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Abstract

The impact of interplanetary (IP) shock on Nitric Oxide (NO) 5.3 mm cooling emission is studied during geomagnetic quiet periods.
The Active Magnetosphere and Planetary Electrodynamics Response Experiment measurements of field-aligned-currents intensify dur-
ing IP shock with a relatively higher magnitude in southern hemisphere as compared to the northern hemispheric counterpart. The
Defense Meteorological Satellite Program spacecraft observations displayed an early and strong enhancement in the precipitating par-
ticle flux of energy less than 1 keV. The particle flux of higher energy responds at later time. The NO density exhibited a significant, pre-
event increase by an order of magnitude due to low-energy particle precipitation. The thermospheric temperature increased by about
100 K at 400 km. The superposed epoch analysis study revealed a linear enhancement in SABER (Sounding of the Atmosphere using
Broadband Emission Radiometry) measurements of NO cooling emission onboard the TIMED (Thermosphere Ionosphere Mesosphere
Energetics Dynamics) satellite due to the prompt increase in particle precipitations and thermospheric temperature triggered by IP shock.
� 2024 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar
technologies.
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1. Introduction

Interplanetary (IP) shock is one of the common phe-
nomena that significantly affects the interaction between
solar wind and magnetosphere. IP shock is the rapid distur-
bance in the solar wind characterized by abrupt changes in
its speed, density, and magnetic field orientation; usually
driven by coronal mass ejections (CMEs), Corotating
Interaction Regions (CIRs) and/or solar flares. When a fast
stream of solar wind overtakes a slower stream, it prompts
the formation of IP shock (Oliveira, 2017 and references
therein). The resulting abrupt changes drive shock waves
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0273-1177/� 2024 COSPAR. Published by Elsevier B.V. All rights are reser

technologies.

⇑ Corresponding author.
E-mail address: tikemani.bag@nipr.ac.jp (T. Bag).
that propagate through the interplanetary medium. IP
shock is classified into different categories depending on
the speed of the shock with respect to that of the ambient
solar wind and the orientation of the interplanetary mag-
netic field (see Oliveira, 2017 for a review). When the
shock’s relative speed exceeds that of the ambient solar
wind, it is called a fast shock; if it is lower, it is termed a
slow shock. A fast forward shock (FFS) moves away from
the sun, while a fast reverse shock moves towards the sun.
During FFS events, solar wind parameters such as plasma
density, magnetic field, pressure, and speed increase. FFS
events are more frequent and highly geoeffective. In con-
trast, slow reverse shocks (SRS) result in decreased solar
wind dynamic pressure and density, increased interplane-
ved, including those for text and data mining, AI training, and similar
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tary magnetic field strength, and enhanced solar wind
speed.

IP shock dictates the behavior of magnetosphere-iono
sphere-thermosphere (MIT) system due to its role in affecting
shape, size, and orientation of the magnetosphere. Interplan-
etary shock triggers numerous geophysical processes, influ-
encing areas from the magnetosphere down to the Earth’s
surface including field-aligned-currents (FACs), radiation
belts, daytime aurora, polar vortex, total electron content
and neutral atmosphere. In addition, it also drives geomag-
netic storms and substorms along with the geomagnetically
induced current (Burlaga, 1995; Zhou et al., 2003;
Palmroth et al., 2004; Lui, 2011; Schiller et al., 2016;
Belakhovsky et al., 2017; Yue et al., 2010; Lu et al., 2018;
Shi et al., 2017; Shi et al., 2019; Hartinger et al., 2022;
Chen et al., 2023; Bag and Ogawa, 2024a; Oliveira et al.,
2024 and references therein). Oliveira and Raeder (2014)
observed an increase in hot electron fluxes and intensification
of electron cyclotron waves during shock events due to mag-
netospheric compression and subsequent particle accelera-
tion. The sudden compression and heating of
magnetospheric plasma, due to IP shocks, also leads to vor-
tex formations in the magnetospheric and ionospheric plasma
(Gkioulidou et al., 2022). These vortices transport energy and
particles across different regions, affecting the overall stability
and behavior of the magnetosphere-ionosphere system.

Recent studies revealed that the geoeffectiveness of IP
shock strongly depends on the impact angle. Nearly frontal
shock causes relatively higher intensification of field-
aligned currents and induces significant changes in the radi-
ation belts, affecting the dynamics and energetics of
trapped particle populations, leading to higher energy
deposition into the magnetosphere as compared to oblique
shocks (Oliveira et al., 2024; Turner et al., 2021). It also
results in the stronger auroral activity, ionospheric flow
vortices and expands the equatorial auroral boundary
through pitch angle diffusion of low-energy particle precip-
itation. This energy deposition alters the electron density
and thermospheric temperature, and increases thermo-
spheric density and satellite orbit drag (Rae et al., 2022;
Fang et al., 2023; Cao et al., 2013; Fu et al., 2011; Shi
et al., 2017; Shi et al., 2019; Yue et al., 2010; Zhou et al.,
2003; Oliveira and Zesta., 2019; Liu et al., 2023). Further-
more, the impact angle of IP shocks influences the ampli-
tude, frequency, and power spectra of ultra-low
frequency (ULF) waves. More perpendicular shocks gener-
ate stronger ULF waves with higher frequencies. These
ULF waves interact with charged particles, accelerating
them and leading to increased ionization and heating in
the upper atmosphere. This, in turn, affects radio wave
propagation and satellite communications (Oliveira, 2023;
Oliveira et al., 2024 and references therein).

The IP shock also increases the efficiency of solar wind-
magnetosphere interaction and ionospheric convection
(Boudouridis et al., 2004a,b; 2005; Connor et al., 2014;
Ober et al., 2006). It shows a strong positive correlation
with Joule heating rate (1992; Palmroth et al., 2004; Bag
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and Ogawa, 2024b). Palmroth et al. (2004), by using
ACE solar wind data, the AE index, and GUMICS
MHD simulations, suggested an increase in Joule heating
during positive pressure impulse events. Similarly, Shi
et al. (2017) observed a sudden increase in daytime, high
latitude thermospheric density and downward Poynting
flux during positive pressure impulse event by using
OpenGGCM and multi-satellite instruments. Knipp et al.
(2013) reported the damping response of thermospheric
density to shock-induced geomagnetic storms due to
enhanced NO production and subsequent cooling emis-
sion, highlighting the need to better understand these pro-
cesses for accurate prediction of the thermospheric
response to space weather events (Bowman et al., 2008).
Recently, Bag and Ogawa (2024), by using a combination
of model simulations and observations, revealed an
enhancement in the thermospheric NO cooling emission
during the IP event on November 8, 2010. They inferred
that the enhancement in NO cooling emission is due to
the expansion of magnetosphere and subsequent increase
in Joule heating rate and particle precipitation.

Nitric Oxide (NO) radiative emission at 5.3 mm regulates
thermospheric temperature increases due to its radiative
properties (Mlynczak et al., 2003; Kockarts, 1980). It is a
dominant coolant in the Earth’s atmosphere above 100 km.
It primarily results due to the inelastic collision of NO with
atomic oxygen. Low-energy particle flux also contributes sig-
nificantly to high latitude thermospheric NO density particu-
larly during space weather and auroral events. Electron fluxes
of 1–10 keV and ion fluxes of 10–20 keV dissociate N2 into
atomic nitrogen (N4S, N2D), which subsequently reacts with
molecular oxygen to produce NO density (Barth, 2010; Barth
et al., 2009; Richards, 2004). There are several studies on the
response of NO radiative emission to geomagnetic storms
(Mlynczak et al., 2003; Knipp et al., 2013; Li et al., 2018;
Bharti et al., 2018; Bag., 2018a,b; Bag et al., 2020, 2023a-b;
Bag and Ogawa, 2024a,b and references therein). However,
there has been little attempt to understand the impacts of
IP shocks on NO emission. In the present study, for the first
time, we statistically investigate the impacts of IP shocks on
NO cooling emission during geomagnetic quiet period by
using SABER (Sounding of the Atmosphere using Broad-
band Emission Radiometry) measurements onboard the
TIMED (Thermosphere Ionosphere Mesosphere Energetics
Dynamics) satellite. We divide this study into five sections.
Section 2 provides a brief introduction of the data sets and
analysis method used. It also includes the various geomag-
netic indices and interplanetary solar wind parameters. The
corresponding response of the thermospheric NO emission
to IP shock is discussed in the Section 3 and Section 4 by
using model simulation and satellite observations. We con-
clude this paper with a summary in Section5.

2. Data analysis and method

The SABER observations of NO cooling emission
onboard the TIMED satellite along with NRLMSISE2.1
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model simulation of atmospheric density and measure-
ments for Field-Aligned-Currents and low-energy particle
precipitation are utilized to investigate the impacts of IP
shock on NO emission during geomagnetic quiet period
by using superposed epoch analysis technique.

The SABER is one of four instruments onboard the
TIMED satellite, launched on December 7, 2001 (Russell
et al., 1999). It asymmetrically covers the Earth, spanning
latitudes from approximately 53� in one hemisphere to
83� in the other over a 60–65 days period, corresponding
to the satellite’s yaw period (Russell et al., 1999;
Mlynczak et al., 2005). SABER is equipped with a 10-
channel broadband limb-scanning infrared radiometer,
which measures radiance (W. m�2.sr�1) from emissions
between 1.27 mm and 16.9 mm with a vertical resolution
of about 2 km. This includes the thermospheric NO emis-
sion at a wavelength of 5.3 mm (Mlynczak et al., 2003).
The volume emission rate (VER) of NO is calculated from
the limb radiance measurement by using an Abel’s inver-
sion technique (Mlynczak et al., 2003; 2005; 2007;
Mertens et al., 2004). The vertical integration over altitudes
of 100–250 km provides the cooling flux. The uncertainty
in SABER’s NO cooling rate measurements is better than
15 % (Mlynczak et al., 2010). We utilized SABER version
2.0 data in the present study.

Field-Aligned Currents (FACs) are obtained from the
Active Magnetosphere and Planetary Electrodynamics
Response Experiment (AMPERE). The AMPERE dataset
provides continuous, global-scale measurements of mag-
netic field perturbations caused by FACs, using the Iridium
satellite constellation. These measurements include both
upward and downward FACs on a magnetic latitude-
magnetic local time grid, with a 10-minute integration time
and a 2-minute time resolution (Anderson et al., 2000;
Anderson et al., 2014).

Low-energy particle flux generates NO density through
a series of chemical reactions. The low-energy particle
(electrons and ions) flux is obtained from the Defense
Meteorological Satellite Program (DMSP) via the Madri-
gal database (https://cedar.openmadrigal.org). The DMSP
satellites, which orbit at an altitude of 850 km with a period
of about 100 min, are polar satellites in sun-synchronous
orbits, covering a broad range of magnetic local times
beneath them (Rich et al., 1985). The DMSP satellite are
equipped with sensors that detect low-energy particles.
They measure auroral precipitating particles from 30 eV
to 30 keV across 20 energy channels every second with
pitch angles in the loss cone. The electron and ion fluxes
are divided into three energy categories: low (0.03–
0.949 keV, i.e., <1 keV), mid (0.949–9.45 keV, i.e.,
1 keV < E < 10 keV), and high (9.45–30 keV, i.e.,
>10 keV). We utilized DMSP F17 spacecraft observations
for high latitude regions (latitude > 60�) in both
hemispheres.

NO cooling emission depends on the densities of NO,
atomic oxygen and thermospheric temperature (Mlynczak
et al., 2003). In the present study, we used densities of
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NO, atomic oxygen and thermospheric temperature from
NRLMSISE2.1 model (Emmert et al., 2022). The
NRLMSISE2.1 model is an empirical atmospheric model
that calculates the densities and temperatures of the Earth’s
atmosphere at various altitudes from the surface up to the
exosphere. It takes into account different factors such as
solar and geomagnetic activity, latitude, longitude, season,
and time of day to provide accurate estimations of atmo-
spheric parameters. The uncertainties in NO, Atomic oxy-
gen, atomic nitrogen and temperature are, respectively,
about ± 30–50 %, ±20-30 %, ±30-50 % and ± 10–15 K
(Emmert et al., 2022).

The solar and interplanetary magnetic field (IMF) data
along with Akasofu (�) parameter are obtained from the
WIND spacecraft located at L1 Lagrangian point
(https://wind.nasa.gov). Auroral electrojet (AE) and
SYM-H indices are obtained from OMNIWeb database
(https://omniweb.gsfc.nasa.gov). We considered 17 IP
shock events having SYM-H index greater than �30 nT
within �6 hr to + 18 hr of onset. The IP shock events
are obtained from Oliveira (2023) and details are provided
in the supplementary file. The IP events are dominated by
fast forward shock with the impact angle ranging from
130� to 164�. All data are binned into 10 min average with
zero epoch hour (ZEH) corresponding to the onset of IP
shock.

3. Results

Fig. 1 depicts a typical case of IP shock and correspond-
ing changes in the solar and interplanetary magnetic field
(IMF), EISCAT measured electron density, temperature,
Pederson conductance, magnetic indices along with NO
cooling flux and thermospheric density at 400 km during
24 November 2008. It also includes the smoothed values.
The IP shock occurred at 22:29 UT and is represented by
a vertical red line. The x-, y- and z- components of IMF
exhibited strong fluctuations that remained elevated for
more than 12 h (Fig. 1a). A significant enhancement can
also be noticed in the solar wind density, speed and dynam-
ics pressure. The solar wind speed continued to rise follow-
ing the IP shock. The solar wind density and dynamic
pressure peaked within three hours of onset. The Akasofu
parameter maximized about 2–3 h later with the magnitude
of 30x1011(W). Similarly, the EISCAT measured electron
density, temperature and Pederson conductance also mag-
nified. The electron density increased all over the altitude
ranges. Both electron and ion temperature increased fol-
lowing IP shock. However, the response time is different
for electron and ion temperature. The electron temperature
reached the peak magnitudes of 3200 K after 2–3 h of
onset. Whereas, the ion temperature lags behind the elec-
tron temperature by about 2 h with peak value of
3500 K. The maximum Pedersen conductance of 4.5 Sie-
mens was recorded 5.5 h after onset. Although SYM-H
index remained below �25nT, strong auroral activities
are noticed. In response to IP shock, NO emission and
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Fig. 1. Temporal variation of (a)IMF, (b) solar wind speed, (c) dynamic pressure, (d) SYM-H index, (e) electron density, (f) Ion/electron temperature and
Pederson conductance, (g) NO cooling emission and (h) thermospheric density at 400 km during November 24, 2008.
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thermospheric density enhanced significantly particularly
in high latitude (latitude>|60o|) region. The GRACE
(Gravity Recovery and Climate Experiment) satellite
observations thermospheric density is normalized to
400 km using NRLMSISE00 model. About four times
increase is observed in high latitude NO cooling emission
with respect to pre-event value of 0.1 mW.m�2. Whereas,
the thermospheric density increased by double the pre-
onset value. Both the cooling and density enhancements
propagate towards mid- and low- latitude due to travelling
atmospheric disturbances. It is more clearly noticeable in
the thermospheric density. Further, it can be observed that
thermospheric density responds faster to IP shock as com-
pared to NO cooling emission.

In order to understand the average trend of solar wind
parameters and corresponding cooling emission, we per-
formed a superposed epoch analysis (SEA) with zero epoch
time corresponding to onset time of IP shock. The solar
wind parameter, IMF and geomagnetic indices are shown
in Fig. 2. The black and red lines, respectively, represent
Fig. 2. Superposed Epoch study of (a) IMF Bx, (b)IMF By, (c)IMF Bz, (d)IMF
pressure, (h)Epsilon parameter, (i) AE index and (j) SYM-H index. All data
median values are, respectively, represented by black, red and blue color. Ver
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the lower and upper quartiles. The blue lines denote the
median values. The onset of IP shock is indicated by verti-
cal red lines. The solar parameters and IMF exhibit a
strong fluctuation due to IP shock. An increment is noticed
in the solar wind speed, density, dynamic pressure and epsi-
lon parameter suggest the dominance of fast forward
shock. Although AE and SYM-H indices remained low,
a strong auroral activity is noticed after about + 12 ZEH.

The IP shocks deposit huge amount of solar wind energy
into Earth’s magnetosphere. The superposed epoch analy-
sis shows about an order increase in Epsilon parameter
with respect to pre-onset value (Fig. 3a). The NO cooling
emission undergoes a strong enhancement in response to
the solar wind energy deposition. A global enhancement
of NO emission all over the latitude sectors can be
observed due to the energy deposition (Fig. 3b). A strong
intensification is particularly noticeable in high latitude
region that propagates towards mid- and low latitudes as
time progresses. Fig. 3c shows the superposed epoch anal-
ysis of high latitude (latitude > 60�) NO emission. The
average, (e)solar wind speed, (f)solar wind density, (g)solar wind dynamic
are binned into 10-minutes averages. Lower quartile, upper quartile and
tical red lines denote onset of IP shock.



Fig. 3. Superposed epoch of (a) Epsilon parameter same as Fig. 2 (h), (b) Time-latitude cross-section NO cooling flux and (c) high latitude NO cooling
flux. Lower quartile, upper quartile and median values are, respectively, represented by black, red and blue color. Vertical red lines denote onset of IP
shock.
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average value of NO emission was about 0.1 mW.m�2 dur-
ing pre-event period. It increases almost linearly after the
shock onset (Fig. 3c).

In order to understand the response of FACs and mag-
netospheric energetic particle precipitations to IP shock,
Fig. 4 is presented. The upward and downward FACs,
from AMPERE/Iridium satellite constellation, exhibit
strong enhancements in both hemispheres. However, the
enhancement in upward FACs is slightly higher than the
downward current. Further, southern hemispheric FACs
display a relatively higher enhancement as compared to
northern hemispheric counterparts (Fig. 4a-d). The DMSP
satellite observed low particle flux also demonstrates an
increment during IP shock. Although both low energy elec-
trons and ions fluxes display strong amplification due to IP
shock (Fig. 4e, 4i), the particle flux of lower energy shows a
stronger and earlier enhancement as compared to those of
higher energy. The integrated electron flux of energy less
than 1 keV shows a significant increase by about 4–5 times
the pre-event value. It shows an early enhancement that
Fig. 4. Time variation of (a-d) Field-Aligned-Current, integrated
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peaks within about 10–12 h of onset and remains elevated
for longer duration. The electron flux of higher energy (en-
ergy > 1 keV) shows a delayed response. In addition, the
increase in higher energy electron flux with respect to their
respective pre-event value decreases with increasing energy.
Similar behavior can also be observed in the case of ion
flux. However, the relative enhancement of ion flux is sig-
nificantly lower than their electron counterparts. We would
like to mention here that the electron flux of energy greater
than � 10 keV displays some unexpected peaks and
troughs (see Fig. 4 g-h). The detail investigation of this
unexpected variation is part of future work.

The SEA study of densities of NO, N, O and thermo-
spheric temperature are depicted in Fig. 5 as obtained from
NRLMSISE2.1 model, interpolated to TIMED/SABER
satellite location. We consider only high latitude
(latitude > 60�) densities and temperature. The densities
and temperature, respectively, correspond to the altitudes
of 130 and 400 km. On average, the NO density increases
twice the pre-event value (Fig. 5a). On the contrary, the
(e-h) electron flux and(i-l) ion flux for different energy ranges.



Fig. 5. Time variation of high latitude (a) NO density, (b) [N] density, (c) [O[ density at 130 km and (d) thermospheric temperature at 400 km.
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densities of atomic oxygen and atomic nitrogen deplete by
about 40 % with respect to their pre-event values (Fig. 5b-
c). A strong increase of thermospheric temperature by
about 100 K is also achieved at 400 km (Fig. 5d). Both den-
sities and temperature attempt to revert to pre-event values
after about 15–16 h of onset.

4. Interpretation and discussion

The NO cooling emission strongly responds to the exter-
nal energy deposition into M�I�T system. In the present
study, it is observed that NO emission undergoes a strong
enhancement due to IP shock even during non-
geomagnetic periods. Earlier studies reported the enhance-
ments in a high latitude FACs, particularly in the cusp
region, that propagates equatorward. This enhancements
in FACs are found in association with Joule heating rate
(Plamroth et al., 2004; Wang et al., 2014; Shi et al.,
2017;2019; Bag and Ogawa. 2024a). Further, it is well
established that the IP shocks modify the size and shape
of magnetosphere. The fluctuation (expansion/contraction)
of the magnetosphere is known to increase the dayside
magnetic reconnection and formation of discrete aurora
due to particle precipitation by pitch angle diffusion and
FACs (Sato et al., 2001; Fujita et al., 2004; Fujita 2019).
Further, FACs exhibit a hemispheric asymmetry with
higher southern hemispheric values. Similar strong hemi-
spheric asymmetry has been reported earlier during space
weather events (Bag. 2018b; Bag et al., 2020 and references
therein). However, no hemispheric asymmetry has been
studied during IP shock. The hemispheric difference can
be attributed to the seasonal bias of the sampled events
and hemispheric difference in magnetic field. The reduced
southern hemispheric magnetic field would result in larger
ionosphere electric field and Joule heating rate (propor-
tional to the square of electric field).

The increase in the low energy particle precipitation
impacts the ionosphere-thermosphere system (Knipp
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et al., 2013; Barth,2010). Earlier studies reported that elec-
trons of 1–10 keV and ions of 10–20 keV strongly dictate
the formation of NO density via a series of chemical reac-
tions (Richardds, 2004; Barth, 2010; Barth et al., 2009).
The electrons of energy less than 1 keV primarily affect
the altitude above 120 km, while those higher energy influ-
ences higher altitude. The electrons of lower energy(energ
y < 1 keV) have strong influence on NO cooling emission
and it immediately uplifts thermospheric density (Knipp
et al., 2013). The early and excessive enhancement of low
energy electron flux would result in the formation of NO
density which is noticeable from Figs. 4 and 5. Similar
increase in particle flux, NO density and subsequent NO
cooling flux during shock led geomagnetic storms has been
reported by Knipp et al. (2013). An analogous variation in
the particle flux, nitric density and NO cooling flux can also
be observed during non-geomagnetic IP shocks periods
(Figs. 2, 4-5). In addition to electron flux, ion flux also dic-
tates the variability of NO cooling emission via production
of NO density in the nocturnal atmosphere (Galand
et al.,1999). Further, IP shock also generates ionospheric
flow vortex and equatorward expansion of auroral bound-
ary due to FACs which would dictate the variation of NO
emission due to its non-linear dependence on ion/electron
temperature (Luhr et al., 1995; Jin et al., 2023).

5. Summary

The infrared radiative emission by Nitric Oxide at
5.3 mm wavelength is the dominating coolant that effective
regulates thermospheric temperature above 100 km. It
strongly depends on the solar wind and magnetospheric
energy deposition into Earth’s atmosphere. We utilized
multi-satellite observations to investigate the impacts of
interplanetary (IP) shock on NO emission by using super-
posed epoch analysis technique. The IP shock resulted in
the strong high latitude NO cooling emission. The
AMPERE/Iridium satellite constellation observations of
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FACs display strong enhancements in both hemispheres.
However, the upward FAC is slightly higher than the
downward current. Further, southern hemispheric FAC
display a relatively higher enhancement as compared to
northern hemispheric counterparts. The DMSP spacecraft
measurement of low particle flux (energy < 1 keV) demon-
strates a stronger pre-event enhancement as compared to
those of higher energy. Similar variation is also observed
in NO density and thermospheric temperature. NO density,
at 130 km, increased by an order of magnitude as com-
pared to the pre-event value. About 40 % decrease in
atomic oxygen and atomic nitrogen densities are observed.
The thermospheric temperature increased by about 100 K
during IP shock period at 400 km. The strong and linear
enhancement in high latitude NO cooling emission can be
attributed to the huge amount of solar wind energy depo-
sition into Earth’s atmosphere due to IP shock and subse-
quent enhancements in FACs and particle precipitation
that resulted-in the increase in NO density and thermo-
spheric temperature.
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