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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 on5

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 N2-O2 atmosphere, including the production of suprathermal N atoms. The observed effect of the at-10

mospheric 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 expan-

sion 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.
:::
Our

:::::
results

::::
have

:::::
direct

:::::::::::
implications

:::
for

::::::::
empirical

::::::
satellite

::::
orbit

:::::::::
prediction

:::::::
models,

::
as

:::
our

::::::::::
simulations

:::::::
highlight

:::
the

::::
need

::
to
::::::::
consider15

:::::::::::::::::
precipitation-induced

:::
NO

::::::::::
production

::
to

:::::::
improve

:::
the

::::::::
predictive

::::::
power

::
of

::::
these

:::::::
models.

:

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 and20

magnetic fields from the Sun’s corona. When a CME hits Earth, energy is injected into the magnetospheric system, and
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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

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 danger25

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 an30

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)35

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Gérard et al., 1991; Shematovich et al., 1991; Barth et al., 1999b, 2003b; Mlynczak et al., 2003; Mlynczak et al., 2012; Shematovich et al., 2023)

, and the production of suprathermal oxygen atoms,
::::

i.e.,
:::::
atoms

::::
with

::::::
kinetic

:::::::
energies

::::::::::::
corresponding

:::
to

::::::::::
temperatures

:::::::::
� 4000 K

(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
:::::::::::::::::::::::::::::::::::::::::::::::::
(Barth et al., 2004; Mlynczak et al., 2015; Knipp et al., 2017)40

. 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)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Knipp et al., 2017; 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 sig-

nificant 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 (Krauss45

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, there-

fore, 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-50

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.
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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 neutral55

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

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 specific60

mission duration.

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

::::
both

:::::::
satellites,

:::
the

:::::
shaded

:::::
areas

::::::
illustrate

::::
their

:::::
orbits’

::::::::::
eccentricity,

:::
i.e.,

:::
the

:::::::
difference

:::::::
between

:::::
apogee

:::
and

::::::
perigee,

:::::
which

::::::::
decreases

:::
over

::::
time.

::::
The

:::::
sudden

::::::
changes

::
in
::::::::
CHAMP’s

::::
orbit

:::
are

:::
due

::
to

:::::
orbital

:::::::::
maneuvers.

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,65

and is given by:
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� a = �
Ca;x A ref

m

p
GM �a �  (e)

Z
(� � � b )dt (1)

In this formulation,Ca;x is the ballistic drag coef�cient in in-�ight directionx, A ref is the area of the satellite,m is the satel-

lite mass,� speci�es the observed density value, and� b represents the background density of the Earth's thermosphere (Krauss

et al., 2018), which we speci�ed as the mean density for two consecutive satellite revolutions prior to the CME arrival time.

This speci�c time is taken from the CME catalog (R&C catalog) provided by Richardson and Cane (2013)1. The formulation70

also includes the Earth's gravitational parameter,GM , the mean semi-major axis,�a, averaged throughout the CME event, and

an eccentricity function, (e). The latter is nearly 1 for the two satellites under investigation.

2.1 Event 1: 9 November 2004

We have chosen this speci�c CME event (e.g., Trichtchenko et al., 2007) because the thermospheric densities recorded after the

perturbations triggered by the CME were signi�cantly lower than before the event. This behavior was visible in the observations75

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,� = 38°, LST = 02:35, and for GRACE,� = 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).80

The (theoretically) increasing orbital altitude (dashed lines) after the event is caused by the signi�cantly reduced densities

compared to the pre-event level (� b) and is already an indication that an excessive over-cooling occurred during this time.

Mathematically, this implies that the integral in Equation (1) �ips 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's85

orbit was affected by about 20 meters. This indicates that CHAMP, with its orbit within the thermosphere, was more strongly

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 �eld,Bz, plays an important role when analyzing the impact of CME events. However, investigating the observa-90

tions from the ACE satellite during that time has not revealed any signi�cant deviations. For this speci�c event, the SODA

database (Krauss et al., 2023) speci�es a value ofBz=-31.3 nT, which is completely in line with the expected impact.

Another type of satellite observations we used for the analysis are continuous measurements from theThermosphere Iono-

sphere Mesosphere Energetics and Dynamics(TIMED; see Kusnierkiewicz, 2003, for an overview) satellite'sSounding of the

Atmosphere using Broadband Emission Radiometry(SABER) instrument. This instrument measures infrared radiance, which95

can be attributed to, e.g., NO in the lower thermosphere. Consequently, this allows the computation of global cooling rates and

1See https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm.
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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
:::::::::
respectively. The top and bottom panels show the neutral density [kg/m3 ] 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 �eld (blue lines), as speci�ed by the R&C catalog.
::::::
CHAMP

::::::
shows

:
a

:::::
larger

::::::
decline

::
in

:::::
altitude

::::
than

:::::::::
GRACE-A.

::::
This

:
is

::::::::
expected,

::::
since

::
the

:::::::
absolute

::::::
increase

::
in

:::
the

:::::::::::
thermospheric

::::::
density,

:::
� � ,

:::::::
between

::
the

::::
onset

::
of

::::
such

::
an

:::::
event

:::
and

::
the

::::::::
maximum

:::::::::::
thermospheric

::::::
density

:::::
during

:::
the

::::
event

::::
will

:::::::
typically

::
be

:::::
larger

::
at

::
the

:::::
lower

::::::::
compared

::
to

:::
the

:::::
higher

::::
orbit

::::
(i.e.,

::::::
roughly

:::::::::::::::::::::::
� � CHAMP � 1 � 10� 11 kg=m3

:::
and

::::::::::::::::::::::::::
� � GRACE � A � 2 � 10� 12 kg=m3

:::
for

::
the

:::::
orbits

::
of

:::::::
CHAMP

:::
and

:::::::::
GRACE-A,

::::::::::
respectively).

radiative �uxes for NO (e.g., Mlynczak et al., 2003).
::
It

:::::
should

:::
be

:::::
noted

:::
that

:::::::
SABER

::::::::
generally

:::::
views

:::::::
towards

:::
the

:::::::
anti-Sun

::::
side

::
of

:::
the

:::::::::
spacecraft.

::::
This

:::::::
prevents

::::
solar

:::::::
infrared

::::::::
radiation

::::
from

:::::::::
overlaying

:::
the

:::::::
desired

::::::::::::
thermospheric

:::::
signal,

::::
but

:
it

::::
also

::::::
results

::
in

::
an

::::::::::
asymmetric

:::::
global

::::::::
coverage

::::
over

:::
any

:::::::
60-day

:::::
period

:::::::::::::::::
(Russell et al., 1999)

:
,
:::
and

::
to

:::
the

::::::
visible

:::::
polar

::::
gaps

::::
that

:::
can

:::
be

::::
seen

::
in

::
the

::::
data

:::
for

::::
both

::::::
events.

::::
This

:::::::::::
measurement

::::::::::::
con�guration

:
is

::::::::::::
schematically

:::::::
detailed

::
in

:::
Fig.

::
3.100

Figure 4 shows geo-reference illustrations of the NO �uxes observed from the TIMED/SABER satellite above the north and

south pole regions
::
for

::::
this

::::::
speci�c

:::::
event

::
on

::
9

::::::::
November

:::::
2024. In either case, the measurements represent the complete altitude-

integrated energy �ux at a satellite altitude of approximately 625 km.It shouldbenotedthat,dueto thespacecraft'sposition

relativeto theSun,SABERwill alwaysview theanti-Sunsideof thespacecraft,resultingin asymmetricglobalcoverageover

any60-dayperiod(Russell et al., 1999), leadingto acertainamountof visible polargaps.105

Altitude-integratedNitric oxide(NO) �ux observedby theSABERinstrumentonboardtheTIMED satelliteduringtheCME

eventin November2004.Top andbottomrows illustratethe measurementstakenon the northernandsouthernhemisphere,

respectively.Thesemapsaregeneratedby consideringall SABERmeasurementstakenduring theday,andby thenusingan

interpolationscheme(Mlynczak et al., 2003).
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Figure 3.
::::
There

:::
are

:::
two

::::::
distinct

::::::::::
measurement

:::::::::::
con�gurations

:::
for

:::::::::::::
TIMED/SABER,

:::::::
indicated

:::
by

::::
blue

:::
and

:::::
green.

:::
To

::::
avoid

::::
solar

:::::::
infrared

:::::::
radiation,

::::::
SABER

::::
does

:::
not

::::
view

::::::
towards

:::
the

::::
Sun.

:::
The

::::::
dashed

::::
blue

:::
line

:::::
shows

:::
the

::::::::::
measurement

:::::
range

::::
when

:::
the

:::
Sun

::
is

::
on

:::
the

::::
right

::::
side

:
of

:::
the

::::::
sketch.

:::
Due

::
to

:::
the

::::::::
precession

::
of

:::
the

:::::
orbital

:::::
plane,

::::
after

::::
some

::::
time,

:::
the

:::
Sun

:::
will

::::::
appear

::
on

:::
the

:::
left

::::
side.

::::
When

::::
that

::::::
happens,

:::::::
SABER

:::
will

::::::
observe

:::
the

::::
green

::::
area

::
for

:::
the

::::
next

::
60

:::::
days.

::::
Polar

::::
gaps

::
are

:::::
hence

::::::
existing

::
in

:::
the

::::
data,

:::::
which

::::
must

::
be

::::
kept

::
in

::::
mind

:::::
when

:::::::::
interpreting

::::::::
differences

::
in

::
the

:::
NO

:::::
maps.

A signi�cant increase in the NO concentration on 10 November is visible, particularly around the South Pole. This could110

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 �rst near-Earth disturbances were recorded on 15 May 2005, at 02:38 UT (Richardson and Cane, 2013,115
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Figure 4.
:::::::::::::
Altitude-integrated

:::::
Nitric

:::::
oxide

::::
(NO)

::::
�ux

:::::::
observed

::
by

:::
the

::::::
SABER

:::::::::
instrument

::
on

:::::
board

:::
the

::::::
TIMED

::::::
satellite

:::::
during

:::
the

:::::
CME

::::
event

::
in

::::::::
November

::::
2004.

:::
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).

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. 5.

In contrast to the �rst 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, especially120

during the event, which lasted nearly four days following the speci�cations 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 signi�cantly 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 112 m 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 to125

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,� = 38°
:
� , LST = 09:20, and for GRACE,� = 29°� , LST = 09:51.

Concerning the measurements by TIMED/SABER during the event, which are illustrated in Figure 6, we see only slightly

and selectively increased NO �ux values. This agrees well with the assumption that no overcooling took place based on the

7



Figure 5. 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/m3 ] 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 �eld

(blue lines), as speci�ed by the R&C catalog.
::
As

::
for

:::
the

:::
�rst

::::
event

::::
(Fig.

::
2),

:::::::
CHAMP

:::::
again

::::
shows

::
a

::::
larger

::::::
decline

::
in

:::::
altitude

::::
than

:::::::::
GRACE-A,

::::
since

::
the

:::::::
absolute

::::::
increase

::
in

:::
the

:::::::::::
thermospheric

:::::
density

::
is

::::
again

:::::
larger

::
at

::
the

:::::
lower

:::::::
compared

::
to

:::
the

:::::
higher

::::
orbit,

::
as

:::::::
expected

::::
(both

:::::
again

::
in

::
the

::::
order

::
of

::::::::::::::::::::::::
� � CHAMP � 1 � 10� 11 kg=m3

:::
and

:::::::::::::::::::::::::::
� � GRACE � A � 2 � 10� 12 kg=m3).

derived thermospheric density (via Equation 1) in the orbits of CHAMP and GRACE. Crucially, event 2 neither shows a130

signi�cant 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 (John-

stone et al., 2018), which calculates the thermal and chemical structure of the thermosphere based on the radius and mass of the135

planet, the incident solar XUV and IR �ux, the homopause temperature, and atmospheric composition. The modelwas
:
is bench-

marked with the thermospheres of present-day Earth and Venus and with the atmospheric pro�les of the empiricalUS Naval Re-

search 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), and exoplanetary

atmospheres of terrestrial planets around highly active stars(Johnstone et al., 2019; Johnstone, 2020; Van Looveren et al., 2024)140

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Johnstone et al., 2019; Johnstone, 2020; Van Looveren et al., 2024, 2025), illustrating that it can be utilized for a broad range

of atmospheric compositions and incident XUV and infrared �uxes.
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Figure 6. Nitric oxide (NO) �ux 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).

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� m) irradiation, from exothermic

chemical reactions, and Joule heating (Johnstone et al., 2018). The model also includes thermal conduction, cooling via in-145

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, although150

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

�eld and plasma environment.

As input for our event simulations, we take the atmospheric composition and neutral temperature at the homopause (assumed155

to be at 80 km, i.e., the lower spatial boundary of our model) from the NRLMSIS empirical model2 (Picone et al., 2002). The

2The model can be run online; see https://ccmc.gsfc.nasa.gov/models/NRLMSIS~00/.
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Table 1. Input parameters fromTIMMED
::::::
TIMED/SEE databases and NRLMSIS model (see main text) into Kompot.

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

FX (10� 4 W/cm2) 4.88 4.16

Thp (K) 189.9 187.8

nhp (1014 cm� 2) 4.16 2.31

N2 (nN 2 =nhp ) 0.787 0.783

O2 (nO 2 =nhp ) 0.204 0.208

CO2 (10� 6 nCO 2 =nhp ) 400 400

N (10� 10 nN =nhp ) 2.23 1.33

O (10� 5 nO =nhp ) 1.08 0.45

H (10� 8 nH =nhp ) 6.68 6.69

He (10� 6 nHe =nhp ) 5.46 5.47

H2O (10� 6 nH 2 O =nhp ) 6.0 6.0

Ar (10� 3 nAr =nhp ) 9.34 9.31

NRLMSIS model is an empirical model of
:::
the 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
::::
solar

:
zenith angle of� = 66 � at 12:00 UTC, since this angle gives the best representation ofthe

:
a160

:::::::
globally

:::::::
averaged atmosphere of the present-day Earth (see Johnstone et al., 2018, for details on benchmarking of Kompot). To

obtain the XUV �ux 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� m, 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 in�uence on the Earth's upper atmosphere, in contrast to Venus and Mars, is negligible due to both the low total165

atmospheric density and mixing ratio of CO2 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 �ux.

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

mosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) and Solar EUV Experiment (SEE) databases3, the ho-170

mopause temperature and density,Thp andnhp , as well as the homopause mixing ratios from various neutral species. All

mixing ratios are derived from NRLMSIS except for CO2 and H2O, which were always assumed to be 400 and 6 ppm at the

homopause, respectively.

3Link for the TIMED-SEE informations and databases: https://lasp.colorado.edu/see/.
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Figure 7. Neutral (left) and ion (right) densities of selected species for the
::::
days

::
of two events as simulated with Kompot. The horizontal grey

areas illustrate the orbits of CHAMP and GRACE (i.e., about 380 and 490 km for event 1 and 370 and 480 km for event 2, respectively).
:::
The

:::::
pro�les

:::::::
represent

::
a

:::::
global

::::::
average

::
of

:::::
Earth's

:::::::::
background

:::::::::
atmosphere.

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 separately175

discussed in Section 4, for which the atmospheric pro�les simulated with Kompot serve as the background atmosphere.

3.2 Thermosphere structure based on the Kompot runs

Figure 7 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 �ux 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� 3.180

Event 1, on the other hand, has a signi�cantly 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 � 108 cm� 3 and� 6:7 � 107 cm� 3,

respectively. For event 2, we only get the orbital densities for CHAMP at an orbit around 370 km of� 2:1 � 108 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 110 km of the events, although it is higher at all other altitudes.185

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 �ux,FX , and hence also the entire XUV �ux, 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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Figure 8. Temperature pro�les (left), heating (middle), and cooling (right panel) processes for the
::::
days

::
of

::
the two events as simulated with

Kompot. The thicker blue lines in the right panel illustrate cooling via NO. The horizontal grey areas again illustrate the orbits of CHAMP

and GRACE (i.e., about 380 and 490 km for event 1 and 370 and 480 km for event 2).
:::
The

::::::
pro�les

:::::::
represent

::
a

:::::
global

::::::
average

::
of

::::::
Earth's

::::::::
background

:::::::::
atmosphere

:
.

As further expected, event 1 also has thehotter
:::::
higher temperature in the upper atmosphere, as can be seen in the left panel

of Fig 8, which shows the neutral, ion, and electron temperatures of the two events. The neutral temperature of event 1 reaches190

above 1.200 K, whereas it is around 1.100 K for event 2. The middle panel of this �gure 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, �nally, 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 not195

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 CO2 dominates below

� 120 km but is insigni�cant 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 atmospheric200

(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.
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