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Three calculations suggest that the magnetospheric configuration changes during the sub- 
storm growth phase. A flaring-tail model indicates that the observed increases in geomagnetic 
tail field are explained if the dayside magnetopause shrinks by 1-2 R•. Increased tail flaring 
also requires that the tail current sheet approach near the earth during the growth phase. The 
motion of the inner edge of the plasma sheet, and consequently an equatorward shift of the 
nightside auroral oval, is consistent with the structural modifications mentioned above. 

In this paper we investigate various changes 
in the configuration of the geomagnetic tail that 
occur during the growth phase of magneto- 
spheric substorms. The growth phase com- 
mences with a southward shift of the solar-wind 

magnetic field followed by an inward motion of 
the dayside magnetopause [Meng, 1970; Aubry 
et al., 1970; Fairfield, 1971; Atcaso/u, 1972]. 
Aubry et al. [1970] demonstrated that during 
nose radius decrease the tail-field strength in- 
creased, this increase thus indicating a net flux 
transport from the dayside magnetosphere into 
the tail [also see Fairfield and Ness, 1970; Rus- 
sell et al., 1971]. The over-all shrinkage of the 
dayside magnetosphere's aerodynamic shape sug- 
gests that the near-earth tail magnetopause also 
contracts. Both experiment [Hones, 1970] and 
theory [Spreiter and Altcsne, 1969; Tverstcoy, 
1968] indicate that the near-earth tail magneto- 
pause must flare to intercept solar-wind dynamic 
pressure so that the tail is in hydromagnetic- 
pressure balance. The tail-flux addition and nose 
shrinkage imply that tail flaring, and thus tail- 
field strength, should increase during substorm 
growth phase. In a flaring tail the solar wind 
exerts a net force on the tail in the antisolar 

direction. According to Siscoe and Cummings 
[1969], as this force increases, the tail current 
system must move earthward, its movement thus 
producing field depressions at the geostationary 
orbit. Finally, the earthward motion of the tail- 
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like region implies that the inner edge of the 
electron plasma sheet should also approach the 
earth during the growth phase. Consequently, 
the nightside auroral oval should migrate equa- 
torward. Since the above configurational changes 
follow from enhanced dayside field cutting and 
magnetopause shrinkage, it seems likely that 
any change in the internal convection rate trig- 
gered by reconnection will be accompanied by 
changes in the shape of the magnetosphere. 

In the next section we review a flaring-tail 
model originally proposed by Tverstcoy [1968] 
and Spreiter and Altcsne [1969] and shown by 
Spreiter and Alksne to be in reasonable agree- 
ment with magnetic-field observations in the 
geomagnetic tail [Mihalov et al., 1968; Behan- 
non, 1968, 1970]. For constant solar-wind con- 
ditions this model is parametrized by three 
quantities, variations of which we estimate to 
calculate tail-field changes during growth phase: 
the flux in the tail, the distance downstream 
where the tail solution first applies, and the 
initial radius of the tail at that distance. The 
changes in tail flux and initial tail radius can 
be estimated from the dayside magnetopause 
motions; however, the variation of the down- 
stream distance to the inner edge of the tail 
current system is not specified. To estimate this 
parametric change, we modify, to suit a flaring 
taft, the method of estimating the downstream 
distance to the taftlike region proposed by Siscoe 
and Cummings [1969]. Whereas they assumed 
that the tail radius would increase if the tail 

flux increased, a nonflaring-tail assumption, ob- 
servation indicates the tail radius should de- 
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crease simultaneously with tail-flux increases. 
This effect would enhance the inward motion of 

the taillike region and the tail-field increase. 
Finally, in the fourth section we review a theory 
[Petschek and Kennel, 1966; Kennel, 1969] for 
the inner edge of the electron plasma sheet 
based on the depletion of the plasma sheet by 
precipitation to the atmosphere as convection 
carries the plasma into the dipolar region of 
the earth's field. As originally posed [Kennel, 
1969], this calculation suffered from the defect 
that the end of the dipolar region (or the be- 
ginning of the taillike region) was not specified. 
This diflqculty is also alleviated by use of the 
Siscoe-Cummings procedure. 

The models mentioned above are by no means 
mutually self-consistent nor is each model in it- 
self complete and rigorously self-consistent. Fur- 
thermore, we have not explicitly included any 
of the dynamics undoubtedly occurring during 
growth phase, arguing that the relatively slow 
time development of the growth phase makes 
quantitative examination of the variations pre- 
dicted by equilibrium considerations a reason- 
able first step. Our results may be regarded as 
most reliable if it is imagined that the growth 
phase proceeds arbitrarily slowly through a suc- 
cession of near-equilibrium steady states. Our 
estimates of the changes in magnetosphere con- 
figuration based on this assumption are pre- 
sented in the fifth section. The sixth section 

concludes with speculative remarks on substorms 
and magnetic storms. 

Our calculations of the changes in magneto- 
spheric structure during the substorm growth 
phase are at best crude but simple scaling rela- 
tions by which frontside magnetospheric-con- 
figuration changes can be related to changes in 
the tail structure. We emphasize, therefore, not 
that the calculations do yield reasonable numeri- 
cal agreement with the observed growth phase 
tail changes but that the observed tail changes 
logically follow from the shrinkage of the day- 
side magnetopause and the enhancement of in- 
ternal convection. 

FLARING-TAIL MODEL 

In this section we review the flaring-tail model 
of Tverslcoy [1968] and Spreiter a•d Allcsne 
[1969]. The simplest model assumes the geo- 
magnetic tail to be a bifurcated cylinder of 
radius r -- RT(x), where x is the distance from 

the center of the earth along the axis of the 
cylinder, which is aligned with the solar wind. 
Henceforth we will use (r, x) coordinates ap- 
propriate to this cylindrical symmetry. A thin 
neutral sheet separates the northern and south- 
ern lobes, which have magnetic flux directed in 
the solar (--x) and antisolar (q-x) directions, 
respectively. Dungey [1965] has estimated the 
length of the geomagnetic tail to be 1000 R•; 
this estimate implies that for distances x • 
1000 R• the loss of magnetic flux from the lobes 
of the tail due to flux penetration across the 
tail magnetopause can probably be neglected. 
Henceforth we assume that the flux in the near- 

earth portion of the tail is constant with x. 
To introduce notation and to motivate the 

necessity for a flaring tail, we briefly consider a 
nonflaring tail, with dR•./dx - 0 so that the tail 
magnetopause has a zero angle of attack to the 
solar wind. Hence BTo'/8•r]r_-R T -- P0, where P0 
is the static pressure in the magnetosheath. If 
the plasma density in the lobes of the tail is 
small, the magnetic field BT must be nearly 
a vacuum field, whereupon B• is uniform and is 
equal to 2F•./rrR•.'-, where F• is the flux in one 
lobe. Such a model has four consequences that 
are not borne out by observation. First, BT -- 
(8•rPo)• • 6.5 y, whereas much larger tail 
fields are typically observed in the region x - 
20-40 Rr. Furthermore, the total plasma sheet, 
pressure should also equal Po. By contrast the 
particle energy density of the plasma sheet is 
always rougl•ly 60% of the flow energy density 
[Hones, 1970] during steady solar-wind condi- 
tions. This finding immediately indicates that 
the tail is flaring [Hones, 1970]. Second, since F• 
is almost constant, B• should decrease by perhaps 
only 10% in the 100-Rr region downstream, 
whereas B• has a strong x dependence in this 
region [Mit•alov e! al., 1968; Behannon, 1968, 
1970]. The findings are again consistent with a 
flaring tail. Finally, if Fy increases with time, 
as in the growth phase of magnetospheric sub- 
storms, RT should increase, and B• should remain 
constant. On the contrary, B• increases by as 
much as 50% during the growth phase [Camidge 
and Rostoker, 1970; Fairfield and Ness, 1970; 
Russell et al., 1971; Aubw and McPherron, 1971]. 
In fact, we will argue that near the earth R• 
decreases during growth phase and that a non- 
flaring-tail solution only applies beyond 150 Rr 
downstream. 
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The above contradictions force consideration 

of a flaring tail, with dRy[dx • O. The assump- 
tion of constant tail flux is equivalent to 
neglecting the magnetic-field component normal 
to the tail magnetopause in the flaring region. 
Hence the radial B, and axial B• tail-field com- 
ponents must approximately satisfy the tangency 
condition for B at r -- R•,(x), e Br/B•[r•R •(•) -- 
tan a(x) = dR•,/dx, where e - •-1 in the south- 
ern and northern lobes of the tail, respectively, 
and a is the angle of attack to the solar wind. 
If we assume weak flaring, dRy/dx (( 1, then 
Br/B• is small at the tail magnetopause, a fact 
that suggests that to first approximation we 
may neglect Br throughout the lobes. Therefore 
a reasonable approximation is that 

S• = S• = •/,•f (x) (•) 
for near-vacuum field conditions. The condition 

of normal stress balance at the tail magneto- 
pause is 

pu •' sin•'a(x) •- Po = B•'/8•r[•:R•(•) (2) 
Combining (1) and (2), with the ass•ption 
that sin a • tan a • dR•/dx (( 1, leads to 

dST/dx = 1/M[(R,/RT) 4- 1] 1/2 (3) 
wMch has the quadrature solution 

= 
In (3) and (4), M • = pugPo is the sonic Mach 
n•ber squared of the solar wind, where pu • 
is the dynamic pressure, R, = (F•g2•Po) TM 
is the as•ptotic radius of the tail at the end 
of the flaring region (dR•/dx • 0), and Ro = 
R•(xo) is the initial radius of the tail at the 
downstream position Xo where this tail solution 
is first valid. Flaring ceases at a finite distance 
x, downstream, since the integral (5) below is 
finite' 

x, -- Xo = dr 
MR, •/•. (r -• -- 1) •/• 

1 3 
- ] 

Equation 5 is est•ated in the appendix. For 
typical solar-wind values Po = 1.7 X 10 -•ø 
dynes/cmh•M • 9, and R, • 15 R•(Fy) • 
where Fy is units of 10 • Mx. For Fy = 4•X 10 • 
Mx, R *•= 30 R•, so that x, • 140 R•. Since 
this value is much less than the reconnection 

length of the tail, the assumption of constant 
total flux seems justified in the flaring region. 
Beyond x, we may attach a nonflaring-tail 
solution of the appropriate length. 

In the region Xo (( x (( x,, where most tail- 
field observations have been made, r -4 )) 1, 
and thus a convenient approximate solution is 

/1/3 ß - 
- 

27( x- Xo) By(x) - •.Roe\l d-- L 

(8wPo)1/•'(R--t-¾'(1 + • X -- X 0)-2/3 \Ro/ • (7) 

where L is the flaring-tail scale length, L = 
MRoff3 R, •. For constant Po and pu s, the above 
solutions are parametrized by the tail flux Fy 
and the initial tail radius and location, Ro and Xo, 
respectively, or equivalently, R,, Ro, and Xo. 
R, can be estimated from the solar-wind pressure 
and the magnetic flux in the polar caps. Ro and 
xo are more difficult to estimate. The aerodynamic 
solutions for flow around the magnetosphere of 
nose radius D, but with no tail magnetic struc- 
ture, asymptotically approach a radius 1.6 D 
downstream [Spreiter et al., 1966]. Hence a 
reasonable approximation is to take Ro = 1.6 D. 
The numerical factor 1.6 is probably variable, 
but the proportionality scaling Ro • D should 
yield a reasonably accurate estimate of the rela- 
tive change in Ro with respect.to changes in D. 
From quiet-time tail magnetic observations 
[Behannon, 1968; Mihalov et al., 1968] we expect 
Xo----- 10 R•, although during disturbed condi- 
tions, when taillike fields are observed much 
closer to earth, xo may decrease to •10 R•. 
Spreiter and Alksne [1969] have shown that 
reasonable choices of M, Ro, R,, and Xo bracket 
the observed variation of By with x. Typical 
parameters are M_____ 9, Ro = 16 R•, R, = 30 R•, 
L = 14 R•, and Xo = 10 R•. 

STRESS BALANCE FOR A FLARING TAIL 

Our over-all goal is to evaluate the changes 
in tail magnetic structure predicted by the flar- 
ing-tail model that might occur during the 
substorm growth phase. Assuming that the solar- 
wind conditions remain constant, from observa- 
tion we can estimate the changes in F• and 
consequently in R, and the changes in D and 
consequently in Ro. However, the initial tail 
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distance Xo presents a difficulty, which we at- 
tempt to resolve by modifying for a flaring tail 
a procedure used by Siscoe and Cummings 
[1969] for estimating the effective distance x• 
to the tail current sheet. 

In a flaring tail the solar wind exerts a stress 
at the magnetopause that has one component 
perpendicular to the neutral-sheet plane and an 
x-directed component down the tail. The normal 
stress is balanced by magnetic pressure in the 
lobes and plasma pressure in the plasma sheet. 
Siscoe and Cummings [1969] have argued that, 
for the tail not to be continuously accelerated 
to hydromagnetic velocities, any x-directed 
stress on the tail must be statically balanced 
with the force of attraction between the earth's 

dipole and the fringing-tail magnetic field at 
the earth. The effective distance to the tail cur- 

rent sheet x• adjusts until these two forces 
balance. In this section we estimate x• for the 

flaring-tail model, still assuming that the plasma 
sheet remains thin at distances of the order of 

10 Rr behind the earth. Since the Siscoe- 

Cummings calculation, which we use below, is 
not rigorously applicable to flaring tail, we can 
at best obtain a crude estimate of the distance 

x• to the tail current system by the non-self- 
consistent combination of the Siscoe-Cummings 
and flaring-tail models; however, we hope that 
at least the scaling relations so obtained mirror 
some of the basic physics. 

The x component of the solar-wind stress on 
a flaring tail is 

S• = (pu • sin• o• n t- Po) sin o• 

- 8•r sinai' 8•r dx (8) 
and the net force is 

fx x* Ix = 2•r dxR•.(x) B•'2 dry, _ F•? -- 2 

• 8•' dx •' 

•' RraRr _ rPo(R,• _ Ro •) (9) 
In (9) we have approximated •z by • so that 
the Siseoe-Cummings-tail and the flaring-tail 
models start at the same downstream distance. 

Since R• • •( R,•, we have roughly •, = 
F•/2•R•; hence f• is relatively insensitive to 
the approximation • • x•. The solar-wind force 
•rimarily depends on the flux in the tail and on 
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its initial radius. To is should be added the force 
due to any tangential Maxwell stresses, which, 
since FT is approximately constant in the flaring 
region, should be smaller than •. 

One must balance •, by the force of attraction 
to the dipole, given by the inner product of the 
earth's dipole moment • and the gradient of the 
tail-fringing field at the earth. The fringing 
magnetic field b•,(x) along the midnight meridian 
at the geomagnetic equator, from a nonflaring 
cylindrical tail with a thin neutral sheet, is 
[Siscoe, 1966; Siscoe and Cummings, 1969] 

bT(X) 2J--x• {In I(i lnt- d2)1/2 'q-•1 = c 1 + d •)•/• -- 

-- (1 + d2) 1/2' (10) 
where j• is the tail current per unit length, and 
d -- (x• -- x)/(R•) > O. Equation 10 should 
be valid for distances x• -- x larger than the 
plasma sheet thickness. From (10) 

db•,_ B•, d•') a/•' (11) dx •rR•,d(1 + 

We will use the nonflaring estimates (10) and 
(11) as a rough approximation for the flaring 
tail. For B• we substitute B•(x•), the magnetic 
field at the entrance region to the flaring tail, 
and for Rs we substitute Ro, arguing that the 
nearest currents make the largest contribution 
to the fringing field. This argument undoubtedly 
overestimates the force of attraction to the 

dipole and the effective distance of the current 
sheet. The resulting approximate force balance 
is 

•Br(x•,) 
+ 

2•Fy F• • 
= + - 
which yields, as a solution for x•, 

ß -[F•./(5 X 10' 

For Ro = 16 R• (D = 10 R•) and F• 
4 X 10 •, x• • 9 R•, in reasonable agreement 
with observation. 

INNER EDGE OF ELECTRON PLASMA SI-IEET 

The magnetospheric configuration is also char- 
acterized by the location and structure of the 
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inner edge of the electron plasma sheet [Vasy- 
liunas, 1968]. The inner edge has been observed 
to move earthward during or just prior to sub- 
storm expansion [Vasyliunas, 1968], this mo- 
tion thus indicating that its location depends on 
the structure and dynamics of the tail. In this 
section we present a model of the inner edge 
first suggested by Petschek and Kennel [1966] 
in which the inner edge is primarily controlled 
by the effective distance to the tail current sheet. 

When a convection electric field is present, 
plasma will flow toward the dipolar region of 
the geomagnetic field from the plasma sheet. 
The distance to which plasma can penetrate the 
dipole is limited by two effects, precipitation 
loss, and for su•ciently energetic particles, mag- 
netic gradient and curvature drifts. In this 
section we consider only electron precipitation 
loss. Particle loss rates are limited by the size 
of the atmospheric loss cone, even when the 
pitch-angle diffusion coe•cient is large. The 
minimum precipitation lifetime is Tm -- 2TB/ 
•o• • 2TBM, where T• is the particle's quarter 
bounce time, e•o is the loss cone angle, and M 
is the mirror ratio [Kennel, 1969]. In a flowing 
plasma precipitation can produce a steep gra- 
dient in the particle distribution when the mini- 
mum lifetime is comparable with flow scale 
times to cross typical gradient lengths. In the 
geomagnetic tail particle loss is negligible; only 
when the flow penetrates the dipole is loss sig- 
nificant. Owing to the rapid spatial variation of 
the mirro• ratio in the dipole region, a sharp 
inner edge is formed to the electron plasma 
sheet, where the flow time and minimum life- 
time are first comparable [Kennel, 1969; V. M. 
Vasyliunas, unpublished manuscript referred to 
in Kennel [1969], 1969; Wol) •, 1970]. 

A schematic calculation of strong-diffusion 
flow into a dipole is found in Kennel [1969]. 
However, in this calculation the distance to the 
end of the dipolar and beginning of the 'taftlike' 
region was not specified. Here we will use the 
estimate of x• in the third section to resolve this 

uncertainty. For simplicity, we assume that the 
magnetic field is essentially dipolar in the mid- 
night meridian out to x•. Since tail perturba- 
tions increase the mirror ratio and minimum 

lifetime, the flow will actually penetrate some- 
what further than indicated here until it reaches 

a true dipolar region. 
Using the techniques and assumptions of 
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Kennel [1969], we find that the density n(x) 
of hot electrons of plasma sheet origin has the 
profile 

n(x)= n(x•,)(•) • 
ß exp --•-• •- -- I (14) 

where • = (cE/B) Tmlx--x •. The electric field E 
is assumed constant and uniform up to the loss 
region; the electron gas is assumed adiabatic 
with an effective ratio of specific heats • = 5/3 
that is due to strong pitch-angle scattering. 
Under this assumption the electron temperalure 
T, (x) obeys the scaling law T, (x) = T, (x•) 
(x•/x) •, and the omnidirectional (and precipita- 
tion) flux J = •n(T,/m) TM scales as 

exp 22k • / 

By differentiating (14) and (15) we find that 
the maximum hot-electron density occurs at 
x• = x•(x•/4•) • and that the maxxurn flux 
occurs at x• = x•[(3/16)(x•/•)] •. The inner 
edge of the electron plasma sheet is the region 
x • x•. Note that x• and x• are weakly dependent 
on the convection electric field, varying as 
but strongly dependent on x•. 

T•E-DE•E•UE•T GEOmagnETiC 

The following things of relevance to tail dy- 
namics appear to occur during the growth phase: 
the nose radius of the magnetopause decreases, 
magnetic flux is added to the tail, and a con- 
vection electric field is slowly established. The 
calc•ations of tail structure above are clearly 
inadequate for detailed absolute comparisons 
with observations. However, even though the 
various models are not mutually self-consistent, 
they do provide scaling relations through w•ch 
the relative changes in the dayside magneto- 
spheric structure during growth phase can be 
semiquantitatively related to relative tail changes 
during the growth phase. In this section we 
estimate the relative increase in the tail mag- 
netic field, the magnitude of that portion of the 
field depressions at the ATS orbit due to in- 
creases in the tail-fringing field, and the earth- 
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ward motion at the inner edge of the plasma 
sheet from the known magnitudes of the day- 
side changes. 

Since the Alfv•n speed in the lobes of the tail 
is very large, the magnetic field will adiust 
very rapidly to changes in boundary conditions. 
Thus we can assume that, in evolving on the 
slow time scale of the substorm growth phase, 
at least the near tail passes through a succession 
of near-equilibrium states. From observation 
[Aubry et al., 1970] the magnetopause nose radius 
D may decrease by AD/D •-- --20%, and the 
tail flux Fy may increase by AFy/Fy •-- 10% 
during the growth phase. If the initial tail radius 
R0 scales as D, then R0 should decrease as 
ARo/Ro -- AD/D •-- --0.2; since the asymptotic 
tail radius R, •c Fy't•, R, increases during the 
growth phase. Therefore, the tail-flaring angle 
should increase, a fact implying that the tail 
intercepts more solar-wind dynamic pressure. 
Thus tail-field increases, enhanced solar-wind 
x-component stresses, and a decrease of the 
current sheet inner edge xy should accompany 
frontside growth phase changes. 

For slow or quasi-adiabatic configurational 
changes we can simply vary the tail solutions 
(7) to obtain the relative change in the near 
tail-field strength 

ABy' _ AFy f 2 X-- Xo 1 By Fy I -- • L.]_ x-- Xo' 

_]_ _2 A Xo/Xo (16) 
s + - 

where we have allowed the initial ta• diaance 

Xo to vary. We do not have s self-consistent 
theory to deter•ne Xo and hence Axo. However, 
since the region of taillike field should move 
closer to the earth during the substorm growth 
phase, Xo shoed decrease, and s plausible esti- 
mate assumes that AXo/Xo • Azr/zr, where x• is 
determined by the Siscoe-Cu•ngs procedure. 
Varying (13), we find 

3 •o • [1 + (xr•/R•)] 
(17) + 

which leads to Axy/xy '•' --10-20% for typical 
variations in ARo/Ro and AFy/Fy. A somewhat 
more accurate computation is presented in Figure 
1, where xy is plotted as a function of total tail 
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Fig. 1. Dependence of current sheet distance on tail radius and flux. Here we have re- 
formulated the results of Siscoe and Cummings [1969] to allow for decreases in initial tail 
radius Ro and simultaneous increases in tail flux Fr, here treated as the sum of the fluxes in 
both lobes. During a typical substorm growth phase F• might increase by 10%, and Ro might 
decrease by 20%. 
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flux (i.e., the sum of the fluxes in both lobes), 
with entrance radius R0 as a parameter. Before 
the substorm growth phase F• might be 8 
Mx, and R0----- 15-17.5 Re, at which point 
x•----- 9 Re; at the end of the growth phase, F• 
could increase to 9 X 10•6 Mx, and R0 could 
shrink to 12.5-15 Rr, at which point x• decreases 
to 7.5-8 Re. We now may estimate ABelBs. 
from (16). AF•./F•, is typically 10%, and thus 
the increase in B• from this source alone is only 
3-10%, depending on x -- x0. Similarly, the 
decrease in BT from Axo/xo is again only a few 
per cent. The dominant contribution to Br stems 
from ARo/Ro, which produces 20-40% tail-field 
enhancements for downstream distances of 40 

Re or less. Therefore, the large increases in B• 
observed during the substorm growth phase 
[Camidge and Rostoker, 1970; Fairfield and Ness, 
1970; Russell et al., 1971; Aubry and McPherron, 
1971] cannot be explained semiquantitatively 
unless the nose of the magnetosphere shrinks. 
Other possibly observable effects during the 
growth phase include a decrease in the scale 
length L, a small increase in the asymptotic tail 
radius R,, and a small increase to the end of 
the flaring region x,. 

The midnight meridian equatorial value of the 
tail-fringing field, at 6.6 Rs, which opposes the 
dipole field, is plotted in Figure 2 as a function 
of total tail flux, with Ro as a parameter. If 
the flux increased but Ro remained constant, the 
large depressions observed at geostationary orbit 
during growth phase [Cummings et al., 1968; 
Coleman and McPherron, 1970] could not be 
due to the tail-fringing field. On the other hand, 
if the total tail flux increases from 8 to 9 X 10 •6 

Mx and if Ro decreases from 16 to 12.5 Rs, the 
perturbation field could increase from 13 to 
34 7. This possibility suggests that at least a 
portion of the time-dependent changes in mag- 
netic configuration at geostationary orbit during 
the substorm growth phase may be due to 
changes in the tail-field configuration. 

With regard to the motion of the inner edge 
of the plasma sheet, we note that electric-field 
increases during the growth phase cannot be 
responsible for the earthward motion of the 
inner edge of the plasma sheet [Vasyliunas, 
1968] during the growth phase. Since the mini- 
mum lifetime scales as the magnetic miiror 
ratio, the earthward motion of the depressed 
field region associated with the plasma sheet 

50 x 
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Ro= 12.5 4O 

3o z/z Ro• •6 
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I0 

0 , I 
0.5 0.7 0.9 I.I I.:• 

FLUXxlO -•? MAXWELLS 

Fig. 2. Magnetic perturbations at geostationary 
orbit and dependence of ATS perturbation field 
on tail radius and flux. Here, by using (10), we 
have plotted the equatorial magnetic perturba- 
tions at local midnight in the geostationary orbit 
due to tail-field fringing as a function of Ro and 
F•. This perturbation subtracts from the dipole 
field to produce a depressed field during growth 
phase. The dotted lines indicate where the thin 
plasma sheet assumption contained in (10) may 
fail. 

and tail-fringing field moves the region of long 
lifetime and the transition to dipolar field, where 
the inner edge is expected, closer to earth. Thus, 
as stated previously [Kennel, 1969], the motion 
of the inner edge of the electron plasma sheet 
is determined by gross changes in the magnetic 
configuration in the near-tail region. 

•)ISCUSSION 

We have employed crude magnetospheric 
models, which are essentially scaling relations, 
to estimate the geomagnetic-tail configurational 
changes produced by the decrease in magneto- 
pause nose radius and concomitant tail-flux 
increase observed during the growth phase. The 
semiquantitative agreement with tail observa- 
tions may not be very significant by itself. What 
is significant, however, is that the tail con- 
figurational changes are logically consistent with 
the frontside magnetopause response to in- 
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creased field-cutting and enhanced internal con- 
vection. It appears, therefore, that such con- 
figurational changes should accompany any 
change in the convection rate. We review 
below a speculative picture of the substorm 
growth phase and comment briefly on magnetic 
storms. 

The substorm growth phase commences with 
a southward shift in the solar-wind magnetic- 
field direction and enhanced field-cutting at the 
nose of the magnetosphere. Owing to ionospheric 
line-tying, flux is not initially returned to the 
dayside magnetopause at the rate at which it 
is peeled away by field-cutting [Coroniti and 
Kennel, 1971; Tamao, 1972]. This imbalance 
has two consequences. First, the dayside mag- 
netopause must shrink by I or 2 Rs before the 
field-cutting and flux-return rates equalize. Such 
an equilibrium is approached roughly 20-60 
rain after the onset of enhanced field-cutting. 
The internal magnetospheric convection pattern 
is established on the same time scale. Second, 
since there is a finite interval of time during 
which the nose field-cutting rate exceeds the 
flux-return rate, a finite increment of flux is 
added to the geomagnetic taft. The shrinkage 
of the nose of the magnetosphere implies that 
the near tail also will be compressed. The addi- 
tion of flux to the tail implies that, if no sub- 
storm intervened before the newly reconnected 
field lines traveled some 150 Rs to the end of 

the flaring region x,, the asymptotic radius of 
the tail R, would increase. Both effects increase 
the tail-flaring angle, and consequently large in- 
creases in tail field are expected. Increased flar- 
ing raises the downstream-directed stress exerted 
by the solar wind on the tail. For the tail to 
remain in quasi-static force balance the attrac- 
tive force between the tail currents and the 

earth's dipole must increase. The tail currents 
move closer to earth, and their fringing-field 
increases. Similarly, the sharp inner edge to 
the plasma sheet electron distribution should 
move earthward, since the increase in tail mag- 
netic field moves the transition to a dipolar 
field earthward, where the small mirror ratio 
ensures that electrons can be precipitated 
rapidly. Thus the nightside auroral oval should 
move equatorward [Feldstein, 1970; Hirasawa 
and Nagata, 1971]. 

During geomagnetic storms the magnetosphere 
should be even more strongly distorted. The 

much larger field-cutting rates expected sug- 
gest that the tail flux, rather than increasing 
by 10-20%, may in fact double. This possibility, 
together with the accompanying shrinkage of 
the nose of the magnetosphere, due to both 
field-cutting and increased solar-wind dynamic 
pressure, implies a large increase in tail flaring 
and magnetic field. The increased solar-wind 
flaring stress implies that the whole tail struc- 
ture must move earthward, an implication that 
in turn implies that the inner edge of the elec- 
tron plasma sheet must also move earthward. 
Since electron heat flux from the plasma sheet 
maintains the nightside auroral-oval ionosphere, 
auroral activity should move considerably equa- 
torward during storms. 

APPENDIX: CALCULATION OF INTEGRALS 

The integral (5) may be rewritten as 

f: r_ • dr o/R., (1 r 4) 

fo• r2 dr fo __• -- r •. (1 -- r4) 1/2 dr (A1) 
where we have used the approximation (Ro/R,)' 
<< 1. The substitution r' = t reduces (A1) to 

Xfol l (Ro• '• t-•/4(1 -- t) -•/•' dt - • \•**/ 

r(•)r(•) i (Ro) 3 
0.6 -- • \•**/ (A2) 

where the form of (A2) identifies the integral 
as a complete fi function B(•, %) and I 
notes the usual gamma function. 

The total magnetic energy IV stored in the 
flaring-tail region may also be estimated: 

x, BT 2 T 2 W = o • •rR dx 

FT•. f•x, dx - (AS) 
From (3) we find dx -- MdR•/[(R,/RT) 
and in consequence (A3) reduces to 
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F•, 2 M f,• dr a 22•r • R, •o/•, (1 -- r4) •/2 = M•rPoR, 

ß (1 -- r 4) '/•' -- 
• B (•, •); consequently The integral in (A4) is just • • 

= - 
We note that the energy in the tail scales as 
F•s•Po-•(pu•)•. For R, = 30 Rs, Po = 1.7 X 
10-% and M = 9, W • 2.5 X 10 • ergs. A sub- 
storm dissipates roughly 10% of this energy. 
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