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Abstract. We investigate the response of space weather events on Earth’s upper atmosphere over the polar regions by studying
their effect on the drag of the CHAMP and GRACE satellites. Increasing solar activity that results in heating and the expansion
of the upper atmosphere threatens low Earth orbit (LEO) satellites. Auroral events are closely related to the stellar energy
deposition of solar EUV radiation and precipitating energetic electrons, which influence photochemical processes such as the
production of nitric oxide (NO) in the upper atmosphere. To study the production of NO molecules and their influence on
the thermospheric structure and satellite drag, we first model Earth’s background thermosphere structure with the 1D upper
atmosphere model Kompot by considering the incident X-ray, EUV, and IR radiation during selected space weather events.
For investigating the effect of electron precipitation in the production of NO molecules in the polar thermosphere, we apply a
Monte Carlo model that takes into account the stochastic nature of collisional scattering of auroral electrons in collisions with
the surrounding N»-O atmosphere, including the production of suprathermal N atoms. The observed effect of the atmospheric
drag on the CHAMP and GRACE spacecraft during the two studied events indicates that a sporadic enhancement of NO
molecule production in the polar thermosphere and its IR-cooling capability, which counteracts thermospheric expansion and
can lead to an “overcooling” with decreased density after the space weather event, can have a protective effect on LEO satellites.

Their production efficiency, however, is highly dependent on the energy flux of the precipitating electrons.

1 Introduction

Earth’s upper atmosphere interacts with the particles and radiation emitted by the Sun. The absorption of stellar X-ray and
extreme ultraviolet (EUV; together abbreviated as XUV) photons heats up, expands, and disperses atmospheric gas into space.
In addition to the solar radiation, Earth is occasionally hit by coronal mass ejections (CMEs), i.e., eruptions of plasma and
magnetic fields from the Sun’s corona. When a CME hits Earth, energy is injected into the magnetospheric system, and
electrons and protons can interact with the atmosphere via the polar regions, through which they can enter the magnetosphere.

Such events can cause a geomagnetic storm, during which the CME compresses the magnetosphere on the day side and
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the magnetic tail on the night side becomes extended. The charged particles and magnetic fields from the CME and their
interaction with the magnetosphere through magnetic reconnection can lead to auroras, disrupt satellite operations, be a danger
to manned space missions, and induce electric currents on Earth’s surface, which have the capability to disrupt power grids and
radio communications when they collide with the atmospheric atoms and molecules below the exobase (see, e.g., Buzulukova
and Tsurutani, 2022, for a review). Additionally, CMEs can also affect the altitude of low Earth orbiting satellites (LEOs)
by delivering substantial amounts of additional energy and momentum into the Earth’s upper atmosphere, primarily through
geomagnetic coupling processes. This significant energy input leads to increased heating of the thermosphere, causing an
expansion of these atmospheric layers. Consequently, the enhanced atmospheric density at satellite altitudes results in increased
drag, leading to a measurable storm-induced orbital decay of LEO satellites.

In addition to the above-mentioned space weather effects, the CME-related precipitating electrons interact with molecules in
the thermosphere in the cusp regions. These energetic electrons enhance Joule heating (e.g., Zhang et al., 2012) and modify the
photochemistry, which results in an enhancement of nitric oxide (NO) production (e.g., Gérard et al., 1991; Shematovich et al.,
1991; Barth et al., 1999b, 2003b; Mlynczak et al., 2012; Shematovich et al., 2023), and the production of suprathermal oxygen
atoms (Shematovich et al., 2011). Since NO molecules are IR-coolers in the thermosphere, their increase can lead to an increase
in cooling, which acts against the above-mentioned thermospheric heating and expansion of the upper atmosphere. It was
found that the thermospheric NO concentration correlates strongly with space weather events and solar activity. The increased
production of NO can even lead to an overcooling of the upper atmosphere (Mlynczak et al., 2018; Zhang et al., 2019, 2022;
Ranjan et al., 2024) after an initial increase in heating and expansion of the thermosphere (Zhang et al., 2012, 2022). This
complex interplay between heating and cooling presents a significant challenge for accurate thermospheric density prediction
during CME events, as underestimating this cooling effect can lead to overestimations of thermospheric expansion and thus
larger, less precise forecasts of satellite orbital decay (Krauss et al., 2024). Therefore, a comprehensive understanding and
accurate modeling of NO density and its radiative cooling effect are crucial for achieving feasible and reliable forecasts of
satellite orbital decay during space weather events. This study, therefore, aims to investigate space weather events and their
responses, such as atmospheric heating and cooling, NO production, and the related impact of the upper atmosphere on the
orbit trajectories of satellites.

Section 2 describes the selection and available data of the chosen space weather events. In Section 3, we apply a 1D ther-
mosphere model to the solar activity conditions of the events and model the background atmosphere. We then implement the
obtained atmospheric density and temperature profiles into a numerical kinetic Monte Carlo model in Section 4 to study the

NO production by precipitating electrons. After discussing our results in Section 5, we conclude our study in Section 6.

2 Selected Coronal Mass Ejection (CME) Events for Analysis

To investigate the response of selected space weather events of Earth’s thermosphere at different altitudes, we estimated neutral
mass densities by using accelerometer measurements from the Challenging Minisatellite Payload (CHAMP; Reigber et al.,

2002) and Gravity Recovery and Climate Experiment (GRACE; Tapley et al., 2004) space missions. Both satellite missions
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were dedicated gravity-field missions with on-board accelerometers that measure the impact of non-gravitational forces on
the satellite. While both satellite missions maintained near-polar, near-circular orbits, their main difference lay in the varying
altitudes they operated during their respective mission lifetimes. Figure 1 shows the corresponding altitudes over the specific

mission duration.
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Figure 1. Evolution of the altitude of the satellite for the CHAMP (orange) and GRACE (blue) missions over their entire mission duration.

Thick lines correspond to the mean altitude per revolution.

For the selected CME events, the altitude of the CHAMP and GRACE spacecraft was on average 360-370 km and 480—
490 km, respectively. For the underlying study, we selected two different periods and investigated neutral mass densities esti-
mated from accelerometer measurements following Krauss et al. (2020), and also derived the storm-induced orbit decay based
on these observations (Krauss et al., 2024). The latter can be expressed by the temporal change of the semi-major orbit axis, a,

and is given by:

8o = =SB GaT (o) [ (o)t M

In this formulation, C, . is the ballistic drag coefficient in in-flight direction x, At is the area of the satellite, mn is the satel-
lite mass, p specifies the observed density value, and p;, represents the background density of the Earth’s thermosphere (Krauss
et al., 2018), which we specified as the mean density for two consecutive satellite revolutions prior to the CME arrival time.

This specific time is taken from the CME catalog (R&C catalog) provided by Richardson and Cane (2013)'. The formulation

ISee https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2 htm.
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also includes the Earth’s gravitational parameter, GM, the mean semi-major axis, a, averaged throughout the CME event, and

an eccentricity function, 1 (e). The latter is nearly 1 for the two satellites under investigation.
2.1 Event 1: 9 November 2004

We have chosen this specific CME event (e.g., Trichtchenko et al., 2007) because the thermospheric densities recorded after the
perturbations triggered by the CME were significantly lower than before the event. This behavior was visible in the observations
of both satellite missions at their respective altitudes. Regarding the position of the spacecraft in space, the solar beta angle,
which describes the angle between the orbital plane and the Earth-Sun line, and the median of local solar time (LST) during the
event, were as follows: for CHAMP, 3 = 38°, LST = 02:35, and for GRACE, 3 = 0°, LST = 11:14. Figure 2 shows the impact
on the neutral mass densities along the respective satellite trajectories as well as the triggered storm induced orbit decay for

CHAMP (left panel) and GRACE (right panel).
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Figure 2. Impact of a CME in November 2004 on the CHAMP (left) and GRACE-A satellites (right) at altitudes of 370 km and 490 km,
repectively. The top and bottom panels show the neutral density [kg/m®] evolution and the storm-induced orbit decay [m], respectively.
Additionally illustrated are the calculated background density (orange line), the start time of the disturbance (red line), i.e., the time of
the arrival of a shock or the leading edge of the CME at the Earth, and the observed start and end times of the responsible near-Earth

interplanetary CME plasma/magnetic field (blue lines), as specified by the R&C catalog.

The (theoretically) increasing orbital altitude (dashed lines) after the event is caused by the significantly reduced densities
compared to the pre-event level (pp) and is already an indication that an excessive over-cooling occurred during this time.
Mathematically, this implies that the integral in Equation (1) flips the sign in the determination. Although this is not an actual
increase in the satellite altitude, the orbit decay parameter can still be used to compare densities before and after the event.
One can see from Figure 2 that CHAMP has dropped by about 60 meters due to the increase in density, while GRACE’s
orbit was affected by about 20 meters. This indicates that CHAMP, with its orbit within the thermosphere, was more strongly
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affected by the space weather event because the total atmospheric density near the exobase level, where GRACE was located,
at approximately 500 km altitude, is less dense.

As we know from previous studies (e.g., Chen et al., 2014; Krauss et al., 2018; Oliveira and Zesta, 2019), the interplanetary
magnetic field, B,, plays an important role when analyzing the impact of CME events. However, investigating the observa-
tions from the ACE satellite during that time has not revealed any significant deviations. For this specific event, the SODA
database (Krauss et al., 2023) specifies a value of B,=-31.3nT, which is completely in line with the expected impact.

Another type of satellite observations we used for the analysis are continuous measurements from the Thermosphere Iono-
sphere Mesosphere Energetics and Dynamics (TIMED; see Kusnierkiewicz, 2003, for an overview) satellite’s Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER) instrument. This instrument measures infrared radiance, which
can be attributed to, e.g., NO in the lower thermosphere. Consequently, this allows the computation of global cooling rates and
radiative fluxes for NO (e.g., Mlynczak et al., 2003). Figure 3 shows geo-reference illustrations of the NO fluxes observed from
the TIMED/SABER satellite above the north and south pole regions. In either case, the measurements represent the complete
altitude-integrated energy flux at a satellite altitude of approximately 625 km. It should be noted that, due to the spacecraft’s po-
sition relative to the Sun, SABER will always view the anti-Sun side of the spacecraft, resulting in asymmetric global coverage
over any 60-day period (Russell et al., 1999), leading to a certain amount of visible polar gaps.

A significant increase in the NO concentration on 10 November is visible, particularly around the South Pole. This could
initiate cooling effects, which might explain the lower thermospheric density after the CME event (cf. 2). These in situ

observations provide an excellent basis for further analysis in this study.
2.2 Event 2: 15 May 2005

The second investigated CME event occurred on 13 May 2005, through an explosion near sunspot 759. With a transit velocity
of 1270 km/s, the first near-Earth disturbances were recorded on 15 May 2005, at 02:38 UT (Richardson and Cane, 2013,
R&C). Following, e.g., Bisi et al. (2010), this was a rather complex event where we additionally detected a divergent behavior
of the thermospheric densities recorded by the satellites CHAMP and GRACE, which we visualized in Fig. 4.

In contrast to the first event, we do not observe an increase in the satellites’ altitude in the storm-induced orbit decay. This
suggests that the density after the event was equal to or greater than before the event. Accordingly, it can be assumed that there
were no increased cooling effects. Additionally, we found that the densities for the two satellites behave differently, especially
during the event, which lasted nearly four days following the specifications in the R&C catalog. During the event, densities
observed at the lower altitude level of CHAMP (/370 km) show a much slower decrease and, as a result, a significantly longer
lasting storm-induced orbit decay than compared with GRACE at an altitude of about 480 km (cf. 2). In terms of values, an
altitude loss in the order of 112m and 14 m was observed for the CHAMP and GRACE satellites, respectively. Apart from
the longer lasting decay for CHAMP, the main difference is the actual difference in altitude of about 100 km, which leads to
absolute density differences of a power of ten during that time. Regarding the positions in space, the two satellites are very
similarly located. for CHAMP, g = 38°, LST = 09:20, and for GRACE, 3 =29°, LST = 09:51.
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Figure 3. Altitude-integrated Nitric oxide (NO) flux observed by the SABER instrument on board the TIMED satellite during the CME event
in November 2004. Top and bottom rows illustrate the measurements taken on the northern and southern hemisphere, respectively. These

maps are generated by considering all SABER measurements taken during the day, and by then using an interpolation scheme (Mlynczak
et al., 2003).

Concerning the measurements by TIMED/SABER during the event, which are illustrated in Figure 5, we see only slightly
and selectively increased NO flux values. This agrees well with the assumption that no overcooling took place based on the
derived thermospheric density (via Equation 1) in the orbits of CHAMP and GRACE. Crucially, event 2 neither shows a

significant increase in NO production nor any overcooling, whereas event 1 shows both.

3 Thermosphere Simulations
3.1 Model and input description

To simulate the background thermosphere of Earth for the two events, we apply the 1D upper atmosphere model Kompot
(Johnstone et al., 2018), which calculates the thermal and chemical structure of the thermosphere based on the radius and mass
of the planet, the incident solar XUV and IR flux, the homopause temperature, and atmospheric composition. The model was
benchmarked with the thermospheres of present-day Earth and Venus and with the atmospheric profiles of the empirical US
Naval Research Laboratory Mass Spectrometer and Incoherent Scatter radar Exosphere (NRLMSIS) model (Picone et al.,
2002). It was also used to simulate Earth’s atmosphere in the geologic past (Kislyakova et al., 2020; Johnstone et al., 2021),
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Figure 4. Impact of a CME in May 2005 on the CHAMP satellite (left) and GRACE-A satellite (right) 360 km and 480 km. The top and
bottom panels show the neutral density [kg/m®] evolution and the storm-induced orbit decay [m], respectively. Additionally illustrated are
the calculated background density (orange line), the start time of the disturbance (red line), i.e., the time of the arrival of a shock or the
leading edge of the CME at the Earth, and the observed start time of the responsible near-Earth interplanetary CME plasma/magnetic field
(blue lines), as specified by the R&C catalog.

and exoplanetary atmospheres of terrestrial planets around highly active stars (Johnstone et al., 2019; Johnstone, 2020; Van
Looveren et al., 2024), illustrating that it can be utilized for a broad range of atmospheric compositions and incident XUV and
infrared fluxes.

Kompot utilizes a network of more than 500 chemical reactions, including more than 50 photoreactions. It takes into account
thermospheric heating from solar XUV (between 1 and 400 nm) and IR (between 1 and 20 pm) irradiation, from exothermic
chemical reactions, and Joule heating (Johnstone et al., 2018). The model also includes thermal conduction, cooling via in-
frared emission, and energy exchange between neutrals, ions, and electrons, which allows the treatment of neutral, ion, and
electron temperatures separately. It also considers electron heating from collisions with non-thermal photoelectrons produced
by photoionization in the upper atmosphere by assuming that the photoelectrons lose their energy locally where they are created
(Johnstone et al., 2018). However, in addition to this local treatment of internally produced photoelectrons, the precipitation of
externally produced electrons from the Earth’s polar regions onto the upper atmosphere is not included in Kompot, although
they have already been shown to modulate the thermospheric structure by either enhancing Joule heating (e.g., Zhang et al.,
2012) or fueling NO production, which can lead to an increase in IR cooling by NO (e.g., Mlynczak et al., 2018). This implies
that the model can generally account for the Sun’s irradiation and changes therein, but not for the Sun’s or the Earth’s magnetic
field and plasma environment.

As input for our event simulations, we take the atmospheric composition and neutral temperature at the homopause (assumed

to be at 80km, i.e., the lower spatial boundary of our model) from the NRLMSIS empirical model? (Picone et al., 2002). The

2The model can be run online; see https://ccmc.gsfc.nasa.gov/models/NRLMSIS~00/.
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Figure 5. Nitric oxide (NO) flux observed by the SABER instrument on board the TIMED satellite during the CME event in May 2005. The
top and bottom rows illustrate the measurements taken on the northern and southern hemispheres, respectively. These maps are generated by

considering all SABER measurements taken during the day, and by then using an interpolation scheme (Mlynczak et al., 2003).

NRLMSIS model is an empirical model of Earth’s atmosphere that extends from the surface to the exobase level and describes
the average observed temperature behavior, the densities of the eight main species, and the mass density via a parametric
analytic formulation.

We take the values at a zenith angle of © = 66° at 12:00 UTC, since this angle gives the best representation of the atmosphere
of the present-day Earth (see Johnstone et al., 2018, for details on benchmarking of Kompot). To obtain the XUV flux of the
respective event days, we take daily averaged observational and model data by the SEE instrument of the TIMED spacecraft
(Woods et al., 2005). For the IR spectrum between 1 and 20 um, a simple black-body spectrum with a temperature of 5777 K
is assumed (Johnstone et al., 2018). The exact shape and intensity of the IR spectrum, however, do not matter, as its influence
on the Earth’s upper atmosphere, in contrast to Venus and Mars, is negligible due to both the low total atmospheric density
and mixing ratio of CO; in thermosphere, because of which the IR irradiation is mostly absorbed in lower atmosphere below
our lower model boundary of 80 km. The main driver of differences in thermospheric structure and density, as simulated with
Kompot, will hence be the incident XUV flux.

Table 1 lists the input parameters for our Kompot runs, i.e., the X-ray surface flux, Fx as derived from the NASA Ther-

mosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) and Solar EUV Experiment (SEE) databases?, the ho-

3Link for the TIMED-SEE informations and databases: https://lasp.colorado.edu/see/.
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Table 1. Input parameters from TIMMED/SEE databases and NRLMSIS model (see main text) into Kompot.

Event 1: 2004-11-09  Event 2: 2005-05-15

Fx (107* W/em?) 4.88 4.16
Thp (K) 189.9 187.8
nnp (10M*ecm™2) 4.16 2.31
N2 (N, /Thp) 0.787 0.783
02 (N0, /Mhp) 0.204 0.208
CO2 (10~ % ncoy, /Mnp) 400 400
N (10~ nx /nnp) 2.23 1.33
0 (107 no /nnp) 1.08 0.45
H (10~ % ng/nnp) 6.68 6.69
He (10~ % nge /nnp) 5.46 5.47
H20 (10™% n11,0 /nnp) 6.0 6.0
Ar (1073 nar /nnp) 9.34 9.31

mopause temperature and density, 7j,, and ny,p,, as well as the homopause mixing ratios from various neutral species. All
mixing ratios are derived from NRLMSIS except for CO, and H2O, which were always assumed to be 400 and 6 ppm at the
homopause, respectively.

As a next step, we implement the above-described parameters (see also Table 1) and model the corresponding upper at-
mosphere structures for the two selected events. The potential additional effect of electron precipitation is then separately

discussed in Section 4, for which the atmospheric profiles simulated with Kompot serve as the background atmosphere.
3.2 Thermosphere structure based on the Kompot runs

Figure 6 shows the atmospheric densities of selected neutrals (left panel) and ions (right panel) in the upper atmosphere of the
Earth for the two events as simulated with Kompot (based on the daily averaged XUV flux and homopause densities as taken
from NRLMSIS; see Table 1). Event 2 shows an exobase altitude of about 435 km with an exobase density of ~ 7.5 107 cm—3.
Event 1, on the other hand, has a significantly higher exobase altitude of around 500 km and hence higher densities in the upper
atmosphere. For the orbits of CHAMP and GRACE at 380 and 490 km, these are ~ 3.2 x 103cm™ and ~ 6.7 x 107 cm™3,
respectively. For event 2, we only get the orbital densities for CHAMP at an orbit around 370 km of ~ 2.1 x 103 cm~3 as
the exobase altitude is below the GRACE orbit. Interestingly, event 1 shows lower NO densities (solid thick green line) than
event 2 between 85 and 110km of the events, although it is higher at all other altitudes.

Based on the input data, it is not surprising that event 1 shows higher upper atmosphere densities and a larger expansion.
For this event, the X-ray surface flux, Fx, and hence also the entire XUV flux, as well as the base densities at the lower model

boundary of 80 km are all larger than for event 2, with its base density being almost twice as high.
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As further expected, event 1 also has the hotter temperature in the upper atmosphere, as can be seen in the left panel of
Fig 7, which shows the neutral, ion, and electron temperatures of the two events. The neutral temperature of event 1 reaches
above 1.200 K, whereas it is around 1.100 K for event 2. The middle panel of this figure highlights the various heating sources,
showing that photoelectron and chemical heating are the dominating heating sources in the orbits of CHAMP and GRACE,
followed by XUV heating. IR heating in the upper atmosphere is almost negligible, as expected (see above).

The right panel, finally, shows the cooling processes in the thermosphere. Here, we highlight that NO cooling already
dominates the lower part of the thermosphere between about 120 and 300 km in both events, even though these runs do not
consider NO production via electron precipitation (see next section). The upper part, on the other hand, is dominated by O
cooling, since electron precipitation mostly affects the lower layers of the thermosphere. Cooling via CO, dominates below
~120km but is insignificant in the rest of the thermosphere due to the very low mixing ratio (assumed to be 400 ppm at the
lower boundary), which strongly decreases with altitude.

Next, we evaluate how electron precipitation affects the NO production in the upper atmosphere, and hence atmospheric
(over)cooling for the two events. For this, we take the background atmosphere as simulated with Kompot and feed it into the

Monte Carlo model described in the next section.

4 The formation of NO molecules in the Earth’s thermosphere

The precipitation of energetic 1-10 keV electrons of magnetospheric origin into the polar regions of the Earth’s thermosphere
can lead to its heating, changes in the chemical composition, and the formation of suprathermal particles with kinetic energies
more than an order of magnitude higher than the thermal energy of the surrounding gas. With the increase of geomagnetic activ-
ity, the additional heating of the atmosphere and the formation of suprathermal oxygen atoms induced by electron precipitation
can affect the drag of LEO satellites (Wilson et al., 2006; Shematovich et al., 2011; Krauss et al., 2012).

It is known from observations of the Earth’s atmosphere (Barth et al., 2003a) that electron precipitation is the main source
of NO molecule production in the polar regions. This molecule is an important minor atmospheric constituent in the lower
thermosphere because of its radiative and chemical properties (e.g., Barth et al., 1999a). Satellite measurements have shown
that the NO production with its maximum near 110 km (e.g., Barth, 1992) and its variability correlate well with solar activity
and space weather events. Collisions of auroral electrons with molecular nitrogen lead to its dissociation, ionization, and

dissociative ionization:

Reaction (1): Ns +e~ — N(*S) + N(?D), )
Reaction (2): No+e™ — N;r +2e”, 3)
Reaction (3): Ny +e~ — NT +N(*S,2D) +e™, 4)

These processes are the main drivers of odd nitrogen chemistry (the system of chemical kinetic reactions in which NO is
produced and lost) in the Earth’s polar thermosphere. The interaction of the dissociation products, nitrogen atoms in the

ground and metastable states, N(4S) and N(?D) (AE = 2.38 eV), with molecular oxygen O, is the main source of NO
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formation (Gerard and Barth, 1977), (Barth, 1992), (Barth et al., 2003a):

Reaction (4):  N(?D) + Oy — NO + O, )
Reaction (5):  N(*S)+ 0y — NO + O, (6)

Reaction (4) has no activation energy, while Reaction (5) is characterized by an energy barrier of 0.3 eV. Its rate, therefore,
strongly depends on temperature.

Under quiet geomagnetic conditions, the main source of NO formation in the equatorial and mid-latitude regions of the
Earth’s thermosphere is photoelectrons formed due to the absorption of soft X-ray radiation from the Sun by the atmospheric
gas (Barth, 1992; Barth et al., 1999a, 2003a). However, with increasing geomagnetic activity, NO can be transported from
polar latitudes to mid- and equatorial latitudes, presumably due to the meridional wind (Barth et al., 2003a; Dothe et al., 2002;
Seatre et al., 2007). The NO molecule, therefore, in addition to being an effective cooler of the atmosphere, is an indicator of
solar and geomagnetic activity (Barth et al., 2004; Mlynczak et al., 2015), as well as an indicator of horizontal mass transfer in

the upper atmosphere (Barth et al., 2003a). Additional sources of NO are:

a) Joule heating, which affects the temperature-sensitive Reaction (5) and can lead to vertical transport of NO (Siskind
et al., 1989b, a);

b) suprathermal nitrogen atoms Ny, (4S).

Suprathermal nitrogen atoms are formed in Reaction (1) with an excess kinetic energy (Cosby, 1993), and the interaction
of Nhot (48) with O3 is an efficient non-thermal channel for NO production, because the suprathermal nitrogen atoms can

overcome the energy barrier of this reaction (Shematovich et al., 1991, 2023, 2024; Gérard et al., 1991, 1995, 1997):
Reaction (6): Njot (4S) + 03 — NO+O, @)
4.1 Calculation of NO production for the two selected events

Since the NO molecule is an effective IR-cooler in the thermosphere, its production during electron precipitation can compen-
sate for the heating and expansion of the upper atmosphere, leading to an overcooling after the event and reducing the drag
force acting on the LEO satellites with polar orbits. Therefore, in this Section, our attention is focused on determining the
contribution of the electron precipitation process to the production of NO molecules in the Earth’s thermosphere for the geo-
magnetic storms that are related to the two space weather events considered earlier: event 1 from 9 November 2004 (Ap = 140)
and event 2 15 May 2005 (Ap = 87).

For this purpose, the odd nitrogen chemistry model presented in Shematovich et al. (2024) is used. The model is based on
the equations of chemical kinetics, molecular diffusion, and eddy diffusion. The numerical solution to the problem is found

using the method of splitting by physical processes. Therefore, the following equations are solved step by step:

a) The system of chemical kinetics equations: 19 reactions with components NO, O, O, N(*S,2D), NO+, N7, OF, Ot,

N¥, and e~ (see Table 1 in Shematovich et al., 2024), which describe the odd nitrogen chemistry in the atmosphere.

12
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—— incl. electron precipitation --- Kompot only

event 1, 9 November 2004

Altitude [km]

Altitude [km]

107 108 10°
NO concentration [cm]

Figure 8. Altitude distributions of NO molecule concentrations in Earth’s thermosphere for the two geomagnetic storms: event 1, 09 Novem-
ber 2004 (upper panel), and event 2, 15 May 2005 (lower panel). Solid lines correspond to NO concentrations as calculated with the model
of Shematovich et al. (2024), where the electron precipitation is included. The dashed lines correspond to the results obtained with Kompot,

which only includes the daily average of the solar XUV flux as an input.
The solution is found using the open-source software package CVODE (Cohen et al., 1996) for systems of ordinary
differential equations;

b) The diffusion equation for NO and N(*S). The contribution of diffusion to the NO altitude distribution is comparable
to the contribution made by the NO chemistry, since both the lifetimes of an NO molecule against chemical destruction
245 and diffusive transport are around one day (Bailey et al., 2002). The solution is found using the Crank-Nicolson method.

Details of the numerical implementation are described in Johnstone et al. (2018).
The calculations are carried out until a steady state is established. The input data in the model are:

a) the altitude distributions of the concentrations of neutrals, ions, electrons, and their temperatures for the background

atmosphere are calculated using Kompot (see previous Section);
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b) the rates of dissociation, ionization, and dissociative ionization of molecular nitrogen by electron impact (Reactions 1-3).
To calculate these rates, we used the kinetic Monte Carlo model for precipitating electrons presented in Bisikalo et al.
(2022). Based on the solution of the Boltzmann equation by the kinetic Monte Carlo method, this model describes the
evolution of precipitating energetic electrons as a result of elastic, inelastic, and ionization collisions with the surrounding
atmospheric gas (see Bisikalo et al., 2022, Appendix A). The atmospheric gas is assumed to be characterized by a local
Maxwellian velocity distribution. The main outputs of this model are the electron energy spectra in each atmospheric
layer and the altitude distribution of the integral downward and upward electron energy fluxes. Knowing these quantities,
as well as the N5 concentration in the atmosphere and the cross sections of Reactions (1-3) (Tabata et al., 2006; Itikawa,

2006; Jackman et al., 1977), we can calculate the rates of these processes.

Our calculations focused on determining how, on average, the electron precipitation affects the NO molecule concentration
in the thermosphere. Therefore, at the upper boundary of the computational domain (700 km), we specified the distribution of
precipitating electrons by the kinetic energy spectrum using a Maxwellian function with the characteristic energy Eg = F, /2
(Ey, is the mean electron kinetic energy) and assumed an isotropic pitch-angle distribution for precipitating electrons relative
to the geomagnetic field lines. By assuming a Maxwellian distribution, we follow the recommendation of Hardy’s empirical
model of auroral electron precipitation (see, Hardy et al., 1985). The ratio between Ey and FE,, further follows directly from
the used Maxwellian energy spectrum.

At the upper boundary, the energy flux of precipitating electrons, )y, was also specified. To determine Fy and )y at the
upper boundary, we used NOAA DMSP satellite measurements for the precipitating electrons (Redmon et al., 2017). For this,
we averaged over the northern polar oval the E( and Qq values that were measured by DMSP-F13, F14, F15, and F16 satellites?

during the considered events. As a result of averaging, we obtained the following Ey and Q¢ values:
— event 1, 9 November 2004 — for DMSP-F15: Ey = 1.279 keV and Qg = 1.0 ergem 257 !;
- event 2, 15 May 2005 — for DMSP-F13: Ey = 0.273 keV and Qo = 0.3 ergcm 2571

Figure 8 shows the altitude profiles of the NO concentration from our calculations for the two geomagnetic storms under
study. The NO concentration profiles calculated using Kompot are also shown for comparison. We reiterate that Kompot only
considers the XUV flux as an input and therefore mostly underestimates nitric oxide formation. Our results can hence be

analyzed as follows:

— event 1, 09 November 2004 — This event is characterized by the highest Ey value among the presented cases. It is
known (Bailey et al., 2002; Shematovich et al., 2024) that the maximum NO concentration is reached in the region of
the peak energy deposition of precipitating electrons, where the rates of the Reactions (1-3) reach their peak values.
The higher the mean kinetic energy of electrons, the deeper they penetrate the atmosphere. Therefore, among the two
considered events, the maximum NO concentration for the storm on 09 November 2004 is located at the lowest altitude,

100 km (see the upper panel of Figure 2). The peak NO concentration of 7.8 x 108 cm ™2, as obtained by using the

“http://sd-www.jhuapl.edu/Aurora; https:/registry.opendata.aws/dmspssj; https://dmsp.bc.edu
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1\ —— event 1, 9 November 2004
AN --- event 2, 15 May 2005

Altitude [km]

NO concentration [cm™]

Figure 9. Altitude distributions of NO molecule concentrations calculated with the addition of the non-thermal NO-production channel

shown in Reaction (6) for the two geomagnetic storms: 2004-11-09 (solid lines) and (dashed lines).

model of Shematovich et al. (2024), is 4 times larger than the concentration obtained from Kompot. This difference
shows the importance of considering electron precipitation when modeling the NO concentration. It is known that the
rate of atmospheric cooling due to IR radiation of NO at a wavelength of 5.3 microns is proportional to the concentration
of this molecule (Oberheide et al., 2013). Therefore, such a difference in the NO concentration may lead to different
estimates of the heat balance in the thermosphere. The high concentration of NO due to the strong geomagnetic storm
on 09 November 2004 could potentially lead to a compensation for the heating and expansion of the atmosphere during
the event and a subsequent overcooling occurring after the event. Both may, consequently, lead to a decrease in the drag
force acting on the satellites in question. As described in Section 2.1 and as can be seen in Figure 1, a strong decrease in
atmospheric density at the orbits of both CHAMP and GRACE was detected directly after the event took place, thereby
indicating an excessive overcooling. This agrees with the strong NO production via electron precipitation as found by
our model. We note, however, that our model only provides a static snapshot but no time-resolved evolution, which is

beyond the scope of the present study.

— event 2, 15 May 2005 — This event is characterized by much lower values for both E and (g compared to event 1. Due
to the small value of Ey = 0.273 keV, the maximum concentration of NO is located quite high, at 111 km. It is known
that the dependence of the maximum value of the NO concentration on the energy flux of precipitating electrons is
almost linear in the region of small @ (Bailey et al., 2002; Shematovich et al., 2024; Tsurikov et al., 2024). That is why
the peak value of the concentration of this molecule, 7.5 x 107 cm ™3, has a lower value compared to event 1. It is even

2 times less than the peak value obtained with Kompot. The NO concentration in the thermosphere could therefore be
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insufficient to compensate for any heating and expansion of the atmosphere, or even to induce a subsequent overcooling,
during the geomagnetic storm on 2005-05-15. This agrees with TIMED/SABER observations of the NO flux, which was
observed to be insignificant (see Figure 5). It also agrees with the thermospheric density evolution of this event, which

shows no indication of any overcooling after the event (see Figure 4).

The mentioned “compensation” effect (see above) can be even stronger when implementing the non-thermal channel of
NO formation (Reaction 6). Figure 9 shows the NO concentration profiles calculated for the events under consideration with
additional consideration of Reaction (6). Compared to Figure 8§, it is clear that the peak concentration of this molecule can
increase by almost 2 orders of magnitude. The efficiency of the non-thermal channel, however, under conditions of electron
precipitation with small Qg ~ 1.0 ergem~2?s~! in the Earth’s atmosphere can be significantly lower (Shematovich et al.,
2024). For the correct calculation of non-thermal nitric oxide formation in the Earth’s thermosphere, it is necessary to carry

out non-stationary calculations, which will be done in our further work.

5 Discussion

Our results show that the concentration of the NO molecule in the polar and middle latitudes of the Earth’s thermosphere is
largely determined by the precipitation of energetic electrons during disturbed geomagnetic conditions. The higher the mean
kinetic energy and energy flux of precipitating electrons, the lower the NO maximum altitude and the higher the absolute value
of the peak NO concentration, respectively. Since NO is an effective coolant in the upper atmosphere, an increase in the NO
concentration during geomagnetic storms can compensate for the heating and even lead to the observed “overcooling” effect
that we see in event 1 but not in event 2, thereby potentially reducing the drag force acting on the LEO satellites.

Therefore, it is important to correctly model NO formation as a response to increased geomagnetic activity in LEO satellite
orbit prediction models. As our modeling results show, simulating the thermosphere purely based on the incident irradiation
from the Sun, or more generally from the host star, may not be sufficient to account for the NO production, and hence for
the thermospheric structure during and after CME events, as electron precipitation can induce a significant production of
NO in the upper atmosphere if the incident electron flux, )y, is sufficiently high. Based on the observational data from the
DMSP satellites, our model chain for the thermosphere correctly predicts a large production of NO during event 1 but no
significant production during event 2, both in agreement with TIMED/SABER observations. This confirms the role of electron
precipitation in the production of thermospheric NO during specific CME events. But it also shows that specific conditions
must be met for the NO production to significantly increase.

More specifically, the reason for the difference in the electron precipitation impact on the NO production is related to the
strengths of the energy flux of the electrons, which is about 3 times lower for event 2 compared to event 1. As can be seen from
our calculations, the electron energy, E, determines the depth (or the peak height) of the auroral electron penetration, and the
corresponding energy flux, )y, determines the magnitude of the NO production at the peak of the height profiles. Different
energy fluxes of precipitating electrons in auroral regions are mainly related to variations in magnetospheric processes such

as reconnection events, plasma instabilities, atmospheric interactions, and variations in the wave-particle interaction processes
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such as acceleration and scattering of electrons. We note that these factors influence the energy distribution and direction of
electrons and hence their energy fluxes when they travel from the magnetosphere to the thermosphere.

Moreover, it should also be mentioned that the choice of the Ey and @) values according to the DMSP satellite data is
a somewhat tricky procedure. These satellite data are measured with high separation in time and space by several DMSP
satellites. Accordingly, the values of E and Qg are selected by averaging over a large set of measurements during the crossing
of the polar oval by the CHAMP and GRACE satellites. Unfortunately, this averaging procedure is not an easy procedure,
since, for example, the points of entry and exit from the polar oval are not fully known. In future studies, we plan to investigate
the effect of different Fy and () values on the NO production in more detail, by including also data from commercial space
weather programs, such as those described in Redmon et al. (2017).

As mentioned above, our results further indicate that the overcooling effect can be larger if the non-thermal channel that
produces suprathermal Ny, (*S) and its related NO formation of Reaction (6) is considered. We note that the calculated non-
thermal NO production channel caused by auroral electron precipitation is a sporadic input into the odd nitrogen chemistry
over Earth’s polar regions. Moreover, the downward transport of NO molecules by the polar vortex to the mesosphere and
stratosphere should be considered in the prognosis of climate change caused by solar forcing.

Finally, it is important to note that studies of non-thermal NO production caused by the auroral electron precipitation en-
hance our understanding of the role of the suprathermal atom fraction in the odd nitrogen chemistry in N3-Os-dominated
atmospheres of terrestrial planets in general. As this chemical pathway can cool the upper atmosphere, it could also be an
important factor to be considered for Earth-like atmospheres that receive a larger XUV irradiation and stellar wind from their
host star. Earth-like atmospheres with minor CO, mixing ratios heat and expand significantly for relatively low XUV fluxes
(e.g., Tian et al., 2008a, b; Johnstone et al., 2021; Scherf et al., 2024; Van Looveren et al., 2024), an effect that could have
eroded Earth’s atmosphere during the Archean eon (Johnstone et al., 2021), and critically affects habitability in general (Scherf
et al., 2024; Van Looveren et al., 2025). Odd nitrogen chemistry via electron precipitation, as modeled in this study, could alter
atmospheric stability due to its effect on the thermospheric structure. Future studies, however, are needed to investigate its role

in atmospheric erosion and, more generally, in habitability.

6 Conclusions

We studied two selected space weather events and atmospheric responses to the orbits of the CHAMP and GRACE satellites
against upper atmosphere expansion caused by thermospheric heating. Our investigation indicates that, depending on the energy
and the related energy flux of the precipitating electrons over the polar regions, an enhanced production of IR-cooling NO
molecules in the thermosphere occurs. These molecules counteract thermospheric heating by the XUV radiation and Joule
heating and can lead to an overcooling of the upper atmosphere after the event. The observed atmospheric drag of the CHAMP
and GRACE spacecraft during the two studied events agrees with theoretical findings that point out the importance of NO as
an IR-cooler of Earth’s upper atmosphere over the cusp regions. Moreover, we show that the electron impact dissociation of

Ny is an important source for the production of suprathermal nitrogen atoms, where Ny, (*S) atoms significantly increase the
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non-thermal production of NO molecules in the auroral regions. The related overcooling of the thermosphere caused by these
nitric oxide molecules has a protective effect on LEO satellites. Furthermore, similar space weather processes will also occur
at other terrestrial-type planets with Earth-like atmospheres (Scherf et al., 2024). Their host stars’ XUV flux, stellar wind, and,
as shown in this study, the related electron precipitation onto an Earth-like planet’s N3-O3-dominated atmosphere may affect

370 their long-term stability and habitability.

Code and data availability. The codes (Kompot and the Monte Carlo model) are not freely available; however, we encourage contacting the
authors for collaborations, i.e., Manuel Giidel (manuel.guedel @univie.ac.at) for Kompot and Valery Shematovich (shematov@inasan.ru) for

the Monte Carlo model. The data is available upon request to the authors. For general request, please contact Manuel Scherf (manuel.scherf @oeaw.ac.at.

Author contributions. MS, HL, and SK conceptualized the study. MS prepared the input data for thermospheric simulations, modeled the

375 thermosphere, and evaluated the model data. GT, VS, and DB modeled electron precipitation. SK and AS selected the two events and prepared
the CHAMP, GRACE, and TIMED/SABER data. MS, GT, SK, and HL wrote the initial manuscript. MG and CM supported the preparation
of the study.

Competing interests. None of the author’s have competing interest.

Acknowledgements. MS, SK, AS, and HL acknowledge support by the Austrian Science Fund (FWF) P33620-N. MS and HL acknowledge
380 FWF for the support of the VeReDo research project, grant 16857-N.” VS, DB, and GT were supported by the Russian Science Foundation
under Grant 22-12-00364-p. This work is supported by ERC grant (HELIO4CAST, 10.3030/101042188). Funded by the European Union.
Views and opinions expressed are, however, those of the author(s) only and do not necessarily reflect those of the European Union or the

European Research Council Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.

18



385

390

395

400

405

410

415

420

https://doi.org/10.5194/egusphere-2025-4119
Preprint. Discussion started: 29 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

References

Bailey, S. M., Barth, C. A., and Solomon, S. C.: A model of nitric oxide in the lower thermosphere, Journal of Geophysical Research (Space
Physics), 107, 1205, https://doi.org/10.1029/2001JA000258, 2002.

Barth, C. A.: Nitric oxide in the lower thermosphere, Planetary and Space Science, 40, 315-336, https://doi.org/10.1016/0032-
0633(92)90067-X, 1992.

Barth, C. A., Bailey, S. M., and Solomon, S. C.: Solar-terrestrial coupling: Solar soft X-rays and thermospheric nitric oxide, Geophysical
Research Letters, 26, 1251-1254, https://doi.org/10.1029/1999GL900237, 1999a.

Barth, C. A., Bailey, S. M., and Solomon, S. C.: Solar-terrestrial coupling: Solar soft X-rays and thermospheric nitric oxide, Geophys. Res.
Lett., 26, 1251-1254, https://doi.org/10.1029/1999GL900237, 1999b.

Barth, C. A., Mankoff, K. D., Bailey, S. M., and Solomon, S. C.: Global observations of nitric oxide in the thermosphere, Journal of
Geophysical Research (Space Physics), 108, 1027, https://doi.org/10.1029/2002JA009458, 2003a.

Barth, C. A., Mankoff, K. D., Bailey, S. M., and Solomon, S. C.: Global observations of nitric oxide in the thermosphere, J. Geophys. Res.
(Space Physics), 108, 1027, https://doi.org/10.1029/2002JA009458, 2003b.

Barth, C. A., Baker, D. N., and Bailey, S. M.: Seasonal variation of auroral electron precipitation, Geophysical Research Letters, 31, L04809,
https://doi.org/10.1029/2003GL018892, 2004.

Bisi, M. M., Breen, A. R., Jackson, B. V., Fallows, R. A., Walsh, A. P., Miki¢, Z., Riley, P., Owen, C. J., Gonzalez-Esparza, A., Aguilar-
Rodriguez, E., Morgan, H., Jensen, E. A., Wood, A. G., Owens, M. J., Tokumaru, M., Manoharan, P. K., Chashei, I. V., Giunta,
A. S., Linker, J. A., Shishov, V. L., Tyul’bashev, S. A., Agalya, G., Glubokova, S. K., Hamilton, M. S., Fujiki, K., Hick, P. P.,
Clover, J. M., and Pintér, B.: From the Sun to the Earth: The 13 May 2005 Coronal Mass Ejection, Solar Physics, 265, 49-127,
https://doi.org/10.1007/s11207-010-9602-8, 2010.

Bisikalo, D., Shematovich, V., and Hubert, B.: The Kinetic Monte Carlo Model of the Auroral Electron Precipitation into N2-O2 Planetary
Atmospheres, Universe, 8, 437, https://doi.org/10.3390/universe8080437, 2022.

Buzulukova, N. and Tsurutani, B.: Space Weather: From solar origins to risks and hazards evolving in time, Frontiers in Astronomy and
Space Sciences, Volume 9 - 2022, https://doi.org/10.3389/fspas.2022.1017103, 2022.

Chen, G.-m., Xu, J., Wang, W., and Burns, A. G.: A comparison of the effects of CIR- and CME-induced geomagnetic activity on
thermospheric densities and spacecraft orbits: Statistical studies, Journal of Geophysical Research: Space Physics, 119, 7928-7939,
https://doi.org/https://doi.org/10.1002/2014JA019831, 2014.

Cohen, S. D., Hindmarsh, A. C., and Dubois, P. F.: CVODE, A Stiff/Nonstiff ODE Solver in C, Computers in Physics, 10, 138-143,
https://doi.org/10.1063/1.4822377, 1996.

Cosby, P. C.: Electron-impact dissociation of nitrogen, The Journal of Chemical Physics, 98, 9544-9553, https://doi.org/10.1063/1.464385,
1993.

Dothe, H., Duff, J. W., Sharma, R. D., and Wheeler, N. B.: A model of odd nitrogen in the aurorally dosed nighttime terrestrial thermosphere,
Journal of Geophysical Research (Space Physics), 107, 1071, https://doi.org/10.1029/2001JA000143, 2002.

Gerard, J. C. and Barth, C. A.: High-latitude nitric oxide in the lower thermosphere, Journal of Geophysical Research, 82, 674,
https://doi.org/10.1029/JA082i004p00674, 1977.

Gérard, J. C., Shematovich, V. L., and Bisikalo, D. V.: Non thermal nitrogen atoms in the Earth’s thermosphere 2. A source of nitric oxide,

Geophysical Research Letters, 18, 1695-1698, https://doi.org/10.1029/91GL01997, 1991.

19



425

430

435

440

445

450

455

https://doi.org/10.5194/egusphere-2025-4119
Preprint. Discussion started: 29 August 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Gérard, J. C., Shematovich, V. 1., and Bisikalo, D. V.: The role of fast N(4S) atoms and energetic photoelectrons on the distribution of NO in
the Thermosphere, Geophysical Monograph Series, 87, 235-241, https://doi.org/10.1029/GM087p0235, 1995.

Gérard, J. C., Bisikalo, D. V., Shematovich, V. L., and Duff, J. W.: An updated model of the hot nitrogen atom kinetics and thermospheric
nitric oxide, Journal of Geophysical Research, 102, 285-294, https://doi.org/10.1029/96JA02868, 1997.

Hardy, D. A., Gussenhoven, M. S., and Holeman, E.: A statistical model of auroral electron precipitation, J. Geophys. Res., 90, 4229-4248,
https://doi.org/10.1029/JA090iA05p04229, 1985.

Itikawa, Y.: Cross Sections for Electron Collisions with Nitrogen Molecules, Journal of Physical and Chemical Reference Data, 35, 31-53,
https://doi.org/10.1063/1.1937426, 2006.

Jackman, C. H., Garvey, R. H., and Green, A. E. S.: Electron impact on atmospheric gases, I. Updated cross sections, Journal of Geophysical
Research, 82, 5081, https://doi.org/10.1029/JA082i032p05081, 1977.

Johnstone, C. P.: Hydrodynamic Escape of Water Vapor Atmospheres near Very Active Stars, The Astrophysical Journal, 890, 79,
https://doi.org/10.3847/1538-4357/ab6224, 2020.

Johnstone, C. P., Giidel, M., Lammer, H., and Kislyakova, K. G.: Upper atmospheres of terrestrial planets: Carbon dioxide cooling and the
Earth’s thermospheric evolution, Astronomy and Astrophysics, 617, A107, https://doi.org/10.1051/0004-6361/201832776, 2018.

Johnstone, C. P, Khodachenko, M. L., Liiftinger, T., Kislyakova, K. G., Lammer, H., and Guidel, M.: Extreme hydrodynamic losses of
Earth-like atmospheres in the habitable zones of very active stars, Astronomy and Astrophysics, 624, L10, https://doi.org/10.1051/0004-
6361/201935279, 2019.

Johnstone, C. P., Lammer, H., Kislyakova, K. G., Scherf, M., and Giidel, M.: The young Sun’s XUV-activity as a constraint for lower CO2-
limits in the Earth’s Archean atmosphere, Earth and Planetary Science Letters, 576, 117197, https://doi.org/10.1016/j.epsl.2021.117197,
2021.

Kislyakova, K. G., Johnstone, C. P., Scherf, M., Holmstrom, M., Alexeev, 1. 1., Lammer, H., Khodachenko, M. L., and Giidel, M.: Evo-
lution of the Earth’s Polar Outflow From Mid-Archean to Present, Journal of Geophysical Research (Space Physics), 125, e27837,
https://doi.org/10.1029/2020JA027837, 2020.

Krauss, S., Fichtinger, B., Lammer, H., Hausleitner, W., Kulikov, Y. N., Ribas, 1., Shematovich, V. L., Bisikalo, D., Lichtenegger, H. I. M.,
Zagqarashvili, T. V., Khodachenko, M. L., and Hanslmeier, A.: Solar flares as proxy for the young Sun: satellite observed thermosphere
response to an X17.2 flare of Earth’s upper atmosphere, Annales Geophysicae, 30, 11291141, https://doi.org/10.5194/angeo-30-1129-
2012, 2012.

Krauss, S., Temmer, M., and Vennerstrom, S.: Multiple Satellite Analysis of the Earth’s Thermosphere and Interplanetary Mag-
netic Field Variations Due to ICME/CIR Events During 2003-2015, Journal of Geophysical Research: Space Physics, 123,
https://doi.org/https://doi.org/10.1029/2018JA025778, 2018.

Krauss, S., Behzadpour, S., Temmer, M., and Lhotka, C.: Exploring Thermospheric Variations Triggered by Severe Geomagnetic
Storm on 26 August 2018 Using GRACE Follow-On Data, Journal of Geophysical Research: Space Physics, 125, e2019JA027 731,
https://doi.org/https://doi.org/10.1029/2019JA027731, €e2019JA027731 10.1029/2019JA027731, 2020.

Krauss, S., Drescher, L., Temmer, M., Suesser-Rechberger, B., and Kroisz, S.: Database for ESA Service Satellite Orbit DecAy (SODA),
https://doi.org/https://doi.org/10.3217/c53m9-rk057, dataset published on TU GRAZ Repository Bibliothek und Archiv, 2023.

Krauss, S., Drescher, L., Temmer, M., Suesser-Rechberger, B., Strasser, A., and Kroisz, S.: SODA — A tool to predict storm-induced orbit
decays for low Earth-orbiting satellites, J. Space Weather Space Clim., 14, 23, https://doi.org/10.1051/swsc/2024022, 2024.

Kusnierkiewicz, D. Y.: An overview of the TIMED spacecraft, JHU/APL Technical Digest, 24, 150-155, 2003.

20



460

465

470

475

480

485

490

495

https://doi.org/10.5194/egusphere-2025-4119
Preprint. Discussion started: 29 August 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Mlynczak, M., Martin-Torres, F. J., Russell, J., Beaumont, K., Jacobson, S., Kozyra, J., Lopez-Puertas, M., Funke, B., Mertens, C., Gordley,
L., Picard, R., Winick, J., Wintersteiner, P., and Paxton, L.: The natural thermostat of nitric oxide emission at 5.3 ym in the thermosphere
observed during the solar storms of April 2002, Geophysical Research Letters, 30, https://doi.org/https://doi.org/10.1029/2003GL017693,
2003.

Mlynczak, M. G., Hunt, L. A., Marshall, T., Mertens, C. J., Russell, J. M., Mast, J. C., and Thompson, R. E.: Atomic Oxygen and Energy
Balance in the Mesosphere and Lower Thermosphere, in: AGU Fall Meeting Abstracts, vol. 2012, pp. SA22B-08, 2012.

Mlynczak, M. G., Hunt, L. A., Marshall, B. T., Russell, J. M., Mertens, C. J., Thompson, R. E., and Gordley, L. L.: A combined solar and
geomagnetic index for thermospheric climate, Geophysical Research Letters, 42, 3677-3682, https://doi.org/10.1002/2015GL064038,
2015.

Mlynczak, M. G., Knipp, D. J., Hunt, L. A., Gaebler, J., Matsuo, T., Kilcommons, L. M., and Young, C. L.: Space-Based Sentinels for
Measurement of Infrared Cooling in the Thermosphere for Space Weather Nowcasting and Forecasting, Space Weather, 16, 363-375,
https://doi.org/10.1002/2017SW001757, 2018.

Oberheide, J., Mlynczak, M. G., Mosso, C. N., Schroeder, B. M., Funke, B., and Maute, A.: Impact of tropospheric tides on the nitric oxide
5.3 pm infrared cooling of the low-latitude thermosphere during solar minimum conditions, Journal of Geophysical Research (Space
Physics), 118, 72837293, https://doi.org/10.1002/2013JA019278, 2013.

Oliveira, D. M. and Zesta, E.: Satellite Orbital Drag During Magnetic Storms, Space Weather, 17, 1510-1533,
https://doi.org/https://doi.org/10.1029/2019SW002287, 2019.

Picone, J. M., Hedin, A. E., Drob, D. P, and Aikin, A. C.: NRLMSISE-00 empirical model of the atmosphere: Statistical comparisons and
scientific issues, Journal of Geophysical Research (Space Physics), 107, 1468, https://doi.org/10.1029/2002JA009430, 2002.

Ranjan, A. K., Nailwal, D., Sunil Krishna, M. V., Kumar, A., and Sarkhel, S.: Evidence of Potential Thermospheric Overcool-
ing During the May 2024 Geomagnetic Superstorm, Journal of Geophysical Research (Space Physics), 129, 2024JA033 148,
https://doi.org/10.1029/2024JA033148, 2024.

Redmon, R. J., Denig, W. F., Kilcommons, L. M., and Knipp, D. J.: New DMSP database of precipitating auroral electrons and ions, Journal
of Geophysical Research (Space Physics), 122, 9056-9067, https://doi.org/10.1002/2016JA023339, 2017.

Reigber, C., Liihr, H., and Schwintzer, P.: CHAMP mission status, Advances in Space Research, 30, 129-134, https://doi.org/10.1016/S0273-
1177(02)00276-4, 2002.

Richardson, I. G. and Cane, H. V.: Solar wind drivers of geomagnetic storms over more than four solar cycles, AIP Conference Proceedings,
1539, https://doi.org/https://doi.org/10.1063/1.4811075, 2013.

Russell, J. M. 1., Mlynczak, M. G., Gordley, L. L., Tansock, J., and Esplin, R.: An Overview of the SABER Experiment and Preliminary
Calibration Results, Space Dynamics Laboratory Publications, 114, https://doi.org/https://doi.org/10.1117/12.366382, 1999.

Setre, C., Barth, C. A., Stadsnes, J., @stgaard, N., Bailey, S. M., Baker, D. N., Germany, G. A., and Gjerloev, J. W.: Thermospheric nitric
oxide at higher latitudes: Model calculations with auroral energy input, Journal of Geophysical Research (Space Physics), 112, A08306,
https://doi.org/10.1029/2006JA012203, 2007.

Scherf, M., Lammer, H., and Spross, L.: Eta-Earth Revisited II: Deriving a Maximum Number of Earth-Like Habitats in the Galactic Disk,
Astrobiology, 24, €916-e1061, https://doi.org/10.1089/ast.2023.0076, 2024.

Shematovich, V., Bisikalo, D., and Tsurikov, G.: Non-Thermal Nitric Oxide Formation in the Earth’s Polar Atmosphere, Atmosphere, 14,
1092, https://doi.org/10.3390/atmos 14071092, 2023.

21



500

505

510

515

520

525

530

https://doi.org/10.5194/egusphere-2025-4119
Preprint. Discussion started: 29 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Shematovich, V., Bisikalo, D., Tsurikov, G., and Zhilkin, A.: Non-Thermal Processes of Nitric Oxide Formation during
Precipitation of Auroral Electrons into the Upper Atmospheres of Terrestrial Planets, Astronomy Reports, 68, 843-864,
https://doi.org/10.1134/S1063772924700744, 2024.

Shematovich, V. 1., Bisikalo, D. V., and Gerard, J. C.: Non thermal nitrogen atoms in the Earth’s thermosphere 1. Kinetics of hot N(*S),
Geophysical Research Letters, 18, 1691-1694, https://doi.org/10.1029/91GL01566, 1991.

Shematovich, V. L., Bisikalo, D. V., Krauss, S., Hausleitner, W., and Lammer, H.: Influence of the hot oxygen corona on the satellite drag in
the Earth’s upper atmosphere, Solar System Research, 45, 231-239, https://doi.org/10.1134/S003809461103004X, 2011.

Siskind, D. E., Barth, C. A., Evans, D. S., and Roble, R. G.: The response of thermospheric nitric oxide to an auroral storm 2. Auroral
latitudes, Journal of Geophysical Research, 94, 16 899-16 911, https://doi.org/10.1029/JA094iA12p16899, 1989a.

Siskind, D. E., Barth, C. A., and Roble, R. G.: The response of thermospheric nitric oxide to an auroral storm 1. Low and middle latitudes,
Journal of Geophysical Research, 94, 16 885-16 898, https://doi.org/10.1029/JA094iA12p16885, 1989b.

Tabata, T., Shirai, T., Sataka, M., and Kubo, H.: Analytic cross sections for electron impact collisions with nitrogen molecules, Atomic Data
and Nuclear Data Tables, 92, 375-406, https://doi.org/10.1016/j.adt.2006.02.002, 2006.

Tapley, B. D., Bettadpur, S., Ries, J. C., Thompson, P. F., and Watkins, M. M.: GRACE Measurements of Mass Variability in the Earth
System, Science, 305, 503-506, https://doi.org/10.1126/science.1099192, 2004.

Tian, F., Kasting, J. F.,, Liu, H.-L., and Roble, R. G.: Hydrodynamic planetary thermosphere model: 1. Response of the Earth’s thermosphere
to extreme solar EUV conditions and the significance of adiabatic cooling, Journal of Geophysical Research (Planets), 113, E05008,
https://doi.org/10.1029/2007JE002946, 2008a.

Tian, F.,, Solomon, S. C., Qian, L., Lei, J., and Roble, R. G.: Hydrodynamic planetary thermosphere model: 2. Coupling of an electron trans-
port/energy deposition model, Journal of Geophysical Research (Planets), 113, E07005, https://doi.org/10.1029/2007JE003043, 2008b.
Trichtchenko, L., Zhukov, A., van der Linden, R., Stankov, S. M., Jakowski, N., Stanistawska, I., Juchnikowski, G., Wilkinson, P., Pat-
terson, G., and Thomson, A. W. P.: November 2004 space weather events: Real-time observations and forecasts, Space Weather, 5,

https://doi.org/https://doi.org/10.1029/2006SW000281, 2007.

Tsurikov, G., Bisikalo, D., Shematovich, V., and Zhilkin, A.: Searching for biomarkers with Spektr-UF observatory: nitric oxide molecule in
atmospheres of exoplanets near the active host stars, Astronomy Reports, To be published, 2024.

Van Looveren, G., Giidel, M., Boro Saikia, S., and Kislyakova, K.: Airy worlds or barren rocks? On the survivability of secondary atmo-
spheres around the TRAPPIST-1 planets, Astronomy and Astrophysics, 683, A153, https://doi.org/10.1051/0004-6361/202348079, 2024.

Van Looveren, G., Boro Saikia, S., Herbort, O., Schleich, S., Gudel, M., Johnstone, C., and Kislyakova, K.: Habitable Zone and
Atmosphere Retention Distance (HaZARD): Stellar-evolution-dependent loss models of secondary atmospheres, A&A, 694, A310,
https://doi.org/10.1051/0004-6361/202452998, 2025.

Wilson, G. R., Weimer, D. R., Wise, J. O., and Marcos, F. A.: Response of the thermosphere to Joule heating and particle precipitation,
Journal of Geophysical Research (Space Physics), 111, A10314, https://doi.org/10.1029/2005JA011274, 2006.

Woods, T. N., Eparvier, F. G., Bailey, S. M., Chamberlin, P. C., Lean, J., Rottman, G. J., Solomon, S. C., Tobiska, W. K., and Woodraska,
D. L.: Solar EUV Experiment (SEE): Mission overview and first results, Journal of Geophysical Research (Space Physics), 110, A01312,
https://doi.org/10.1029/2004JA010765, 2005.

Zhang, B., Lotko, W., Brambles, O., Wiltberger, M., Wang, W., Schmitt, P., and Lyon, J.: Enhancement of thermospheric mass density by
soft electron precipitation, Geophys. Res. Lett., 39, L20102, https://doi.org/10.1029/2012GL053519, 2012.

22



https://doi.org/10.5194/egusphere-2025-4119
Preprint. Discussion started: 29 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Zhang, Y., Paxton, L. J., Lu, G., and Yee, S.: Impact of nitric oxide, solar EUV and particle precipitation on thermospheric density decrease,
Journal of Atmospheric and Solar-Terrestrial Physics, 182, 147-154, https://doi.org/10.1016/j.jastp.2018.11.016, 2019.
535 Zhang, Y., Paxton, L. J., Schaefer, R., and Swartz, W. H.: Thermospheric Conditions Associated With the Loss of 40 Starlink Satellites,
Space Weather, 20, €2022SW003 168, https://doi.org/10.1029/2022SW003168, 2022.

23



