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Engineering, Democritus University of Thrace, Xanthi, Greece

We selected three superstorms (disturbance storm time [Dst] index less than
−350 nT) of 2003–04 to study the thermospheric energy budget with a
particular emphasis on the thermospheric cooling emission by nitric oxide via a
wavelength of 5.3 μm. The nitric oxide radiative emission data are obtained from
the Sounding of the Atmosphere by Broadband Emission Radiometry (SABER)
instrument onboard the Thermosphere Ionosphere Mesosphere Energetics and
Dynamics (TIMED) satellite and the thermosphere ionosphere electrodynamic
general circulation model (TIEGCM) simulation. Different energy sources
for the magnetospheric energy injection and the thermospheric/ionospheric
dissipation processes are calculated using empirical formulations, model
simulations, and space-borne and ground-based measurements. The Joule
heating rates calculated from different sources showed similar variations but
significant differences in the magnitude. The nitric oxide cooling power is
calculated by zonally and meridionally integrating the cooling flux in the altitude
range of 100–250 km. The satellite observed that cooling flux responds faster
to the energy input, as compared to the modeled results. The cooling power
increases by an order of magnitude during storm time with maximum radiation
observed during the recovery phase. Both the satellite-observed and modeled
cooling powers show a strong positive correlation with the Joule heating power
during the main phase of the storm. It is found that the maximum radiative
power does not occur during the strongest storm, and it strongly depends on
the duration of the main phase. The model simulation predicts a higher cooling
power than that predicted by the observation. During a typical superstorm, on
average, a cooling power of 1.87× 105 GW exiting the thermosphere is estimated
by the TIEGCM simulation. On average, it is about 40% higher than the satellite
observation.
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1 Introduction

The solar wind and the plasma embedded in the interplanetary
magnetic field (IMF) are the dominating sources of energy
for the coupled magnetosphere–ionosphere system. The
interaction between the magnetosphere and IMF controls the
solar wind energy input into the magnetosphere (Dungey,
1961). The process of interaction can lead to the well-
known phenomenon “the geomagnetic storm” that affects the
whole magnetosphere–ionosphere–thermosphere (MIT) system
enveloping the space environment of near-Earth satellites
(Baker et al., 2004; Eastwood et al., 2017). The largest/strongest
geomagnetic storms are usually associated with the high-speed solar
wind and extreme values of the southward IMF. When the IMF is
southward oriented, an enormous amount of solar wind energy is
transferred into themagnetosphere.The solar wind–magnetosphere
coupling is about two orders higher for the southward IMF Bz
than that for the northward IMF Bz (Tsurutani and Gonzalez,
1994). Consequently, little amount of energy is allowed to enter
the magnetosphere if the orientation of the IMF Bz is northward.

Extreme geomagnetic storms (disturbance storm time [Dst] <
−350 nT) mostly occur within ±2–3 years of the peak solar cycle.
They are of huge significance so far as the social and technological
importance is concerned (Baker et al., 2004; Eastwood et al., 2017).
The extreme storms can create hazardous impacts on ground-
based and space-borne technologies, such as satellite damage and
communication and navigation failures. For instance, theHalloween
storm of October–November 2003 caused geomagnetically induced
current (GIC) on the ground, power grid failure, and radiation
outage affecting about 60% of Earth and space science missions
(Rosenqvist et al., 2005; Kataoka, 2022a). This event also resulted
in one of the strongest substorms in the history in northern
Scandinavia (Rosenqvist et al., 2005). Extreme storms are rare.
However, they deposit a huge amount of solar wind energy into
the MIT system, more than an order of magnitude compared
to a typical intense storm. Sometimes, a minor storm can
destroy the satellite systems (Kataoka, 2022b). The impacts of the
superstorms on the space environment, space technologies, and
space communication are extremely hazardous. It is important to
investigate the energy evolution during extreme storms. However,
to the best of our knowledge, no study has reported on the energy
evolution, in combination with the nitric oxide (NO) cooling
emission, during extreme geomagnetic storm events.

In addition, solar wind energy deposition, particularly during
extreme geomagnetic storms, causes large-scale global perturbations
in the MIT system including the thermospheric energetics and
dynamics through the processes of Joule heating and energetic
particle precipitation (Sinnhuber, 2012). Several studies report on
the impacts of the extreme geomagnetic storms on the MIT system
(Lu et al., 1988; Vichare et al., 2005; Sutton et al., 2005; Krauss et al.,
2015, 2018; Bag et al., 2014, 2021, 2023a, b, Bag., 2018; Bharti et al.,
2018; Oliveira et al., 2020; and references therein). Horvath and
Lovell (2010) observed the large-scale propagation of ionospheric
disturbances and their impact on the equatorial ionization anomaly
during extreme geomagnetic storms. Liu and Lühr (2005), by
analyzing the CHAMP satellite observations, reported about 400%,
500%, and 800% enhancement in the thermospheric density
at 400 km during the extreme storms of 29–30 October 2003,

30–31 October 2003, and 20–22 November 2003, respectively.
Similarly, huge thermospheric density enhancement has been
reported from different satellite observations andmodel simulations
(Sutton et al., 2005; Krauss et al., 2015; 2018; National Science and
Technology Council, 2018).

The primary mechanisms for the dissipation of the solar
and magnetospheric energy input into the MIT are the ring
current dissipation, auroral particle precipitation, and Joule heating.
Among these, Joule heating is by far the dominating mechanism
of energy dissipation (Kozyra et al., 1998; Lu et al., 1998) and is
of greater importance due to its huge global implications in
affecting the neutral species. It was believed that only about 10%
of energy input is dissipated through Joule heating and particle
precipitation when Perreault and Akasofu (1981) derived the
epsilon parameter (Knipp et al., 1998; Lu et al., 1998; Turner et al.,
2001; Tanskanen et al., 2002). However, this amount is increasing
gradually. Turner et al. (2009) suggested that about 71%, 17%, and
12% of the total energy are transferred to Joule heating, particle
precipitation, and ring current, respectively, during coronal mass
ejection (CME)-driven storms. About 68%, 22%, and 10% of the
total energy is transferred to Joule heating, particle precipitation,
and ring current, respectively, during corotating interaction region
(CIR) storms. On the other hand, Hajra et al. (2014) reported
about 50% of Joule heating during CIR events. The energy
partitioning strongly depends on the solar origin of geomagnetic
storms (Perreault and Akasofu, 1978; Knipp et al., 1998; Lu et al.,
1998; Turner et al., 2001, 2009; Guo et al., 2012; Chen et al., 2014;
Verkhoglyadova et al., 2016). It is now established that the CIR-
driven storms are more geoeffective than the CME storms because
of the longer-time energy depositions. Earlier studies show that
the time-integrated energy input during CIR storms can be larger
than that during a typical CME-driven storm (Kozyra et al., 2006;
Turner et al., 2009). However, during short periods, the strongest
CME-driven storms are more geoeffective than the CIR-driven
storms as far as thermospheric density is concerned (Krauss et al.,
2015, 2018). The ionospheric efficiency exponentially decreases
with an increase in the solar wind input for solar wind input less
than 3,000 GW (Guo et al., 2012). It also strongly depends on the
clock angle and is independent of the dynamical pressure (Lu et al.,
1998; Vichare et al., 2005; Alex et al., 2006; DeLucas et al., 2007;
Turner et al., 2009; Guo et al., 2012, and references therein).

In addition to the ionospheric processes such as downward
molecular heat conduction, vertical advection, and adiabatic
heating, the radiative emission by nitric oxide via a wavelength
of 5.3 μm also significantly redistributes the energy input during
geomagnetic storms (Maeda et al., 1989; 1992;Mlynczak et al., 2003;
2005; Verkhoglyadova et al., 2016). The NO radiative emission at
5.3 μm is the dominating thermospheric coolant at the altitude of
100–300 km and well known as a “natural thermostat” (Kockarts,
1980; Mlynczak et al., 2003). The primary source is the inelastic
collision of nitric oxide with atomic oxygen density.

NO (ν = 1) +O→ NO (ν = 0) +O. (1)

Under low-latitude sun-lit conditions, molecular nitric oxide is
produced by the inelastic collision between atomic nitrogen (N2D)
and molecular oxygen (Barth, 1992; Richards, 2004; Gardner et al.,
2005). In addition, during geomagnetic storms and in the high-
latitude region, nitric oxide is generated by particle precipitation
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through a series of chemical reactions. The N2 molecule is
dissociated by the auroral electrons of energy 1–10 keV and ions
with an energy of 10–20 keV to produce N(2D), whereas the
auroral electrons with energy in the range of 0.3–0.9 keV dissociate
molecular nitrogen to produce N(4S) (Barth, 1992; Richards, 2004;
Gardner et al., 2005).They, again, interact with oxygen molecules to
form NO, as given below:

N(4S, 2D) +O2→ NO+O. (2)

This reaction mechanism is important above 110 km
because it is highly sensitive to the thermospheric
temperature (Gardner et al., 2005).

Under geomagnetic quiet conditions, the radiative cooling
balances the EUV/UV heating and the chemical heating (Lin and
Deng, 2019). The NO cooling emission also affects the long-term
trend of the thermospheric temperature and density. By using the
Global Ionosphere Thermosphere Model simulation, Lin and Deng
(2019) reported about −17% decadal change in the total NO cooling
power during 1982–2013. The NO cooling emission also strongly
depends on the solar activity. Li et al. (2018) reported a strong
solar cycle dependence of the maximum cooling rate by Sounding
of the Atmosphere using Broadband Emission Radiometry
(SABER) measurements onboard the Thermosphere Ionosphere
Mesosphere Energetic and Dynamics (TIMED) satellite and the
Thermosphere–Ionosphere–Electrodynamics General Circulation
Model (TIEGCM) simulation during 2005–2016. Furthermore, they
outlined a strong discrepancy between the TIEGCM simulation of
the maximum NO cooling rate and TIMED/SABER measurement
at the local noon during solar minimum.The NO emission exhibits
strong latitudinal variations. By analyzing 15 years (2002–2016) of
TIMED/SABER observations, Tang et al. (2017) showed that the
NO cooling flux at the polar region is about three times larger than
the equatorial value. The NO cooling emission also undergoes a
significant enhancement during geomagnetic storm periods due to
its sensitivity to Joule heating and particle precipitation (Lu et al.,
2010; Mlynczak et al., 2003, 2010; Knipp et al., 2013, 2017; Bag.,
2018; Bharti et al., 2018; Bag et al., 2021, 2023a, b; Li et al., 2018;
Lin and Deng, 2019; Lin et al., 2019; and references therein).
In addition, earlier studies show that NO cooling emission can
contribute to the overcooling of the thermosphere and density
overdamping due to the early and excessive production of NO
density (Lei et al., 2012; Knipp et al., 2017). This makes it an
important and key parameter in quantifying the thermospheric
energy budget during space weather events. Lu et al. (2010), using
7 years (2002–2008) of TIMED/SABER observations and TIEGCM
simulation, showed that the global NO radiative energy output
at 5.3 μm accounts for about 80% of the global Joule heating
energy input during geomagnetic storm periods. Lin and Deng
(2019) reported that NO cooling is strongly modulated by the
particle precipitation with dominant contributions from electrons
in the energy range of 1.4–3.1 keV. Other observations reveal that
different solar wind drivers can lead to different IT responses due
to local ionization in the thermosphere and that the solar wind
and IT preconditioning may play important roles in affecting NO
cooling emission (Verkhoglyadova et al., 2015).

In the present study, we investigate the thermospheric energy
budget, with a particular emphasis on nitric oxide cooling emissions,

during the extreme geomagnetic storms with a Dst index less
than −350 nT during 2003–2004 using the TIEGCM simulations
and TIMED-SABER satellite observations of nitric oxide infrared
emission at 5.3 μm. This article is structured into four sections.
Section 2 provides an introduction to the datasets and analysis
methods used in this study. It includes the calculation of the
solar wind energy input into the magnetosphere and subsequent
energy dissipation mechanisms in addition to the brief information
about different geomagnetic indices and interplanetary solar wind
parameters used. The corresponding energy budget and possible
causes are discussed in Section 3. We conclude this paper with a
summary in Section 4.

2 Methodology, data acquisition, and
analysis

2.1 Energetics of the solar wind and
magnetosphere

The southward orientated IMF is an important condition for the
solar wind energy transfer into Earth’s magnetosphere via magnetic
reconnection (Koskinen and Tanskanen, 2002). The kinetic energy
rate of the solar wind, with mass density ρ and speed Vsw, impinging
on the magnetosphere is given as

KEsw =
1
2
ρV3

swA, (3)

where A is the cross section of the dayside magnetosphere, usually
taken as 30 Re2, where Re is the radius of Earth (Weiss et al.,
1992). About 1%–7% of solar wind kinetic energy enters the
magnetosphere (Ebihara et al., 2019).

There is no direct means of observations to quantify the
amount of solar wind energy entering themagnetosphere (Koskinen
and Tanskanen, 2002). However, several solar wind-derived
proxies have been developed. Each proxy/function has slightly
different properties depending on its purpose, and so, the absolute
magnitude depends on the scaling (Akasofu, 1980; Koskinen and
Tanskanen, 2002; Palmroth et al., 2004). In the present study, we
use the well-known Akasofu (ϵ) parameter to quantify the solar
wind–magnetosphere coupling. It represents the rate of energy
input into the magnetosphere (Perreault and Akasofu, 1978). The
Akasofu parameter (or the ϵ parameter) is given as (in SI unit)

ϵ (W) = 4π
μo

vB2sin4(θ
2
)L2o, (4)

where v is the solar wind speed, B is the interplanetary
magnetic field, and θ is the clock angle (θ = tan−1(

By

Bz
)) in the

plane perpendicular to the Sun–Earth line and provides the
reconnection efficiency. Hence, the rate of solar wind energy
input into the magnetosphere varies depending on the solar
wind and interplanetary field condition. When the orientation
of the magnetosphere and IMF is antiparallel, the energy input
rate is maximum. It decreases for a smaller clock angle. The
scale parameter Lo is considered to be fixed at 7 Re under the
assumption of the stationary daytime magnetopause (Perreault
and Akasofu, 1978; Baker, 2000). The position of the daytime
magnetopause varies with the solar wind dynamic pressure. The
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boundary of the Chapman–Ferraro magnetopause (Lcf ) should be
considered in determining the dayside magnetopause boundary.
The Chapman–Ferraro magnetopause distance is calculated using
the balance between kinetic plasma and magnetic pressure and is
given as Lc f = (Bo/4πρV2

sw)
1/6Re (Sibeck et al., 1991;MacMahon and

Gonzalez, 1997).

2.2 Thermospheric/ionospheric energy
dissipation

2.2.1 Joule heating power
The energy input into the MIT system is dissipated by the

processes of Joule heating, auroral particle precipitation, and ring
current apart from the radiative cooling emission. Joule heating is
by far the dominant dissipation mechanism and is closely related
to the geomagnetic activity level. Knipp et al. (2004) parametrized
the Joule heating power by using the Dst index and polar cap
(pc) index. The Dst index is interchangeable with the SYM-
H index. The pc index is used as a proxy to measure the
polar ionospheric electric field due to the solar wind impacts
(Troshichev et al., 1986). Since the extreme storms considered in the
present study occurred during October–November, we used global
Joule heating power corresponding to the winter season, which
is given as JH (GW) = 13.36|PC|+ 5.08PC2 + 0.47|Dst|+ 0.0011Dst2

(Knipp et al., 2004). We used hourly values of polar cap and SYM-H
data (with the SYM-H index substituted for the Dst index) (Wanliss
and Showalter, 2006). In addition, we also utilized the global Joule
heating power from the TIEGCM simulations; the details about the
calculations are given in Section 2.5.2.

2.3 Particle heating power

The particle heating power data are obtained from the Defense
Meteorological Satellite Program (DMSP) F13 satellite observations.
The DMSP satellite has an ion/electron precipitation spectrometer
apart from other instruments. It measures the ions and electron
precipitating flux from 30 eV to 30 keV in 20 logarithmic energy
scales. The integrated ion or electron differential energy flux
provides the total precipitating particle flux (Rich et al., 1985). The
DMSP hemispheric power data are acquired from the Institute
for Scientific Research, Boston College (Kevin Martin, private
communication, December 2022).

2.3.1 Ring current power
The disturbance storm time (Dst) index is commonly used

to estimate the strength of geomagnetic storms (Yokoyama and
Kamide, 1997). It roughly represents the fluctuation in the
horizontal component of Earth’s magnetic field and is inversely
related to the energy content of the ring current (Dessler and
Parker, 1959; Sckopke, 1966). Other current systems such as
the magnetopause current also contribute to the Dst index.
Consequently, theDst value for solar wind needs to be ram pressure-
corrected as (Burton et al., 1975)

Dst∗ = Dst− b√P+ c, (5)

where P is the solar wind dynamic pressure and coefficients are b =
8.74 nT (nPa)

1
2 and c = 11.54 nT (Turner et al., 2001).

The ring current energy and its relationship with the Dst
index are provided by the Dessler–Parker–Sckopke (DPS)
equation (Dessler and Parker, 1959; Sckopke, 1966). It is closely
related to the southward orientation of the IMF. The ring
current injection rate (power) can be expressed in terms of the
pressure-corrected Dst index (Akasofu, 1980) as

PRC (W) = −4× 103(
∂Dst∗

∂t
+ Dst

∗

τ
). (6)

The scaling factor 4× 103 is due to the assumption of the
symmetric ring current in the dipolemagnetic field (Akasofu, 1980).
Thefirst termwithin the bracket is proportional to the energy storage
rate of the ring current. If the sign of the first term is negative
(positive), it indicates energy stored (dissipated). The second term
represents the ring current energy dissipation (Liemohn et al., 1999;
Ebihara and Ejiri, 2000).The ring current dissipation power strongly
depends on the value of the ring current life time (τ), which, in turn,
depends on the value of the pressure-corrected Dst index. Different
researchers have developed different methods to calculate the decay
parameter (Alexeev et al., 1996; MacMahon and Gonzalez, 1997;
Kamide et al., 1998a, b). Valdivia et al. (1996) suggested that the
variation in decay time = 12.5/(1–0.0012Dst), whereas MacMahon
and Gonzalez (1997) proposed that the decay time is proportional
to Dst−1.5. Yokoyama and Kamide (1997) used a constant value of
decay time as 4 h, 8 h, and 20 h for storms of different intensities.
Similarly, Lu et al. (1998) used different values of τ depending on
the value of the Dst index: τ = 4 h for Dst∗ < −50 nT, τ = 8 h
for −50 nT < Dst∗ < − 30 nT, and τ = 20 h for Dst∗ > −30 nT. On
the other hand, ÓBrien and McPherron (2000) reported that the
ring current decay time does not vary with the Dst index and
depends on the interplanetary electric field due to the position of
the magnetospheric convection boundary. In the present study, the
procedure suggested by Lu et al. (1998) is used for estimating the
decay time.

2.4 Selection of storms and
solar/interplanetary and magnetic data

Since the TIMED-SABER satellite has become operational, three
extreme geomagnetic storms have occurred with a Dst index of
less than −350 nT. These events are (1) 28 October–01 November
2003, “the Halloween storm;” (2) 19–22 November 2003; and (3)
6–10 November 2004. The modified solar and magnetic data with
a time resolution of 1 min are obtained from OmniWeb. The data
with 1-min resolution are definitive of wind/SWE plasma shifting
to the bow shock nose, which involves the combination of the data
from bow shock-shifted Advanced Composition Explorer (ACE),
wind, IMP-8, and Geotail spacecraft. The Akasofu parameter is
obtained from the SuperMAG database, which uses the modified
1-min resolution data from OmniWeb. SuperMAG calculates the
Akasofu parameter by assuming a stationary dayside magnetopause
condition. It is to be noted that the solar wind and interplanetary
data are not available for the most part of the 28 October−01
November 2003 storm. For this event, the solar wind plasma and
magnetic field data are obtained from the study by Skoug et al.
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(2004) and converted to GSM coordinates. Skoug et al. (2004) used
plasma measurements from Solar Wind Electron Proton Alpha
Monitor (SWEPAM) and the magnetic field observations from
magnetic field experiments (MAG) onboard theACE spacecraft.The
ACE spacecraft is located at L1 Lagrangian point (McComas et al.,
1998; Smith et al., 1998). The SWEPAM analyzes measure ions
and electrons, in the range of 250–35,700 eV/q and 2–1,370 eV,
respectively. The velocity distribution functions for ions and
electrons are derived from the measured counts. The momentum
integral of the velocity distribution function is used to obtain density,
velocity, and temperature. The SWEPAM ion instruments collect
data in twomodes: the normal “track” mode and search mode. Each
mode takes approximately 64 s to obtain a complete measurement.
In the track mode, the ions are measured at 40 energy scales in the
range of 250–35,700 eV/q with 5% resolution, whereas 10%–12%
energy resolution is used in the range of 26–17.900 eV for the search
mode. During the October–November 2003 event, the solar wind
tracking algorithm failed from 1241 UT on 28 October to 0051
UT on 31 October 2003. Only search mode data with energy up
to 17.9 keV are available during this period. It could not cover the
complete solar wind energy range. The uncertainties in the speed,
density, and temperature are about 1.5%, 15%, and 20%, respectively,
under typical solar wind conditions. However, the uncertainty is
significantly higher for the search mode due to reduced energy
resolution. Furthermore, the density obtained from SWEPAM at
06:00 UT on 29 October–00:40 UT 30 October is too low; the ion
density obtained during the mentioned period is about a factor of
2–5 lower than the electron density obtained from the PlasmaWave
Instrument (PWI) on the Geotail spacecraft (refer to Skoug et al.
(2004) for more details on the solar wind plasma and magnetic field
data during this event). The solar wind dynamic pressure (Pdyn)
is calculated by using proton density (ρ) and solar wind speed V
(Pdyn = ρV2).

2.5 Nitric oxide infrared radiative cooling
emission

The NO 5.3-μm emission effectively converts the kinetic energy
into radiative energy at an altitude of above 100 km (Kockarts, 1980).
In the present study, we utilized SABER observations onboard
the Thermosphere Ionosphere Mesosphere Energetic Dynamics
satellite and the Thermosphere Ionosphere Electrodynamics
General Circulation Model simulation results to investigate
the thermospheric energy budget during extreme geomagnetic
storm periods.

2.5.1 TIMED/SABER observation of nitric oxide
radiative emission

SABER is one of the four instruments onboard the
TIMED satellite. It covers the hemisphere asymmetrically from
approximately 53° in one hemisphere to 83° in another due to the
anti-sunward view. SABER is a limb sounder that scans Earth’s
atmosphere from approximately 400 km to the surface and back
in 53 s with a vertical resolution of approximately 0.4 km. It
measures radiance in 10 distinct channels in the wavelength range
of 2μm–16 μm that includes the two dominating cooling agents
(nitric oxide at 5.3 μm and CO2 at 15 μm) in the thermosphere

apart from other atmospheric species and heating agents (Yee et al.,
2003). The NO volume emission rate (Wm−3) is calculated by using
an Abel inversion technique to the SABER-measured irradiance
(Mlynczak et al., 2003, 2010; Mertens et al., 2009). The volume
emission rate is integrated vertically at the altitude of 100–250 km
to obtain the cooling flux (Wm−2). The NO cooling emission shows
uncertainty higher than 15% (Mlynczak et al., 2010). In the present
study, we used SABER version 2.0 data.

2.5.2 TIEGCM simulation
The National Center for Atmospheric Research (NCAR)

TIEGCM is a physics-based first-principle, time-dependent, three-
dimensional model (Roble et al., 1998; Richmond et al., 1999). It
solves the energy and momentum including the coupled nonlinear,
thermodynamic, and hydrodynamic continuity equations for the
neutrals, ions, and wind self-consistently. We use TIEGCM v2.0
that uses a horizontal grid of 2.5° both in the geographic latitude
and longitude. The vertical grid uses 57 pressure surfaces with a
vertical resolution of 1

4
th the scale height covering the altitude of

approximately 97 km–500 km. Different external forcing such as
solar and magnetic forcing, tidal amplitudes, and phases from lower
atmosphere are used as the driving sources. The F10.7 solar index is
used as the parametrization of solar forcing, whereas geomagnetic
forcing is obtained either from the Heelis model (Heelis et al., 1982)
or the Weimer model (Weimer, 2005), which calculates the high-
latitude precipitation and convection patterns. The high-latitude
precipitation and convection patterns represent the geomagnetic
forcing. The Heelis model is driven by the Kp index. The Weimer
model takes the IMF By, Bz, solar wind density, and speed as
input. The Kp index has a 3-h time resolution, while the Weimer
model is based on the IMF conditions with a 5-min time resolution.
Consequently, we employed theWeimer model in the present study.
The tidal amplitudes and phases are used from the global-scale
wave model (Hagan and Forbes, 2002). A temporal frequency of
20 min is used.

The TIEGCM uses the formulation of Kockarts (1980) to
calculate the thermospheric nitric oxide emission (Wm−3), which
is given as

NO 5.3 μm =
ko [O] + ko2 [O2]

ko [O] + ko2 [O2] +A10
hνA10 [NO]e−hν/KT, (7)

where [O], [O2], and [NO] represent the number densities
of O, O2, and NO, respectively. A10 is Einstein’s coefficient
(=13.3 s−1), h is Planck’s constant, ν is the frequency of NO
emission, K is the Boltzmann constant, and T is the neutral
temperature. ko (=4.2× 10−11cm3s−1; Hwang et al. (2003)) and ko2
(=2.4 ×10−14cm3s−1; Murphy et al. (1975)) are the reaction rate
coefficients in collision with atomic and molecular oxygen density,
respectively. In the present study, the TIEGCM data are sampled at
the TIMED/SABER satellite measurement locations.

The TIEGCM calculates the Joule heating rate using the
following equation (Lu et al., 1995):

JH = σp(E⃗+ ⃗un × B⃗)
2, (8)

where σp is the Pedersen conductivity, ⃗un is the neutral wind,
B⃗ is the geomagnetic field, and E⃗ is the electric field. The TIEGCM
assumes that the magnetic field lines are equipotential. It results in

Frontiers in Astronomy and Space Sciences 05 frontiersin.org

https://doi.org/10.3389/fspas.2024.1273079
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Bag et al. 10.3389/fspas.2024.1273079

E⃗‖ = 0, and hence, E⃗ = E⃗⊥. The Pedersen conductivity (σp), in The
TIEGCM simulation, is calculated as proposed by Schunk and Nagy
(2009) and is given as

σp =
qe
B
[

[
O+

rO+
1+ r2O+
+O+2

r+O2

1+ r2O2
+

+NO+
rNO+

1+ r2NO+
+Ne+ re

1+ re2
]

]
,

(9)

where rO+ , rO+2 , rNO+ , and re are the ratios of the collision frequency
to gyro-frequency of O+, O+2 , NO+, and e, respectively. The
collision frequencies are calculated in collision with dominant
atmospheric species O, O2, and N2. O+, O+2 , NO+, and Ne
represent the number densities (m−3) of the respective species.
The height-integrated Joule heating rate in the altitude region of
97–500 km is integrated along the magnetic latitude and longitude
to obtain the global Joule heating power. Details on the analysis
are presented in the study by Sarris et al. (2020, 2023) and
references therein.

2.5.3 Thermospheric cooling power calculation
The nitric oxide power exiting the thermosphere is calculated

using the method suggested by Mlynczak et al. (2005; 2007). The
nitric oxide volume emission rate is altitudinally integrated from
100 km to 250 km to obtain the nitric oxide cooling flux. The
cooling flux is zonally integrated into five-degree latitude bins with
the assumption that the SABER flux is uniformly distributed over
the longitudes. It is again meridionally integrated to obtain the
total cooling power (W) (Mlynczak et al., 2005, 2007; M. Mlynczak,
Private communication, December 2022).

To calculate the solar wind energy input and subsequent
dissipation during different phases of the geomagnetic storm, we
divided the total storm time duration into four phases: (1) pre-
onset phase (time from onset to 24 h prior to the onset); (2) main
phase (time from onset to the beginning of the recovery phase); (3)
recovery phase 1 (beginning of the recovery phase to 24 h preceding
the beginning of the recovery phase); and (4) recovery phase 2 (end
of recovery phase 1 to 24 h preceding the end of recovery phase 1).
In addition, we also considered the time duration in recovery phase
1 that is the same as the time duration from the beginning of the
onset to the beginning of the recovery phase. The energy input and
dissipation during different phases of storms are given in Table 1,
Table 2, and Table 3 for 28 October–01 November 2003, 19–22
November 2003, and 6–10 November 2004 storms, respectively.

3 Results and discussion

We investigate the thermospheric energy budget during the
extreme geomagnetic storms (Dst < −350 nT) that occurred during
2003–2004 by using the TIEGCM simulations of nitric oxide
5.3-μm infrared emission, along with the TIMED/SABER satellite
observations.

3.1 Storm events

3.1.1 Event#1: 28 October–01 November 2003
Figure 1 shows the (a) interplanetary magnetic field, (b) solar

wind dynamic pressure and proton density, (c) solar wind speed, and

(d) Dst/SYM-H index during the 28 October–01 November 2003
superstorm. The vertical dashed lines represent the onset time of
the geomagnetic storm. This storm event is associated with two X-
flares at approximately 11:10 UT on 28 October and 20:50 UT on
29 October 2003 and two large CMEs. The associated first CME
resulted in the southward turning of the IMF Bz at approximately
6 UT on 29 November 2003, and correspondingly, the sudden
storm commencement (SSC) can be noticed. The solar wind speed
reached more than 2,000 km/s, which is one of the fastest solar
winds ever directly measured in the space era (Skoug et al., 2004;
Rosenqvist et al., 2005). The strong solar wind speed increased the
proton temperature significantly higher than that observed during a
typical CME storm (figure not shown). However, other parameters
such as proton density and dynamic pressure were moderate. The
SYM-H (Dst) index reached a minimum value of approximately
−391 nT (−353 nT), which was observed more than 18 h after the
storm onset (Figure 1D). The arrival of the second CME resulted in
the southward movement of the IMF Bz at approximately 19 UT on
30 October 2003 with the solar wind speed exceeding 1,500 km/s.
The proton density and the dynamic pressure reached the values
of 15 cc−1 and 20 nPa, respectively. The southward turning of IMF
Bz indicated the commencement of the storm at approximately 19
UT on 30 October 2003, which can be observed from the SYM-
H/Dst index. The minimum value of the SYM-H (Dst) index was
approximately −432 nT (−383 nT) at approximately 23 UT on 30
October 2003.The second storm was more geoeffective and resulted
in larger re-intensification than the first storm, considering the low
value of the SYM-H/Dst index (Rosenqvist et al., 2005).

The temporal variation in the corresponding energy input
and dissipation during the 28 October–1 November 2003 storm
is shown in Figure 2. It depicts the (a) Akasofu parameter, (b) Joule
heating, auroral particle heating, and ring current power, and (c)
orbit averaged NO cooling flux. The energy input and dissipation
are calculated using the empirical formulations, as discussed above.
The NO cooling fluxes are obtained from the TIMED-SABER
satellite and the TIEGCM simulations.The vertical dashed blue lines
represent the time of onset, recovery, and the time 24 h prior to
onset. The vertical red dashed lines represent the time duration of
the recovery phase (UTRP) that is same as the time duration from
the storm onset to the beginning of the recovery phase (UTRP =
UTonset + UTMP; MP = main phase). The unavailability of solar
wind data during 29 October and most of 30 October 2003 makes
it difficult to understand the temporal evolution of the Akasofu
parameter during 29–30 October 2003. A significant enhancement
in the Akasofu parameter occurred during the second storm (storm
2, 30 October) within 2–3 h of the commencement of the storm,
reaching the maximum value of 2.5 ×104 GW.

The response of the thermospheric Joule heating, auroral
particle precipitation, and the ring current dissipation to the
solar energy deposition is shown in Figure 2B. The Joule heating
power, calculated using the SYM-H index, shows a sharp increase
during 29–30 October 2003 with significant temporal fluctuations
(hereafter, JHS denotes Joule heating calculated using hourly
averaged SYM-H and PC and JHT denotes Joule heating from the
TIEGCM). On the other hand, the global JHT does not show any
appreciable enhancement. It can be attributed to the unreliable
solar wind data during this period and subsequent calculation
of the high-latitude electric field using the Weimer model. The
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TABLE 1 Total power input and dissipation during the 28 October–1 November 2003 storm.

Pre-onset SSCa + MP1b UTRP
c = UTSSC+MP1 RPd MP2e UTRP

c = UTMP2 RP1f RP2g

Akasofu (GW) ×105 5.51 ∼ ∼ ∼ 0.910 2.63 3.63 4.69

JHT 9 (GW)×104 1.70 1.06 0.36 0.33 0.05 0.055 0.44 0.75

JHS 10 (GW) ×104 0.26 2.04 1.13 1.19 0.61 0.34 0.61 0.22

PH (GW) ×103 1.04 2.41 1.91 2.01 0.36 0.94 2.11 1.00

RC (GW) 100 ∼ 355 556 324.20 356 826.13 106.90

SABER (GW)×104 0.172 4.57 4.52 4.60 1.24 2.03 5.46 1.63

TIEGCM (GW) ×104 0.173 4.09 9.39 9.42 2.51 1.89 10.02 3.98

a Sudden storm commencement; bmain phase 1; c time duration of the recovery phase that is the same as the time duration from storm onset to the beginning of the recovery phase; d recovery
phase; emain phase 2; f recovery phase 1; g recovery phase 2; h JH calculated from the TIEGCM; i JH calculated using SYM-H.

TABLE 2 Total power input and dissipation during the 19–22 November 2003 storm.

Pre-onset SSCa + MPb UTRP
c = UTSSC+MP RP1d RP2e

Akasofu (GW) ×105 1.65 1.10 ×102 8.55 10.00 3.61

JHT 16 (GW) ×104 1.23 7.11 3.75 3.98 1.63

JHS 17 (GW) ×104 0.16 1.04 0.40 0.48 0.23

PH (GW) ×103 0.65 1.75 1.03 1.29 0.66

RC (GW) 60 1.17 ×103 642.9 865.5 333.4

SABER (GW) ×104 1.07 3.28 4.92 6.46 1.68

TIEGCM (GW) ×104 1.49 2.17 5.91 8.12 2.34

a Sudden storm commencement; bmain phase; c time duration of the recovery phase that is the same as the time duration from storm onset to the beginning of the recovery phase; d recovery
phase 1; e recovery phase 2; f JH calculated from the TIEGCM; g JH calculated using SYM-H.

TABLE 3 Total power input and dissipation during the 6–10 November 2004 storm.

Pre-onset SSCa + MPb UTRP
c = UTSSC+MP RP1d RP2e

Akasofu (GW) ×105 3.24 111.00 11.90 14.5 41.6

JHT 23 (GW) ×104 1.27 7.29 0.19 4.49 102

JHS 24 (GW) ×104 0.98 1.28 0.71 1.30 1.37

PH (GW) ×103 0.21 0.90 1.14 1.68 2.07

RC (GW) 55.00 921.60 426.97 828.07 1,060

SABER (GW) ×104 0.47 2.06 4.28 4.52 3.02

TIEGCM (GW) ×104 0.64 1.40 4.97 5.38 4.34

a Sudden storm commencement; bmain phase; c time duration of the recovery phase that is the same as the time duration from the storm onset to the beginning of the recovery phase;
d recovery phase 1; e recovery phase 2; f JH calculated from the TIEGCM; g JH calculated using SYM-H.
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FIGURE 1
Solar wind variation during the 28 October–1 November 2003 storm. (A) Interplanetary magnetic field (Bx, By, and Bz), (B) proton density and dynamic
pressure, (C) solar wind speed, and (D) Dst and SYM-H indexes. The vertical blue dashed lines represent the onset time of the storm.

FIGURE 2
Time variation in the energy distribution during the 28 October–01 November 2003 storm. (A) Akasofu parameter, (B) Joule heating power from hourly
SYM-H (black) and TIEGCM (red) observations, particle heating (blue) and ring current (green), and (C) orbit averaged NO cooling flux from SABER
observations (black) and the TIEGCM simulation (red). The vertical blue dashed lines represent the time of onset–24 h, onset, recovery, and recovery +
24 h. The vertical red dashed lines represent the time of recovery that is the same as the duration of onset + main phase.

Weimer model takes solar wind density, solar wind speed, and
interplanetary magnetic fields (IMF By and IMF Bz) as the input
parameters. Although the ion convection pattern and the cross
polar cap potential (CPCP) are sensitive to IMF By, IMF Bz, and
solar wind speed in the Weimer model, the CPCP is relatively
insensitive to the solar wind density. In addition, the Weimer
model can result in erroneous output, such as the electric potential
patterns, for solar wind speed exceeding 900 km/s and IMF > 20 nT
(HAO, 2018). Although the CPCP does not exhibit any significant
variation, the Weimer model strongly underestimates the storm-
time electric field compared to the pre-event value (figure not
shown). It would dictate the behavior of the Joule heating rate.
The detailed analysis/discussion is beyond the scope of this study.

The maximum JHT is approximately 650 GW, which is obtained
at approximately 8 UT on 29 October 2003. The maximum value
of JHS is approximately 2,750 GW during 29 October 2003. It
is approximately 2,700 GW for the storm on 30 October 2003.
On both days, the maximum Joule heating power is observed
within 1–3 h of the storm commencement. Although the Joule
heating power shows a significant difference in the magnitude,
the maximum enhancement is observed almost at the same time,
particularly during 29 October 2003. A delay of 2–3 h in the
peak JHT is observed during 29 October 2003. Surprisingly, an
unexpectedly low Joule heating power is observed during 30
October 2003. This difference in the Joule heating rates calculated
using empirical formulation and the TIEGCM simulation could be
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because the electric field and conductivity used in the model may
differ from actual observations. The auroral particle heating also
shows an increase with a maximum value of 380 GW and 400 GW,
respectively, at approximately 07 UT and 22UT on 29October 2003.
The maximum value of the estimated ring current injection power
is 165 GW found at 12 UT on 31 October 2003. Alex et al. (2006)
reported an energy input and dissipation of the same order as the
present study. The difference in the magnitude is due to different
timescales used. The TIEGCM-simulated NO cooling flux shows
good agreement with the satellite observations under magnetic
quiet conditions with an average value of 0.6 mWm−2 (Figure 2C).
As the storm starts, the NO cooling flux increases. The SABER-
observed NO flux shows a faster enhancement and faster recovery
than that in the model results. The satellite observation peaks at
approximately 2 UT on 30 October 2003 and at approximately
20 h after the commencement of the storm. It is approximately 4 h
earlier than the simulation results. The model simulation predicts
a significantly higher cooling flux (more than 60%) than the
observations. The peak values are 2.9 mWm−2 and 4.7 mWm−2 for
the SABER observation and model, respectively. As the storm starts
to recover, both the cooling fluxes also fall off. However, the model-
simulated flux, during the recovery phase, is still comparable with
the peak SABER flux observed during the main phase. Before this
storm completely recovers, another superstorm superimposed it. It
resulted in a depletion of the horizontal magnetic field even higher
than the previous depletion. The Dst index reached a minimum
value of approximately −390 nT. It significantly modulated the
magnetosphere–thermosphere–ionosphere system. In response to
this storm, both the model-simulated and satellite-observed cooling
fluxes were enhanced even higher than that in the previous storm.
The satellite-observed flux peaked at approximately 4 UT on
31 October 2003 with a magnitude of 3.0 mWm−2, whereas the
TIEGCM-simulated cooling flux peaked at approximately 9 UT
with a significantly higher value of 5.2 mW m−2. The model results
exhibit a slower response by approximately 4–5 h than the satellite
observations. This difference in the response time can be attributed
to the particle precipitation.The particles promptly react to external
energy input with lower-energy electrons ( < 1 keV), which strongly
impacts the thermospheric cooling and intravenously contributes to
the upliftment of atmospheric density (Lin et al., 2019; Knipp et al.,
2013, 2017). The aurora/particle precipitation in the TIEGCM
simulation is calculated using the hemispheric power, which is
parametrized with the IMF Bz and solar wind speed (HAO, 2018).

3.1.2 Event#2: 19–22 November 2003
The time history of the (a) interplanetary magnetic field, (b)

proton density and dynamic pressure, (c) solar wind speed, and
(d) Dst and SYM-H indices during 19–22 November 2003 storm
is shown in Figure 3. The halo CMEs and associated M-class
solar flares on 18 October 2003 triggered the strongest storm of
solar cycle#23 (Srivastava, 2005). The IMF Bz turned southward
at 08 UT on 20 November 2003 that reached a minimum value
of −50 nT on the same day. The vertical blue line represents the
onset of the storm. The proton density, dynamic pressure, and
solar wind speed attained maximum values of 30 cc−1, 25 nPa,
and 750 km/s, respectively. The SYM-H (Dst) index decreased for
approximately 11 h, reaching a minimum value of −490 (−473) nT

at approximately 19 UT on 20 November 2003, followed by a long
recovery phase.

The temporal variation in the (a) Akasofu parameter; (b) Joule
heating, auroral particle precipitation, and ring current power;
and (c) orbit averaged NO cooling flux during 19–22 November
2003 storm is shown in Figure 4. The Akasofu parameter shows a
sharp increase with small temporal fluctuation as the storm starts.
It takes approximately 7–8 h for the solar wind to transfer its
maximum energy to the magnetosphere. The maximum calculated
value of the Akasofu parameter is approximately 3.6 ×104 GW.
In response to the solar wind energy input, the JHS increased
to 1,650 GW at approximately 20 UT on 20 November 2003.
A significant enhancement is observed in the JHT. This value
(2,850 GW) is about 60% higher than the JHS. In addition, it can
be observed that the JHT exhibits both the faster enhancement and
recovery. Nonetheless, peak Joule heating power is obtained almost
at the same time. The auroral particle precipitation (maximum of
200 GW) and the ring current power (maximum of 180 GW) also
increased almost at the same time. The thermospheric cooling flux,
obtained from the TIEGCM simulations and SABER observations,
increased as the storm intensified. Both the model and observations
peak at approximately 2 UT on 21 November 2003, almost 20 h
after the storm onset. The maximum NO cooling power lags by
approximately 8–10 h to the peak Joule heating power. However, it
can be observed that the satellite observation responds faster than
the model simulation.

3.1.3 Event#3: 06–10 November 2004
Figure 5 shows the interplanetary data and SYM-H/Dst index

for the storm period 6–10 November 2004. It resulted due
to a series of solar events that occurred during 4 November
2004 (Yermolaev et al., 2008). The solar wind shock reached
Earth at approximately 10 UT on 7 November 2004. Because
of it, the y-and z-components of the interplanetary magnetic
field started to oscillate until approximately 23 UT. The IMF
Bz remained southward for most of the period during 7–10
November (Figure 5A). The IMF By and Bz showed strong negative
values of approximately 50 nT. The proton density and dynamic
pressure increased abruptly.The solar wind speed remained elevated
( > 500 km/s) during the whole storm period. The proton density,
dynamic pressure, and solar wind speed reached maximum values
of 53 cc−1, 60 nPa, and 830 km/s, respectively, during 7–8November
2004 (Figures 5B,C). The variation in Earth’s horizontal magnetic
field, in response to the southward orientation of IMF Bz at
20 UT on 7 November, 19:30 UT on 9 November, and 04:30
UT on 10 November 2004, can be observed from the SYM-
H index (Figure 5D). The IMF Bz has a large magnitude of
approximately −50 nT at approximately 23 UT on 7 November
2004, –34 nT at 20 UT on 9 November, and −26 nT at 2 UT on 10
November 2004. Correspondingly, the SYM-H (Dst) index reached
minimum values of −395 (−374) nT at 6 UT on 8 November, −271
(−214) nT at 21 UT on 9 November, and −282 (−263) nT at 10 UT
on 10 November. Since the present study focuses only on the storm
with a Dst index less than −350 nT, the two intense storms of 9–10
November 2004 are not considered.These intense storms and related
variations are considered the recovery phase.

Figure 6 shows the solar energy input and dissipation during
6–10 November 2004. The Akasofu parameter is shown in
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FIGURE 3
Solar wind variation during the 19–22 November 2003 storm. (A) Interplanetary magnetic field (Bx, By, and Bz), (B) proton density and dynamic
pressure, (C) solar wind speed, and (D) Dst and SYM-H indexes. The vertical blue dashed line indicates the onset of the storm.

FIGURE 4
Time variation in the energy distribution during the 19–22 November 2003 storm. (A) Akasofu parameter, (B) Joule heating power from SYM-H (black)
and the TIEGCM (red), particle heating (blue), and ring current (green), and (C) orbit averaged NO cooling flux from SABER observations (black) and the
TIEGCM simulation (red). The vertical blue dashed lines represent the time of onset–24 h, onset, recovery, recovery + 24 h, and recovery + 48 h. The
vertical red dashed line represents the time of recovery that is the same as the duration of onset + main phase.

Figure 6A. As the storm commenced, a sudden increase in the
Akasofu parameter within 1–2 h can be observed with maximum
solar wind energy deposition into the magnetosphere occurring
within 5–10 h of onset. The empirically calculated Joule heating
power exhibits a temporal fluctuation (Figure 6B). The JHT shows
a more smooth variation with a maximum value of approximately
3,000 GW at approximately 4 UT on 8 November 2004. The
maximum JHS of 1,680 GW, 1,800 GW, and 1,910 GW are obtained
at approximately 02 UT, 04 UT, and 06 UT on 8 November
2004, respectively. In addition, it can be observed that the Joule
heating power during the recovery phase is comparable to that
during the main phase, although the storm is less intense. The
maximum JHS is approximately 2,600 GW at 21 UT on 9 November

2003, whereas it is approximately 1,500 GW for JHD, which
peaks approximately 2 h later. The auroral particle heating and
ring current dissipation also increase during the storm period
(Figure 6B). The auroral particle heating (280 GW) is maximum
at approximately 06 UT on 8 November 2004, whereas the ring
current power (150 GW) is maximum at approximately 02–03 UT
on 7 November 2004. The kinetic energy, Akasofu parameter, and
the thermospheric/ionospheric dissipation of same orders have been
reported earlier (Alex et al., 2006; DeLucas et al., 2007). Figure 6C
shows the temporal variation in the orbit averaged NO cooling
fluxes, as observed by the TIMED-SABER satellite and the TIEGCM
simulation. The model result is slightly higher than that observed
during the magnetic quiet period. The average values of the
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FIGURE 5
Solar wind variation during the 6–10 November 2004 storm. (A) Interplanetary magnetic field (Bx, By, and Bz), (B) proton density and dynamic pressure,
(C) solar wind speed, and (D) Dst and SYM-H indexes. The vertical blue dashed line represents the onset time of the storm.

model results and observations are approximately 0.22 mWm−2 and
0.12 mWm−2, respectively. When the storm started, the NO flux
intensified. The satellite observation shows a stronger enhancement
and a faster recovery than the model result. A peak satellite
measurement of 2.9 mWm−2 is observed at 07 UT on 8 November
2004. The model result lags the observation by approximately
10 h with a slightly lower magnitude. The model result peaks
at approximately 17 UT on the same day with a peak value of
2.5 mWm−2. It is to be noted that the SABER observation of the
peak NO flux lags the peak Joule heating power by approximately
2–5 h. The increase in the modeled result is lower than that in
the satellite observations. The SABER cooling flux increases by
more than an order of magnitude compared to the pre-onset value,
whereas the model result increases by about 800%. The counter-
reaction of the NO flux to the intense storms during the recovery
phase of 9–10 November, with both the observed and modeled
results reviving, is shown in Figure 6D. The model result and the
satellite observation increase by more than 30% and decrease by
10%, respectively, of their main phase 1 values. The peak values
are approximately 3.5 mWm−2 and 2.8 mWm−2 for the model
simulations and observations, respectively.

3.2 Comparison of energy distribution in
the geomagnetic storms

The comparison of the energy distributions during the three
geomagnetic storms mentioned above is shown in Figure 7. The
top panels (Figures 7A–C) show the Dst and SYM-H indices.
The vertical blue and red dashed lines indicate the time periods
considered in calculating the total power. Although it is discussed
in the previous sections and marked in the figure, we would like to
mention it again. The left- and right-most vertical lines represent
the 24 h prior to the onset and 24 h following recovery phase
1, respectively. The red dashed lines represent the time duration
of the recovery phase (UTRP; RP = recovery phase) that is the

same as the time duration from the storm onset to the beginning
of the recovery phase (UTRP = UTonset + UTMP; MP = main
phase). The corresponding energy distribution is enclosed within
the red box. The bottom panels show the energy input into the
thermosphere and thermospheric/ionospheric power dissipations.
The total energy entering the magnetosphere and subsequent
evolution of ionospheric/thermospheric energy dissipation during
different phases of the 28 October–1 November 2003 geomagnetic
storm are shown in Figure 7D.The solar wind data are not available
from the onset of the storm on 29 October 2003 (storm 1) to some
parts of the onset of the second storm on 30 October 2003 (storm
2). The Akasofu parameter shows a linear increase with the storm’s
activity.However, it is unexpectedly high during pre-onset due to the
elevated solar wind speed and proton density.The total values of the
Akasofu parameter (9.1×104 GW) areminimumduringmain phase
2, which lacks data during most of the period (the total value is the
sumof the concerned parameter within the specified time duration).
On the other hand, a maximum total Akasofu value (4.69 ×105 GW)
is observed during recovery phase 2.The higher value of theAkasofu
parameter during storm 2 than during storm 1 can be attributed
to the fact that the second storm was more geoeffective than the
first storm (Rosenqvist et al., 2005). The Joule heating power, as
calculated using hourly SYM-H (JHS), is lower during the pre-
onset phase, whereas that obtained from the TIEGCM (JHT) is
higher. The JHS showed a nonlinear variation with respect to the
storm’s intensity. It increased by three times in magnitude during
the main phase, reaching a maximum total value of 2.04 ×104 GW
that decreased as the storm progressed. Surprisingly, the total Joule
heating power during the main phase of storm 2 is lower than that
of storm 1, although storm 2 is stronger than storm 1. On the other
hand, the JHT shows a decrease in storm2 compared to storm1.This
surprising behavior can be attributed to the erroneous solar wind
parameters and subsequent convection electric field calculation
using the Weimer model. The auroral particle precipitation, during
storm 1, shows a linear variation with the storm’s intensity with
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FIGURE 6
Time variation in the energy distribution during the 6–10 November 2004 storm. (A) Akasofu parameter, (B) Joule heating power from SYM-H (black)
and the TIEGCM simulation (red), particle heating (blue), and ring current (green), and (C) orbit averaged NO cooling flux from SABER observations
(black) and the TIEGCM simulation (red). The vertical blue dashed lines represent the time of onset–24 h, onset, recovery, recovery + 24 h, and
recovery + 48 h. The vertical red dashed line represents the time of recovery that is the same as the duration of the onset + main phase.

a maximum total value of 2.41 ×103 GW observed during the
main phase. The total auroral particle precipitation for storm 2 is
minimum (356.6 GW) during the main phase of storm 2, which
increases with the storm’s progression, and a total value of 2.113
×103 GW is achieved during recovery phase 1. Similar variation
in the ring current injection power can also be observed with a
minimum value during the recovery phase of storm 1. The total
SABERobserved and the totalmodeled cooling power are almost the
same (∼0.172× 104 GW) during the pre-onset phase. They undergo
significant enhancements of about an order of magnitude during
the storm period, with both reaching peaks in the recovery phase
of storm 1. The total modeled power (9.42 ×104 GW) is more than
double the total observation (4.6 ×104 GW). During storm 2, the
total minimum power is observed during the main phase (1.24
×104 GW for SABER and 2.51 ×104 GW for the model). It increases
by about five times before achieving the peak during recovery
phase 1 with total values of 5.46 ×104 GW and 10.02 ×104 GW,
respectively, for SABER and the TIEGCM simulation (Figure 7D).
The total solar wind energy input and the dissipation processes
during different phases of the 19–22 November 2003 storm are
shown in Figure 7E. It can be observed that the Akasofu parameter,
Joule heating power, auroral particle precipitation, and ring current
injection follow the progression of the storm with peaks during
the main phase. The maximum total value of the Akasofu (1.1
×107 GW) parameter is observed during the main phase, which
decreases as the storm recedes.The Joule heating power also exhibits
similar behavior with peak values during recovery phase 1. The
peak values for the JHS and JHT are 1.03 ×104 and 7.1 ×104 GW,
respectively, compared to the pre-event values of 1.54 ×103 and
1.23 ×104 GW. The JHS and JHT increased by about 6–7 times.
The peak values are 1.75 ×103 GW and 449 GW for auroral particle
precipitation and ring current injection rate, respectively, compared
to 650.7 GW and 146 GW during pre-onset. The cooling power
shows a peak during the recovery phase. It can be observed that the

SABER observations undergo a slightly higher enhancement than
that of the model simulation. The total maximum cooling power
is 6.46 ×104 GW and 8.12 ×104 GW, respectively, for the SABER
observation and model study, whereas they are 1.07 ×104 GW and
1.49 ×104 GW during the pre-onset period. Similar variations in
the dissipation processes during 6–10 November 2004 are shown
in Figure 7F with the peak aurora precipitation (2.069 ×103 GW)
and the ring current dissipation (865 GW) during recovery phase 2.
The Akasofu parameter and the Joule heating power are maximum
during the main phase. The total value of the Akasofu parameter
is 1.1 ×107 GW, which is about two orders of magnitude higher
than the pre-onset value of 3.24 ×105 GW. A similar increase is also
observed in the JHS and JHT. The JHS reached a maximum total
value of 2.5 ×104 GW during the main phase compared to the pre-
onset value of 1.03 ×104 GW, whereas the JHT increases by about
6 times from 1.3 ×104 to approximately 7.2 ×104 GW during the
main phase. An intense storm superimposed on the recovery phase
of the storm. Consequently, the Akasofu parameter and all the Joule
heating power undergo significant enhancement. These values are
comparable to their respective main phase magnitude. The cooling
power also shows similar variation with a peak during the recovery
phase with amaximum total power of 4.52 ×104 GW for SABER and
5.38 ×104 GW for the TIEGCM simulation (Figure 7F).

The superstorms of 19–22 November 2003 (SYM-H = −490 nT)
and the main phase 1 (SYM-H = −391 nT) of 28 October−1
November 2003 are, respectively, the strongest and weakest storms
among all, as observed from the SYM-H index. Although the
Joule heating power peaks during main phases of the storms, it
does not strictly follow the storm’s intensity. Since the maximum
Joule heating power is observed during the main phases, we
particularly emphasize on the main phases of the storm as far as
the Joule heating power is concerned. The maximum total (2.04
×104 GW) andminimum total (3.4 ×103 GW) Joule heating powers,
as calculated using SYM-H (JHS), are, respectively, found during
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FIGURE 7
Top panels: Time variation in Dst and SYM-H indexes during (A) 28 October–1 November 2003, (B) 19–22 November 2003, and (C) 6–10 November
2004. Bottom panels: Energy propagation/dissipation during (D) 28 October–1 November 2003, (E) 19–22 November 2003, and (F) 6–10 November
2004. Magenta circle: Akasofu parameter; blue diamond: Joule heating power from SYM-H (JHS); violet diamond: Joule heating power from the
TIEGCM (JHT); green square: auroral particle precipitation; green diamond: ring current; black circle: SABER-observed NO flux; red circle:
TIEGCM-simulated NO flux. The parameters within the red box are during the time of recovery that is the same as the duration of the onset + main
phase. SSC, sudden storm commencement; RP, recovery phase; RP1, recovery phase 1; RP2, recovery phase 2. See text for details.

main phase 1 (SYM-H = −391 nT) and main phase 2 (SYM-H =
−432 nT) of the 28 October–1 November 2003 storm. Similarly,
the JHT has a maximum total value of 7.3 ×104 GW during 6–10
November 2004 (SYM-H = −395 nT) and minimum total value of
496 GW during main phase 2 of the 28 October–1 November 2003
storm (SYM-H = −432 nT). The magnitude of the Joule heating
power depends on the method by which it is calculated. The total
magnitude of the Akasofu parameter is 1.25 ×107 GW and total
JHT is 1.4 ×105 GW during 19–22 November 2003. Similarly, they
are, respectively, approximately 1.69 ×107 GW and 2.88 ×105 GW
during 6–10November 2004. It suggests that the Joule heating power
during extreme storms accounts for about 1% of the energy input;
less than a percent is available for the auroral ionosphere, which
is in conformity with the results obtained by Vichare et al. (2005)
and MacMahon and Gonzalez (1997) for intense storms. Note that
earlier studies report an order of 10% fraction of energy input into
themagnetosphere, which is dissipated via Joule heating and auroral
power during intense storms (Guo et al., 2012; Turner et al., 2009;
and references therein). Alex et al. (2006) reported that the Joule
heating dissipation power, using the AE index as a proxy, accounted
for about 4.5%, 4.9%, and 5.7% of energy input on 29 October,
30 October, and 20 November 2003, respectively. Note that the
energy deposited into the magnetosphere via the formation of field-
aligned current, magnetospheric tail current, energy carried away
by the plasmoids, and the post-plasmoid plasma sheet outflow are
not considered in the present study, which appear to be a major
portion of energy dissipation (Alex et al., 2006; Baker et al., 2001).
The large caveat observed in the present study can be attributed to
the empirical formulations used.

The energy input is highly variable at a timescale of an hour,
particularly during the main phase of the geomagnetic storm
(Verkhoglyadova et al., 2017).The Epsilon (Akasofu) parameter can
add to a significant amount of uncertainty, owing to the scale factor

(see Koskinen and Tanskanen, 2002 for detailed discussion). The
Joule heating power calculated using the formulation proposed by
Knipp et al. (2004) is the multiple regression fit to the integrated
Joule heating values derived from the assimilative mapping of
ionospheric electrodynamics (AMIE). It is expected to have scarcity
of data points at the extreme end of super geomagnetic storms.
Furthermore, it does not include the neutral wind effects and small-
scale variabilities of the electric field that considerably add to the
Joule heating power (Knipp et al., 2004). The Joule heating power
from the TIEGCM simulation, in the present study, uses high-
latitude electric fields and convection patterns from the Weimer
model (Weimer, 2005). TheWeimer modeled Joule heating rate can
be significantly different (about a factor of 2) from other calculations
and is less sensitive to solar wind drivers (Verkhoglyadova et al.,
2017; Huang et al., 2012). One of the limitations to the Weimer
model is that it neglects the cups heating, and the electric potential
patterns become unrealistic for high-speed solar wind (Vsw >
900 km/s) and high magnitude ( > 20 nT) of the interplanetary
magnetic field (HAO, 2018), adding up to a higher uncertainty
in the model calculation of the Joule heating rate. Furthermore,
the selection of the lower-boundary tidal driving plays important
roles in affecting the ionosphere–thermosphere system up to the F-
layer (Vichare et al., 2012). The DMSP particle precipitations have
also well-known uncertainties, as discussed by Emery et al. (2008,
2012). The ring current power calculation strongly depends on the
chosen decay time (Alex et al., 2006). In addition, the TIEGCM
calculation of NO cooling emission has also strong discrepancy with
the observations, although it agrees quiet well for daily averaged
values (Qian et al., 2010; Sheng et al., 2017; Chen and Lei, 2018;
Li et al., 2018; 2019; Walterscheid et al., 2023).

The total cooling power from SABER observation roughly
follows the strength of the storm, with maximum values (6.4
×104 GW) during 19–22 November 2003 and minimum values
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FIGURE 8
Scatter plot between the Akasofu parameter and (A) Joule heating power from the TIEGCM, (B) Joule heating power using SYM-H, (C) auroral particle
precipitation, and (D) ring current power during different phases of geomagnetic storms.

(4.52 ×104 GW) during 6–10 November 2004, whereas no similar
variation is observed in the modeled power. The total modeled
power is maximum during storm 2 of 28 October–1 November
2003 and minimum during 6–10 November 2004. The difference
in the variation in cooling power with respect to the Joule heating
power can be attributed to the different timescales used and the pre-
conditioning of the thermosphere (Verkhoglyadova et al., 2016; Bag,
2018). The total power radiated by the NO cooling process is
maximum during the 28 October−01 November 2003 storm, as
calculated from the model (3.0 ×105 GW) and satellite observation
(1.8 ×105 GW). Minimum radiative power is observed during 6–10
November 2004 for both the model (1.2 ×105 GW) and satellite
observation (1.0 ×105 GW). The TIEGCM simulation predicts,
on average, a power of 1.87 ×105 GW exiting the thermosphere
during a superstorm. It is about 40% higher than the satellite
observation.

Figure 8 shows the scatter plot between the Akasofu parameter
with (a) Joule heating power obtained from the TIEGCM, (b)
Joule heating power calculated using SYM-H, (c) auroral particle
precipitation, and (d) ring current dissipation power. It also displays
the scatter plots during different geomagnetic storm phases. The
Akasofu parameter exhibits a strong positive correlation with the
Joule heating power (r = 0.75), as obtained from the TIEGCM
simulation. A slightly lower correlation is observed for the Joule
heating power calculated using SYM-H (r = 0.73), followed by ring
current dissipation (r = 0.67). The auroral particle precipitation
shows the lowest correlation with solar wind energy input into the
magnetosphere. The higher correlation with the Joule heating could
be due to the fact that it is by far the dominating dissipation process
of energy input into the magnetosphere–ionosphere–thermosphere
system (Kozyra et al., 1998; Lu et al., 1998) and that the nitric oxide
cooling accounts for about 80% of Joule heating energy during
geomagnetic storms (Lu et al., 2010).

The TIEGCM simulation agrees very well with the observations
during the pre-onset period. The TIEGCM results increase higher
than the observations during the geomagnetic period. Furthermore,
the satellite observation exhibits a higher correlation (r = 0.35) with
the Joule heating power calculated using SYM-H, where time lag is
not considered (Figure 9A). A similar higher correlation can also be
observed between the satellite-observed NO cooling power and the
TIEGCM-simulated Joule heating power (Figure 9B). On the other
hand, the TIEGCM simulated cooling power shows less correlation
with the JHS and JHT (r = 0.10 for JHS and r = −0.16 for JHT), as
shown in Figure9A–B. The consideration of time lag increases the
correlation between the Joule heating and NO power (figure not
shown). The correlation coefficient (r) is 0.76 for JHS and SABER
observations, whereas it is about 0.75 for JHS and TIEGCM cooling
flux. Furthermore, the correlation coefficient decreased significantly
when the TIEGCM-simulated Joule heating rate (JHT) is used. The
correlation coefficients are, respectively, 0.65 and 0.63 for JHT and
SABER-observed flux and JHT and TIEGCM-calculated flux.These
lower correlations, due to the inclusion of JHT, can be attributed to
the unexpectedly low JHT during main phase 1 of the 28 October–1
November 2003 storm. The correlation coefficients, respectively,
become 0.927 and 0.91 for JHT with SABER-observed flux, and
JHT with TIEGCM-simulated flux when main phase 1 of the 28
October–1 November 2003 storm is excluded. These values agree
very well with the earlier study by Lu et al. (2010). Lu et al. (2010)
reported the cross-correlation coefficient, between NO cooling and
the averaged, time-shifted Joule heating, in the range of 0.87–0.97
with a lag time of 10 h. The lower values of correlations between
JHS and SABER-observed flux and JHS and TIEGCM flux could
be due to the calculation of JHS using empirical formulation. The
phase-wise correlation, between the NO cooling flux and Joule
heating, shows a strong positive correlation (average r = 0.93)
during the main phase (with the exclusion of main phase 1 of
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FIGURE 9
Scatter plot between (A) NO cooling power and Joule heating obtained using SYM-H and (B) NO cooling power and Joule heating obtained from the
TIEGCM simulation (circle: SABER observation; diamond: TIEGCM simulation).

28 October–1 November 2003), followed by recovery phase 1
(average r = 0.81).

Figure 10 shows the correlation between the duration of
the main phase with the modeled and satellite-observed NO
power during the main phase (Figure 10A) and recovery phase
(Figure 10B). Both the satellite observations and model simulations
of cooling power demonstrate a strong positive correlation with
correlation coefficients of 0.96 and 0.59, respectively, during
the main phase. The satellite observations of cooling power
show a relatively stronger negative correlation (r = −0.49) than
the modeled power (r = −0.12) during the recovery phase.
Discrepancies between the model simulations of NO cooling
emission and the satellite observations have been reported earlier
during intense storms (Sheng et al., 2017; Chen and Lei, 2018;
Li et al., 2019; Walterscheid et al., 2023). It suggests that the
observation displays a faster response and faster recovery during
extreme geomagnetic storms.

3.3 Summary

We selected three superstorms with a Dst index less than
−350 nT to study the thermospheric energy budget during
2003–2004. A particular consideration is given to the thermospheric
cooling emission by nitric oxide via a wavelength of 5.3 μm because
of its well-known thermostat effect. The nitric oxide radiative
emission data are obtained from SABER observations onboard
the TIMED satellite and the TIEGCM simulations. Different energy
sources for magnetospheric energy injection and the thermospheric
dissipation processes are calculated using space-borne and ground-
basedmeasurements and empirical formulations.The kinetic energy
impinging on Earth’s magnetosphere, Joule heating, and the ring
current injection rate are calculated using empirical formulations
andTIEGCMsimulations.TheAkasofu parameter, which represents
the solar wind energy transfer into Earth’s magnetosphere, is
obtained from the SuperMAGdatabase for two events and estimated

FIGURE 10
Scatter plot between the phase duration and NO cooling power
calculated using SYM-H during the (A) main phase and (B)
recovery phase.

for one event (28 October–1 November 2003). The auroral particle
precipitation is from theDMSPF13 satellite.The nitric oxide volume
emission rates, in the altitude region of 100–250 km, are integrated
to obtain the cooling flux. The cooling flux is then integrated
zonally and meridionally to estimate the nitric oxide cooling power
exiting the thermosphere. The salient features obtained from this
investigation are as follows: (I) the TIMED/SABER satellite observed
that nitric oxide cooling flux responds faster to the solar wind energy
input than that by the TIEGCM simulation; (II) the nitric oxide
cooling power increases by an order of magnitude during storm
time, with respect to the pre-onset value, with maximum power
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radiated during the recovery phase; (III) the Joule heating rates
calculated from different sources show similar temporal variations
with significant difference in the magnitude; (IV) the cooling power
strongly depends on the duration of the storm main phase and
is independent of the storm’s intensity; (V) the TIMED/SABER
satellite observations show that, on average, nitric oxide cooling
power of 1.4 ×105 GW exits the thermosphere during a typical
superstorm, which is about 40% less than that predicted by the
TIEGCM simulation.
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