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Abstract

Geomagnetic storms are large disturbances in the Earth’s magnetosphere caused by enhanced solar wind–magneto-

sphere energy transfer. One of the main manifestations of a geomagnetic storm is the ring current enhancement. It is

responsible for the decrease in the geomagnetic field observed at ground stations. In this work, we study the ring current

dynamics during two different levels of magnetic storms. Thirty-three events are selected during the period 1981–2004.

Eighteen out of 33 events are very intense (or super-intense) magnetic storms (Dst p�250 nT) and the remaining are

intense magnetic storms (�250oDst p�100 nT). Interplanetary data from spacecraft in the solar wind near Earth’s orbit

(ACE, IMP-8, ISEE-3) and geomagnetic indices (Dst and Sym-H) are analyzed. Our aim is to evaluate the interplanetary

characteristics (interplanetary dawn–dusk electric field, interplanetary magnetic field component BS), the e parameter, and

the total energy input into the magnetosphere (We) for these two classes of magnetic storms. Two corrections on the e
energy coupling function are made: the first one is an already known correction in the magnetopause radius to take into

account the variation in the solar wind pressure. The second correction on the Akasofu parameter, first proposed in this

work, accounts for the reconnection efficiency as a function of the solar wind ram pressure. Geomagnetic data/indices are

also employed to study the ring current dynamics and to search for the differences in the storm evolution during these

events. Our corrected e parameter is shown to be more adequate to explain storm energy balance because the energy input

and the energy dissipated in the ring current are in better agreement with modern estimates as compared with previous

works. For super-intense storms, the correction of the Akasofu e is on average a scaling factor of 3.7, whilst for intense

events, this scaling factor is on average 3.4. The injected energy during the main phase using corrected e can be considered a

criterion to separate intense from very intense storms. Other possibilities of cutoff values based on the energy input are also
e front matter r 2007 Elsevier Ltd. All rights reserved.
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investigated. A threshold value for the input energy is much more clear when a new classification on Dst ¼ �165 nT is

considered. It was found that the energy input during storms with Dsto�165 nT is double of the energy for storms with

Dst4�165 nT.
r 2007 Elsevier Ltd. All rights reserved.

Keywords: Super-intense magnetic storms; Energy transfer; e parameter
1. Introduction

Geomagnetic storms are global disturbances in
the magnetic field and plasma populations of the
Earth’s magnetosphere. One of the main phenom-
ena observed during a geomagnetic storm is the
energization of the equatorial ring current. This
intensified ring current causes a decrease in the
H-component of the low-latitude magnetic field.
This decrease is observed worldwide and is quanti-
fied by the Dst index (Sugiura, 1964). Nowadays,
it is well-known that magnetic storms occur due to
the enhanced energy transfer from the solar wind
to the magnetosphere. This enhancement occurs
when the interplanetary magnetic field (IMF) Bz

component is southwardly directed, leading to
reconnection between the IMF and the geomagnetic
field (Dungey, 1961; Gonzalez et al., 1994). The
presence of high values of southward IMF-Bz (BS)
and solar wind speed (u), which result in an
increased interplanetary electric field duskward
component Ey ¼ uBS; is responsible for the magne-
tospheric energization. One of the mechanisms for
creating even higher field strengths is the IMF
compression, especially on the sheath regions
behind the shock or the ejecta clouds (Tsurutani
et al., 1999, 1992; Bell et al., 1997; Gonzalez et al.,
2002).

Depending on the amount of energy dissipated
into the ring current, different magnitudes of
geomagnetic storms are observed (see Gonzalez
et al., 1994, and other references in this paper).
We selected super-intense magnetic storm events
(Dst p�250 nT), which are large geomagnetic
disturbances with a very strong influence on space
plasma and particle population. For this reason,
they are of great interest for the scientific commu-
nity. Some of their influences are observed through
extreme changes in the magnetospheric configura-
tion. But they also show other anomalous features,
such as an abnormally high energy input to the
auroral regions from precipitating particles, and
the creation of additional trapped radiation belts in
the inner magnetosphere (Bell et al., 1997).
Several energy functions have been studied to
quantify the solar wind–magnetosphere energy
transfer (Gonzalez et al., 1990, 1989). One of them,
which is used in this work, is the coupling function
e(W). This function considers the reconnection
process as the main phenomenon for the energy
injection into the magnetosphere. Perreault and
Akasofu (1978) were the first to define it:

� ¼ 107uB2l20 sin
4 y

2

� �
½W�, (1)

W � ¼

Z tm

t0

�dt ½J�, (2)

where the unit system is SI. The interplanetary
parameters used in Eq. (1) are the IMF strength, B,
and the IMF clock angle in the plane perpendicular
to the Sun–Earth line, y ¼ tan�1ðBy=BzÞ. The factor
l0 is an empirically determined scale factor with the
physical dimension of length, l0 ¼ 7RE, representing
the magnetopause radius. From this assumption,
the magnetopause effective area, l0

2, can be esti-
mated. Note that the energy input to the magneto-
sphere, We, in Eq. (2), is obtained by integrating
e over the main phase from t0 to tm of each magnetic
storm.

After being injected in the dayside magnetosphere
the solar wind energy is finally dissipated into
different regions of the magnetosphere. Based on
the functions for energy injection and dissipation
assumed by Feldstein et al. (2003) the result is that
one-half of the energy is injected into the magneto-
tail and dissipated there. After the reconnection at
the magnetotail, part of this energy is accelerated
earthward in the equatorial region. Another part of
the solar wind energy is deposited in the auroral
ionosphere as heat energy, which arises partly from
Joule heating and partly from the impact of auroral
particles. Therefore, the total energy dissipation can
be estimated through the sum of these contributions
(Akasofu, 1981).

The increase of the energy dissipated in the
equatorial magnetospheric region is responsible for
the observed decrease of the horizontal (H) component
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of the geomagnetic field. This occurs because the
particles move around the Earth. In their motion, they
form a current inside the Van Allen radiation belts, the
so-called ‘ring current’, which reduces the magnetic
field within it. To estimate the energy in the symmetric
ring current, Dessler and Parker (1959), and Sckopke
(1966) considered only the kinetic energy of the
particles. They showed that the geomagnetic field
perturbation is related to the total energy of the
particles. The energy is taken into account as being a
function of B0 at the Earth’s center, which can be
approximated by the Dst index. The Dessler–Parker–
Sckopke (DPS) relation is given by:

Dst� ðnTÞ

B0 ðnTÞ
¼ �

2

3

WRC ðJÞ

Wm ðJÞ
, (3)

where Dst* is the pressure-corrected Dst given by Dst� ¼

Dst� b
ffiffiffiffiffiffiffiffiffi
PSW

p
þ c, with b ¼ 7:26 nT ðnPaÞ�1=2, and

c ¼ 11:0 nT (Burton et al., 1975; O’Brien and
McPherron, 2000), and PSW is the solar wind
dynamic pressure. The kinetic energy is given by
WRC, and B0 represents the magnetic field intensity
at the Earth’s surface. The total energy in the
Earth’s dipole field is denoted by Wm.

It has been observed that the We associated with
each magnetic storm is only slightly higher—and
even sometimes lower for some intense storms—
than WRC. This is a very important problem, noted
especially for intense storms, since the energy
dissipated into the ring current is only part of the
energy transferred. Similar results were previously
reported by Feldstein et al. (2003).

Gonzalez (1973) and later Gonzalez and Mozer
(1974) and Gonzalez and Clua de Gonzalez (1981)
showed that the expression of the e parameter,
Eq. (1), is just an approximation for the total power
input into the magnetosphere. The approximation is
obtained by considering the ratio S � jBGj=jBMj

between the geomagnetic field at the magnetopause,
~BG, and the magnetosheath field at the magneto-
pause, ~BM, as a limiting case (S ¼ 1). The expres-
sion of the power can be reduced to e. Physically,
this limit refers to cases where BG is sufficiently
larger than BM, for which the reconnection line does
not ‘‘tilt’’ much. Therefore, the dawn–dusk compo-
nent of the reconnection electric field, Ey, does not
differ much from the total field (Gonzalez and Clua
de Gonzalez, 1984).

Another problem is the radius of the effective
area for the dayside magnetopause, l0, which does
not have a very clear physical meaning. Using this
idea Monreal-MacMahon and Gonzalez (1997)
took into account the magnetopause position as a
function of the solar wind ram pressure by replacing
the constant value l0 in expression (1). The energy
transfer from the solar wind to the magnetosphere
is, then, estimated through a corrected version of
the Perreault and Akasofu e parameter based on the
dayside magnetopause ram pressure. To consider
the variation of the magnetopause position, they
replaced the old effective magnetospheric cross-
section in Eq. (1) by RCF

2 , where RCFðmÞ ¼
ðB2

0=4prv2Þ1=6RE. This radius is obtained from a
balance between the kinetic plasma and the
magnetic pressures. With this assumption, the
transferred power is now:

�� ¼
RCF

l0

� �2

�. (4)

The main purpose of the present work is to
re-evaluate the energy input estimate and to conse-
quently improve the description of the magneto-
spheric energy budget. Even though Eq. (4) gives us
a new way to estimate the power input, another
improvement of the Akasofu parameter is pro-
posed. Since the version suggested by Monreal-
MacMahon and Gonzalez (1997) considers only the
geometry of the system, we consider the role played
by the solar wind ram pressure on the efficiency of
the reconnection process. With the integrated values
of Ey, e, and the other versions of the Akasofu
parameter it is possible to comparatively study two
different classes of geomagnetic storms: the very
intense and the intense ones.
2. Data and methodology

In this work, we analyze satellite data and
geomagnetic indices for the interval from 1981 to
2004. The interplanetary data are from ACE (Stone
et al., 1998), IMP-8 (Mish and Lepping, 1976), and
ISEE-3 (Frandsen et al., 1978; Bame et al., 1978)
satellites. The ACE data set is obtained from the
ACE Science Center at CALTECH, Level 2, with a
64-s time resolution. Magnetic field data and plasma
parameters are measured by MAG (Magnetic Field
Experiment) and SWEPAM (Solar Wind Electron,
Proton & Alpha Monitor) instruments, respectively.
For events occurring before the ACE era, we use
ISEE-3, and IMP-8 spacecraft data, with 5-min time
resolution. All the measurements used here are in
the geocentric solar magnetospheric (GSM) coordi-
nate system. In this system, the x-axis is defined
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along the line connecting the center of the Sun to
the center of the Earth. The origin is defined at the
center of the Earth, and is positive towards the Sun.
The y-axis is defined as the cross product of the
GSM x-axis and the magnetic dipole axis. Then the
y-axis is directed positively towards dusk. The z-axis
is defined as the cross product of the x- and y-axes.
The magnetic dipole axis lies within the x– z plane.

Geomagnetic indices are taken from the World
Data Center for Geomagnetism-Kyoto (WDC-
Kyoto). Dst and Sym-H indices measure the
symmetric ring current, but they differ from each
other by the time resolution: while Dst is a 1-h
index, Sym-H has a resolution of 1min. The Dst

index is commonly used to assess the strength of
geomagnetic storms (Sugiura, 1964; Gonzalez et al.,
1994). On the other hand, the high time resolution
of the Sym index makes it suitable to analyze small
perturbations and recovery phase of the storm on
the equatorial region. With these data it is possible
to determine when the magnetic storm starts, and
how long the energy input phase lasts.

The choice of the events is based only on the Dst

index during the main phase of the magnetic storms.
We classify events with a Dst peak less than
�250 nT as very or super-intense geomagnetic
storms, and those with peak Dst between �250
and �100 nT, as intense magnetic storms. This
procedure allows the identification of 18 super-
intense storms occurring from 1981 to 2004. Using
the same criterion, a much larger number of intense
storm events is observed. For this comparative
study, we choose only those that occurred between
1998 and 2001, when data from the ACE satellite
are available. These data have a higher time
resolution than the previous spacecraft. A total of
15 events are studied in this category, where some of
them are widely studied and already published.

For each event, the energy transfer to the
magnetosphere is estimated by using the original
Akasofu e parameter. The energy calculated
through the original Akasofu parameter is around
the same order of magnitude as the energy
dissipated in the ring current (Eq. (3)). Since the
other dissipative processes are not being considered,
such a budget represents an underestimation of the
input energy. This discrepancy was already de-
scribed by Feldstein et al. (2003). The same
comparison is performed considering the correction
on the geometry, but the energy is still underesti-
mated. In the face of these results, a new correction
on the power input parameter is proposed and the
estimated energy is compared again with the energy
dissipated in the ring current.
3. Results

Based on the suggestion of the previous work of
Koskinen and Tanskanen (2002) for a new correc-
tion on the e parameter, we make in this work a
further correction on this function. In the original
expression, the efficiency of energy transfer between
the solar wind and the magnetosphere is simply
considered as a constant (Gonzalez and Clua de
Gonzalez, 1984). In this study, we consider this
efficiency as a function of the solar wind ram
pressure. The detailed description of the procedure
used to improve the power estimate is described in
this section.

The suggested correction of the e parameter is
intended to take into account the role that the solar
wind plays on the interconnection of the lines when
the ram pressure increases. According to Murayama
(1982) and Gonzalez et al. (1989) the dynamic
pressure apparently modulates the rate of reconnec-
tion process when the IMF is southward. Scurry
and Russel (1991) showed that the energy transfer
into the magnetosphere is controlled by the dynamic
pressure. Besides, the reconnection efficiency in-
creases with increasing dynamic pressure. In that
work, the authors showed that this increase is likely
due to increased pressure leading to greater pressure
gradients in the magnetosheath and magnetospheric
plasmas and stronger currents. With this scenario,
one can expect to have an unstable environment,
which leads to greater resistivity and reconnection.
They also showed that the reconnection is finite
when the dynamic pressure is low.

Based on this improvement we can also con-
tribute to solving the problem of too large energy
dissipation as compared to the input estimated by e
as observed in a considerable number of magnetic
storms (Koskinen and Tanskanen, 2002).

We consider the constraints imposed by dimen-
sional analysis as a guide to develop a more general
expression for the rate of solar wind energy that is
transferred to the magnetosphere (Vasyliunas et al.,
1982). Furthermore, we assume the dependence of
the power transfer on the interplanetary Alfvén
Mach number (Gonzalez, 1990). By considering
the corrected �� version by the magnetopause
position, we derive the following expression
applying the dimensional analysis proposed by
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Vasyliunas et al. (1982):

��� ¼
PSW

P0

� �1=n

��, (5)

where P0 is the solar wind ram pressure average
taken over a reasonably long time interval. The time
interval of 1986–1997 (solar cycle 22) is considered
for this study. The exponent 1/n in Eq. (5) is taken
as 1

2
, following the suggestion given by Gonzalez

(1990) when the coupling function depends on the
Alfvén Mach number as 1/MA (Vasyliunas et al.,
1982). Also this square root has dependence on the
pressure correction of Eq. (5). This can be under-
stood as a dependence of the efficiency of reconnec-
tion on the increase of the geomagnetic
reconnecting field. The increase on the reconnection
efficiency is proportional to the 1

2
power of the solar
Fig. 1. From top to bottom: the component of interplanetary magnetic

field, Ey, and Akasofu e parameter. In the sequence, the corrected versi

Dst indices are presented.
wind pressure due to the zero-order pressure
balance at the magnetopause.

Fig. 1 shows the difference between the three
different versions of the e parameter of Akasofu
for the very intense magnetic storm that occurred
on November 8, 2004. From top to bottom of
the figure, we can observe the Bz component and
the interplanetary electric field component Ey

profiles, the three versions of e parameter, respec-
tively, e, �� and ���, and finally the Dst/Sym

indices. Note that the values of the energy transfer
become higher with each applied correction. For
this storm the effective area is higher than the one
first considered by Perreault and Akasofu (1978).
The efficiency of the reconnection process also
increases the power input as shown by the ���

profile.
field, Bz, the dawn–dusk component of the interplanetary electric

ons of the e parameter, respectively, ��, and ���, and the Sym and
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Tables 1 and 2 show the difference between the
peak values of the original e parameter and the
corrected versions. For both groups the first column
of each table represents the date of the event, and
the second column, the peak Dst values. The third,
fourth, and fifth columns give the peak power values
estimated by the original e parameter, the first
improvement and second improvement, respec-
tively. The last column represents the ratio between
the peak values of ��� and e. Table 1 shows the
estimate of super-intense magnetic storms, and
Table 2, of intense magnetic storms. For the first
class of geomagnetic disturbances, the scaling factor
for ���=� is about 3.7, whilst, for intense magnetic
storms, this value is on average equal to 3.4. This
means that, if we have to choose a factor to multiply
e, we will do it for a value of about 3.5. Koskinen
and Tanskanen (2002) suggested in their work a
factor between 1.5 and 2 for improving the energy
estimate by the e parameter. In our work, the peak
ratio for �� is around 2 and 2.3 for super-intense and
intense magnetic storms, respectively.

Integrating the three different versions of e
parameter during the main phase defined for each
Table 1

Super-intense geomagnetic storms and the different versions of the pow

phase of each event

Events Dstp (nT) eP (J/s)

13/04/1981 �311 5.2� 1012

14/07/1982 �325 1.8� 1013

06/09/1982 �289 4.2� 1012

14/03/1989 �589 –

21/10/1989 �268 –

17/11/1989 �266 –

10/04/1990 �281 –

23/03/1991 �298 –

29/10/1991 �254 –

10/05/1992 �288 –

06/04/2000 �288 1.29� 1013

15/07/2000 �301 –

31/03/2001 �358 3.09� 1013

11/04/2001 �256 2.25� 1013

06/11/2001 �277 –

30/10/2003 �401 –

20/11/2003 �472 3.7� 1013

08/11/2004 �373 3.57� 1013

Average (2.7871.01)� 1013

In the first and second columns the date of very intense magnetic sto

corresponds to the peak values of the original e parameter. The fourth

the rescaled epsilon by the ram pressure of the solar wind. Finally, the la

super-intense magnetic storms. For the three first events, the e values by
work by Monreal-MacMahon and Gonzalez (1997). As the reconnectio

geomagnetic storms the data presented gaps, the estimate for their ene
storm gives the magnetospheric energies for very
intense and intense magnetic storms (Tables 3
and 4). The first column of both tables shows the
date of the minimum Dst index. In the three
following columns, the three energy estimates based
on e, ��, and ��� are represented. The last column of
values shows the energy dissipated in the ring
current. These values give an idea about the
discrepancy observed in some cases, especially
during intense events. In the whole set of magnetic
storms, mainly for the intense magnetic storms, an
improvement on the energy estimate is observed
when using the e parameter corrected by the
geometry. It is also observed that the rescaled ���

gives enough energy input to take into account the
magnetospheric energy dissipation processes.

Vichare et al. (2005) studied nine intense magnetic
storms (Dsto�175 nT) and estimated the energy
input by using the e parameter corrected by the
magnetopause variation. They found values of the
energy close to the values we find. The difference,
even if not significant, depends on the choice of the
limits of the main phase. For instance, for the
magnetic storms that occurred on October 22, 1999,
er input function estimating the power injected during the main

��P (J/s) ���P (J/s) ���P =�P

4.0� 1012 – –

5.9� 1012 – –

2.3� 1012 – –

– – –

– – –

– – –

– – –

– – –

– – –

– – –

2.78� 1013 4.4� 1013 3.41

– – –

6.73� 1013 12.9� 1013 4.17

3.44� 1013 8.87� 1013 3.94

– – –

– – –

9.72� 1013 12.3� 1013 3.32

7.75� 1013 12.7� 1013 3.56

(3.9673.7)� 1013 (10.273.7)� 1013 3.68

rm occurrence, and the Dst peak are shown. The third column

and fifth columns are, respectively, the first improved version and

st column is the ratio between the peak values of ��� and e during
considering the geometry correction are obtained in the previous

n efficiency is first considered in the present study and for many

rgies is not obtained.
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Table 2

Intense geomagnetic storms and the different versions of the power input function estimating the power injected during the main phase of

each event

Events Dstp (nT) eP (J/s) ��P (J/s) ���P (J/s) ���P =�P

10/03/1998 �116 3.64� 1012 8.52� 1012 1.15� 1013 3.16

04/05/1998 �205 2.59� 1013 6.1� 1013 8.65� 1013 3.34

06/08/1998 �138 3.99� 1012 7.99� 1012 1.38� 1013 3.46

16/04/1999 �105 3.19� 1012 7.58� 1012 1.04� 1013 3.26

22/09/1999 �174 7.34� 1012 1.24� 1013 2.97� 1013 4.05

22/10/1999 �231 1.42� 1013 3.4� 1013 4.79� 1013 3.37

12/02/2000 �133 5.53� 1012 1.01� 1013 1.97� 1013 3.56

24/05/2000 �147 1.45� 1013 1.98� 1013 6.01� 1013 4.14

11/08/2000 �106 4.98� 1012 1.22� 1013 1.66� 1013 3.33

12/08/2000 �235 1.25� 1013 3.71� 1013 4.08� 1013 3.26

04/10/2000 �182 7.46� 1012 1.78� 1013 2.52� 1013 3.38

06/11/2000 �159 5.41� 1012 1.38� 1013 1.79� 1013 3.31

20/03/2001 �165 3.82� 1012 1.31� 1013 1.06� 1013 2.77

28/10/2001 �160 3.95� 1012 9.4� 1012 1.26� 1013 3.19

24/11/2001 �213 – – – –

Average (8.3176.4)� 1012 (1.8971.5)� 1013 (2.8872.3)� 1013 3.4

In the first and second columns the date of intense magnetic storm occurrence, and the peak Dst for each event are shown. The third

column corresponds to the peak values of the original e parameter. The fourth and fifth columns are, respectively, the first improved

version and the rescaled e by the ram pressure of the solar wind. Finally, the last column is the ratio between the peak values of ��� and e
during intense magnetic storms.

Table 3

Estimated values of the energy injected and dissipated during the main phase of very intense magnetic storms

Events We (J) W �� (J) W ��� (J) WRC (J)

13/04/1981 1.4� 1017 1.1� 1017 – 6.3� 1016

14/07/1982 5.2� 1017 1.8� 1017 – 8.9� 1016

06/09/1982 1.5� 1017 8.4� 1017 – 6.7� 1016

14/03/1989 – – – –

21/10/1989 – – – –

17/11/1989 – – – –

10/04/1990 – – – –

23/03/1991 – – – –

29/10/1991 – – – –

10/05/1992 – – – –

06/04/2000 1.56� 1017 2.89� 1017 5.56� 1017 4.2� 1016

15/07/2000 – – – –

31/03/2001 3.09� 1017 4.94� 1017 1.2� 1018 4.95� 1016

11/04/2001 1.88� 1017 2.79� 1017 7.5� 1017 4.96� 1016

06/11/2001 – – – –

30/10/2003 – – – –

20/11/2003 7.09� 1017 1.48� 1018 2.41� 1018 5.78� 1016

08/11/2004 6.93� 1017 1.46� 1018 2.33� 1018 5.61� 1015

Average (3.5872.5)� 1017 (6.4275.6)� 1017 (14.578.7)� 1017 (3.5872.4)� 1016

The first column corresponds to the date of geomagnetic storms occurrence. The following three columns are the energy inputs obtained

by using the original e parameter proposed by Perreault and Akasofu (1978), the first, and the second improved versions. We integrate this

power function during the main phase of each very intense magnetic storm, and the values of the energy are given in joule (J). The last

column shows the dissipated energy into the ring current as estimated by using the DPS relation during the main phase of each storm.

A. de Lucas et al. / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 1851–1863 1857
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Table 4

Estimated values of the energy injected and dissipated during the main phase of intense magnetic storms

Events We (J) W �� (J) W ��� (J) WRC (J)

10/03/1998 5.58� 1016 1.3� 1017 1.77� 1017 2.51� 1016

4/05/1998 1.71� 1017 3.67� 1017 5.7� 1017 4.19� 1016

6/08/1998 5.63� 1016 1.15� 1017 1.92� 1017 2.33� 1016

16/04/1999 7.03� 1016 1.61� 1017 2.26� 1017 8.6� 1015

22/09/1999 4.7� 1016 8.65� 1016 1.69� 1017 2.0� 1016

22/10/1999 1.93� 1017 4.51� 1017 6.14� 1017 5.06� 1016

12/02/2000 9.13� 1016 1.76� 1017 3.23� 1017 3.59� 1016

24/05/2000 6.12� 1016 1.25� 1017 2.17� 1017 4.15� 1016

11/08/2000 4.75� 1016 1.8� 1017 1.18� 1017 3.8� 1016

12/08/2000 2.11� 1017 4.97� 1017 6.69� 1017 4.79� 1016

4/10/2000 1.81� 1017 4.3� 1017 5.76� 1017 6.65� 1016

6/11/2000 5.01� 1016 1.16� 1017 1.6� 1017 4.54� 1016

20/03/2001 1.82� 1017 5.64� 1017 5.04� 1017 1.02� 1017

28/10/2001 4.45� 1016 1.02� 1017 1.42� 1017 5.01� 1016

24/11/2001 – – – –

Average (1.0470.6)� 1017 (2.571.0)� 1017 (3.3372.0)� 1017 (4.2672.3)� 1016

The first column shows the date for the magnetic storms occurrence. The following three columns are the energy inputs obtained by using

the original e parameter proposed by Perreault and Akasofu (1978), the first, and the second improved versions. We integrate this power

function during the main phase of each very intense magnetic storm, and the values of the energy are given in joule (J). The last column

corresponds to the dissipated energy into the ring current as estimated by using the DPS relation during the main phase of each storm.
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Vichare et al. (2005) found a peak value for the e
parameter equal to 1.3� 1013W. However, the
value obtained in our analysis is 1.42� 1013W.
Vichare et al. (2005) also found for the magnetic
storm on April 11, 2001, that the energy estimated is
1.6� 1017 J, whilst we find 1.88� 1017 J for the same
event.

A comparative study with the 33 events including
intense and very intense magnetic storms is carried
out. By comparing the intense and the very intense
magnetic storms in our data set of 33 events, we can
study the consequences of the improvements on the
coupling parameter. Fig. 2 shows this comparative
analysis between the two distinct classes of magnetic
storms. In the first column of graphs we show the
values obtained for very intense magnetic storms,
and, in the second column, for intense magnetic
storms. The first panel of Fig. 2 presents the number
of events considering the integrated electric field
peak values during each class of magnetic storms. In
the second, third, and fourth panels the transferred
energy into the magnetosphere during the main
phase of the geomagnetic storms is shown.

4. Discussions and conclusions

Taking into account both the corrected magneto-
pause position and the efficiency of the reconnection,
it is possible to consider the influence of the ram
pressure on the geometry and acceleration of the
reconnection process.

The electric field integrated during the main phase
of each geomagnetic storm, exhibited on the first
panel of Fig. 2, presents extreme values during
super-intense events. However, the intense ones
show significant values for this integral in the same
way. Based on this, a clear cutoff value is not found.
This means that, in this case, the integrated electric
field cannot be used as a discriminator between the
different classes of storms.

Using the Akasofu e parameter the estimated
energies of most intense storms are below 2� 1017 J.
This threshold value is not observed for the very
intense magnetic storms as one can see on Fig. 2.
We can see that about a half of the super-intense
storms has energy below 2� 1017 J, and the other
half has higher energy. This energy can be
considered as an important difference between the
classes of storms since almost all of the events of
intense magnetic storms have values lower than this
threshold.

The third panel of Fig. 2, on the right-hand side,
shows that during intense magnetic storms most
events had energy input smaller than 5� 1017 J.
A considerable number of very intense events have
energy lower than this value as well (third panel on
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Fig. 2. Integrated energy peak values are shown for very intense (left) and intense (right) magnetic storms. In the first panel, we have

the maximum values of the integrated interplanetary electric field y-component during the main phase. From the second to the last panel,

the energy is calculated by using the original e parameter, the corrected e by the magnetopause position, and the corrected e by the

reconnection efficiency, controlled by the ram pressure.
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the left), but we can see some higher ones too. An
increase in the energy estimate, when compared
with the original e parameter, is noted because the
effective area is higher in most of the events. So,
with this improvement in the e parameter the
integrated energy increases considerably.
When the second improvement is applied in the
selected set of geomagnetic disturbances, according
to the last panels of Fig. 2, an increase in the
energy estimate is seen when compared with the
previous two. In spite of the reduced number of very
intense magnetic storms, the existence of one clear
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threshold value is verified. All of the very intense
events have energies higher than 5� 1017 J, while
most parts of the intense events have energy values
lower than this. In this case, W ��� might be used as a
criterion to separate these two classes of storms.

To understand the overlapping of the energies of
super-intense and intense magnetic storm in Fig. 2,
correlations between the estimates We, W �� , and
W ��� ; and the absolute value of peak Dst index are
studied. Fig. 3 shows the correlation coefficients for
both classes of geomagnetic storms: the very intense
ones (left) and the intense ones (right). From this
figure, it is possible to observe good correlations
between energy and Dst index. It does not discard
the possibility that a new classification of these
storms can help to find threshold values for both
classes. One can see from Fig. 3 that it is possible to
consider another classification, with the limit in
Dst ¼ �165 nT. It is clear in all the right-hand side
plots that the energy jumps at this Dst level. These
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Fig. 3. Correlations between the energies estimated by the different vers

It is clear that the magnitude of the storm, which is the absolute value o

the ring current. These energies are given in joules and are calculated

magnitude of magnetic storm: on the left, the very intense events, and
abrupt variations mean that we need more than
twice the input energy to have a minimum Dst lower
than Dst ¼ �165 nT for the set of storms we are
studying.

Fig. 4 is similar to Fig. 2, but with a new
classification for the set of geomagnetic storms.
Group 1 corresponds to those events with
Dsto�165 nT, and group 2 is composed by the
events in the range �165oDsto�100 nT. Thus, a
change in the classification might be a way of
finding numerical limits when comparing different
storm classes. From Fig. 4, all group 1 has the
energy input estimated by W ��� below 5� 1017 J,
and all group 2, higher than or equal to the same
value. We can say that, based on W ��� , there is a
clear separation between the two groups of storms.

The new improvement on the e parameter, ���;
considers the ram pressure as an important para-
meter for the energy injection into the magneto-
sphere, specially related to the efficiency of the
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f the Dst index, depends on the amount of the energy injected into

by using e, ��, and ���. Each column corresponds to a different

on the right, the intense ones.
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Fig. 4. Integrated energy peak values are shown for the two new groups in which the set of magnetic storms was divided. The first group

(left) corresponds to those events with Dsto�165 nT, and the second group (right) corresponds to the geomagnetic storms with

�165oDsto�100nT. For the last panels, note the presence of a clear cutoff value for the groups for the energy W ��� . The value 5� 1017 J

seems to separate the groups.
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reconnection process. Based on the estimates made
with this new parameter, we find a scaling factor for
e of 3.7 for very intense magnetic storms, whereas
for intense magnetic storms the scaling factor is on
average 3.4. Futhermore, when calculating the
energy W ��� ; a clear cutoff value between the two
different classes is obtained, especially when the new
classification is based on Dst ¼ �165 nT. As we saw
in Fig. 3, the jumps on the energy show that there is
a clear separation between two groups of storms.
For storms with Dsto�165 nT, the injected energy
is the double of that for storms with Dst4�165 nT.
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In order to continue testing this threshold value a
larger number of events should be considered.
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