
Characteristics of magnetospheric energetics
during geomagnetic storms

H. Li,1,2 C. Wang,1 W. Y. Xu,3 and J. R. Kan1,4

Received 31 January 2012; revised 12 March 2012; accepted 14 March 2012; published 28 April 2012.

[1] To investigate the magnetospheric energetics during magnetic storms, we
performed a statistical survey of 307 geomagnetic storms between 1995 and 2009. For
the purpose of getting a detailed understanding of the energy processes, we conducted
our study of storm-time energetics for three time durations: the main phase, the
recovery phase, and the total storm period. We found that the partition of the energy
dissipation via the ring current injection and high-latitude ionospheric dissipation is
controlled by the storm intensity. The proportion of the ring current injection increases
linearly as the storm intensity increases for all three time durations. For moderate storms, the
high-latitude ionospheric dissipation is dominant, with only�30% energy dissipated via the
ring current; whereas for superstorms, the ring current injection becomes dominant, with
�70% energy dissipated via the ring current. We also confirmed the essential and crucial
role of the total energy input into the magnetosphere during the main phase in
controlling the storm intensity. The total energy input during the main phase is directly
proportional to the storm intensity. Their correlation efficiency is as high as 0.85. The
storm-time energy budget was also quantified in this study. The coupling efficiency
indicates an exponential decay as the storm intensity increases, with the coupling
efficiency during the main phase less than that during the recovery phase.
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1. Introduction

[2] The study of energy transmission, conversion, and
dissipation in the solar wind-magnetosphere-ionosphere
(SW-M-I) coupling system during geomagnetic storms is a
fundamental issue in Solar-Terrestrial Physics. The research
of energy coupling process in the SW-M-I coupling system
began in early 1960s. To understand and to quantify how the
energy is carried and transferred by the solar wind, and
how it is converted and dissipated in the magnetosphere-
ionosphere (M-I) system, especially during magnetic storms,
has been recognized as important steps to understand the
near-Earth environment and for space weather prediction.
[3] Magnetosphere can be regarded as an enormous res-

ervoir, which stores the energy transported from the solar
wind. Most of the energy input into the magnetosphere has
been understood to be a consequence of the dayside

magnetic reconnection [Dungey, 1961]. The orientation of
the interplanetary magnetic field (IMF) plays a dominant
role in the energy transfer [e.g., Burton et al., 1975; Akasofu,
1981]. More energy would be transported into the magneto-
sphere during the southward IMF than the northward IMF.
When the interplanetary disturbance has a long-duration and
intense southward IMF [Tsurutani and Gonzalez, 1997], the
magnetosphere will become very active, resulting in a geo-
magnetic storm. Subsequently, the previously stored energy
in the magnetosphere apportions amongst various “branches”
in the M-I coupling system. The two major “branches” are:
the ring current injection and the high-latitude ionospheric
energy dissipation [Akasofu, 1981; Weiss et al., 1992; Baker
et al., 1997; Knipp et al., 1998].
[4] The study about the storm-time energetics of the

SW-M-I coupling system can be divided into three aspects:
(1) the energy input into the magnetosphere from the solar
wind and its input efficiency, (2) the partition of the energy
dissipation in the inner M-I system, (3) the energy budget
during magnetic storms. Many studies about the storm-time
magnetospheric energetics have been done in the last several
decades. Most of the studies were case analysis based on data
for less than 10 magnetic storms [Perreault and Akasofu,
1978; Gonzalez et al., 1989; Mac-Mahon and Gonzalez,
1997; Lu et al., 1998; Turner, 2000; Baker et al., 2001;
Feldstein et al., 2003; Vichare et al., 2005; Rosenqvist et al.,
2006]. Some found that the ring current injection was dom-
inant in the partition of energy dissipation in the inner M-I
system, by analyzing 4 to 9 extreme intense storms (the mean
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Dst index was��260 nT, for their cases) [e.g.,Mac-Mahon
and Gonzalez, 1997; Vichare et al., 2005]; others argued that
the ionospheric dissipation was dominant in the partition of
energy dissipation, based on the analysis of several moderate
to intense storms (the mean Dst was � �127 nT, for their
cases) [e.g., Lu et al., 1998; Knipp et al., 1998; Baker et al.,
2001; Feldstein et al., 2003].
[5] Besides many case analysis, there are few statistical

studies about the storm-time energy coupling processes,
which mainly paid attention to the discrepancies due to dif-
ferent interplanetary driving structures, such as corotating
interaction regions (CIRs), coronal mass ejections (CMEs),
and sheath regions. Turner et al. [2009] found that the ratio
of energy dissipation to energy input for the CIR-driven
storms was greater than that for CME-driven storms. Guo
et al. [2011] also argued the differences in the energy
transfer between the sheath-driven storms and CME-driven
storms. These kinds of differing approaches likely have
influenced the energy coupling processes for each storm. It
is very difficult for case analysis to take that into consider-
ation. Meanwhile, the differences among storm events make
it hard to reflect a universal law for case analysis. Therefore,
a detailed statistical survey of the relationship between the
storm-time energetics and storm intensity is still of interests.
[6] In this work, we performed a statistical survey of 307

magnetic storms with SYMH ≤ �50 nT for the period
between 1995 and 2009, which covers more than an entire
solar cycle. Among the 307 storms, there are 213 moderate
storms (�100 < SYMH ≤ �50 nT), 88 intense storms
(�300 < SYMH ≤ �100 nT) and 6 superstorms (SYMH
≤ �300 nT, suggested by Li et al. [2010]). The 307 storms
cover all possible driving structures. This would give a
comprehensive view of storm-time magnetospheric ener-
getics. The energetics involved in the storm main phase, the
recovery phase and the total storm period, are investigated
separately to gain a detailed understanding of the energy
processes. The energetics of the solar wind and the inner M-I
coupling system are presented in section 2. The statistical
results are shown in section 3. Section 4 and section 5 give
the discussion and concluding remarks, respectively.

2. Energetics of the Solar Wind and M-I System

[7] To accurately monitor the energy transportation from
the solar wind and energy dissipation in the inner magneto-
sphere is almost impossible at the present stage. Some
empirical formulas have to be proposed and used to make
the rough estimations.

2.1. Energetics of the Solar Wind

[8] The kinetic energy of the solar wind impinging on the
dayside magnetopause per unit time can be estimated as

USW ¼ 1

2
� r � V 3

SW � A ð1Þ

where r and VSW are the mass density and bulk velocity of
the solar wind, respectively, and A is the cross section of the
dayside magnetopause and is suggested to be (30 RE)

2

[Weiss et al., 1992]. Mac-Mahon and Gonzalez [1997]
argued that (30 RE)

2 was an overestimation, and the varia-
tion of the dayside magnetopause boundary due to varying

nature of the solar wind dynamic pressure should be con-
sidered. Therefore in practice, we use the cross section along
the dawn-dusk meridian of the magnetopause suggested by
Lu et al. [1998] instead of (30 RE)

2 in this study, which is
given by A = p � (r0 � 2a)2. r0 and a, representing the
standoff distance at the subsolar point and the level of tail
flaring, can be obtained from Shue-98 magnetopause model
[Shue et al. 1998].
[9] Although there has not been an accurate measurement

of the total energy input from the solar wind into the mag-
netosphere at any given time, we can still use the accepted
existing parameters to estimate this quantity. Several SW-
M-I coupling parameters have been proposed over the years
[Nishida, 1983; Newell et al., 2007, and references therein].
The most widely used coupling parameter given by Perreault
and Akasofu [1978] in the SI units is as

Uɛ ¼ 4p
m0

VSWB2
SW sin4

qc
2

� �
l20 ð2Þ

where m0 is the magnetic permeability of free space, BSW is
the magnitude of the interplanetary magnetic field (IMF), qc
is the IMF clock angle, and l0 denotes the linear dimension
of the “effective cross-sectional area” ofthe solar wind-
magnetosphere interaction and was determined empirically
to be 7 RE [Perreault and Akasofu, 1978]. From equation (2)
we can see that Uɛ maximizes when IMF turns southward,
and even under weak northward IMF conditions, significant
energy coupling is still possible. The Uɛ parameter has been
proven to be a very useful tool in energy analysis. Many
studies have shown that the coupling parameter gives a
reasonable estimate of the total energy transferred into the
magnetosphere [e.g., Zwickl et al., 1987; Baker et al., 1997;
Lu et al., 1998; Liou et al., 1998].
[10] However, Koskinen and Tanskanen [2002] suggested

that a scaling parameter of 1.5–2 should be applied to the
coupling parameters to account for some substorm-related
tail energy sinks, such as escape energy carried by plasmoids
and plasma sheet heating. By considering the variation of
subsolar point of dayside magnetopause, Mac-Mahon and
Gonzalez [1997] and Vichare et al. [2005] used the
Chapman-Ferraro magnetopause distance (LCF) instead of
7 RE, which can be obtained from the balance between the
kinetic plasma pressure and the geomagnetic pressure [e.g.,
Sibeck et al., 1991],

LCF ¼ B2
0=4prV

2
SW

� �1=6
REð Þ ð3Þ

where B0 is the Earth’s magnetic field strength, � 0.3
Gauss. For comparison, these three different l0 values: 7 RE,
LCF and r0, would all be used to estimate the total energy
input into the magnetosphere as presented in section 3.

2.2. Ring Current Injection Rate

[11] For many years, the hourly Dst index has been used to
estimate the total ring current energy content during mag-
netic storms. Besides the ring current, other magnetospheric
current systems can also contribute to the Dst index, such as
the dayside magnetopause current, the cross-tail current, and
the ground-induced currents (seeMaltsev [2004] for details).
Therefore, additional adjustments to the measured Dst index
are needed in estimating the ring current injection. Burton
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et al. [1975] proposed the following formula to remove the
magnetopause current contribution from the measured Dst.

Dst∗ ¼ Dst � b
ffiffiffiffiffi
Pd

p
þ c ð4Þ

where Dst∗ is the pressure-corrected Dst index, Pd is the
solar wind dynamic pressure. Various values for the coef-
ficients b and c have been proposed according to different
models [e.g.,Gonzalez et al., 1994;O’Brien and McPherron,
2000; Turner et al., 2001]. The differences of the coefficients
b and c for different models are not significant. In practice,
we choose b = 7.26 (nT ∙ nPa�1/2) and c = 11.0 (nT) [O’Brien
and McPherron, 2000] here. Furthermore, Turner et al.
[2001] argued that the contributions of the ground-induced
current and the cross-tail currents account for about 21% and
25% of the Dst∗, respectively. Hence, Dst∗ should be scaled
down to 54% (Dst∗∗) to only reflect the ring current
contribution.
[12] After these adjustments to the Dst index, the rate of

energy injection (URC) into the ring current particle popula-
tion was then calculated using the relationship derived by
Akasofu [1981]. The formula in SI units is as

URC GWð Þ ¼ �4� 104
∂Dst∗∗

∂t
� Dst∗∗

t

� �
ð5Þ

where Dst∗∗ is expressed in nT and t is the ring current
decay time given in seconds. The ring current lifetime (t)
plays a important and sensitive role in estimating the mag-
nitude of ring current injection. Many discussions on the
ring current lifetime have been proposed in the literature (see
Feldstein [1992] for a review) [Prigancova and Feldstein,
1992; Gonzalez, 1993; Valdivia et al., 1996; Mac-Mahon
and Gonzalez, 1997; Lu et al., 1998; O’Brien and
McPherron, 2000; Xu and Du, 2010]. Table 1 lists six typ-
ical models of the ring current decay rate. And we would
estimate the ring current injection by using all these six
models for comparison.
[13] The SYMH index is essentially the same as the hourly

Dst index with a higher time resolution of 1 min. We would
use the SYMH index instead of the Dst index in the follow-
ing calculations.

2.3. Ionospheric Dissipation Rate

[14] The ionospheric energy dissipation in the form of
Joule heating and particle precipitation can be determined
locally from the data collected by, e.g., rocket-born instru-
ments or the incoherent scatter radar. However, there is still
a challenge to monitor the two energy processes on a global
scale accurately. Several empirical relations have been
developed [e.g., Akasofu, 1981; Ahn et al., 1983, 1989;
Baumjohann and Kamide, 1984; Richmond et al., 1990;
Cooper et al., 1995; Lu et al., 1995, 1998; Østgaard et al.,
2002a, 2002b; Knipp et al., 2004]. Most of them used the
AE or AL index to do the estimation.
[15] Akasofu [1981] used the AE index as the first

approximation measurements of the global Joule heating rate
(UJ) and auroral particle precipitation (UA). Further studies
showed that the Joule heating dissipation has a seasonal
dependence. The summer hemisphere accounts for about
60% of the total Joule heating dissipation, while the winter
hemisphere only dissipation about 40% [Østgaard et al.,
2002a]. Empirical relations that account for this summer
and winter asymmetry are summarized by Østgaard et al.
[2002a, 2002b] as follows:

UJ GWð Þ ¼ 0:54� AE þ 1:8 ð6Þ

UA GWð Þ ¼ 2� 4:4
ffiffiffiffiffiffi
AL

p
� 7:6

� �
ð7Þ

We would use these two empirical formulas to estimate the
global Joule heating and auroral particle precipitation.

3. Statistical Results

[16] In our analysis, 307 magnetic storms with SYMH ≤
�50 nT are analyzed for the period between 1995 and 2009,
which covers more than an entire solar cycle. The minimum
SYMH index is defined as the storm intensity. By using the
5-min solar wind data from OMNI group and the 5-min
averaged SYMH, AE and AL index, we estimate the rate of
kinetic energy of the solar wind, the energy input, the ring
current injection, the Joule heating and the auroral particle
precipitation for each storm from equation (1), (2), (5), (6)
and (7), respectively. For the purpose of getting a detailed
understanding of the energy processes, all parts of the total
energy involved in the storm main phase, the recovery phase
and the total storm period were obtained separately by
integrating the rates of energy processes over the
corresponding time intervals. For each storm, we determined
four time points to do the time integration, the start time of
the sudden or slowly increase of the SYMH index (t1), the
start time of sudden decrease of the SYMH index (t2), the
time when the SYMH index reached its minimum (t3), and
the time when the SYMH index first recovered to four fifths
of its minimum during the recovery phase (t4). The main
phase was defined as the time interval between t2 and t3; the
recovery phase t2 was defined as the time interval between t3
and t4; the total storm was defined as the time interval
between t1 and t4. The statistical results are presented in the
following subsections.

Table 1. Six Typical Models of the Ring Current Decay Time (t)

Model Decay Time t (h) Reference

BM1975 7.7 Burton et al. [1975]
A1981 20 for ɛ < 100 GW Akasofu [1981]

6 for 100 < ɛ ≤ 500 GW
3 for 500 < ɛ ≤ 1000 GW
1 for 1000 < ɛ ≤ 5000 GW

0.3 for 5000 < ɛ ≤ 10000 GW
0.2 for ɛ > 10000 GW

ɛ = Uɛ, l0 = 7RE

G1993 4 for Dst ≥ �50 nT Gonzalez [1993]
2 for �50 > Dst ≥ �100 nT
1 for �100 > Dst ≥ �200 nT
0.5 for �200 > Dst ≥ �300 nT

0.25 for Dst < � 300 nT
VS1996 12.5/(1.0 �0.0012Dst) Valdivia et al. [1996]
OM2000 2.40exp[9.74/(4.69 + VBS)] O’Brien and McPherron

[2000]
XD2010 1/(0.1 + 3.0 � 10�4ɛ[GW]) Xu and Du [2010]
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3.1. Energy Input and Its Efficiency

[17] The total solar wind kinetic energy (ESW) and the total
energy transported into the magnetosphere (EM) are calcu-
lated in the units of Joules, by integrating the corresponding
energy flux rates shown in equation (1) and (2) over the
time, respectively. A parameter IE = EM/ESW � 100% is also
used to study the input efficiency of energy enters from the
solar wind into the magnetosphere.
[18] So far, a large number of studies about the relation-

ship between the solar wind conditions and the
corresponding storm intensity have been performed in the
literature. Compared to the solar wind parameters, the total
energy input into the magnetosphere during the main phase
of a storm should play a more essential and crucial role in
controlling the storm intensity. Figure 1 shows the relation-
ship between the total energy input, EM, and the storm
intensity. In practice, we chose l0 = 7RE when calculating
Uɛ. The EM during the main phase, the recovery phase and
the total storm period varies widely from 0.3 � 1016 J to
60.7� 1016 J, from 0.05 � 1016 J to 30.2 � 1016 J, and from
1.0 � 1016 J to 79.9 � 1016 J, respectively. However, the
total energy input EM is highly correlated with the storm
intensity. The linear correlation coefficient for the main
phase, the recovery phase and the total storm period is as
high as 0.85, 0.76 and 0.90, respectively. These character-
istics can be explained physically. Li et al. [2010] found that
the storm intensity is dependent on the solar wind recon-
nection electric field, EK�L [Kan and Lee, 1979], which
represents the reconnection rate between IMF and dayside
magnetic field of the magnetosphere. Most of the energy that
enters into the magnetosphere from the solar wind is due to
the dayside reconnection mechanism. A higher reconnection
rate during the main phase will result in higher energy input
into the magnetosphere during that time period, which then
causes a magnetic storm with a larger magnitude. On the
other hand, a more intense storm would usually take a longer
time for recovery, which would also lead to higher energy
input during the recovery phase. This explains why there is
more total energy transports into the magnetosphere during
the total storm period for a more intense storm.

[19] For comparison, we listed the results of the total
energy inputs with different models of l0 in Table 2. The
energy ranges with the model of l0 = r0 are quite similar to
those with the model of l0 = 7RE, and the total energy inputs
with the model of l0 = LCF are much less, about one third of
the values of the other two models. However, the high linear
correlations between the total energy input and the storm
intensity remain for all three models as expected. Because of
the highest linear correlations between the total energy input
and the storm intensity, l0 = 7RE is used in the following
estimation on the total energy input.
[20] Table 3 shows the mean values of storm-time solar

wind kinetic energy (ESW), total energy input (EM), and
energy input efficiency (IE) during different storm stages for
three storm groups with different intensity. Energies are
expressed in 1016 J. The values in the bracket are for the
main phase, the recovery phase and the entire storm,
respectively. Similar to the total energy input (EM), solar
wind kinetic energy (ESW) and the input efficiency (IE) are
also positively correlated to the storm intensity. For the
moderate storms (�100 < SYMH ≤ �50 nT), the mean input
efficiencies during the main phase, the recovery phase and
the total storm period, are 4.5%, 1.9%, and 2.8%, respec-
tively. While for the superstorms (SYMH ≤ �300 nT), the
mean input efficiencies increase accordingly to 33.8%, 8.3%
and 14.7%, respectively. The relationship between the input

Figure 1. The relationship between the total energy input (EM) and the storm intensity. The results for the
durations of the main phase, the recovery phase and the total storm period are shown successively from
left to right. CC is the correlation coefficient.

Table 2. The Range of Total Energy Input (ER) for the Durations
of the Main Phase, the Recovery Phase and the Total Storm
Period With Different Models of l0, Together With the Correlation
Coefficients (CC) Between the Total Energy Input and the Storm
Intensity

Main Phase Recovery Phase Entire Storm Model

ER (1016 J) 0.32–60.73 0.05–30.19 0.98–79.86 l0 = 7RE

ER (1016 J) 0.14–20.82 0.03–12.10 0.47–27.11 l0 = LCF
ER (1016 J) 0.53–56.72 0.13–35.76 1.82–77.00 l0 = r0
CC 0.85 0.76 0.90 l0 = 7RE

CC 0.76 0.69 0.85 l0 = LCF
CC 0.78 0.60 0.73 l0 = r0
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efficiency (IE) and the storm intensity is shown in Figure 2.
For the durations of the main phase, the recovery phase, and
the total storm period, the input efficiencies (IE) all tend to
be positively correlated to the storm intensity, with the linear
correlation coefficients of 0.70, 0.45 and 0.63, respectively.
Because a larger reconnection rate exists during the main
phase, the input efficiency (IE) during the main phase is also
larger than that during the recovery phase in general.

3.2. Partition of the Energy Dissipation

[21] The total dissipated energy in the inner M-I coupling
system via ring current injection, joule heating, and auroral
particle precipitation are denoted by ERC, EJ, and EA,
respectively. They are calculated by integrating over time
too. Note that the parameters EJ and EA cover both the north
and south hemisphere. EIO = EJ + EA, is the total energy
dissipated via high-latitude ionosphere. A parameter,
x = ERC/EIO, was used to describe the partition of the energy
dissipation via the ring current injection and high-latitude
ionospheric dissipation.
[22] Because of the critical role of ring current decay time

in estimating the dissipated energy via ring current injection,
to choose a proper ring current decay rate model is principal
in the study of dissipated energy partition. The principal
feature of a magnetic storm is a global sudden decrease of
the horizontal magnetic field and its recovery. This decrease
of horizontal field is known to be due to an enhancement of
the ring current particle population. Hence, it is expected
that the total dissipated energy via ring current injection
varies directly with the storm intensity. Table 4 shows the
correlation coefficients between the total dissipated energy

via ring current injection (ERC) and the storm intensity by
using different models of ring current decay time (t). The
linear correlations are all very good, with the coefficients
more than 0.8, by using all the six models listed in Table 1.
Note that, the correlation coefficient of 0.92 by using G1993
model is the highest. Therefore, G1993 model of the ring
current decay rate is chosen to make the following
estimations.
[23] Table 5 gives the mean values of storm-time ring

current injection (ERC), auroral precipitation (EA), joule
heating (EJ) and their percentages of the total energy output
during different storm stages for three storm groups with
different intensity. Energies are expressed in 1016 J. The
values in the bracket are for the main phase, the recovery
phase and the entire storm, respectively. ERC, EA, and EJ

during different storm stages all increase as the storm
intensity increases. ERC during the total storm period is
about 1.44 � 1016 J for the moderate storms, and it increases
to 26.53 � 1016 J for the superstorms, about 18 times.
EA and EJ during the total storm period increase from
1.22 � 1016 J and 2.42 � 1016 J to 2.17 � 1016 J and
4.47 � 1016 J, respectively, about 1.8 times. For the mod-
erate storms, the high-latitude ionospheric dissipation
accounts for the vast majority of the energy dissipation, with
about 71.0% of the total energy output. While for the
superstorms, the ring current injection is the dominant dis-
sipation channel, with about 78.1% of the total energy
output.
[24] The correlation between the partition of the energy

dissipation via the ring current injection and high-latitude
ionospheric dissipation (x) and the storm intensity is also

Table 3. Mean Values of Storm-Time Solar Wind Kinetic Energy (ESW), Total Energy Input (EM), and
Energy Input Efficiency (IE) During Different Storm Stages for Three Storm Groups With Different
Intensitya

Moderate Storm Intense Storm Superstorm

ESW (72.83, 91.71, 168.15) (95.68, 130.81, 233.97) (126.28, 235.84, 417.60)
EM (2.63, 1.54, 4.25) (7.74, 4.48, 12.62) (39.81, 18.54, 58.44)
IE (%) (4.5, 1.9, 2.8) (11.8, 4.3, 6.2) (33.8, 8.3, 14.7)

aEnergies are expressed in 1016 J. The values in the bracket are for the main phase, the recovery phase, and the entire storm,
respectively.

Figure 2. The relationship between the energy input efficiency (IE) and the storm intensity. The results
for the durations of the main phase, the recovery phase and the total storm period are shown successively
from left to right. CC is the correlation coefficient.
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studied and shown in Figure 3. As mentioned before, we
chose G1993 to be the model of the ring current decay rate in
calculating the ring current injection. Our analysis clearly
show that the energy dissipation via the ring current
becomes more and more dominant as the storm intensity
increases. The contribution of the ring current injection to
the total energy dissipation is directly proportional to the
storm intensity. The linear correlation coefficients for the
main phase, the recovery phase and the total storm period are
as high as 0.92, 0.85 and 0.90, respectively.
[25] To test the sensitivity of our results to ring current

decay rate models, we also calculate the ring current injec-
tion by using different models of the ring current decay rate
listed in Table 1. The correlation coefficients between x and
the storm intensity for all the six models are listed in Table 6.
The correlation coefficients for the main phase are all larger
than 0.66, representing a good linear correlation between x
and the storm intensity. These results further confirm that the
partition of energy dissipation in the inner M-I coupling
system does dependent on the storm intensity, which would
help to further understand the energy partition between
magnetic storms and substorms.

3.3. Energy Budget

[26] Another important issue of the storm-time magneo-
spheric energetics is the energy budget. An energy coupling
efficiency (CE) was used by Turner et al. [2009] to represent
the energy budget. The expression of CE is shown as follows:

CE ¼ energy dissipation

energy input
¼ ERC þ EIO

EM
� 100% ð8Þ

When CE is less than 100%, residual energy would be stored
in the magnetosphere; when CE is greater than 100%, there
needs additional energy source to supply the energy sinks in
the inner M-I coupling system during the magnetic storms.
[27] Figure 4 shows the relationship between the coupling

efficiency (CE) and the storm intensity. As the storm
intensity increases, CE seems to decay exponentially,
especially during the main phase and the total storm period.
The solid line represents the exponential fitting. R2 repre-
sents the fitting efficiency, and 1 represents a perfect fitting.
On the whole, CE during the main phase is less than that
during the recovery phase. For the intense storms with
SYMH ≤ �200 nT, CE is less than 60% and decreases
gradually as the storm intensity increases. While for some
moderate storms, CE is even larger than 100%, especially in
the duration of the recovery phase.

[28] Table 7 gives the mean values of storm-time magne-
tospheric energy budget and energy coupling efficiency
(CE) during different storm stages for three storm groups
with different intensity. Similar to Tables 3 and 5, energies
are expressed in 1016 J, and the values in the bracket are for
the main phase, the recovery phase and the entire storm,
respectively. For the intense and super storms, CE during the
total storm period is less than 100%, which may suggest that
the energy entered into the magnetosphere from the solar
wind is not always released fully during an intense storm,
and some of which can be stored in the magnetosphere and
serves as an additional energy source to supply the later
moderate storms. While for the moderate storms, CE during
the total storm period is larger than 100%, which may sug-
gest that the energy dissipation in the inner M-I coupling
system for some moderate storms is not only at the expense
of energy that is directly transported into the magnetosphere
from the solar wind, but rather at the expense of energy
previously stored in the magnetosphere.

4. Discussion

[29] To study the storm-time magnetospheric energetics, it
is first particularly important to determine how much energy
is transferred into the magnetosphere from the solar wind
during storm events and its efficiency. Although the model
of l0 = 7RE we used in estimating the energy input seems to
be physical meaningless, it leads to the best linear correla-
tion between the total energy input and the storm intensity as
we expected. Gonzalez et al. [1989] investigated ten intense
storms, finding that the mean efficiency of the energy
transferred from the solar wind into the magnetosphere is
about 10%. Mac-Mahon and Gonzalez [1997] used l0 = LCF
model and studied four extreme intense magnetic storms (the
mean Dst index was ��290 nT), finding that about 1% and
4% of the solar wind kinetic energy is transferred into the
magnetosphere. Similar results were also obtained by
Vichare et al. [2005] (3.2%) and Lu et al. [1998] (4.2%).
Our result shows that the input efficiency increases with the
storm intensity, from �2.8% for the moderate storms to
�14.7% for the superstorms. The mean value for all the
storms is 4.0%. The variation range is consistent with the
previous studies.
[30] With a determination of energy input, it is then of

further great value to study quantitatively how the input
energy is partitioned among the several energy dissipation
“branches”. Perreault and Akasofu [1978] argued that

Table 4. Correlation Coefficients (CC) Between the Total
Dissipated Energy via Ring Current Injection (ERC) During the
Total Storm Period and the Storm Intensity by Using Different
Models of Ring Current Decay Time (t).

CC Model

0.82 BM1975
0.91 A1981
0.92 G1993
0.83 VS1996
0.87 OM2000
0.88 XD2010

Table 5. Mean Values of Storm-Time Ring Current Injection
(ERC), Auroral Precipitation (EA), Joule Heating (EJ) and Their
Percentages of the Total Energy Output During Different Storm
Stages for Three Storm Groups With Different Intensitya

Moderate Storm Intense Storm Superstorm

ERC (0.70, 0.71, 1.44) (1.84, 2.56, 4.47) (7.95, 16.77, 26.53)
Percentage (%) (28.9, 29.4, 29.0) (46.2, 46.8, 45.8) (80.8, 77.5, 78.1)
EA (0.58, 0.63, 1.22) (0.64, 0.89, 1.56) (0.55, 1.54, 2.17)
Percentage (%) (22.8, 25.0, 24.0) (16.5, 18.4, 17.7) (6.0, 7.8, 7.1)
EJ (1.25, 1.14, 2.42) (1.47, 1.72, 3.26) (1.21, 2.88, 4.47)
Percentage (%) (48.3, 45.6, 47.0) (37.3, 34.8, 36.5) (13.1, 14.7, 14.8)

aEnergies are expressed in 1016 J. The values in the bracket are for the
main phase, the recovery phase, and the entire storm, respectively.
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�90% of energy dissipation would be through ring current
injection. Mac-Mahon and Gonzalez [1997] studied four
extreme intense magnetic storms (the mean Dst index was
� �290 nT) and found that the energy dissipation via the
high-latitude ionosphere was about half of the ring current
injection. Their result was later supported by Vichare et al.
[2005]. By analyzing nine intense magnetic storms (the
mean Dst index was � �255 nT), Vichare et al. [2005]
found that the contribution of ring current injection in the
energy dissipation was �60%. On the other hand, many
recent studies based on case analysis gave much less values.
Lu et al. [1998] found that the contribution of the ring cur-
rent was only �30% in a moderate magnetic storm (one
storm event, Dst = �85 nT) by using the assimilation map-
ping of ionospheric electrodynamics (AMIE) method. Sim-
ilar results were also obtained by Knipp et al. [1998] (one
storm event, Dst = �116 nT), Baker et al. [2001] (one storm
event, Dst = �85 nT) and Feldstein et al. [2003] (two storm
events, the mean Dst index was ��152 nT). Actually, their
results were not in disagreement because one is for intense
storms, the other is for moderate storms. Our analyses of 307
magnetic storms enable us to see how the partition of energy
dissipation in the inner M-I coupling system actually
dependent on the storm intensity. For moderate storms, the
high-latitude ionospheric dissipation accounts for the vast
majority of the energy dissipation, with about 71.0% of the
total energy output, which is consistent with the results of Lu
et al. [1998], Knipp et al. [1998], Baker et al. [2001], and
Feldstein et al. [2003]. While for superstorms, the ring cur-
rent injection is the dominant dissipation channel, with about
78.1% of the total energy output, which is also consistent
with the results of Mac-Mahon and Gonzalez [1997] and
Vichare et al. [2005]. Turner et al. [2009] and Guo et al.
[2011] both made a statistical survey of the storm-time
energy partition, reporting that only 10–11.5% (Dst ≤
�50 nT) and 12–14% (Dst ≤ �100 nT) of input energy is
dissipated by ring current injection. While our results dis-
agree with their results. The ring current injection is about
34.7% (Dst ≤ �50 nT) and 47.8% (Dst ≤ �100 nT) of total
energy output. The great discrepancies come from the

different ring current decay time model used in our respec-
tive estimations. The magnitude of the ring current injection
depends strongly on the decay time. The larger decay time is
used, the less ring current injection would be estimated.
Turner et al. [2009] and Guo et al. [2011] both fixed ring
current decay rate (t) to be 8 hours, while we used the
G1993 model listed in Table 1 with less than 1 hour for
intense magnetic storms. They would underestimate the ring
current injection. Guo et al. [2011] also examined the
influence of t, finding the ring current injection accounts for
a larger percentage with a less value of t.
[31] At last, it is also necessary to study the energy budget

during storms. Guo et al. [2011] reported that the mean
coupling efficiency (ration of total energy output to total
energy input) is �60%, While it is �85.7% in our analysis.
This is probably because Guo et al. [2011] underestimated
the ring current injection by using a relative larger ring
current decay time (t = 8 hours). Note that, some substorm-
related tail energy sinks are not considered in studying the
energy budget, such as escape energy carried by plasmoids
and plasma sheet heating [Baker et al., 1997; Ieda et al.,
1998; Honkonen et al., 2011]. Koskinen and Tanskanen
[2002] suggested that a scaling parameter of 1.5–2 should
be applied to the coupling parameters to account for some
substorm-related tail energy sinks in calculating the energy
input from the solar wind to the magnetosphere. Therefore,
although the tail energy sinks are not considered, the origin

Figure 3. The dependent of the dissipated energy partition via the ring current and high-latitude iono-
sphere on the storm intensity. The results for the durations of the main phase, the recovery phase and
the total storm period are shown successively from left to right. CC is the correlation coefficient.

Table 6. Correlation Coefficients (CC) Between the Partition of
the Energy Dissipation via the Ring Current Injection and High-
Latitude Ionospheric Dissipation (x) and the Storm Intensity by
Using Different Models of Ring Current Decay Time (t)

Main Phase Recovery Phase Entire Storm Model

CC 0.67 0.34 0.54 BM1975
CC 0.88 0.77 0.89 A1981
CC 0.92 0.85 0.90 G1993
CC 0.66 0.31 0.54 VS1996
CC 0.72 0.38 0.63 OM2000
CC 0.79 0.74 0.87 XD2010
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coupling parameter (l0 = 7RE) used here makes the coupling
efficiency still reasonable.

5. Concluding Remarks

[32] Our statistical results from analyzing 307 magnetic
storms enable us to give a relatively comprehensive depiction
of storm-time magnetospheric energetics, such as the parti-
tion of energy dissipation, the energy input from the solar
wind into the magnetosphere and its efficiency, and the
energy budget. Furthermore, the energetics involved in the
storm main phase, the recovery phase and the total storm
period are studied separately to gain a detailed understanding
of the energy processes. The main results are remarked as
follows.
[33] 1. The partition of the energy dissipation via the ring

current injection and the high-latitude ionospheric dissipa-
tion is controlled by the storm intensity. The proportions of
the ring current injection during the main phase, the recovery
phase and the total storm period all increase linearly as the
storm intensity increases. For moderate storms, the high-
latitude ionospheric dissipation is dominant, with only
�30% energy dissipated via the ring current; whereas for the
superstorms, the ring current injection becomes dominant,
with �70% energy dissipated via the ring current. This
phenomenon would help to further understand the energy
partition between magnetic storms and substorms.
[34] 2. It is confirmed that the essential and crucial role of

the total energy input into the magnetosphere during the
main phase in controlling the storm intensity. Their correlate

coefficient is as high as 0.85. For the durations of the main
phase, the recovery phase, and the total storm period, the
input efficiencies all tend to be positively correlated to the
storm intensity, with the linear correlation coefficients of
0.70, 0.45 and 0.63, respectively. Moreover, the input effi-
ciency during the main phase is larger than that during the
recovery phase.
[35] 3. The energy budget during magnetic storms is

quantified. The coupling efficiency seems to decay expo-
nentially as the storm intensity increases. For the intense
storms, CE is less than 60% and decreases gradually as the
storm intensity increases, whereas for some moderate storms,
CE is much greater, even larger than 100%. This phenome-
non may suggest that the energy entered into the magneto-
sphere is not always released fully during an intense storm,
some of which can be stored in the magnetosphere and serves
as an additional energy source for the later moderate storms.
Although the tail energy sinks are not considered, the origin
coupling parameter (l0 = 7RE) used here makes the coupling
efficiency still reasonable. Global MHD simulation can be a
good approach to estimate the magnetotail energy sinks in the
future. With all magnetotail energy sinks considered, the
study of energy budget would be more accurate.
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Figure 4. The relationship between the coupling efficiency (CE) and the storm intensity. The results for
the durations of the main phase, the recovery phase and the total storm period are shown successively from
left to right. R2 represents the exponential fitting efficiency.

Table 7. Mean Values of Storm-Time Magnetospheric Energy Budget and Energy Coupling Efficiency (CE)
During Different Storm Stages for Three Storm Groups With Different Intensitya

Moderate Storm Intense Storm Superstorm

Total energy input (2.63, 1.54, 4.25) (7.74, 4.48, 12.62) (39.81, 18.54, 58.44)
Total energy output (2.53, 2.48, 5.09) (3.95, 5.17, 9.28) (9.71, 21.19, 33.17)
CE (%) (105.6, 210.5, 132.8) (62.2, 220.3, 87.3) (25.3, 169.2, 62.0)

aEnergies are expressed in 1016 J. The values in the bracket are for the main phase, the recovery phase, and the entire storm,
respectively.
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