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Abstract. The study of energy transfer between the different regions of the
solar wind - magnetosphere - ionosphere system is a fundamental issue in Solar-
Terrestrial Physics. In this work we have studied the degradation of the solar wind
energy budget through the solar wind - magnetosphere coupling down to the ring
current injection and the auroral ionospheric dissipation during the main phase
of magnetic superstorms (Dst < —240 nT). The interplanetary magnetic field,
density, temperature, and solar wind velocity measurements collected by the ISEE
3 satellite, and the total energy flux of high-latitude precipitating particles collected
by the NOAA 6 satellite were used for this study. The solar wind energy budget
was determined from the kinetic energy flux of the particles in the interplanetary
medium. The energy transfer from the solar wind into the magnetosphere was
estimated through a dayside magnetopause ram pressure corrected version of the
Perrault and Akasofu € function. The energy injection into the ring current was
estimated under the DPS theorem restriction and introducing the decay parameter
7 in the evolution equation as a continuous function of the Dst index. The energy
dissipation estimate in the auroral ionosphere via Joule heating in one hemisphere
was computed using ionospheric and interplanetary data through a new method.
Previous statistical and case studies for substorms have shown that the total energy
dissipated as Joule heating is roughly twice that of the ring current injection. Our
results show that the energy dissipation via Joule heating in the auroral ionosphere

is about half of the ring current energy injection during superstorms.

1. Introduction

The main goal of this work is the study of the global
energetics of the solar wind — magnetosphere system
and of its dissipation through the inner magnetosphere
during very intense magnetic storms (Dst < ~240 nT),
for which the main dissipation regions are the ring cur-
rent and the high-latitude ionosphere.

This is the first work that focuses such a study during
very intense storms and uses an original method to com-
pute the high-latitude ionospheric dissipation [Monreal-
MacMahon, 1994], although some results were reported
by Feldstein et al.[1986] among the study of storms of
several intensities. Several previous works [e.g., Aka-
sofu, 1981; Stern, 1984; Feldstein el al, 1990; Weiss
et al, 1992] have considered relationships between the
auroral index AF and the high-latitude ionospheric dis-
sipation during typical active periods, but not during
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very intense storms. From the events in which we could
find full solar wind data coverage, we have chosen the
four most intense magnetic storms that have occurred in
the space era. Those events laid in the solar maximum
neighbourhood of solar cycle 21 with the onsets occur-
ring on December 19, 1980 (Dst* = —249 nT); April
13, 1981 (Dst* = 311 nT); July 13, 1982 (Dst* = —325
nT); September 5, 1982 (Dst* = —289 nT); where Dst*
denotes the peak Dst value including solar wind ram
pressure correction [Gonzalez et al., 1989, 1994].

For the same group of “superstorms,” Tsurutani et
al. [1992] studied their solar and interplanetary causes.
They concluded that the main cause of these very in-
tense magnetic storms was the high value of the south-
ward interplanetary magnetic field, instead of the in-
tense solar wind speed, related with the interplanetary
electric field £ = vB,. The correlation between the
IMF condition and the activities observed in different
points of the magnetosphere have shown that the IMF
plays a fundamental role in the energy transport from
the solar wind to the magnetosphere and that magnetic
reconnection at the magnetopause is the main mecha-
nism, with an efficiency of approximately 10% during
intense magnetic storms [Gonzalez et al., 1989)].
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The main effect of the interaction between the solar
wind and the magnetosphere is the generation of the
solar wind - magnetosphere dynamo that can get val-
ues up to 10" W in quiet days, up to several 1012 W
during geomagnetic storms [e.g., Weiss el al., 1992]. In
this work we have used the epsilon function [Perrault
and Akasofu, 1978] and a pressure-corrected expression
of it to represent that transfer, and are described in
section 2. The main part of the energy produced by
that dynamo is injected into the ring current and dis-
sipated in the high-latitude ionosphere via Joule heat-
ing, through electric field and current systems. Further-
more, energy deposition through particle precipitation
from the plasma sheet and other processes are also in-
volved. The ring current energization and ionospheric
Joule heating are studied in section 3. Some case studies
are presented in section 4 and the global results in sec-
tion 5. Finally, section 6 summarizes our conclusions.

2. Solar Wind - Magnetosphere Energy
Transfer

The solar wind energy budget is computed from the
kinetic energy flux per unit time of particles in the in-
terplanetary medium, namely,

1

Usw = §pv3A, (1)

where v and p are the velocity and mass density of
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Figure 1. December 18 - 20, 1980. (a) Solar wind
kinetic energy rate considering constant cross section
(Usw)- (b) Solar wind kinetic energy rate considering
variable cross section (U}, ). The bottom panel shows
the Chapman-Ferraro scale length in Earth radii. The
dotted line during the 19th day shows the interplanetary
shock that occurred several hours prior the start of the
storm main phase as shown by the dashed line.

MONREAL-MACMAHON AND GONZALEZ: ENERGETICS OF SUPERSTORMS

1500

1000 |
Vaw (k]

500

0
BO |

P [liem?]
40 +

0

Bx10° L
T

3x10° |

40
30 |

NI

0 24 48 72 96 120 144

BaT)

UT[k

Figure 2. December 18 - 23, 1980. Variability in
the interplanetary data collected by the ISEE 3 satel-
lite. The dotted line during the 19th day shows the
interplanetary shock that occurred several hours before
the start of the storm main phase as shown by the solid
line.

the solar wind, respectively, and A is the cross sec-
tion of the dayside magnetopause. As suggested by
Weiss et al. [1992] we first use L2 for A with Lep =
J0REg. As a second step, considering that the ra-
dius of the dayside magnetopause depends on the so-
lar wind dynamic pressure, we use R%y for A, where
Rcr = (B2 /47pv?)/°RE, as obtained from a balance
between the kinetic plasma pressure and the magnetic
pressure [e.g., Spreiter et al., 1966; Holzer and Slavin,
1979; Sibeck et al., 1991], with By ~ 0.3 Gauss. Fig-
ure 1 shows the profiles of the solar wind kinetic en-
ergy flux for days 18 - 20, December 1980 (first event),
considering both, constant and pressure corrected mag-
netopause cross sections. In the bottom panel the
Chapman-Ferraro length is shown for this event. The
variability in the interplanetary data collected by the
ISEE 3 satellite are shown in Figure 2.

The energy transfer from the solar wind into the mag-
netosphere is determined assuming that reconnection is
the responsible process. An estimate of the magneto-
sphere power entry is the Perrault and Akasofu [1978]
epsilon coupling function

Um = vB?sin(8/2)12, (2)
where Iy &~ TREg, and a modified, ram pressure cor-
rected, expression is

" R
Uy = (%)zvm-

3)
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Figure 3. December 18 - 20, 1980. The dotted line
marks the abrupt growth in the B, interplanetary mag-
netic field component during the interplanetary shock.
The dashed line shows the beginning of the magnetic
storm main phase together with the abrupt increase in
energy transfer into the magnetosphere which is coin-
cident with the steep decreasing slope in the B, inter-
planetary magnetic field component. The bottom panel
shows the Dst index behavior during the same interval
of time.

A profile of the energy transfer rate at the magne-
topause during the December 1980 event is shown in
the first panel of Figure 3, as given by (3).

In the above discussion we note that the use of the ex-
pression Lcp = Rer, to represent the effective mag-
netospheric cross section - scale length, has at least
the physical meaning that it stands for the radius of
the dayside magnetopause under pressure balance ap-
proximation. On the other hand, the constant values
of Lcr = 30 Rg or lg = 7 Rg do not have a physical
meaning and have been suggested by Weiss et al. [1992]
and Perrault and Akasofu [1978), respectively, only as
ad hoc empirical values. As shown by Figures 1, 2, and
3, by comparing these constant values to those given
by the expression for Rcp, one can note that 30 Rg
is an overstimation, whereas 7 Rg somewhat understi-
mates the magnetosphere scale length for the effective
cross section. Thus the residual uncertainties of U,y
and of Uy, in (1) and (2), respectively, are expected to
be around a factor of 4 for the former and a factor of
0.5 for the latter.

The expressions given above for Rcr, due to pressure
balance, assumes a dipole field approximation for the
geomagnetic field. The addition of non-dipole compo-
nents has led to a modified expression [e.g., Sibeck et al.,
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1991], which, however, gives values differing typically
only by a 10% from those obtained from the simpler
expression.

An expression to compute the energy available for re-
distribution in the inner magnetosphere, which can be
compared with (2) and (3) is that worked out by Gon-
zalez and Mozer [1974]:

_ 4,didyBy

Um
! T Rp

)zvsw‘ (4)
where d; and d; are the dawn-dusk and noon-midnight
polar ionospheric diameters, B; is the inferred iono-
spheric magnetic field, and R, is the estimated magne-
totail radius. This way of computing the energy storage
in the magnetotail can be of practical interest because
it only needs one interplanetary parameter (the solar
wind velocity), which could be obtained, for instance,
through interplanetary scintillation [Hewish, 1990] if
satellite observations in the interplanetary medium are
not available. As an example, assuming R,; = 30 Rg,
we obtain the following values: 2.1 x 1017 J, 0.98 x 10!3
W, and 1.2 x 103 W, for the energy, mean power and
peak power, respectively, during the main phase of the
first event. Comparing these values with those of Table
5, one can see that expression (4) provides a reason-
able good approach for the energy transferred to the
magnetosphere.

3. Ring Current Energy Injection and
Ionospheric Dissipation

The particles that move around the Earth forming a
ring current at L values around 5 are responsible for the
observed ground geomagnetic field decrease. The ring
current formation in the inner magnetosphere is thought
to be the main consequence of geomagnetic storms [e.g.,
Feldstein et al., 1990; Gonzalez et al., 1994].

Dessler and Parker [1959) and Schopke [1966] showed
that the geomagnetic field perturbation in the Earth’s
surface is related to the total energy of particles Kg by
AB/By = —Kr/Kum, where Kpr = 8 x 10%* ergs is the
external geomagnetic field total energy. Thus, the total
energy of particles is given by Kr = 4 x 102D, where
D is the pressure corrected Dst value, in nanoteslas.

The energy injection rate is obtained from the energy
balance equation

dD D
Ur =4x 1020(3 + =) erg/s, (5)
where 7 is the particle lifetime in the ring current. To
compute Ug it is necessary to know D and 7. Several
models for the parameter T have been used. In a first
step it was assumed a constant 7 for all possible Dst
values [e.g., Burton et al., 1975; Perrault and Akasofu,
1978; Murayama, 1982]. Later it was emphasized the
necessity to introduce different 7 values for different Dst
intervals [e.g., Akasofu, 1981; Vasyliunas et al., 1982;
Gonzalez et al., 1989; Prigancovd and Feldstein, 1992].
In the present work, to avoid reported discontinuities
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determining the ring current energy injection, we use a
continuous function for the decay parameter 7 that tries
to match the empirical models reported previously. The
relation is given by

T = (a/D)*/?, (6)

where « is an adjustable parameter. The previous ex-
pression holds if we consider that the decay parameter
is inversely proportional to cubic power of the ring cur-
rent’s particle velocity.

In (5) and (6) the expression for D involves only ram
pressure correction. An additional correction to D due
to an internal (solid Earth) source was not taken into
account. Such a correction typically reduces the value
of D by a factor of 1/3 [e.g., Gonzalez et al., 1994], thus
the values obtained from (5) and (6) tend to overstimate
Ugr.

The global Joule heating rate U; over the whole polar
and auroral region, for one hemisphere, is computed
from

8. 2T
U; = / / LpE*(Rg + h)?sin0d0d), M
o Jo
where 6. is the geomagnetic colatitude for the auro-
ral zone-equatorward boundaries, A is the geomagnetic
longitude, and A = 110 km is the ionospheric altitude.
Yp and E are the ionospheric conductance and electric
field, respectively.

In order to use the above classical expression [e.g.,
Cole, 1962] it was necessary to compute conductances
and electric fields from ionospheric and interplanetary
data collected by the NOAA 6 and ISEE 3 satellites,
respectively. Figure 4 is a scheme describing briefly our
methodology. The Pedersen conductances were calcu-

FONOSPHERE
NOAA 6

NACNETQSPHERE
ISEE 3

JOULE HEATING

Figure 4. Schematic diagram to compute Joule heat-
ing dissipation in the auroral ionosphere. EqB and PIrB
are the equatorward and poleward boundaries, respec-
tively. Rq and R, are the respective auroral and polar
radii, @, is the reconnected electric potential, and ¢;
is the electric potential in the ionosphere.
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Figure 5. April 11 - 14, 1981. Magnetopause recon-

nected electric potential computed from interplanetary
data. The fitting line is a fifth-order regression curve
used to compare with the same regression of the com-
puted AMIE polar ionospheric electric potential (not
shown) for the same event. The comparison gives an
estimate of the mapping factor.

lated considering contributions of solar light and parti-
cle precipitation. The latter contribution based on the
precipitation electron model [Kroehl et al., 1988], needs
a knowledge of the equatorward boundaries of the au-
roral zone. From the NOAA satellite we obtained the
total energy flux of electrons to determine the equator-
ward and poleward boundaries. From the equatorward
boundaries we estimate the contribution of the precip-
itating particles (X¥pp) to the ionospheric conductance
which modifies the conductance obtained by consider-
ing only the solar radiation (Xp;). From both contri-
butions we compute the global Pedersen conductance
Tp = (23, + £},)'/2. The electric field in the polar
ionosphere is estimated in a sort of hybrid way using
both ionospheric and interplanetary data. From the
ISEE 3 satellite we use the interplanetary data to com-
pute the electric potential due to reconnection [Gonza-
lez and Mozer, 1974] in the magnetopause from which
we estimate the mapped ionospheric potential assuming
an efficiency factor of 0.3 [Gonzalez and Mozer, 1974;
Reiff et al., 1986], which was obtained comparing po-
lar cap - ionospheric electric field measurements with
reconnection electric models for the magnetopause. A
different mapping factor of 0.2 was estimated comparing
fifth order regression curves from the magnetopause re-
connected potential computed from interplanetary data
(Figure 5) and the computed AMIE polar ionospheric
electric potential. Once we estimate the ionospheric
electric potential ¢; we compute the associated electric
field Er = ¢r/rp, using the polar boundaries deter-
mined previously from the ionospheric data. rp is the



MONREAL-MACMAHON AND GONZALEZ: ENERGETICS OF SUPERSTORMS

polar radius. Finally the auroral Joule heating dissipa-
tion in the ionosphere is estimated from the calculated
ionospheric conductance, area and electric field. The
results of our methodology were compared with those
of the expression found by previous authors [e.g., Aka-
sofu, 1981; Ahn et al., 1983; Stern, 1984; Feldstein et
al., 1990; Weiss et al., 1992), who considered only a lin-
ear relationship between the high-latitude geomagnetic
index AF and the Joule heating dissipation rate. A
comparison of the results is given in Table 8.

4. Case Studies
4.1. December 1980

In this event the interplanetary shock identified by
the abrupt enhancement in velocity and IMF-intensity
(Figure 2) was verified several hours before the incursion
of the IMF-B, component into negative values. Appar-
ently because of this fact the energy available in the
solar wind diminishes during the energy transfer time,
marked basically by the threshold value B, = —10 nT,
reaching small values compared with the energy avail-
able in the solar wind during the preceding (shocked)
time interval and also in relation to the values found in
the other studied superstorms. One can see that small
IMF-B, incursions to negative values previous to the
storm main phase already led to some transfer of en-
ergy. At the sudden enhancement the magnetopause is
strongly compressed, reaching values around 5Rg in the
Sun-Earth direction (bottom panel of Figure 1). Sev-
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Figure 6. April 11 - 16, 1981. The first three pan-
els show the variability in the interplanetary velocity,
density, and temperature data collected by the ISEE
3 satellite and the bottom panel shows IMF intensity.
The dotted lines mark interplanetary shocks previous
to the beginning of the superstorm main phase shown
by the solid line.
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Figure 7. April 11 - 16, 1981. The first panel shows
the abrupt increase in energy transfer into the magne-
tosphere marked by the solid line which is coincident
with great variabilities in the interplanetary magnetic
field components shown in the following two panels and
particularly with the steep decreasing slope in the B,
component. The bottom panel shows the Dst index
behavior during the same interval of time.,
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eral hours later, the steep decrease in the B, compo-
nent, reaching values around —30 nT, produces a great
temporal variation in the Dst (bottom panel of Figure
3), as also shown by the largely intensified values of the
coupling function (Figure 3).

During the storm main phase (approximately 8 hours,
with B, under the threshold value) around 2.5 x 107 J
were transferred into the magnetosphere, with a mean
power of approximately 1 x 10'® W. This represents be-
tween 15% and 20 % of the solar wind kinetic energy,
and it is far over the typical values reported in the lit-
erature [Weiss et al., 1992], as well as over the mean
values estimated for the other three superstorms. As
mentioned above, this large percentage in this case is
due to the fact that the kinetic energy of the solar wind
is low right at the time interval of the storm’s main
phase.

4.2. April 1981

In this event the second interplanetary shock shown
by the dotted lines in Figures 6 and 7 identified also by
the abrupt enhancement in velocity, density and IMF-
intensity was verified close to great variabilities in the
IMF components and in particular was followed by a
steep decrease in the IMF-B; component which reach
negative values as high as —30 nT. The energy trans-
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Table 1. Energy, Mean, and Peak Power Available in
the Solar Wind

EVeIlt Usw U:w Psw P:w Esw E:w
Dec. 19, 1980 75 53 410 180 16 11
April 12, 1981 230 120 720 270 58 30
July 13, 1982 2000 570 4600 1110 590 170
Sept. 6, 1982 540 220 1400 440 110 47
< average > 700 240 1780 500 196 65

E, energy; U, mean power; P, peak power; sw, solar wind.
Power in units of 1012 W; energy in units of 10*”7 J: asterisk
indicates pressure corrected value.

fer into the magnetosphere is meaningful only when
Bs < —10 nT, as shown by the solid line in Figures
6 and 7. This signature was followed also by the den-
sity enhancement and when it abruptly goes down the
situation is balanced by an increase in the IMF inten-
sity. When B, goes over the threshold value and the
storm’s main phase finishes, the intensity in IMF sud-
denly diminishes and the solar wind energy transfer into
the magnetosphere practically vanishes, in spite of the
significative values of the persisting kinetic energy flux.

5. Global Results

The energy and mean power available in the solar
wind during the main phase for each event of our study
are shown in Table 1. The low values obtained for the
event of December 1980 is evident as compared with the
other three events. Apparently, only when the IMF-B,
component intrudes to large negative values the effec-
tive transfer of energy is triggered into the magneto-
sphere, even when the kinetic energy available in the
solar wind is small, as illustrated by this event.

In the September 1982 event, for which the amount of
energy content and mean power in the solar wind occu-
pies the second place in Table 2, the energy transferred
into the magnetosphere is the lowest. This is because
the Bs peak value is also the lowest and also because the
B, incursion into negative values occurs slowly, reach-
ing values of the order of —20 nT, only after about 5
hours.

Table 2. Transferred to the Magnetosphere

Event Un Uy Pm P, En. E
Dec. 19, 1980 120 110 150 130 250 230
April 12, 1981 52 40 110 98 140 110
July 13, 1982 180 59 400 110 520 180
Sept. 6, 1982 42 23 94 75 150 84
< average > 104 61 189 103 260 150

Here m, magnetosphere. Power in units of 10!' W; energy
in units of 10'® J; asterisk indicates pressure corrected value.
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Table 3. Percentage Rate Between Energy Transferred
to Magnetosphere and Energy Available in the Solar
Wind

Event En/Esw En/E;, Emn/Esw En/E%,
April 12, 1981 1.9 3.6 2.2 4.3
July 13, 1982 0.3 1.1 0.9 3.1
Sept. 6, 1982 0.7 1.6 1.3 3.0
< average > 1 2.1 1.5 3.5

Asterisk indicates pressure corrected value.

Rates between the energy available in the solar wind
and that transferred into the magnetosphere during the
storm’s main phase are shown in Tables 3 and 4. The
extremely high ratios, between 15% and 20%, resulting
on the December 1980 event were disregarded in a first
estimate in order to get the average values of Table 3.
The ring current injection Egr, mean power Ug, and
peak values in power Pgr during the storm main phases
are shown in Table 5. Again the values obtained during
the event of December 1980 are lower than the other
events, apparently because the big enhancement in the
solar wind pressure that influenced the corrected Dst
occurred before the main phase. If we assume that ap-
proximately half of the energy available in the magneto-
sphere is dissipated through injection in the ring current
and Joule heating in the auroral ionosphere, the ring
current injected energy values for the April 1981 and
September 1982 appear to be high as compared with
the energy transferred to the magnetosphere (Table 6).
These high values are probably an overestimation due to
the fact that large negative values in the Dst index (less
than 200 nT) existed during a large part of the main
phase, and for which the T values were mantained be-
low 1 hour. Thus, in Table 6 the numbers in parenthesis
were computed modifying the adjustable parameter o
(oy = 47 x 103 nT s?/3) such that r equals one hour
when D reaches only 300 nT (az = 70 x 10% nT s%/3).
This suggests that the parameter 7 depends not only
on D but also on its temporal variation.

The total energy, mean power and peak power values
due to dissipation via Joule heating in the auroral iono-

Table 4. Percentage Rate Between Magnetospheric
Peak Power and Solar Wind Peak Power

Event Pp[Psw Pp[P}, Pun/Ps Pn/Pl,
Dec. 19, 1980 3.2 7.2 3.6 8.3
April 12, 1981 1.4 3.6 1.5 4.1
July 13, 1982 0.24 1. 0.9 3.6
Sept. 6, 1982 0.54 1.7 0.7 2.1
< average > 1.3 3.4 1.7 4.5

Asterisk indicates pressure corrected value.
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Table 5. Injection in the Ring Current
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Table 7. Dissipation in the Auroral Ionosphere

Event Ur Ur Pr Py Er Exn Event U, U; Py P3 E; Ej
Dec 19, 1980 12 8 22 16 25 17 Dec. 19, 1980 12 94 17 13 25 20
Apr 12, 1981 24 16 46 31 63 41 April 12, 1981 5.8 4.7 19 16 15 12
Jul 13, 1982 30 20 88 61 89 58 July 13, 1982 6.7 4.6 10 8 20 14
Sept 6, 1982 32 24 64 40 67 44 Sept. 6, 1982 49 4.0 11 9 10 8
< average > 25 16 52 37 61 40 < average > 6.9 5.7 14 11.6 18 13.6

Power in units of 10'' W; energy in units of 101 J;
asterisk indicates different adjustable parameter.

sphere (one hemisphere), during the main phase of the
studied events, are shown in Table 7. In Table 8 we show
percentage rates between the ionospheric Joule heating
dissipation (for one hemisphere) and the energy trans-
ferred to the magnetosphere. The last two columns at
the right side of Table 8 were obtained using the em-
pirical linear relationship with the AE index and are
used for comparison with our results. For all the events
the values computed using the linear relationship are
smaller than those calculated with our new method.
This was expected due to the underestimation in the
auroral index AE during very intense storms. As a re-
sult of our estimation it follows that about 16% to 24%
of the energy transferred into the magnetosphere is dis-
sipated in the ionosphere (both hemispheres) through
Joule heating.

Table 9 shows different sources and sinks in the so-
lar — terrestrial system and their characteristic values
of the mean power and integrated energy during the
superstorm’s main phase. Superstorms with peak Bs
values of the order of 25 - 30 nT have main phase dura-
tions of approximately 7 hours. From the results shown
in Table 9 and summarized in Figure 8, we can visu-
alize a degradation and redistribution of energy during
the superstorm main phase. Globally, from the energy
available in the solar wind around 1% to 4% is trans-
ferred to the magnetosphere. This result is similar to
that reported previously in the literature considering
smaller storms [e.g., Weiss et al., 1992], but the energy
values are larger by a factor of 20 to 80 and the mean

Table 6. Percentage Rate Between Ring Current In-
jection and Energy Transferred to the Magnetosphere

Power in units of 10'* W; energy in units of 10'5 J;
asterisk indicates different mapping factor.

power are also 5 to 10 times larger. From the energy
available in the magnetosphere among 40% to 65% is
distributed in the ring current and the auroral iono-
sphere, the remaining energy is probably lost through
plasmoide ejection and magnetotail heating. The mean
power in the ring current injection is ~ (15— 25) x 101!
W, whereas the mean ionospheric Joule heat power dis-
sipation is ~ (11—14) x 10*! W. Typical reported values
for the ring current power are ~ 1x 10! Wand Weiss et
al. [1992] suggest that even during very intense storms
such power rate could reach only ~ 6x 10! W. Probably
this (subestimated) value resulted from an assumption
of using constant r values of several hours.

6. Conclusions

It was estimated that about 1% and 4% of the en-
ergy available in the solar wind is transferred to the
magnetosphere during the main phase of superstorms.
In average, from the energy transferred to the magne-
tosphere and available for redistribution in the inner
magnetosphere and ionosphere, between 25% and 40%
is injected into the ring current and between 16% and
24% is dissipated into the auroral ionosphere.

The energy injected into the ring current was com-
puted using a continuous function of the parameter 7 in
terms of the pressure corrected Dst index. Our results
show that the Joule heating is underestimated when
using the linear relation with the AE index during su-

Table 8. Percentage Rate Between Ionospheric Joule
Heat Dissipation and Energy Transferred to the Mag-
netosphere

Event EL/En ER/E,, Er/Em Er[Ej, Event E3/Em E5/Ey, Eag/Em Eag/E;,
Dec. 19,1980 11 (7.4) 10(7) 17(12) 17 (11)  Dec. 19,1988 11 10 2 2
April 12,1981 57 (37) 45 (29) 47 (32) 42 (28)  April 12,1981 14 11 5 4
July 13,1982 49 (32) 17 (11) 80 (55) 22 (15)  July 13, 1982 11 4 7 3
Sept. 6, 1982 79 (52) 45 (29) 72 (53) 67 (42)  Sept. 6,1982 12 7 8 5
< average > 49 (32) 29 (19) 54 (38) 35 (24) < average > 12 8 6 3

Quantities between parentheses were computed with a dif-
ferent adjustable parameter as discussed in the text.

Eag ; integral energy value computed using the linear
relationship between Joule heat dissipation and AFE index.
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perstorms. On the other hand, the energy dissipation
via Joule heating in the auroral ionosphere (both hemi-
spheres) is a little bit over half of the ring current energy
injection. The last result contrasts with previous statis-
tical and case studies reported for substorms in which
the total energy dissipated as Joule heating is roughly
twice that used for the ring current injection.

Thus, in our opinion, one important result of the
present study is that superstorms appear to dissipate
more of the transferred energy in the ring current rather
than through ionospheric Joule heating.

It was found that threshold values of B, = —10
nT, with peak values around —25 nT, during inter-
vals greater than seven hours are the main criteria that
causes super intense magnetic storms.

It is interesting that all the superstorms studied here
occurred around the maximum phase of the solar cycle.
Thus it would be interesting to consider geomagnetic
superstorms occurring at solar minimum for a compar-
ative study, since during such a phase of the solar cycle
the storms could be associated to different solar and in-
terplanetary sources with perhaps a different solar wind
energy flux condition.

Table 9. Characteristic Values During Superstorm
Main Phase

Mean Power Total Energy

Solar wind 2500 - 7000 7000 - 20,000
Magnetosphere 60 - 100 150 - 250
Ring current 15-25 40 - 60

Auroral ionosphere 11- 14 26 - 36

Power in units of 10! W; energy in units of 10'° J.

Bs ~ 25 — 30 nT; At ~ 7 hours
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