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The three-dimensional global magnetohydrodynamic model (PPM-LR MHD) is employed to investigate the energy budget in
the solar wind-magnetosphere system during the super magnetic storm on November 20, 2003, one of the biggest storms dur-
ing the last decade with Dst ~ =500 nT. During this event, about 23% solar wind kinetic energy is transferred into the magne-
tosphere. The total energy input is estimated to be about 9.50x10'7 J, about 14 times of a moderate storm. The energy dissipa-
tion via the inner magnetosphere is less than the energy input with the coupling efficiency of ~63.3%. The energy dissipated
via ring current injection is less than that via high-latitude ionosphere at the initial stage of the super storm. Furthermore, both
the simulation results and the empirical results indicate that the ratio of ring current injection to the total energy output in-
creases with the enhancement of the magnetospheric activity level. These are consistent with the statistical results we have got
before. The empirical equations underestimate the solar wind kinetic energy, the energy input, and the energy dissipation via
high-latitude ionosphere compared with the simulation results; however, the coupling efficiency of the high-latitude ionosphere
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(23.4%) is close to the simulation result (23.1%) during the entire storm time period.
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Estimating, modeling, and predicting energy transmission,
conversion, and dissipation in the coupled solar wind-
magnetosphere-ionosphere (SW-M-I) system are not only
important for our basic understanding of the near-Earth en-
vironment activities but also meaningful for space weather
purposes. For example, atmospheric heating during geo-
magnetic storms has a strong effect on satellite tracking,
orbital decay, and orbital collision avoidance. With the
growing interest in space weather activities during the past
decades, the study of the magnetospheric energetics during
geomagnetic storm or substorm has drawn more and more
attention and become a major aspect of the investigation on
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storm-time energetics of the SW-M-I coupling system.
Geomagnetic storms are the large-scale disturbances in
the Earth’s magnetic field caused by enhanced solar wind-
magnetosphere (SW-M) coupling processes. The ultimate
source of magnetospheric energy is the solar wind. The es-
timation of energy transferred from the solar wind into the
magnetosphere is the first step for the energetics research.
The energy input process is closely related to the orientation
of the interplanetary magnetic field (IMF). Most of the en-
ergy transferred into the magnetosphere is generally re-
garded as the consequence of the magnetic reconnection
between the interplanetary magnetic field (IMF) and the
Earth’s magnetic field (Dungey, 1961). The estimation of
the energy input into the magnetosphere can be conducted
by the empirical coupling functions derived in many previ-
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ous studies from solar wind measurements (Akasofu, 1981;
Finch and Lockwood, 2007; Newell et al., 2007; Perreault
and Akasofu, 1978; Vasyliunas et al., 1982) (see Gonzalez
(1990) for a review). The most popular one is the ¢ parame-
ter derived by Akasofu (1981)

E (W) :EVB2 sin’ (gjlg , (1)
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where V is the solar wind velocity, B is the IMF magnitude,
0 is the IMF clock angle (tan@=B,/B;), and [, is an empirical
scaling factor denoting the linear dimension of the “effec-
tive cross-sectional area” of the SW-M interaction, which is
usually assumed to be 7 Rg (Earth radii) (Akasofu, 1981;
Perreault and Akasofu, 1978).

In fact, a number of coupling functions based on differ-
ent data sets and approaches have emerged (Kan and Lee,
1979; Scurry and Russell, 1991; Temerin and Li, 2006;
Wygant et al., 1983) during last a few decades. However,
these coupling functions can only describe the energy input
qualitatively. Most recently, on the basis of the dimensional
analysis (Vasyliunas et al., 1982) and global MHD simula-
tions, Wang et al. (2014) derived a new energy coupling
function Ej,, which can calculate the energy input quantita-
tively similar to ¢ parameter, shown as

E, (W)=3.78x10"n"*p ¥ % {sinm (gj + 0.25} )

where # is the number density in cm™, V is the velocity in
km/s, and Br is the IMF intensity in nT. This energy cou-
pling function is suitable for a wide range of solar wind
conditions and could be applied as an alternative means of
the global MHD simulations.

Since the empirical energy coupling functions have been
developed, the estimation of the energy sinks in the inner
magnetosphere, such as the ring current and the high-
latitude ionosphere, have evolved significantly. The Joule
heating estimations were based mostly on ground magnetic
measurements whereas estimations for the electron precipi-
tation were based on both radar and spacecraft measure-
ments. However, there is still a challenge to monitor the two
energy dissipation processes on a global scale accurately.
Several empirical formulas have been developed with the
observation data (Ahn et al.,, 1983; Ahn et al., 1989;
Akasofu, 1981; Baumjohann and Kamide, 1984; Cooper et
al., 1995; Knipp et al., 2004; Lu et al., 1995; @stgaard et al.,
2002a; Bstgaard et al., 2002b; Richmond et al., 1990). Most
of these empirical formulas used the AE or AL index to
make the estimation. In addition to the inner magnetosphere
energy sinks, some other energy sinks, plasmoid escaping
and plasma sheet heating, have been identified in the early
1980s with the observations collected by ISEE mission
(Hones et al., 1984).

With these empirical formulas to estimate the energy in-
put and energy dissipation, many studies about the magne-

tospheric energetics during the geomagnetic storms have
been conducted in the recent decades (Baker et al., 2001;
Feldstein et al., 2003; Gonzalez et al., 1989; Kalegaev, 2000;
Karavaev et al., 2009; Koskinen and Tanskanen, 2002; Li et
al., 2012; Lu et al., 1998; MacMahon and Gonzalez, 1997,
Rawat et al., 2010; Rosengvist et al., 2006; Turner et al.,
2006; Vichare et al., 2005; Xu and Du, 2012). Some of
these studies were case analyses and some were statistical
studies. MacMahon and Gonzalez (1997) investigated the
energetics of the magnetosphere during the main phase of
magnetic super storms (Dst < —240 nT) using the ¢ parame-
ter to estimate the energy input and the empirical equations
derived by Akasofu (1981) to estimate the energy dissipated
in ring current. They found that the energy dissipation via
Joule heating in the auroral ionosphere was about half of the
ring current energy injection during super storms, which
contradicted the previous results that Joule heating was
roughly twice that of the ring current injection. However,
other studies argued that the ionospheric dissipation was
dominant in the partition of the energy dissipation (Baker et
al., 2001; Feldstein et al., 2003; Knipp et al., 2004; Lu et al.,
1998). Rosenqvist et al. (2006) investigated the magneto-
spheric energy budget during a sequence of intense sub-
storm-like geomagnetic activity in October 2003. The esti-
mations of energy input and energy dissipation were based
on the Cluster observations, the European Incoherent Scat-
ter (EISCAT), and the assimilated mapping of ionospheric
electrodynamics (AMIE) technique. The results indicated
that about 30% energy transferred into the magnetosphere
was dissipated via Joule heating larger than the correspond-
ing ratio (3%) based on empirical estimation. And they con-
cluded that empirical proxies overestimated the energy in-
put and underestimated Joule heating under extreme cir-
cumstances. Karavaev et al. (2009) calculated the ring cur-
rent injection and ionospheric energy dissipation by using
magnetogram inversion technique MIT-2 during the super
storm on November 20, 2003. The results contradicted the
dominant opinion that the energy input into the magneto-
sphere during disturbances was dissipated primarily in the
ionosphere. They found that the ratio of ring current injec-
tion to the ionospheric energy dissipation would slowly in-
crease with increasing activity level.

Rawat et al. (2010) investigated the energy budget of 18
intense geomagnetic storms and studied the effect of post-
shock duration and magnitude of southward Bz on the
strength of the geomagnetic storms. They found that the
southward directed magnitude and post-shock duration of
IMF B; were important for causing big storms and that the
high solar wind dynamic pressure with steady southward
IMF B could enhance the ring current energy and stimulate
severe geomagnetic storm. In addition, many other statisti-
cal studies were focused mainly on the discrepancies caused
by different driving sources, such as corotating interaction
regions (CIRs), coronal mass ejections (CMEs), and sheath
regions. Different activities on the Sun correspond to dif-



ferent interplanetary structures. The two major interplane-
tary drivers for causing intense geomagnetic storms are
magnetic clouds (MCs) and sheath region behind the inter-
planetary shocks. Guo et al. (2011) investigated the differ-
ences of the energetics between the storms driven by CME
and by CIR. Turner et al. (2009) studied the energy parti-
tioning in CIR-driven and CME-driven storms and found
that the coupling efficiency for the CIR-driven storms was
larger than that for the CME-driven storms. Li et al. (2012)
performed a statistical survey of 307 geomagnetic storms
between 1995 and 2009 to investigate the magnetospheric
energetics during magnetic storms. They found that the par-
tition of the energy dissipation via ring current and high-
latitude ionosphere was controlled by the storm intensity,
the proportion of the ring current injection increased with
the increase of the storm intensity, and the total energy in-
put during the main phase was proportional to the storm
intensity.

The previous studies on the energetics of the magneto-
sphere during geomagnetic storms were all based on the
empirical equations, such as the ¢ parameter. However, the ¢
parameter was derived by fixing the energy input to equal
the energy dissipation in the inner magnetosphere. Mean-
while, the energy input calculated from ¢ parameter repre-
sented the Poynting flux without including the mechanical
energy. Therefore, the ¢ parameter underestimates the total
energy input to some extent. In this study, we use a global
MHD simulation model, PPMLR-MHD, to investigate the
energetics characteristics of the magnetosphere during a
super geomagnetic storm caused by an MC event on No-
vember 20, 2003.

1 Methodology

In this study, the global 3D Piecewise Parabolic Method
with a Lagrangian Remap (PPMLR) MHD model devel-
oped by Hu et al. (2005) and Hu et al. (2007) is applied to
simulate the geomagnetic storm and calculate the energy
input into the magnetosphere. In addition, an empirical en-
ergy coupling function, the widely-used & parameter
(Akasofu, 1981), is also used to calculate the energy input
for comparison. The energy dissipation in the high-latitude
ionosphere is calculated by empirical formulas and MHD
simulation and the energy dissipated by the ring current is
calculated with empirical formula which is widely used and
accepted for involving some difficulties in the MHD simu-
lations.

1.1 PPMLR-MHD model

PPMLR-MHD model was developed by Hu et al. (2005)
and Hu et al. (2007) to investigate the SW-M-I coupling
processes. This code has been used in many previous stud-
ies, for example, the interaction of the interplanetary shocks

with the magnetosphere, large-scale current systems (Wang
et al., 2011), and Kelvin-Helmholtz (K-H) instabilities at
the magnetopause (Wang et al., 2013). It is of three-order
spatial precision and two-order temporal precision with
small numerical dissipation. The solution domain of the
code extends from —300 to 30 Rg in X direction and from
—150 to 150 Rg in the Y and Z direction in GSM coordinate
system and it is divided into 160x162x162 grid points: a
uniform mesh is applied in the near-Earth domain of 0 Rg <
|X, Y, Z] < 10 Rg with a mesh grid 0.4 Rg, and the grid spac-
ing outside increases according to a geometrical series of
common ratio 1.05 along each axis. An inner boundary is
set to be 3 Rg to avoid the complexity associated with the
plasmasphere and the strong magnetic field. Two models
developed by Moen and Brekke (1993) and Ahn et al. (1998)
are used to determine the ionospheric Hall and Pedersen
conductance contributed from the solar EUV radiation and
the particle precipitation. The Hall and Pedersen conduct-
ance thus obtained are time-varying and non-uniform. In the
SW-M system the MHD equations are conservative form
which guarantee that energy, mass, and momentum are
conserved in the simulation. The code solves the electro-
static equations in the high-latitude ionosphere domain.
Other details can be found in Hu et al. (2007).

1.2 Energy input

In the past few decades, many studies on the solar wind
energy transferred into the magnetosphere have been done
and many coupling functions have been developed to de-
scribe the energy input process qualitatively. Most of the
coupling functions were obtained empirically. At present,
there are no direct observational means to determine the
energy input into the magnetosphere. Global MHD simula-
tions provide an effective approach to examine the global
energy flow into the SW-M-I coupling system (Papadopou-
los et al., 1999). Palmroth et al. (2003) simulated the energy
flow from the solar wind to the magnetosphere during
a major storm by using the global 3D MHD model,
GUMICS-4 and developed streamline method to determine
the magnetopause and the energy input. In this study, we
use the streamline method to identify the magnetopause
surface and calculate the energy input with higher resolution
and more streamlines than that in Palmroth et al. (2003)
until X= —60 Rg. More details about the improved stream-
line method can be found in the work of Wang et al. (2014).

Once the magnetopause surface is identified, the energy
input through the surface can be calculated. The total input
energy is defined as

Eyyp = f K -hdd, 3)

where dA is the area of the surface element and n is the
unit normal vector. K is the total energy flux, defined as
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where U=P/(y-1)+pV*/2+B*/(2u0) is the total energy density
including thermal energy density, kinetic energy density,
and magnetic energy density, y=5/3 is polytropic exponent,
P is the thermal pressure, B is the magnetic field, V is the
solar wind velocity, and E=—VxB is the convectional elec-
tric field. K is interpolated from the PPMLR-MHD simula-
tion at the center of each surface element with the vertices
of the surface element.

In addition, the kinetic energy of the solar wind imping-
ing on the dayside magnetopause per unit time can be cal-
culated as

1
Egy =5 PV )

where p and Vsw are the mass density and bulk velocity of
the solar wind, respectively, and A is the cross section of the
dayside magnetopause. Many different values of the cross
section have been used in previous studies. Lu et al. (1998)
suggested the cross section along the dawn-dusk meridian
of the magnetopause, which is given by n(r;x2%). ro and a
can be determined by Shue-98 magnetopause model (Shue
et al., 1998), which represent the standoff distance at the
subsolar point and the level of the tail flaring, respectively.
In this study, we determine the cross section to be the
maximum cross section of the magnetopause surface de-
fined by streamline method.

1.3 Energy dissipation

1.3.1 Ring current injection

The ring current is an important channel to dissipate energy
transferred into the magnetosphere. Since the MHD simula-
tion involves some difficulties in calculating the energy
dissipation in ring current, we determine the ring current
energy dissipation by empirical formula. The ring current
growth and decay, characterized by the Dst index, has been
studied for thirty years using the equation of Burton et al.
(1975). The original formula was based on the restriction of
the Dessler-Parker-Sckopke (DPS) relation (Dessler and
Parker, 1959; Sckopke, 1966) describing the relationship
between Dst index and the energy of the ring current parti-
cles, which was widely accepted. In this study, we use this
formula to calculate the ring current injection with Dst in-
dex. However, the Dst index has several other current
sources except the ring current such as the dayside magne-
topause current, the cross-tail current, and the ground-
induced currents (see Maltsev (2004) for more details).
Therefore, the effect of these additional current sources
should be removed first from the measured Dst index in
estimating the ring current injection. We use a dynamic
pressure corrected method developed by Burton et al. (1975)

to remove the effect of the magnetopause current shown as
Dst" = Dst—b,|P, +c, 6)

where Dst" is the pressure-corrected Dst index, and Py is the
solar wind dynamic pressure. Many studies have proposed
various values of the coefficients b and ¢ according differ-
ent models (Gonzalez et al., 1994; O’Brien and McPherron,
2000; Turner et al., 2001). In this study, we choose b=7.26
nT nPa™"? and ¢=11.0 nT (O’Brien and McPherron, 2000).
In addition, Turner et al. (2001) considered that the
ground-induces current and the cross-tail currents contrib-
uted about 21% and 25% of the Dst*, respectively. Hence,
the contribution of the ring current accounts for about 54%
(Dst™) of the Dst” similar with the treatment done by Li et
al. (2012). Thus, the energy dissipated by the ring current
can be calculated using the relationship derived by Akasofu
(1981) after the correction to the Dst index. The formula is
shown as

URC(GW):—4><104(6DSt L Dst J %

ot T

where Dst” is expressed in nT and 7 is the ring current de-
cay time given in seconds. Many studies have proposed
different models for the ring current lifetime (7) (Gonzalez,
1993; Lu et al.,, 1998; MacMahon and Gonzalez, 1997,
O’Brien and McPherron, 2000; Prigancova and Feldstein,
1992; Valdivia et al., 1996; Xu and Du, 2010), and for a
review see Feldstein (1992). Table 1 lists six typical models
of the ring current decay time summarized by Li et al.
(2012).

In this study, we use the SYM-H index instead of the
hourly Dst index. The SYM-H index is the same as the Dst
index with higher time resolution of 1 min which can give a
more detailed evolution of the ring current energy. In

Table 1 Six typical models of the ring current decay time ()

Model Decay time 7 (h) Reference
BM1975 7.7 Burton et al. (1975)
20 for ¢ < 100 GW
6 for 100 < & < 500 GW
Alggy O lor300<e<1000 GW Akasofu (1981)
1 for 1000 < ¢ < 5000 GW
0.3 for 5000 < ¢ < 10000 GW
0.2 for ¢ > 10000 GW
4 for Dst = -50 nT
2 for =50 > Dst = —-100 nT
G1993 1 for =100 > Dst > =200 nT Gonzalez (1993)
0.5 for =200 > Dst = -300 nT
0.25 for Dst < =300 nT
VS1996  12.5/(1.0-0.0012Ds?) Valdivia et al. (1996)
OM2000  2.40exp[9.74/(4.69+VBs)] ﬁgﬁiﬁiﬂizoom
XD2010 1/(0.143.0 x 10~¢[GWT) Xu and Du (2010)




addition, the G1993 model of the ring current decay time is
applied in the empirical equation to estimate the energy
dissipation in the ring current, which is the best model for
considering the correlation coefficients between the total
dissipated energy via the ring current injection during the
total storm period and storm intensity tested by Li et al.
(2012).

1.3.2  Ionosphere energy dissipation

Joule heating and electron precipitation are the two energy
dissipation channels in the ionosphere and can be estimated
with auroral indices or determined locally from the data
provided by satellites or radars. There are some difficulties
in monitoring the two energy dissipation processes on a
global scale accurately in real time. However, MHD simu-
lation is a very effective approach to investigate the iono-
spheric energy dissipation on global scale. Joule heating,
calculated from the scalar product of the current and electric
field, is used to describe the Ohmic production of heat. In
the ionosphere MHD simulation, the Joule heating is calcu-
lated as

P, :fJ-EdS:f:PEZdS, ®)

where J=2pE is the electric current density, E is the electric
field imposed on the ionosphere, and dS is the area element
in the spherical ionosphere surface. Many models have been
proposed to investigate the relationship between the iono-
spheric conductance and the energy flux of the auroral elec-
trons in the past decades. Here the ionospheric Pedersen and
Hall conductance model developed by Robinson et al. (1987)
is inverted to get the energy flux due to the auroral electrons
precipitation. The model formulas are shown as

1

_ J.o\ess
E=|—=u |, 9
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where 2p and 2y are the Pedersen and Hall conductance,
which are available from MHD simulation, respectively; E
is the average energy of the auroral electron in keV and &g
is the energy flux in ergs/(cm” s). The energy dissipation by
the auroral electron precipitation in the polar ionosphere is
the integration of the energy flux across the whole high-
latitude ionosphere spherical surface, Po= f DrdS.

Besides the MHD simulation, several empirical relations
have been developed to estimate the energy dissipation via
high-latitude ionosphere in the literature (Ahn et al., 1983;
Ahn et al., 1989; Akasofu, 1981; Baumjohann and Kamide,
1984; Cooper et al., 1995; Knipp et al., 2004; Lu et al., 1995;
Lu et al.,, 1998; @stgaard et al., 2002a; @stgaard et al.,
2002b; Richmond et al., 1990; Zhang et al., 2005). Akasofu

(1981) used the AFE index to estimate the global Joule heat-
ing rate (U;) and electron precipitation (U,) and assumed
that U, was half of U;. Ahn et al. (1983) and Ahn et al.
(1989) used the AE and AL index derived from 12 or 71
stations data sets to do the estimation. The compiled empir-
ical global Joule heating (CEJH) model proposed by Zhang
et al. (2005) is a very effective means to study Joule heating
patterns, Joule heating power, and their variation with solar
wind conditions, geomagnetic activities, and the solar EUV
radiation. @stgaard et al. (2002a) and @stgaard et al. (2002b)
derived two new empirical formulas using the observation
data collected by the Polar Ionospheric X-ray Imaging Ex-
periment (PIXIE) and the Ultraviolet Imager (UVI) on
board the Polar satellite of seven substorm in 1997. The
empirical equations are shown as

U, (GW)=0.54xAE+1.8, (11)
U, (GW)= 2><(4.4\/Z—7.6). (12)

We would use these two empirical formulas to estimate
the Joule heating and the electron precipitation and compare
the results with MHD simulation results in this study.

2 Super geomagnetic storm

The term of MC was introduced by Burlaga et al. (1981) to
characterize the magnetic field and plasma signature of an
interplanetary post-shock flow observed by five spacecraft
separated over more than 30° in solar longitude between 0.9
and 2 AU. MCs are the interplanetary manifestation of
magnetized plasma ejected from the solar surface, which are
one of the sources of geomagnetic storms. MCs are the
subset of interplanetary coronal mass ejections (ICMEs)
characterized by a low f and coherent IMF rotations
through a relatively large scale. Gosling et al. (1990) inves-
tigated the ICMEs from 1978 to 1982 and found that about
30% of the ICMEs were MCs. According to Burlaga (1991),
MCs can be identified at 1 AU through the following crite-
ria: (1) the magnetic field direction rotates through a large
angle during a time-interval of the order of one day; and (2)
the magnetic field strength inside an MC is higher than in
the average solar wind; and (3) the temperature inside an
MC is lower than average. Criteria (2) and (3) imply low
plasma-f values for MCs (Klein and Burlaga, 1982).
According to the above criteria, we select the famous
MC, which arrived at the dayside magnetopause on No-
vember 20, 2003 with forward shock and caused the super
geomagnetic storm, one of the two greatest events in 1957—
2003, as shown in Figure 1. The solar wind conditions of
the super geomagnetic storm have been listed in Figure 1,
including temperature of the solar wind plasma, S value,
solar wind number density, the total magnitude of the IMF,
magnetic field latitude angle (8), clock angle of the IMF, X
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Figure 1 Solar wind conditions of the super geomagnetic storm caused by MC on November 20, 2003. The figure shows the plasma temperature, § value,
number density, the total magnitude magnetic field, the latitude angle, the IMF clock angle, the x component velocity, and the SYM-H index from top to
bottom. The first vertical line indicates the time when the forward shock arrives at the magnetosphere and the start time of the super storm, the second line is
the main phase of the intense storm included in the super storm and the time of the arrival of the MC, the third line indicates the end time of the MC, and the

fourth vertical line indicates the end of the recovery phase of the super storm.

component of the solar wind velocity, and SYM-H index
obtained from the NASA OMNI database (http://omniweb.
gsfc.nasa.gov/ow.html) from top to bottom .

It is very clear that the plasma temperature and f value
both keep at a very low level for a long period, the magni-
tude of the IMF is very high and the clock angle changes
from 60° to about 350°, and the magnetic field latitude an-
gle changes from about 30° to —85° in main phase and then
increases from —85° to 65° in recovery phase. The velocity
of solar wind is larger than 600 km/s in storm time. These
characteristics indicate a typical MC event.

In Figure 1, the first vertical line indicates the time when
the forward shock arrives at the magnetosphere, which is

characterized by the abrupt enhancement in solar wind ve-
locity (Vsw) from 450 to 546 km/s, IMF intensity (|B|) from
8.2 nT to 15.4 nT, and solar wind density (N) from 8.8 to
14.2 cm™. The dynamic pressure (Psyw) increased from 3 to
8 nPa and further to 14 nPa (not shown). The forward shock
causes the storm sudden commencement (SSC) of ampli-
tude about 42 nT. The SSC lasts tens of minutes and then
causes an intense geomagnetic storm (hereinafter intense
storm) with the SYM-H index decreasing to —117 nT. Dur-
ing the initial period of the storm development, B exhibits
oscillating pattern but still is predominantly southward di-
rected. The second vertical line indicates that the MC ar-
rives at the magnetosphere characterized by the IMF mag-



nitude increasing to 40 nT, solar wind velocity to 697 km/s,
and the solar wind density decreasing from 18.4 to 3.5 cm™
at 10:43 UT. Subsequently, the SYM-H index keeps de-
creasing to —490 nT, indicating a super geomagnetic storm
at 18:17 UT (hereinafter super storm). The third vertical
line indicates the end time of the MC with the temperature
and g value increasing. The IMF turns to be northward. The
f value is very low and the number density varies frequently
between the second line time and the third line time. The
intense storm starts at about 08:04 UT and ends at about
11:21 UT included in the super geomagnetic storm. The
super geomagnetic storm ends at 06:50 UT November 21
marked by the fourth vertical line with the SYM-H increas-
ing to 30% of the minimum SYM-H. The favorable mag-
netic field and solar wind conditions in the MC can acceler-
ate the solar wind energy transfer process effectively due to
significantly enhanced magnetic reconnection at the dayside
magnetopause.

3 Results

In this study, a global 3D simulation model, PPMLR-MHD
model, is applied to simulate the super geomagnetic storm
caused by the famous MC on November 20, 2003 and the
energetics characteristics of the magnetosphere are then

investigated. The energy input and the energy dissipation in
different region of the inner magnetosphere obtained from
the MHD simulation are shown in Figure 2. The panels in
Figure 2 from the top to the bottom are the energy input, the
energy dissipation via ring current and high-latitude iono-
sphere, the energy budget of the magnetosphere, and the
SYM-H index, respectively.

Before the arrival of the shock, the IMF intensity is less
than 10 nT but the By is still southward directed, which re-
sults in a small amount of the energy input from the solar
wind into the magnetosphere. In this period, the average
energy input power is about 2.46x10'* W. At the SSC of the
storm, the energy input increases sharply to 9.90x10'> W
since the forward shock arrives at the magnetosphere and
compresses the magnetopause resulting in the earthward of
the subsolar point and the increase of the SYM-H index.
During the initial period of the storm, B is oscillating but
still southward directed. During the main phase of the in-
tense storm, the average energy input is about 11.14x10"
W. However, the energy input decreases quickly to 2.15x
10> W at the end of the main phase of the intense storm for
the decrease of the number density of solar wind and the
turning northward of the IMF. In the recovery phase of the
intense storm, the energy input increases gradually to
5.19x10"* W again and further rises to 10.12x10"> W with
the increase of the solar wind number density at 11:33 UT.
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Figure 2 The energy input and dissipation of the geomagnetic storm obtained from the MHD simulation. From top to bottom, the figure shows the energy
input, ring current energy dissipation and ionospheric energy dissipation, the energy budget, and the SYM-H index. The four vertical lines are the same as in
Figure 1. The black line indicates the energy dissipation by the ring current and the blue line indicates the ionospheric energy dissipation in the second panel.



After the recovery phase, the SYM-H index remains stable
of about —64 nT for one and a half hours and the energy
input continues to increase to 20.2x10'> W at 12:51 UT and
further rises to 27.7x10'> W at 13:13 UT. In the main phase
of the super storm, the SYM-H decreases quickly and the
energy input increases for the southward IMF and strong
IMF magnitude. However, the deep of the solar wind num-
ber density results in the decrease of the energy input to
16.20 x10'* W at 14:34 UT. And subsequently, the energy
input increase slowly with the increase of the solar wind
density, which implies that the solar wind number density
plays an important role in the energy input process. At
18:17 UT the SYM-H decreases to the minimum value and
starts to recover gradually. During the recovery phase of the
super storm, the number density exhibits oscillating pattern
and decreases gradually, the IMF intensity decrease slowly
to 20 nT at the end time of MC, 01:16 UT November 21,
and the direction of the IMF turns to be northward, which
leads to the gradual decrease of the energy input.

The input efficiency (IE) in different period is also cal-
culated to compare with the previous statistical study con-
ducted by Li et al. (2012). The results of the input efficiency
are listed in Table 2. The /Es in the intense storm are 13.2%,
9.0%, and 12.4%, respectively for main phase, recovery
phase, and entire storm whereas the results in Li et al. (2012)
for the same period are 11.8%, 4.3%, and 6.2%, respective-
ly. The average results of the super storm including the first
storm for the three period are 34.3%, 14.7%, and 23.3%,
respectively, whereas the results are 33.8%, 8.3%, 14.7% in
Li et al. (2012). The /E in main phase for both storms are
consistent with Li et al. (2012) whereas in recovery phase
the results in this study are larger than those in Li et al.
(2012). This is because the results of Li et al. (2012) are
obtained by using the ¢ parameter to determine the energy
input. However, Koskinen and Tanskanen (2002) suggested
that the ¢ parameter underestimates the energy input and a
scaling parameter of 1.5-2 should be applied. Tenfjord and
Dstgaard (2013) considered that the ¢ parameter underesti-
mated the energy input in the quiet period and overestimat-
ed the energy input under extreme conditions. Furthermore,
the mechanical energy input is dominant under quiet condi-
tions while the electromagnetic energy input is dominant
under southward IMF conditions. And ¢ parameter is the
first approximation of the electromagnetic energy input.
Therefore, the underestimation level under quiet conditions
such as recovery is more severe than that under southward

Table 2 Comparison of the energy input efficiency (/E) results between
this study and Li et al. (2012)"

Intense storm (%)
This study (13.2,9.0, 12.4) (34.3,14.7, 23.3)
Lietal. (2012) (11.8,4.3,6.2) (33.8,8.3,14.7)

a) The values in the bracket are for the main phase, the recovery phase,
and the entire storm, respectively.

Super storm (%)

IMF condition such as main phase. Thus, the different re-
sults between this study and Li et al. (2012) are expected.

The second panel shows the variation of the energy dis-
sipation in the ring current (the black solid line, Ugr) and
high-latitude ionosphere (the blue solid line, Uj,,,), respec-
tively. Generally, both the energy dissipations via ring cur-
rent injection and high-latitude ionosphere increase as the
storm intensity increases. Before the SSC, there is a small
amount of the energy input dissipated via ring current injec-
tion and high-latitude ionosphere. The average energy dis-
sipation powers via ring current and high-latitude iono-
sphere are about 0.01x10' W and 0.36x10'> W, respec-
tively, in this period. After the arrival of the shock, the
magnetosphere turns to be active and the average energy
dissipation via ring current and high-latitude increases to
0.36x10"> W and 2.51x10'> W during the main phase of the
intense storm and decreases to 0.21x10* W and 1.67x10"
W during the recovery phase of the intense storm. At the
end of the intense storm, the energy dissipation decreases
sharply for the deep of the solar wind number density. Dur-
ing the stage of the super storm when the SYM-H drops
rapidly, the energy dissipation via high-latitude maintains
the high level and the energy dissipation via ring current
injection rises gradually. At 16:25 UT, the sudden increase
of the solar wind number density causes a great many of
particles injecting into the ring current and the energy dis-
sipation via ring current increases sharply to 10.42x10"> W
at 16:51 UT and keeps at a high level for six hours. The
energy dissipation decreases as the solar wind number den-
sity decreases and the energy dissipation via ring current
injection exhibits oscillating pattern with the oscillation of
the solar wind number density in this period. The total en-
ergy dissipations via ring current injection are 10.34x10'° J,
23.82x10' J, and 34.23x10'¢ J for main phase, recovery
phase, and entire super storm; 14.03x10'° J, 9.03x10'° J,
and 23.11x10"° J for high-latitude ionosphere energy dissi-
pation during the same stages.

The third panel shows the energy difference between the
energy input into the magnetosphere and the total energy
output in the ring current and high-latitude ionosphere. It is
clear that the energy input is greater than the energy dissi-
pation during the most time of the storm. An energy cou-
pling efficiency (CE) was used by Turner et al. (2009) to
represent the energy budget, which is defined as CE = (en-
ergy dissipation)/(energy input)x100%. When CE is less
than 100%, which represents that the energy input is larger
than energy dissipation, residual energy will be stored in the
magnetosphere; when CE is greater than 100%, the magne-
tosphere will supply the energy sinks with the energy stored
previously. The CEs of the energy sinks and the ratios of
ring current injection and ionosphere energy dissipation to
the total energy output during different stages of the storm
are shown in Table 3. The CE is less than 100% during
every phase of the storms, which indicates that there is a
part of the energy input into the magnetosphere stored in the



Table 3 CEs of ring current and high-latitude ionosphere and the ratios
of ring current and ionosphere energy dissipation to the total energy output
during different stages of the storms®

Intense storm Super storm

Ur (0,33, 0.05, 0.38) (10.34,23.82, 34.23)
CER (3.2,0.63,3.1) (14.0, 61.3, 40.2)
Percentage (%) (19.7,21.7,22.2) (34.1,71.3,55.9)
Uiono (2.30,0.32,2.67) (14.03,9.03, 23.11)
CEigno (24.4,24.0,23.6) (24.7,21.9,23.1)

Percentage (%) (80.3,77.3,71.8) (65.9,28.7,44.1)
a) Energies are expressed in 10" J. The CEs and the ratios in the brack-

et are for the main phase, the recovery phase, and the entire storm.

magnetosphere to supply the energy in other magnetosphere
activities or dissipated by other channels, such as plasma
sheet heating. The ratio of the ring current is less than that
of high-latitude in the initial period of the storm, which
suggests that the energy is dissipated mainly in the high-
latitude in the initial period of the storm. The amount of the
energy dissipation via ring current increases gradually and
the proportion of the ring current energy dissipation to the
total energy output also increases with the increase of the
magnetospheric activity level, which is consistent with the
results of Li et al. (2012) and the conclusion of Karavaev et
al. (2009), which calculated the ratio of the ring current en-
ergy dissipation to the high-latitude ionosphere energy dis-
sipation to investigate the partition of the energy dissipation
between the ring current injection and the high-latitude ion-
osphere dissipation. The average CE of ring current is about
twice the average CE of high-latitude ionosphere during the
entire super storm, which contradicts the previous results
that Joule heating is roughly twice that of the ring current
injection and is consistent with MacMahon and Gonzalez
(1997). The average CE of the inner magnetosphere, ring
current and high-latitude ionosphere, is about 63.3% which
means that about 36.7% of the transferred energy into the
magnetosphere is dissipated in other channels, such as
plasma sheet heating and plasmoid ejection. The percentage
of the energy dissipated in magnetotail is consistent with the
result of Kamide and Baumjohann (1993).

4 Discussion

We investigate the energetics of the super geomagnetic
storm caused by the MC event on November 20 using the
global MHD simulation model, PPMLR-MHD. Besides the
MHD simulation to determine the energy input, we also
calculate the energy input using the widely used energy
coupling function, ¢ parameter (Akasofu, 1981), to compare
it with the simulation results. The results of the energy input
from energy coupling functions are shown in Figure 3. The
blue solid line is the results from the & parameter, and the
black solid line is the results from the MHD simulation.
Overall, the blue line does not match well with the black
line. During the intense storm, the ¢ parameter underesti-

mates the energy input compared with the results from
MHD simulation. During the main phase of the super storm,
the intensity of the IMF increases to larger than 40 nT and
the number density decreases to 5 cm™ suddenly, which
leads to the overestimation of &. The overestimation of ¢ is
due to the independence of the solar wind number density.
This indicates that the solar wind number density affects the
energy input process in the SW-M coupling system. During
the recovery phase of the super storm, ¢ underestimates the
energy input again compared with the MHD simulation.
The correlation coefficient (CC) between the results from &
and the MHD simulation results and the prediction effi-
ciency (PE) parameter, used to describe how the energy
coupling function results are close to the simulation results,
are calculated with CC=0.82 and PE=0.38.

In addition, the comparison of the energy dissipation via
ionosphere between the simulation results and the empirical
equation results is also conducted as shown in the middle
panel of Figure 3. The energy dissipation from MHD simu-
lation is greater than that from empirical equations, with an
average ratio about 1.7. Although the results of the two
methods are different, the time evolutions of the results
match quite well to each other with a CC between the two
methods results of 0.97. One reason of this discrepancy may
lie in the fact that the empirical eqs. (11) and (12) were
derived from the moderate storms and may not be applied to
the super storm.

The comparisons between the empirical results and the
MHD simulation results are summarized in Table 4. The
solar wind kinetic energy is determined from eq. (5) and the
Cross areas are 1t(r0><2")2 and the maximum cross section of
the magnetopause surface for empirical method and MHD
method, respectively. The empirical method underestimates
the solar wind kinetic energy and the energy input com-
pared with the simulation results. Although the energy
magnitudes from the two methods are different, the varia-
tion trends of the energy partition between the ring current
and the high-latitude ionosphere are similar for the two
methods. The energy dissipation via ring current and the
percentage of the ring current energy dissipation to the total
energy output both increase with the increase of the magne-
tospheric activity level.

It is commonly accepted that the ionospheric conduct-
ances are controlled mainly by the solar EUV radiation, of
which Fjy7 is a proxy, and the particle precipitation (Zhang
et al., 2005). In our simulation, we used two models togeth-
er to calculate the ionospheric Hall conductance and Peder-
sen conductance. An empirical model developed by Moen
and Brekke (1993) is used to determine the contribution by
the solar EUV radiation, which depends only on the solar
flux Fy7 and solar zenith angle y:

3, = (Fm)o‘53 <0.8lcos;(+0.54cos”2 ;() , (13)

5, =(Fy,)" (034c0s y+0.93c0s" z).  (14)
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Table 4 Comparison of the results from empirical approaches and from
MHD simulation”

Simulation results Empirical results

Esw (243.40, 255.67, 506.76)  (171.16, 138.76, 313.21)
Ei (58.62, 35.95,95.03) (61.49, 14.61, 76.51)
Episs (24.37, 32.86, 57.34) (13.72,26.02, 39.89)
IE (%) (34.3,14.7,23.3) (49.8,9.7,27.2)
CEx (%) (14.0, 61.3, 40.2) (17.5,177.5,82.7)
Percentage (%) (34.1,71.3, 55.9) (51.0, 89.6, 71.9)
CEiono (%) (24.7,21.9,23.1) (26.8, 13.9, 23.4)

Percentage (%) (65.9, 28.7, 44.1) (49.0, 10.4, 28.1)
a) Energies are expressed in 10" J. The values in the bracket are for the

main phase, the recovery phase, and the entire storm of the super storm.

The other conductance model in our simulation is used
for the auroral region with the geomagnetic disturbance data
as follows:

T =ax|aH| (15)

In this model, the auroral electrojets are divided into dif-
ferent region according to the combinations of the horizon-
tal component and vertical component of the magnetic per-
turbation, as well as the magnetic local time (MLT). The
formula is applied in each region with different values of a
and b for different regions. The values of the constants are
listed by Ahn et al. (1998). The Hall and Pedersen conduct-
ance thus obtained are time-varying and non-uniform.

In this study, the conductance model of Robinson et al.
(1987) is inverted to calculate the energy flux of the precip-
itated particles (eqs. (9) and (10)) with the conductances
contributed from the solar EUV radiation and the particle
precipitation rather than with those only from the particle

precipitation like in the original formula of Robinson et al.
(1987). The treatment is for simplicity and acceptable for
the most of the conductances are contributed from the parti-
cle precipitation and the solar EUV radiation only affects
the dayside and low latitude region. The estimation indi-
cates that this leads to about 14% overestimation of the par-
ticle precipitation energy dissipation. However, the high-
latitude ionospheric energy dissipation is contributed mainly
by the Joule heating, especially during the super geomag-
netic storm. Therefore, the overestimation of the particle
precipitation energy dissipation does not affect the results
significantly. The distribution of the Hall and Pedersen
conductance produced by the solar EUV radiation is shown
in Figure 4.

5 Summary

In this study, the energetics of a super geomagnetic storm
caused by the MC event on November 20, 2003 is investi-
gated with global 3D MHD simulations. The MHD simula-
tion provides an effective means to investigate the energetic
of the magnetosphere during the storms for the absence of
the observational means to determine the energy input.
During this event, about 23% solar wind kinetic energy is
transferred into the magnetosphere. The total energy input is
estimated to be about 9.50x10"7 J , about 14 times of a mod-
erate storm. The IE is calculated with (13.2%, 9.0%, 12.4%)
and (34.3%, 14.7%, 23.3%) of the intense storm and the
super storm for the main phase, the recovery phase, and the
entire storm, respectively. The IEs of the two storms during
the main phase are consistent with the previous statistical
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study conducted by Li et al. (2012). However, the /Es dur-
ing the recovery phase in this study are larger than those in
Li et al. (2012) for the & underestimates the energy input
during the recovery phase. The comparison between simu-
lation results and ¢ results also indicates that the & overesti-
mates the energy input during the main phase when the so-
lar wind number density decreases to a low level. This im-
plies that the solar wind number density plays a very im-
portant role in the energy input process.

In addition, the average CEs of the storms for ring cur-
rent injection and high-latitude ionosphere dissipation are
also studied with 3.1%, 23.6% for intense storm and 40.2%,
23.1% for super storm. The partition of the energy dissipa-
tion via the ring current and high-latitude ionosphere varies
with the intensity of the storms. Both the empirical results
and the simulation results indicate that the proportion of the
ring current injection to total energy output increases with
the increase of the magnetospheric activity level. The ener-
gy dissipation via ring current injection is about twice of the
energy dissipation via high-latitude ionosphere suggested by
the simulation results. The simulation results also indicate
that the energy budget between the energy input and the
energy dissipation is unbalanced with about 63.3% of the
transferred energy dissipated in the inner magnetosphere.
This indirectly proves that the residual energy, about 36.7%
of the transferred energy, is consumed by other energy dis-
sipation channels in the tail, such as plasma sheet heating,
plasmoid ejection returning to the solar wind, which is con-
sistent with the previous study.
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