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Ab&raet--A mechanism of the Earth’s magnetospheric substorm is proposed. It is suggested that the 
MHD waves may propagate across the magnetopause from the magnetosheath into the magnetotail 
and will be dissipated in the plasma sheet, heating the plasma and accelerating the particles. When the 
Solar wind parameters change, the Poynting flux of the waves transferred from the magnetosheath into 
the tail, may be greater than 10” ergs- ‘. The heated plasma and accelerated particles in the plasma 
sheet will be injected into the inner magnetosphere, and this may explain the process of the ring 
current formation and auroral substorm. 

The AlfvCn wave can only propagate along the magnetic force line into the magnetosphere in the 
open magnetosphere, but the magnetosonic wave can propagate in both the open and closed 
magnetosphere. When the IMF turns southward, the configuration of the magnetosphere will change 
from a nearly closed model into some kind of open one. The energy fhtx of Alfven waves is generally 
larger than that of the magnetosonic wave. This implies that it is easy to produce substorms when the 
interplanetary magnetic field (IMF) has a large southward component, but the substorm can also be 
produced even if the IMF is directed northward. 

1. INI’RODUCHON a two-ribbon flare. The shock front8 produced in 

The magnetospheric substorm is one of the impor- 
tant problems in’ the magnetospheric physics 
(Akasofu, 1977). It seems also that the processes 
associated with solar flares are similar to those of 
the Earth’s magnetospheric substorm. We have 
proposed a model of the solar flare, in which the 
fast magnetosonic wave excited in the convective 
region of the Sun will develop into fast mag- 
netosonic wave and twist the magnetic field in the 
active region and store the energy in the form of 
magnetic energy. The twisted instability will result 
when the field is screwed tight enough, and then 
the configuration of the magnetic field deforms. As 
a result, the plasma is driven to move and form 
shock waves and the magnetic energy is converted 
into the kinetic energy of the shock waves. The 
shock sequence heats the gas and results in a 
thermal flare. The collision between the wave 
fronts can be considered to be similar to the colli- 
sion between the magnetic mirrors, which acceler- 
ates the particles. As the Alfven velocity decreases 
outward in the corona, the shock wave propagates 
easily along the magnetic arch in the corona. Only 
a few shocks can propagate along the magnetic arch 
downward into the chromosphere, where a new 
shock sequence is produced. As the magnetic field 
is much stronger in the chromosphere than in the 
corona, such a few events release a larger amount 
of energy and produce a double shock sequence 
moving back and forth, resulting in the features of 

The magnetopause is regarded as the tangential 
discontinuity in the closed model of the magneto- 
sphere. Keeping the total pressure (p + B2/8v) con- 
stant across the magnetopause, we obtain 

where I+G is the flaring angle of the magnetopause, 
and k, is a constant. In equation (2.1), we assume 
that the magnetic pressure is much smaller than the 
pressure in the magnetosheath and much larger 
than that in the magnetotail. Let us ignore small 

the chromosphere propagate upward, which supply 
the mass source of type II radio burst, and the 
collision between the wave fronts again accelerates 
the particles. This model explains the basic features 
of solar flares (Hu, 1979a, 1981a,b). 

Perreault and Akasofu (1978) and Akasofu 
(1979) proposed a magnetospheric substorm 
mechanism based on the idea of solar wind- 
magnetosphere dynamo. We proposed the sub- 
storm model by considering the energy flux of 
MI-ID waves, which flows from the magnetosheath 
into the magnetosphere (Hu, 1979b, 1981~). In this 
paper, we consider our idea further. 

2. THE FLUX ENERGY PROPAGATED 
INTOTHRMAGNEWBPRESfE 

BT2 
ps = 2k,nmv2 c0s2 + = G (2.1) 
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quantities and divide the quantity into two parts: Alfven wave is 

n = n,,+nl, v=v,,+v,, Br =Bo+R1 

(2.2) 

where the subscripts 0 and 1 correspond, respec- 
tively, with the basic and perturbed states. Then the 
relation of the perturbed state is 

B,, * &I 
2klm(nluo2+2n,v,.vl)cos2~3~. 

(2.3) 

EA = ?rd - L . (EA> = 4 x lOi erg s-l, (2.8) 

which is larger than E,. In some cases, the solar 
wind velocity uO, IMFBO, and the perturbed veloc- 
ity u1 can be much larger than the value shown 
above, and the E, may be larger than 101’- 
1019 erg s-l, which is enough to supply a mag- 
netospheric substorm and even magnetic storm, 
too. 

If we take the solar wind velocity u0=400 km s-l, 
the perpendicular velocity of fluctuation urn== 
10 km s-l, no = 10 cmT3, the diameter of the mag- 
netotail d = 20RE, the section length of the mag- 
netotail L-SOR, and k cos2 I/I =0.2, then the 
energy flux perpendicular to the magnetopause is 
given as follows: 

It shows that the MI-ID wave in the solar wind 
may be the energy source of the substorm. The 
dissipation process of the MHD waves will domi- 
nate the process of the magnetospheric substorm. 

3. Tim suRmRM MECHANISMFORTHE 
CLOSED MAGNJSTOSPRERE 

E, = 2mn0vOuln2 * ?rd - L - (k, cos’ $) 

= 1 x 10” erg s-l. (2.4) 

The energy estimated in (2.4) is less than the 
dissipated energy of the substonn. Sometimes, the 
velocity and the density of the solar wind can be 
increased to values much larger than what is shown 
above, and the uln can also be increased several 
times. In this case, the energy flux can be increased 
to 10’8-10’9 erg s-’ or even larger, which is enough 
to supply the energy of the magnetospheric sub- 
storm. 

(a) The propagating features of the fast 
magnetosonic waves in non-uniform medium 

The equations of magnetohydrodynamics may be 
written in Cartesian system as follows: 

z=-a2Vp+&(VxB)~B, 

aB 
;=Vx(vxB), 

In the case of the open model of the magneto- 
sphere, the AlfvCn wave can propagate along the 
open magnetic force line from the magnetosheath 
into the magnetosphere. The perturbed electric 
field can be written as: 

The propagation features of the fast magnetosonic 
wave in the magnetotail can be approximated as a 
one-dimensional problem. The basic state is chosen 
as 

El= -~(v,x~+v,xB,). (2.5) 
C 

If the density p = pO, the relation of Alfvin fluctua- 
tion is 

Bo = [B,(Z), 0, 01, vo = 0, 
p. = pa(Z), a0 = const. (3.2) 

where the B. and p. are not uniform. The equilib- 
rium relation of the basic state is 

v1= *& (2.6) 

Then, the energy flux is 

E,,=-p,,vl x(v,+&)x2.nd.L 

(2.7) 

pOaO'+f$=PT (const.) 

The perturbed equation for the z-component of 
velocity is 

a2w 

atz= ao 

z PT+Bo2/8~ a2w 

PT-B02/8Ta22 

where the relation Iv,,1 >> l&)/&p is used. Here, B,, 
is the magnetic field in the solar wind. If we take 
no = 10 cm3, u()=4ookms-‘, B0 = 57, u1 = O.lv,,, 
then the order of the average Poynting flux of the Equation (3.4) describes the fast magnetosonic 

$+ v + (pv) = 0, 

(3.1) 

V.B=O. 

(3.3) 

+ 
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wave propagating ~~n~cul~ to &. Su~ti~~g 
the wave form w(t, 2) = G(t) exp (iof) into (3.4), we 
obtain 

Using the transformation between z and 4, 

++- 
Bo%) > o 

83r a 0.6) 

Then, equation (3.5) can be reduced to the Stiirm 
equation: 

!$+(~~[P~-(~y]~=O (3.7) 

It shows that equation (3.7) is certainly a wave 
equation for non-uniform medium, because we 
have PT > B,,‘/8?r. 

The dispersion relation can be given by the WKB 
method for short waves if the basic state varies only 
slowiy. Substituting the relation G = exp (il k dz) 
into (3.4), we obtain 

(P~+~) k'-i-& ($) k 

- (E+-$)=O. (3.8) 

Then the dispersion relation is 

Two typical basic states are chosen as follows: 

(i)~=~=-~*(~+nle-““), ;=2.2, a=l; 
1 

(3.11) 

(ii) g = /3(cy, @=l, s=2,1,0.5. 

(3.12) 

The calculated results are given in Figs. 1 and 2. It 
shows that the amplitude is nearly constant. 

We apply the above results to explain the wave 
propagation in the ma~etot~. The fast mag- 
netosonic wave excited by the turbulence in the 
solar wind propagates across the magnetopause 
toward the plasma sheet. The amplitude of the 
wave is nearly a constant in the magnetomantle and 
plasma sheet, so that it will amplify in the mag- 
netotail. 

(b) The dissipation of the waue energy 

The velocity of fast magnetosonic waves is 
m in the direction perpendicular to B0 
while vAo = B,JJ4’Trrp, is the Alfven velocity in the 
basic state. The velocity at the wave peak and the 
valley is u and -u respectively, so the relative 
velocity between them is 2u. The fast wave will 
develop into a fast MI-ID shock wave. The time 
scale for producing a shock wave is determined by 
the overlapping of the wave between the peak and 
the valley. The order of the time is 

T=O g =o ;T) 
( ) 

(3.13) 

where A is the wave length. 

(3.9) 

It shows that the wave will amplify if it propagates 
into the region with a weaker magnetic field and a 
lower density, and vice versa. Equation (3.2) gives 
the relation of basic state in the tail; the strength of 
magnetic field is increasing as the density decreases, 
and vice versa. The quantitative feature of the fast 
waves can be given only by a computational 
method. The two independent solutions of (3.5) are 
calculated for the initial values: 

d&(o) 
(i) *(o)=O, -=l= 

dz ’ FIG. 1. -&E -E OF FAST MAGNFiTGSO NIC WAVE MR 

d*(o) _ o 

THE BASIC STAne (3.11) wHlZRu THE FULL. - BROKBN 

(ii) i%(o) = 1, 
dz 

(3.10) - AND Dollno BROKE% LINB CORRESFOND TO d/Q, = 5, 

10,30, VY. 
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f%. 2. THE SAME AS hG. 1 EXCEPT FOR THE BASIC 5TATE 

(3.12). 

In the magnetotail lobe, we have a<< Us. Taking 
oAO> lo2 km s-l, u = 10 km s-l, w = 10' s-l, we 
shall have T= 10 s, and the corresponding distance 
for producing the shock is ~~~7’) 10” km, which is 
larger than the distance between the magnetoEause 
and the plasma sheet. The higher the wave fre- 
quency is, the shorter the distance is. In the region 
of the plasma sheet, we have uAOG a. Taking a0 = 
2Okms-‘, u~lOkrn~-~, it gives T<ld for the 
same frequency. This corresponds to a propagating 
distance of about aoT<4 x 10 km < 1& which is 
smaller than the thickness of the plasma sheet. 
However, the measured results by satellites show 
the frequency of maximum power spectrum is near 
10’s’-’ (Fairfield et al., 1970). 

The average decay length of the shock wave is 

L,= 0(4t*~l71)- 5000 km (3.14) 

where the typical time &,= l/80, and the strength 
of the shock wave is taken as 0.2 in the plasma 
sheet. 

For a weak shock, the propagating equation (OS- 
terbrock, 1961) is 

-$ (dao2 + vA2 wF+) = -$(ao2 + ~~~)~-“~q ? 

(3.15) 

where h is the depth along the propagating direc- 
tion. The energy flux is 

and the coefficient 

f0 if 

(y= 1 I if 

ao2 + u,,” < ho2 + fA4.32)i, 
ao2 f vA,’ > (a02 + V*o’>i, 

(3.17) 

with the subscript i denoting the initial value. In the 
plasma sheet, we omit uAO, which is smaller than 
a,. Then equation (3.18) reduces to 

-& [~d~0ab+3~2)P-~ 17 = 0 (3.18) 

The above equation can be changed into a linear 
equation of l/q, and its solution will be 

+~&[(~~~~dh}. (3.19) 

As both p. and a0 increase, q, as wel! as energy flux 
-HF+, will decrease when h is increasing. 

For the shock wave with a finite amplitude, the 
evolutionary relation of energy and amplitude can 
be written as: 

(3.20) 

for waves with a saw shape profile, where al= 
(y + 1)/2 for perfect gas. It is easy to give 

rF+ 1 

2’ (3*21) 

Then, the typical length of decay for the shock 
energy is 

&,2 = 
0.8=- 1 

y-i-1 w 
=,Jz%z. 

(3.22) 

The result of (3.22) agrees with the result from 
(3.14). The particles will be heated and accelerated 
by. the dissipative energy of the shock wave. 

(c) The acceleration of the particle in the plasma 
sheet 

The observations show that the parameters in the 
plasma sheet have rapid and finite flu~ations, 
which can be explained as the result of the heating 
by intermittent shocks. In the plasma sheet, the 

x 

2u&,” 

a02+3Cl - v,,Z,3(ao2+ v,,“)l” > 
(3.16) 

energy dissipated from the shock waves will excite 
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the secondary shock, the MHD waves, the plasma 
waves, and so on. The wave fronts collide with each 
other, and the relative motion of wave fronts along 
the direction of the magnetic field can be under- 
stood as the random Fermi acceleration process, 
and the accelerated particles will be scattered after 
every collision. Of course, only the particles with 
energy larger than the threshold energy can be 
accelerated step by step. 

According to these ideas, a hot plasma sheet is 
the inevitable result of the wave energy flux. The 
thermal particles are produced by the energy dissi- 
pation of the shock waves, and the energetic parti- 
cles are produced by the Fermi accelerating pro- 
cess. When the Poynting flux is increased, the 
plasma is much heated to produce more and more 
energetic particles, which are injected into the 
nearby Earth space or the polar region to form the 
ring current and to produce the aurora. This 
mechanism of the magnetospheric substorm can be 
applied to the open model of the magnetosphere. 

4.lm3-RM-MFOR 
TEJI OPEN MAGNEl-O!3PliERE 

BY&, z) = 1 b, exp [i(w.t-k.. * dl. (4.8) 
n 

(a) The propagation of Alfin wave in a shear Substituting (4.8) into (4.7), we obtain the compo- 
pow field nent relation as 

In the magnetosheath and the magnetomantle, 
the velocity is large and non-uniform. The propaga- 
tion of the AlfvBn wave is considered in this case. 
For simplicity, the basic state in the Cartesian 
coordinate is as follows: 

(4.9) 

vo = (u,(Z), 0, VZO), Bo = (B,(Z), 0, JL). 
(4.1) 

By using the first relation of (4.2), the equation 
(4.9) becomes 

where v, and B, are constants, and are smaller 
than v, and B,, respectively. From equations 
(4.1), the equilibrium relation of the basic state is 

(0.--L.vo)2=~. (4.10) 

Then the dispersion relation of the AlfvCn wave in 
a shearing flow is 

pk.“.vo* 
” 7& (4.11) do., B dB, -=m dPo Bm dB, 

PO%0 dz 4~ dz dz 
-9 -=--4-X’ 

(4.2) 

which can be integrated to give 

R.J%otZ) 
P0wJ&) - 4T = Cl, (4.3) 

PO(z)+& Bm2(Z) = c2 (4.4) 

where cl and c2 are integration constants. 
Considering the perturbed ByI and vY1, the equa- 

tions for the Alfveii wave are derived by using the 

MHD equations (3.1), that is 

WI aB,l av,1 
-=~+(vo4’)B,~=B,~+B,~, 

Dt 
(4.5) 

DV,I _ au,, 
-“~+tvo’v)uy* 
Dt 

(4.6) 

The term in the left hand side is the time differenti- 
ation by following the fluid particles, and that in the 
right hand side is the gradient along the magnetic 
force line. Combining equations (4.5) and (4.6) 
gives 

(4.7) 

Expanding the Byl(t, z) in the spectrum form, we 
can denote 

where the subscript n denotes the normal compo- 
nent, and k,’ is the unit vector of wave number. 

The above results may be applied to the open 
model of magnetosphere. Solar wind velocity in the 
magnetosheath and the plasma velocity in the mag- 
netomantle are described by v,(z), which is de- 
creased to a very small value in the magnetotail, 
and the flow is a shear flow. On the other side, the 
strength of the magnetic field is increasing from the 
magnetosheath to the magnetomantle and the mag- 
netotail. The Alfv6n wave can propagate from the 
magnetosheath across the magnetomantle into the 
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magnetot~. Then the energy flux of the Alfven 
wave in the solar wind is transferred into the mag- 
netotail, which can supply the energy of the sub- 
storm in the open model of the magnetosphere. 

(b) 7’he dissipation of the Alfvkn wave 

In the magnetotail, the magnetic viscosity is 
much smaller than the kinetic viscosity. As the 
Alfven wave propagates along the magnetic field 
the typical length of decay can be written as (see 
Osterbrock, 1961) 

3 

LA= 
VA VA3 

4Tr2v2 

(4.12) 

The order of the kinetic viscosity is the product of 
the mean free path of particles A and the sonic 
velocity a, that is 

Fa= 
@@ 

7?&q’ (4.13) 

where ul is the radius of the atom, R the gaseous 
constant. In the plasma sheet, n,,=O.Ol-1 cm3, 
T= 10’ K; and in the magnetotail, hc= 10 cme3, 
T- 10’ K. Taking crz = 2.3 x lo-* cm, the order of 
the viscosity is 

!! 0 z4x10’5&s-‘, 14 
P tail 0 P shcot 

=4x 1014cm2s--1. (4.14) 

If the magnetic field is 10~ in the lobe of mag- 
netotail, and 0.57 in the plasma sheet, then the 
AlfvCn velocity is 

(v_&, = 10’ cm s-‘, (vA)sheel = lo6 cm s-‘. 
(4.15) 

Substitu~g (4.14) and (4.15) into (4.12), we obtain 

(L_&, = 10” cm, (&.&~~ = 10’ cm, 
(4.16) 

where the frequency u is taken as 1/3OOs. The 
results of (4.16) show that the Alfvdn wave carries 
energy flux nearly without dissipation as it propa- 
gates through the lobe of the magnetotail into the 
plasma sheet, where the waves dissipate rapidly. 

The geomagnetic field above the polar region is 
connected with the IMF for the open model of the 
magnetosphere. So the Ah&n waves propagate 
also from the ma~etosheath into the polar region. 
The effect of the collision between ions and neutral 
atoms dissipates the Alfven wave, heating the gas in 
the polar region. 

(c) Acceleration process 

The heating and accelerating process by dissipa- 
tion of the Alfvt5n wave in the plasma sheet for the 
open maguetosphere may be similar to that 
suggested for the closed magnetosphere. Then, the 
energetic particles and the high speed plasma are 
injected into the inner magnetosphere to form the 
ring current and produce the aurora. 

Another possibility is a local acceleration pro- 
cess. There are’ fluctuations in the closed 
geomagnetic field region which is surrounded by 
the open magnetic field. A&&n waves propagate 
along the open magnetic force line and will disturb 
the state of the closed geomagnetic field region. 
Then, there will be an effective electric field 

Ed = (~1 X &) (4.17) 

where the bracket ( ) is the average of the value. 
According to the turbulent dynamo theory, we can 
calculate the effective electric field in some cases. 
Such effective electric field may accelerate the par- 
ticle in the inner magnetosphere. When the Alfven 
fluctuation intensifies, the effective electric field in 
the closed geomagnetic field region will also inten- 
sify, as well as the ring current. 

The process given above can be used to explain 
the features of substorm for the open magnetos- 
phere. In this case, the magnetosonic wave can also 
operate, but its energy flux is smaller than that of 
AlfvCn wave. 

S.TRESUBSYGRMPROCESSANDl?fJ?l 
INTEnARY MAGNFXIC FIRLD 

Substorm processes are dominated by the 
parameters of solar wind which determine the 
energy flux from the magnet~heath into the mag- 
netosphere. The con~g~ation of the magneto- 
sphere is influenced by the IMF. When IMFJ points 
northward, the Earth’s magnetosphere keeps its 
configuration nearly to the closed model. As the 
IMF turns southward, the configuration of the 
Earth’s magnetosphere is transformed from the 
closed model to an open one. Hence, the energy flux 
of the AlfvBn wave flows into the magnetosphere, 
and is converted into the internal or kinetic energy 
of particles. As the energy flux of the Alfven wave 
is often larger than that of the magnetosonic wave, 
it is easier to produce the substorm in the case of 
the open magnetosphere than in the case of the 
closed one. In other words, when the IMJ? turns 
southward, the configuration of magnetosphere is 
transformed into the open one, and the substorm 
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appears often. But the relation between the south- 
ward turning of the Ih4F and the appearance of a 
substorm do not coincide in every case. The 
substorm may appear even in the case without the 
southward component of the IMF. 

By using the wave mechanism to explain the 
substorm process, the energy flux of waves is sup- 
plied continuously from the solar wind to the mag- 
netosphere. In the lobe of the magnetosphere, the 
AlfvCn velocity is about 10 kms-‘. The typical 
propagation time of waves from the magnetopause 
to the plasma sheet has the order of 

TIZL lSR, 

u.& lo* km s-l 
“I lo3 s. (5.1) 

As the IMF turns southward, there appears a relax 
time for the magnetosphere to change its config- 
uration from a nearby closed model into an open 
one. We expect that the relax time has the same 
order of the time estimated in (5.1). Once the 
parameters of the solar wind are changed, it may 
give an energy flux of wave larger than 10” erg s-l; 
such an amount of energy flux can be transferred to 
the plasma sheet after a duration about lo3 s-‘. 
Then, the energy particles will be injected toward 
the inner magnetosphere from the plasma sheet. 
For a distance of 5OR, away from Earth, and a 
typical velocity of 300 km s-‘, the typical flow time 
is 

T = 5oRE 
2 

300 km s-’ 
= lo3 s. (5.2) 

This shows that the auroral substorm and the ring 
current will appear after 4 an hour when the energy 
flux of the solar wind is intensified. In this process, 
it is not necessary to have a storage process to store 
the magnetic energy beforehand. The storage pro- 
cess and the triggering process will combine to- 
gether. The s&storm will be produced if a large 
energy inllux of h4HD waves is maintained long 
enough. The criterion for the appearance of a 
substorm can be written as 

T 
a. 

b 
EA * e, dt > 1021-1022 ergs. (5.3) 

where a= is a coefficient smaller than 1, and T the 
duration of the expansive phase of substorm. From 
the point of view on the energy, the substorm 
cannot appear if the energy is not large enough 
although the energy flux of waves may be larger for 
a short duration. 

Akasofu (1979) has discussed the solar- 
magnetosphere dynamo process. By using the 

Poynting flux function 

E = uJ302f(e)e,2 (5.4) 

where 8,=7 RE is a constant, and 8= 
tan-’ (BY/B,). He obtained a good correlation be- 
tween E and the index AE. For simplicity, the 
function f(0) is chosen as 

f(@)=sin* i . 
0 

(5.5) 

Comparing the energy flux given here with that 
given in (5.4), we imagine that the perturbed vel- 
ocity u1 is approximately proportional to the 
Alfvin wave velocity, that is 

u,n= k,& (5.6) 

where k, is a coefficient, which may be dependent 
on the angle 8 and 4. Substituting (5.6) into (2.4), 
we obtain the Poynting flux of magnetosonic wave 
as follows: 

EC = B,,2uo[2k22~ dL(kl COST $)I = Bo2ufl(e, 4)&-,’ 

(5.7) 

where 

f,(e, 4) = k22(e, 4) 2?r “Fim2 ‘) . 6.8) 
0 

In other words, if we assume that the perturbed 
magnetic field is also approximately proportional to 
the magnetic field of the basic state: 

B, = k&,. 6.9) 

Then, the equation (2.7) gives 

EA = uoB,‘fA% 4%’ (5.10) 

where 

f2(e, 4) = I k,h” x voO) x Boo 

+ k&o0 x BIO) x BooI F. (5.11) 
0 

Qualitatively, the f2(0, 4) is larger when the IMF 
has a larger southward component, and f2(f3, 4) is 
larger than fi(O, 4) in general. So, our results have 
the similar function form with Akasofu’s, and both 
results are proportional to the uoBo2. However, the 
dependence of angles is quantitatively Merent, but 
the general tendency has some similar features 
qualitatively. 

During the expansive phase of a substorm, the 
magnetopause is compressed and the plasma sheet 
changes its thickness. There occurs a Poynting flux 
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Time (mint Configuration features Theoreticat explanation 

1. The IMF turn to south or the fluctuation 1. The energy flux of MHD waves which propagates 
of solar wind intensification from magnetosheath into magnetotail increases 

-3O- -10 2. The magnetopause is concentrated and the 2. Solar wind ar interplanetary shock compress 
radius of the magnetotail decreases the magnetosphere 

3. The fluctuation of plasma parameters in 3. h@J.D wave and fluctuation propagate to the 
magnetotail lobe is increased plasma sheet 

1. The plasma sheet is thinning 1. The plasma sheet responds to the concentra- 
tion of the magnetopause 

-10-o 2. The fluctuations of parameters are increasing. 2. The heating and accelerating pr- is 
in the plasma sheet intensive in the plasma sheet 

3. The H-component of geomagnetic field 3. Energy particles escape and precipitate into 
starts to decrease in polar region the poiar region 

1. The ring current intensifies 1. Energy particles inject from plasma sheet 
2. Aurora1 substorms appear 2. The precipitation of energy particles is 

intensified 
O-20 3. The parameters in the magnetosphere 3. The secondary response for injected energy 

vary rapidly particles and for MHD waves 
4. High speed plasma flows towards the Earth 4. The source of energetic particles and heated 

and then backward in the plasma sheet plasma shift backward 

1. ‘Ihe magnetopause and plasma sheet recover, 1. The energy flux of MI-ID waves in magnetosheath 
they expand farther and then to the quiet is decreasing, the Poynting flux transfer from 

20- 100 state magnetotail into magnetosheath, then recover 
2. The parameters in the magnetotail vary slowly 2. The solar wind parameters recover quiet, the 

and the parameter% in the magnetosphere recover energy flux of waves recovers quiet 
quiet 

flow towards the plasma sheet. If the radius of the 
magnetotail decreases 2RE in 30 min, the energy 
Rux is given by 

E, = -& v,Bo2~ dL = 5 X 10” erg C’. 

(5.12) 

This is nearly half of the dissipative energy flux for 
a small substorm. On the other hand, the Poynting 
flux will flow from the magnetotail into the mag- 
netosheath in the recovering phase of the substorm. 
However, the flm is less than (5.12), because the 
duration of the recovery is longer than that of the 
expansive phase. The process of the compression or 
expansion of the magnetopause may be explained 
by the interplanetary compressive and expansive 
waves. The interplanetary shock wave is a compres- 
sive wave, which compresses the magnetosphere 
and the magnetotail. After the shock wave passes, 
there come the expansive waves. As a result, pres- 
sure in the magnetosheath decreases and then the 
magnetotail is recovered. The kinetic energy of the 
solar wind is transferred into the magnetosphere in 
the former case, and the energy is extracted from 
magnetosphere in the latter case. 

According to the above discussion, we can ex- 
plain the main features of substorms by the energy 
flm of the MHD waves in the solar wind, which is 
summarized in Table 1. Of course, the substorm is a 
complex natural phenomenon; there are many 

characteristic features which may be explained by 
different mechanisms. 
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