dipole on the ring current (4F; near the
center line of the belt, r., = 3a, is less than 29, of the F field intensity for rz > 8a).

In applying our calculations to the data obtained by a pair of satellites, like that of
Injun I and Explorer XII, it is important to know, first of all, the location of two points
on each distorted line of force, namely the point in the equatorial plane and that at the
earth’s surface, or actually the radial distance r, of a point at which the line of force
crosses the equatorial plane and the anchoring latitude ¢ (or the L value given by
1/cos2¢).

For this purpose, we use the magnetic flux conservation theorem, rather than
tracing the distorted lines of force from the equatorial plane to the earth’s surface. The
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flux G, passing through the area ABDC, around the earth-sun line, in the equatorial

plane (Figure 17), is given by

GeszdS=HBeredred;..
a

A rs

(48a)

This flux must be equal to the flux Gs coming into the earth’s surface ABEF, namely

A
G:= [ Bds' = ffB,azcos¢d¢da.
/]

(48b)

In general, G, is a function of r. (in our example r, = rp), and G; is a function of ¢.
For a dipole, the above two equations give
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where By (= 0.32 gauss) denotes the field intensity at the equator at the earth’s sur-
face. Equating the above two, we find simply the equation of the lines of force, namely

a=rpcos?¢.

Our approach here for the distorted field F is to calculate first the total flux G in the
equatorial plane and then to find the latitude ¢, at which the integrated flux G; from
the equatorial plane becomes the same as Ge.
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Fig. 19. The schematic diagram to show the interpretation involved in Figure 18.

Under the above scheme, the relation between r, (the radial distance of the point at
which the line of force crosses the equator) and the anchoring latitude ¢ (or L =
1/cos? ¢) is obtained for various 4Fj (the ring current field at the equator at the earth’s
surface). Hereafter, in this section, r. and rp are given in unit of the earth radius a;
note that L is expressed in unit of a. The r,, L (or r, ¢) relation for rg = 8.0 is given in
Figures 18a and 18b.

For the earth’s dipole field, the r,, L relation in the Figure is expressed by a straight
line, making an angle of z/4 with both the r, and L axes, namely r. = L. Any deviation
from the straight line indicates a deviation of the line of force from the dipole line
(r = re cos? ¢). We show in a schematic way the implication of our r,, L diagrams
below and return to this point.

When a solar plasma advances towards the earth, two neutral points appear on the




THE MAIN PHASE OF MAGNETIC STORMS AND THE RING CURRENT 119

plasma front, one on each side of the equatorial plane (CHAPMAN and FERRARO, 1931).
In the noon meridian plane, the lines of force to these neutral points separate the lines
of force that complete their course on the sunlit side of the earth, from those that close
on the dark side. The further the advance of the plasma, the nearer are the neutral
points to the equatorial plane; as they move towards this plane, some lines of force
starting in high latitudes, which formerly lay on the day side, now are transferred to the
night side. This action continues until the plasma front comes to a complete stop.
Figure 19a shows this situation schematically when the front of the plasma (crudely
treated as plane) is at geocentric distance r, = B. The lines of force that originally
crossed the equatorial plane at 4 are now ‘“‘compressed” and lie just inside the plasma
surface. The lines of force that originally crossed the equatorial plane at points beyond
A are now transferred to the night side and close there. Such a change in the external
field induces electric currents within the solid earth, which tend to prevent the pene-
tration of external fields. Although the earth is not a perfect conductor, the in-
duced currents hardly affect the latitudes at which the lines of force start from the
earth. Because of the reduction of the radial distance from OA4 to OB, and because
the anchoring L value (L; in Figure 19a) as shown in Figure 19b does not change
appreciably, the original relation r. = L is altered, r, now becomes less than L.
Similarly, the line of force through C moves to D, but again the anchoring point is
unchanged (L»).

Suppose now that the plasma is stopped at B (r. = B) and that the ring current
begins to grow inr the area enclosed by the deformed line of force re = D (Figure 19c).
As seen in Section 5 (Figure 9), the growth of the ring current tends to stretch the lines
of force that pass between the ring and the plasma front. At a certain epoch of the main
phase, the line through D in Figure 19a has moved outward to a point just inside the
boundary surface r. = B. The lines of force which crossed the equatorial plane be-
tween r, = D and r, = Bin Figure 19a are stretched and then transferred to the night
side. Note that if the boundary position B is fixed while the ring current is growing,
there must be an increase of the plasma pressure in order to balance the growth of the
ring current pressure; there is some evidence to support this; about or a little after the
maximum epoch of the main phase of the magnetic storms of September 30, and
October 28, the magnetospheric boundary on the dayside was closer to the earth than
its average position (FREEMAN, VAN ALLEN and AKASOFU, to be published). Because
re = D has moved to r, = B and because the point L2 does not change appreciably,
the curve in Figure 19b is flattened as is seen in Figure 19d. The image dipole and the
ring current have opposed effects.

Figure 18 consists of two parts, one for the day side and one for the night side. The
considerable difference between them corresponds to the fact that the image dipole
field is more intense on the dayside than on the night side. However, the image dipole
approximation is less accurate on the night side. To find the corresponding lines of
force which constitute a magnetic L surface, it is necessary to calculate the second
integral invariant I along the lines of force.

In Figure 18, the deviation from the straight line becomes serious beyond r, = 3.0




120 SYUN-ICHI AKASOFU

even for a medium storm. Beyond r. = 4.0, the deformation is considerable even for a
weak ring current.

We have seen earlier that there is a quiet-time proton belt, and it has been shown
that it can produce a field 41Fs of order —40y. Any Dst change of the horizontal
component of the earth’s field must be regarded as superposed on the field of this
proton belt; this point will be discussed further in later sections.

The induction effect discussed in Section 1 must be taken into account to relate the
observed Dst(H') change to the true Dst(H), namely Dst(H') = 1.5 Dst(H). Figure
24b has three scales, of abscissae, for 41Fs, Dst(H) and Dst(H’).

BOUNDARY

-~ -
-~ e
T ——— -

Fig. 20. The distorted line of force of r. = 7.8 in the noon meridian, together with the dipole field
line crossing the equator at the same point. The magnetospheric boundary is at 8.0 and the intensity
of the ring current is Dst(H’) ~ — 150 y. The area enclosed by the distorted field line is shaded
to show approximately the cross-section of the outer belt during the main phase of magnetic storms.

The explorer XII satellite showed that the outer boundary of the outer radiation
belt coincides with the magnetospheric boundary on the day side, where the solar
plasma acts on the magnetic field (FREEMAN, VAN ALLEN and CAHILL, 1963). Figure
19a shows that for Dst(H) ~ —150y, the line of force that originally crossed the
equatorial plane at r, = 5.0 is now stretched out to r. = 8.0. To examine this point
more clearly, the line of force anchored at L = 4.8(¢ = 62.5°) is calculated under the
same condition, and is shown in Figure 20. Note that it is stretched out to r, = 7.8, so
that in terms of the parameter L, two satellites, like Injun I and Explorer XII (see
Figure 16a), will see the difference of 7.8 — 4.8 = 3.0. We infer that such a reduction
corresponds to the low L value observed by Injun I during the October 28, 1961
storm. Further, we may take this agreement to be important evidence that the storm-
time ring current is embedded within the outer radiation belt.

It is known that the center line of the auroral zone approximately agrees with the
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Fig. 21. The Dst(H’) curve for the storm of February 11, 1958, obtained from 8 low-latitude
observatories.
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L = 6.0 line at the earth’s surface, but the above discussion shows that during mag-
netic storms the lines of force anchored in the auroral zone do not, in general, cross
the equatorial plane at the radial distance re ~ 6.0. During a large main phase, 7.
could exceed 10 on the night side.

. AURORAL ARCS
65°C  SOUTHERNMOST LATITUDE - Dst(H)
60~
[ ]
(1) . °
o 55°% R
©
2 .
‘-.2_ L]
e 50T . .
(=]
45°
] | | |
0 100 200 300 400y AH
O 100 200 300 400 500 600y AH'

Dst (H)

Fig. 23. The relation between the lower limit of latitude attained by quiet arcs in the US sector
during 16 magnetic storms, and the intensity of the magnetic field produced by the ring current.
(4H = Dst(H), AH’ = Dst(H’)).

B. LATITUDE DECREASE OF POLAR AURORAS DURING LARGE MAGNETIC STORMS

The lowering of the boundary L value of the outer radiation belt near the earth seems
to be closely related to the equatorward shift of the regions in which overhead
auroras are seen, and to other related geophysical phenomena during magnetic storms.

A spectacular equatorward shift of the auroral strip occurred during the great
magnetic storm of February 11, 1958, which had an exceptionally large Dst decrease
exceeding 450y (Figure 21). At about 1020 GMT on February 11, around the maximum
epoch of the Dst decrease, the auroral zone in the North American Continent and in a
part of Siberia was completely deserted; but while there was no indication of bright
auroral arcs along the auroral zone, there were active auroras far to the south,
(Figure 22).

Figure 23 summarizes the relation between the Dst decrease and the lower limit of
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latitude attained by quiet arcs in the US sector (based on 16 magnetic storms during
the IGY). The equatorward shift of quiet arcs is clearly related to the growth of the
ring current.

C. ANOMALOUS ENTRY OF NON-RELATIVISTIC SOLAR PROTONS

The modification of the Stérmerian orbits of non-relativistic solar protons by the ring
current field does not explain their observed penetration into the magnetosphere
(Section 7). This is because the magnetic moment Mg of the ring current does not
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Fig. 24a. The relation between the lowest L value attained by solar protons (of energy between
1.5 and 15 MeV) and the Dst(H’) during the September 30 magnetic storm. (VAN ALLEN, 1962).

seem to exceed that of the earth; to explain some of the solar proton observations,
however, M r/M g would have to be larger than 10, which seems not possible.

Nevertheless, the anomalous entry of the protons seems to occur during storms
with a considerable main phase; Figure 24a shows such an example during September
30-October 1, 1961. The difficulty may perhaps be overcome by taking account of the
limited extent of the magnetosphere, including the ring current field. Explorer XII
observations indicate that the earth’s magnetic field is present only within a cavity in
the stream of solar plasma.

If the boundary is at 8a to about 104, solar protons of very low energy canreachthe
surface of the magnetosphere in the equatorial plane without any difficulty, particu-
larly when the boundary is within 10a (in the equatorial plane), a distance that non-
relativistic solar protons of order 10 Mev or less cannot attain in an unmodified
dipole field.

AKASOFU, LIN and VAN ALLEN (1963) have shown that there is always an allowed
region within a boundary that extends from the equatorial plane to the polar cap, and
lies very closely along the lines of force that cross the equator just inside the boundary.
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We have already seen in Section 8A that during the main phase of a magnetic storm the
lines of force anchored at L = 5.0 can be stretched to the boundary (r. ~ 8.0). There-
fore, in such a situation, solar protons of energy as low as 500 kev can reach the
point L = 5.0 (¢ = 63.5°) after penetrating the magnetospheric boundary in the
equatorial plane. Figure 24b shows the relation between such L or ¢ and the equatorial
intensity of the ring current field at the earth’s surface. If Dst(H) is superposed on a
constant 41 Fs, even the quiet-time proton belt contributes considerably to the anoma-
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Fig. 24b. The relation between the minimum L value attained by solar protons of energy 500 kev
and the intensity of the ring current.

lous entry; note that for the earth’s dipole field, STORMER’s cut-off latitude is 78° and
that even a large storm-time ring current cannot produce this reduction if both the
earth’s field and the ring current field extend to infinity.

D. EXPANSION OF THE OUTER RADIATION BELT

Another significant observation made by Explorer X1I was a remarkable expansion of
the outer radiation belt during the recovery phase of certain magnetic storms. This
may be explained as a combined effect of a decrease of the solar plasma pressure and
an increased ring current pressure. The ring current strengthens the earth’s field out-
side the ring current belt.

Let m, n and V denote respectively the mass, number, density, and speed of the
solar plasma. Where the plasma boundary cuts the earth-sun line, the plasma pressure
p = 2mnV2is balanced by the magnetic pressure B §/8n (here Bgdenotes the boundary
intensity of the magnetic field

P

2

"B — omnye.
T
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We take, as an example, » = 1.0/cm3 and V = 108 cm/sec. For this particular case,
the boundary will appear at a point where the field intensity at the boundary Bp
becomes 91.2y. The boundary is then located at a point where the earth’s field intensity
is Bp/2 = 45.6y, namely rp = 8.9a. If the ring current is present, the boundary for the
above plasma pressure is now located at a point where the combined field intensity
F = Fg + AFgis 45.6 y (cf. SPREITER and ALKSNE, 1962).

Assuming the model ring current given by the parameters reo = 3.0a, g1 = 2.990,

-100 \ ; ———— QUIET TIME
K d —-w=-— STORM TIME
COMBINED {Q+85)

-250 %

1 ! 1 1 1 A I it L J
3 4 5 7 8 9 10
RADIAL DISTANCE iN UNITS OF EARTH RADIUS

Fig. 25. The distribution of the magnetic fields 4,F for the quiet-time proton belt, for the storm-
time belt and the combined belt.

g2 = 0.419 and o = 2.0, with Dst(H) ~ —50y, the boundary will appear at rz = 9.8a
for the same plasma pressure. If this pressure decreases to half the value, the boundary
will move to rp = 1l.1a, an expansion of 2.2a; this is about what Explorer XII
observed. This is another indication that there is a storm-time ring current belt within
the outer radiation belt.

9. The Storm-Time Ring Current

A. SATELLITE OBSERVATIONS

Calculations show that a distribution of trapped particles around the earth will
produce a magnetic field that is nearly uniform and parallel to the dipole axis within 2
or 3 earth radii. This calculated field agrees with what the Dst analysis indicates.
Other important features of the radiation belt regions during the main phase can also
be explained by assuming the growth of a ring current belt embedded in the outer
radiation belt.

Satellite observations have shown that there is a quiet-time proton belt, which
distorts the earth’s magnetic field appreciably by its ring current.

So far, however, we have not obtained any definite satellite information concerning
the belts that are responsible for the storm-time ring current. Because the quiet-time
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proton belt itself is capable of producing 41Fs ~ —40y (at the equator at the earth’s
surface), storm-time changes of the belt may be expected to contribute significantly to
the Dst change. Davis and WILLIAMSON (1962) infer from their Explorer XII data that
during the recovery phase of the September 30, 1962 storm the proton belt flux was
probably enhanced about threefold at the center line of the belt, r.o = 3.2a. AKASOFU
and CAIN (1962) showed that such an enhancement is enough to produce the observed
Dst decrease (Figure 25). This enhancement occurred in the energy range of 150 kev—
4.5 Mev. The other radiation belts, such as the ““classical’ electron outer belt, the low
energy outer belt and the inner belt, cannot produce any significant distortion of the
earth’s field.

A proper understanding of the changes in the ring current belt during magnetic
storms can be gained only by continued satellite observations. Their results must be
studied alongside the simultaneous magnetic records at magnetic observations.

So far, we know that the main phase occurs not only at the earth’s surface, but also
in a region beyond the tonosphere (CAIN, SHAPIRO, STOLARIK and HEPPNER, 1962;
SMITH and SONETT, 1962; CAHILL, 1962). This agrees with earlier conjectures that the
major part of the Dst decrease is produced by a source located in a region at least a
few earth radii away from the earth.

B. ENERGY INPUT

The growth of the ring current belt within the magnetospheric region is undoubtedly
caused by solar action. However, we do not yet know the energy spectrum of the solar
plasma, nor how the plasma generates the ring current belt within the magnetosphere.

The total number of particles in a model belt of the type discussed earlier is as

follows:
N={[ndVv

= [[{n(re, ¢)r2cos? ¢ dr.dpda.
Introducing Equations (29), (30) and (33), this may be rewritten as

="\ n(roridr,
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where

(Lt 3sin2 ¢) 10 97

This function /r is tabulated in a paper by Akasoru and CHAPMAN (1961); for
=20
Ir = 0.1262.
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TABLE
MODEL BELT *

reo(a) 20 3.0 4.0 5.0 6.0
Maximum 41 Fs — 270 — 155 — 100 — 55 — 30
67]
Maximum Dst(H") — 405 — 233 — 150 — 83 — 45
162
Maximum n,& 3500 1200 500 200 85
(Kev/cm3)
N/ne 4.5927 1.1628 2.262%8 3.8928 6.0328
Total particle energy 2.5822 2.2322 1.8122 1.2522 74721
Ne¢ (ergs)

* g1 =2990,g: = 0419, = 20.

Apr. 17,1957

Aug.9,1957

Dec. 3,1958

Juty 27,1957

Sept. 12,1957

Oct. 21,1957
June 6,1958

Sept.2,1957

Mar. 11,1958

Meon O

a Local noon @ ¢ ocol midnight

Fig. 26. The horizontal component magnetograms from the Honolulu station showing the variety
of the development of the main phase.

For a belt of the type discussed in Section 7 (namely, g1 = 2.990, g2 = 0.419, « = 2.0),
the table above gives, for different values of the center line of the belt r.o, approximate
values of (i) the maximum field 4;F; produced at the equator at the earth’s surface:
(ii) the Dst(H’') ~ 1.5 x A:F;, (iii) the maximum particle energy density not at reo,
(iv) N/no, and (vi) the total particle energy Ne (= no¢ X N/no). For this model belt, the
total particle energy required for the largest Dst decrease (—4057) is 2.58 x 1022 ergs.
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Further, if the center line of the belt is located at r,, = 3a, for a medium storm of
Dst(H') ~ —100y, Ne = 1022 ergs. This is similar in order of magnitude to the change
in the magnetic field energy (CHAPMAN and BARTELS, 1940, p. 897).

It has been pointed out by PARKER (1962) that this amount of particle energy is
equivalent to the accumulation of kinetic energy flux of the solar plasma (v = 1500 km/
sec, n = 50 protons/cm3, over a cross section with 4 earth radii radius) in less than
10 seconds. Thus the solar plasma that causes the sudden commencement and the

MARCH 19,1950 MARCH 29,1950

HO M v v o
HO

co

5007
H

HO=HONOLULU
CO=COLLEGE

v Locol midnight
< Locol noon

Fig. 27. The horizontal component magnetograms of a highly contrasted pair of storms from the
Honolulu and College stations.

initial positive phase seems to have ample energy to produce the ring current and the
main phase.

However, this does not solve the problem of the formation of the enhanced ring
current belt, nor do we know why the solar plasma, on different occasions, gives
different types of development of the main phase. Figure 26 shows the H variations
during several magnetic storms at Honolulu, a typical low latitude station (geo-
magnetic latitude 21° N). For comparison, each dotted curve shows a quiet day H
variation recorded during the month of each storm. The first storm, of April 17, 1957,
showed a remarkable ssc and a long initial phase of more than eight hours, with no
significant main phase. The last storm, of March 11, 1958, is at the other extreme; it
showed a very small ssc and a short initial phase, but a fairly large main phase, which
started soon after the ssc. The July 11 and 15, 1959 storms in Figures 1 and 2 also show
such a highly contrasted pair.
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The occurrence of storms like those of April 17, 1957 and July 11, 1959, with alarge
and long initial phase, but with no appreciable main phase, indicates that a solar
plasma producing the ssc or the initial phase does not necessarily enhance the ring
current. What we observe in the magnetic records is the combination of the positive
solar effect of the plasma and the negative effect of the ring current. One might there-
fore argue that in such cases, the ring current effect was overcome by the positive
effect. It seems, however, that except during very intense storms, the positive effect is
not more than 70y, and for the above two cases, perhaps of order 10y to about 30y.
Explorer XII data showed that the minimum geocentric distance of the plasma
boundary during its life time was of order rg = 84. Magnetic records from high lati-
tude regions are more varied in this respect. In Figure 27, the main phase decrease is
hatched in the Honolulu magnetograms, and the polar magnetic sub-storms shown
by those for College are shaded. Notice the great differences in the development of
both the main phase and polar magnetic storms. Particularly, the storm of March 29,
1950 did not seem to have any appreciable main phase; polar storms at College are al-
most daily events, and can occur without any definite sign of ssc. When the develop-
ment of the main phase is intense, the auroral activity is also considerable (because the
development of polar magnetic storms is closely related to the auroral activity).

C. TWO-BELT MODEL

Figure 28 shows the H variations during several magnetic storms at Honolulu.
Clearly there is a systematic difference in the growth and decay of the main phase,
depending on the intensity. This may reasonably be interpreted by supposing that the
main phase is composed of two parts, most clearly characterized by their decay rates.
One decays much more rapidly than the other; thus they may be denoted by F and S,
respectively; F refers to the fast decay and S the slow decay: their relations are
schematically shown in Figure 29.

The parts F(DR1) and S (DR2) differ systematically in their intensities, depending
on the magnitude of the Dst decrease. They are larger for more intense magnetic
storms. Further, the development of the part F is much more remarkable in greater
storms, particularly in many of the historic greatest storms. For such greatest storms,
F decays so rapidly that the combination of the parts F and S shows a rather sharp
change of the decay rate. This apparent discontinuity in the decay rate has been
examined for many other storms. In weaker storms of the Dst(H') ~ —100y, the
development of the part F seems to be less than that of the S. In still weaker storms, it
may hardly be recognized.

On the other hand, the development of the part S seems less dependent on the
magnitude of magnetic storms. Extraordinarily intense storms, such as the September
13, 1957 and the February 11, 1958 storms, are largely due to an abnormal growth of
the part F.

A reasonable way of interpreting this phenomenon, based on the Table, is to
assume that there are two ring current belts, at different places. Because the part F can
contribute as much as 300y or more to Dst(H), and because it decays much more
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Fig. 28. The horizontal component changes Fig. 29. The schematic diagram to show that
at the Honolulu station showing a systematic the main phase decrease is composed of two
difference in the extent of growth and the mode parts, DR1 and DR2.

of decay of the main phase, depending on the
magnitude of the main phase decrease.

rapidly, the belt that produces the Fis probably closer to the earth than is the S belt,
Possibly they consist of particles of different energies, or differ both in location and
energy.

Particularly for the belt that is responsible for the F, there are two competing
effects, namely the energy input mechanism and the energy dissipation mechanism.
During the growth stage, the input energy must exceed the dissipation. At the maxi-
mum epoch of the main phase, the two mechanisms balance each other. Thus the input
energy must begin to decrease a little earlier than the time of maximum Dst(H). This
suggests also that it is not right to calculate the rate of input energy by simply dividing
the total energy in the Table by the time interval between the beginning of the main
phase and its maximum epoch, There are many complicated storms which could be
intermediate cases between any two of the storms in Figure 28. (See also Figure 30).

The direct injection of energetic solar particles has long been thought to be the
source of the ring current particles. In order to have Dst(H') of order — 1507 at the
earth’s surface, however, the center line of the belt should be r¢o =~ 4a or less. Direct
penetration to such a depth from outside the magnetospheric boundary could be
attained by some of non-relativistic solar cosmic rays, but their flux is much too low
to form an appreciable ring current.

Assuming that 30 Mev protons can penetrate down to reo = 4.0a in the equatorial
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plane (although such a deep direct penetration does not seem to occur), the number
density n, required for Dst(H") ~ —150y is 500(kevem?)/3 x 10%(kev) =0.017/cm3;
the flux is then now = 0.017 (cm3) x 7.58 x 109 (cm/sec) = 1.36 X 108/cm? sec.
Satellite observations indicate that the flux of 30 Mev solar protons outside the
magnetosphere is of order 103/cm? sec at most. This is negligible compared with the

A MAR. 22, 1920

JuLY 7, 1928

) 12 24 e . 63 72
HOURS OF STOAM TiME

Fig. 30. The horizontal component changes at the Honotulu station for some of the most severe
magnetic storms in the past.

required number. The flux of non-relativistic solar protons increases rapidly towards
lower energies, but it does not seem possible for 1 Mev protons to penetrate as close
as r, &~ 4a or less. Satellites do not show any sign of the formation of the belt by these
protons. This difficulty was pointed out by DESSLER, HANSON and PARKER (1961).
Instead of direct injection, they proposed that hydromagnetic heating can raise the
energy of thermal protons in the magnetosphere to a few kev. They infer that wherever
the solar plasma comes in contact with the geomagnetic field, hydromagnetic waves are
generated at the interacting surface. They infer also that the ratio 4B/B of the ampli-
tude of the waves to the dipole field intensity would be of order unity at about r, =
3a ~ 5a (see also PARKER, 1962; pp. 89-91): the waves generated at the interacting



132 SYUN-ICHI AKASOFU

boundary develop into shock waves with a sharp crest, resulting in a rapid dissipation
of the wave energy, presumably by instabilities of anisotropic thermal motions of
particles and others. Recently, KERN (1962) elaborated further this problem.

However, it is uncertain whether 4B (of period 30 seconds or less) can be as large
as 250y ~ 1000y at r. = 3a to about 5a. So far, satellites have not encountered any
such violent magnetic fluctuations. Further, if the earth’s field is so much disturbed, as
they suggest, it would hardly be possible to have any systematic ring current to produce
the main phase. The difficulty would be increased further for a large Dst change of
more than 300y. The formation of the ring current belt which produces such a
considerable change would require 4B to be as large as 4000y at r. = 2a. Further-
more, as we saw in Figures 26 and 27, the contact of the solar plasma at the inter-
acting surface does not necessarily lead to the formation of the ring current. It seems
that their proposed mechanism in its present stage involves as many difficulties as the
direct injection.

The variety of development of storms shown in Figures 26 and 27 suggests in-
trinsic differences between the solar streams, far beyond what we would expect from a
mere difference between their pressures. The nature of these intrinsic differences is at
present unknown. A simple model would be to assume an energy source, whatever it
may be, for the main phase and for the auroral activity, distributed differently for
different solar streams. The existence of storms with a large and long initial phase, but
with no appreciable main phase, suggests that some of the solar plasma would not in-
clude any appreciable amount of such energy, at least along the sun-earth line. The
variety of development seen in Figures 26 and 27 would then be interpreted in terms of
differences between the distribution and the intensity of such an energy source in the
solar plasma. Satellite observations of various physical quantities in the interplanctary
space, as well as in the magnetosphere, are extremely important from this view point.

Appendix
The Dst Analysis

Let H' denote the instantaneous values of the horizontal component of the geomagnetic
field at station j. The deviation of the above values from a certain time ¢ = 0 may be
denoted by 4H’. The average storm-time variations Dst(H') is then defined by

J
n AH'(1, ¢)
Dst(H') = Z e

ji=0

where J denotes the number of stations distributed along a circle of geomagnetic
latitude ¢.

Here the base value for H' may be taken to be the value just before the sudden
commencement of magnetic storms, and ¢ may be reckoned from the time of sudden
commencement. Usually, the stations are chosen within the belts between +5° and
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25° gm. latitudes and between —5° and —25°. If the number of the stations is more
than 8 and if they are well distributed in longitude, the effect of the Sq variation would
be eliminated. (Because of a large Sq variation, it would not appropriate to choose
stations located close to the magnetic equator.) If it is desirable to eliminate the Sq
variation, we find a typical Sq curve of the month of the storm for each station and
then adjust the base value of the Sq variation, so that at 1 = 0 (= ¢’ = local time) the
storm curve and the Sq curve cross each other. Thus,

AH' = H' — Sq(H")
where Sq(H’) denotes the adjusted Sq, so that at t = 0, H' — Sq(H') = 0 (= AH").
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