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A B S T R A C T

We present new model results for H2O, O2, H2, O, and H in the atmosphere of Ganymede. The results are
obtained from a collision-less 3D Monte-Carlo model that includes sublimation, ion and electron sputtering, and
ion and electron radiolysis. Because Ganymede has its own magnetic field, its immediate plasma environment
is particularly complex. The interaction between Ganymede’s and Jupiter’s magnetospheres makes it highly
variable in both space and time. The recent Juno Ganymede flyby provided us with new data on the
electron local environment. Based on the electron measurements recorded by the Jovian Auroral Distributions
Experiment (JADE), we implement two electron populations, one for the moon’s polar regions and one for the
moon’s auroral regions. Comparing the atmospheric contribution of these newly defined electron populations
to the overall source and loss processes is one of the main goals of this work.

Our analysis shows that for H2O, sublimation remains the most important source process even after
accounting for the new electron populations, delivering more than three orders of magnitude more H2O
molecules to the atmosphere than all other source processes combined. The source fluxes for O2 and H2,
on the other hand, are dominated by radiolysis induced by the auroral electrons, assuming that the electron
fluxes JADE measured during Juno’s transit of Ganymede’s magnetopause current layer are representative of
auroral electrons. Atomic O and H are mainly added to the atmosphere through the dissociation of O2 and
H2, which is primarily induced by auroral electrons.

Our understanding of Ganymede’s atmosphere today is mainly based on spectroscopic observations. The
interpretation of spectroscopic data strongly depends on assumptions taken, though. Our analysis shows that
for a holistic understanding of Ganymede’s atmosphere, simultaneous observations of the moon’s surface,
atmosphere, and full plasma environment (thermal and energetic ions and electrons) at different times and
locations (both with respect to Ganymede and with respect to Jupiter) are particularly important. Such
measurements are planned by ESA’s Jupiter ICy moons Explorer (JUICE), in particular by the Particle
Environment Package (PEP), which will greatly advance our understanding of Ganymede and its atmosphere
and plasma environment.
1. Introduction

Ganymede’s atmosphere is one of the most complex among the
moons of our solar system. As the only known satellite in our so-
lar system to feature an intrinsic global magnetic field (e.g., Gurnett
et al., 1996; Kivelson et al., 2002), Ganymede forms a small mag-
netosphere within the much larger magnetosphere of Jupiter. The
interaction of the two magnetic fields strongly influences the morphol-
ogy of Ganymede’s atmosphere and shapes the observed atmospheric
auroral emissions (Hall et al., 1998; Feldman et al., 2000; McGrath
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et al., 2004; Saur et al., 2015; Musacchio et al., 2017; Molyneux et al.,
2018; de Kleer et al., 2023).

The chemical composition of Ganymede’s atmosphere directly re-
flects the chemical composition of its surface that primarily consists of
water–ice (e.g., Ligier et al., 2019), much like the surfaces of the other
icy Galilean satellites, Europa and Callisto (Pilcher et al., 1972; Clark
and McCord, 1980; Calvin and Clark, 1991; Showman and Malhotra,
1999; Hansen and McCord, 2004; Moore et al., 2004). H2O related-
products thus comprise the main species in Ganymede’s atmosphere.
These products include H2O molecules, non-condensing O2 and H2
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molecules, as well as highly reactive dissociation products such as O, H,
and OH. H2O molecules can be liberated from Ganymede’s surface and
ed into its atmosphere through sputtering (i.e., the ejection of particles
rom a solid surface due to the surface being bombarded by energetic
articles) and sublimation (i.e., the phase transition from a solid to a
aseous state) (see e.g., Vorburger et al., 2022). Sputtering closely fol-
ows the spatial distribution of the precipitating Jovian plasma, which
s mainly governed by the interaction between Ganymede’s internal
agnetic field and the Jovian magnetic field (Fatemi et al., 2016; Poppe

t al., 2018; Plainaki et al., 2020). Sublimation is strongly temperature-
ependent, with the H2O vapor pressure exhibiting an exponential
orrelation with surface temperature, which ranges on Ganymede from
80 K to ∼150 K, though maximum temperatures much lower than the
50 K have also been proposed (e.g., Spencer, 1987; Orton et al., 1996).
2 and H2 are produced through irradiation (i.e., the bombardment of
anymede’s surface by the energetic Jovian plasma ions and electrons)
nd diffuse out of the surface in time. O, H, and OH are also formed as
result of surface irradiation, but since they are chemically extremely

eactive, they usually recombine within the ice without being given
he chance to leave the ice via diffusion. Instead, these species are
rimarily created within the atmosphere through the dissociation of
arent molecules (mainly H2O, O2, and H2; see e.g., Turc et al., 2014).

Species in Ganymede’s atmosphere inferred from observations in-
lude O2, O, H, and H2O (Barth et al., 1997; Hall et al., 1998; Feldman
t al., 2000; McGrath et al., 2013; Saur et al., 2015; Alday et al., 2017;
usacchio et al., 2017; Molyneux et al., 2018; Roth et al., 2021; de
leer et al., 2023; Leblanc et al., 2023). All of these observations are
ased on line emissions in the UV and optical range. Inferring the
nderlying atmospheric density from UV and optical line emissions
s challenging, though. First, contributions by sources not associated
ith Ganymede’s atmosphere have to be correctly removed; second,

he remaining emission has to be correctly converted to atmospheric
bundances. The latter requires excellent knowledge of the low-energy
lectron environment and photon flux, which are the main inducers of,
or example, the oxygen line emissions, but which are not only tempo-
ally but also spatially highly variable (e.g., Kivelson et al., 2004). What
urther complicates matters is the fact that the cross sections of the
ifferent reactions are not known equally well. While, for example, the
ross sections for electrons reacting with O2 are established quite well,
nformation on electrons reacting with H2O is still sparse (see e.g., the
iscussion on this in McConkey et al., 2008).

Ganymede’s electron environment has to be measured in situ or with
adio-occultation techniques to obtain detailed information on its prop-
rties (i.e., spatial distribution and energy spectrum). Unfortunately, for
he times of the available atmospheric spectroscopic observations, no
uch measurements exist. Thus, while these measurements present the
urrent best constraints on Ganymede’s atmosphere, the derived results
epend heavily on the assumptions made by the respective authors. In
he following two subsections, detailed information on the available
bservations is given, before previously published modeling efforts on
anymede’s atmosphere are reviewed. Section 2 then presents our
odeling approach, the results of which are presented and discussed

n detail in Section 3. Section 4 finally summarizes the main findings
f the work presented herein.

.1. Observations

Ganymede’s atmosphere consists of a local (i.e., in the vicinity
f the subsolar point), near-surface sublimated water atmosphere, a
lobal, near-surface oxygen atmosphere and an extended global hydro-
en corona (see references in the following paragraphs). Ganymede’s
tmospheric oxygen-containing species produce airglow emissions that
losely follow the boundary between open and closed field lines, indi-
ating that electrons precipitate along the open field lines to locally
xcite atmospheric oxygen (e.g., Hall et al., 1998; McGrath et al.,
013). The following paragraphs present the currently available obser-
ations of Ganymede’s hydrogen, oxygen, and water atmosphere, while
able 1 summarizes the atmospheric densities and column densities
2

nferred from aforementioned observations. n
Hydrogen. The first positive evidence of an atmosphere at Ganymede
was presented by Barth et al. (1997), who observed Lyman-𝛼 radiation
from atomic hydrogen (H) above Ganymede’s limb using the Galileo
Ultraviolet Spectrometer (UVS). The observations were best reproduced
by a hydrogen corona model with a surface density of 1.5⋅104 cm−3, a
olumn density of 9.2⋅1012 cm−2, and a scale height of one Ganymede
adius (i.e., 2634 km). As possible source mechanisms, the authors
ite photon-dissociation of sublimated H2O vapor, photo-desorption of
urface water–ice (either as H2O followed by photon-dissociation or
irectly as H), and sputtering of water–ice by Jupiter’s magnetospheric
lasma (directly as H). These Lyman-𝛼 emission observations were later
onfirmed by Feldman et al. (2000), who detected Lyman-𝛼 emissions
onsistent with the Barth et al. (1997) measurements using the HST
pace Telescope Imaging Spectrograph (STIS). In 2017, Alday et al.
2017) presented an analysis of 9 HST-STIS Lyman-𝛼 observations
3 of the trailing hemisphere and 6 of the leading hemisphere) ac-
uired during four campaigns in 1998, 2000, 2011, and 2014. For
he observations taken in 1998, 2000, and 2011, the authors derive
elatively stable H surface densities of (5–8)⋅103 cm−3 (with a mean
f 6.4⋅103 cm−3). In the 2014 observations, however, the brightness
f Ganymede’s corona was much fainter, being ∼3 times lower on the
railing hemisphere and hardly detectable on the leading hemisphere.
ne suggested explanation for these much lower values compared to

he previous years’ observations is extinction of Ganymede’s corona
ignal in Earth’s upper atmosphere or geocorona. The authors state
hat they refrain from a detailed discussion of the potential hydrogen
ensity decrease due to the campaign’s limited number of exposures
hat can be combined to improve the signal-to-noise ratio. They do
oint out, however, that Molyneux et al. (2017) also observed lower
ntensities in later OI 1304 Å and OI 1356 Å measurements compared
o earlier measurements, suggesting different magnetospheric plasma
onditions in Ganymede’s vicinity at different times. Finally, Alday
t al. (2017) state that their surface densities are consistent with
he Feldman et al. (2000) observations and approximately two times
ower than the surface densities inferred by Barth et al. (1997). The
ifference in density between the Galileo (earlier) and HST (later)
bservations might indicate a non-uniform distribution of Ganymede’s
ydrogen corona, a change in the hydrogen corona over time (1996
ersus 1998–2014), or might be caused by the different instruments
nd analysis techniques.

Very recently, Roth et al. (2023) analyzed H Lyman-𝛼 images taken
hen Ganymede was in transit of Jupiter with HST-STIS. They found

hat the Jovian day-glow is attenuated by the H corona and derive
imilar densities as Alday et al. (2017) with the complementary ob-
erving technique. It is noteworthy that the similarities with Callisto’s
tmosphere suggest that H2 may be the source of the observed atomic
, and not sublimated H2O as previously thought (Carberry Mogan
t al., 2022). Moreover, such a suggestion is also consistent with the
ecent Juno flyby that detected H+

3 (Allegrini et al., 2022), which is
roduced via known chemical pathways in Ganymede’s H2 atmosphere.

xygen. The first Ganymede atmospheric oxygen measurements were
ublished in 1998, when Hall et al. (1998) presented HST Goddard
igh Resolution Spectrograph (GHRS) OI 1304 & OI 1356 Å air-
low observations of Ganymede’s trailing hemisphere. The measured
356 Å/1304 Å flux ratio of roughly 1–2 is diagnostic of dissociative
lectron impact excitation of O2. Using an emission model that con-
iders exospheric O and O2 as possible constituents, Hall et al. (1998)
erive O2 column densities of (1–10)⋅1014 cm−2 and an upper limit
or the atomic O column density of <3.5⋅1013 cm−2. Hall et al. (1998)
urthermore note that the OI 1356 Å feature exhibits a double-peaked
rofile, i.e., two distinct and spatially confined emission regions con-
istent with the satellite’s north and south poles, raising the possibility
hat polar aurorae may exist on Ganymede. A year later, Brown and
ouchez (1999) confirm the existence of atomic oxygen emission lines

ear the satellite’s poles using Keck telescope data, but do not provide
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Table 1
Inferred surface densities and column densities for the water-related species observed in Ganymede’s atmosphere.

Species 𝑁0 [cm−3] 𝑁𝐶 [cm−2] Instrument Observation Comment Reference

H 1.5e4 9.2e12 Galileo/UVS Lyman-𝛼 – Barth et al. (1997)
(5–8)e3 (1.5–2.2)e12 HST/STIS+COS Lyman-𝛼 leading & trailing hemispheres Alday et al. (2017)

(1–2)e12 HST/STIS Lyman-𝛼 anti-Jovian hemisphere Roth et al. (2023)

O2 (1–10)e14 HST/GHRS OI 1304 Å & 1356 Å trailing hemisphere Hall et al. (1998)
1e8 (0.3–5.2)e14 HST/STIS OI 1304 Å & 1356 Å – Feldman et al. (2000)

(4.7 ± 0.1)e14 Keck/HIRES OI 5577–8446 Å sub-Jovian hemisphere de Kleer et al. (2023)
(3.6–4.3)e14 HST/STIS OI 1304 Å & 1356 Å trailing and leading hemisphere, modeling Leblanc et al. (2023)

O <3.5e13 HST/GHRS OI 1304 Å & 1356 Å trailing hemisphere Hall et al. (1998)
(4–37)e12 HST/STIS+COS OI 1304 Å & 1356 Å trailing hemisphere; disk average Molyneux et al. (2018)
(6–60)e12 HST/STIS+COS OI 1304 Å & 1356 Å trailing hemisphere; auroral region Molyneux et al. (2018)
<2e12 HST/STIS+COS OI 1304 Å & 1356 Å sub-Jovian hemisphere Roth et al. (2021)
<3e13 Keck/HIRES OI 5577–8446 Å sub-Jovian hemisphere de Kleer et al. (2023)

H2O ≥1.2e9 HST/STIS+COS OI 1304 Å & 1356 Å trailing hemisphere average Roth et al. (2021)
≥2.0e8 HST/STIS+COS OI 1304 Å & 1356 Å leading hemisphere average Roth et al. (2021)

several 1e15 HST/STIS+COS OI 1304 Å & 1356 Å dayside average Roth et al. (2021)
<3e13 Keck/HIRES OI 5577–8446 Å sub-Jovian hemisphere de Kleer et al. (2023)
5.6e14–1.3e15 HST/STIS OI 1304 Å & 1356 Å trailing and leading hemisphere, modeling Leblanc et al. (2023)
(
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further details. Presenting 8 HST-STIS observations of Ganymede’s trail-
ing hemisphere in the spectral range 1160 Å –1720 Å, citeFeldman2000
confirmed the unambiguous existence of polar (latitudes above 40◦) au-
oral emissions, stating that these are the result of dissociative electron
mpact excitation of O2. The authors further state that they observed
rbit-to-orbit variations and longitudinal non-uniformities in the emis-
ion brightness at high latitudes, which is suggestive of a variability
hat is correlated with changes in emission morphology. Eviatar et al.
2001) further shed light onto the processes that result in the auroral
missions, finding that (i) the location of the auroral ovals coincides
ith the location of the open-closed field line boundary in HST and
alileo observations and that (ii) ambient electrons are insufficient to
enerate the observed aurora and therefore must be locally accelerated
n Ganymede’s auroral regions. Further in-depth analyses of the auroral
ntensities and morphologies are presented in McGrath et al. (2013),
aur et al. (2015), Musacchio et al. (2017), Molyneux et al. (2018),
hich show that there are hemispheric dichotomies in the emission
rightness (leading hemisphere > trailing hemisphere and sub-Jovian
emisphere > anti-Jovian hemisphere) and that the auroral oval ap-
ears quite stable on a multiyear time-scale but shows significant
rightness fluctuations on a short time-scale. These variations are cor-
elated with the strong interaction between Jupiter’s magnetospheric
lasma and Ganymede’s mini-magnetosphere inside the current sheet,
hough, and do thus not imply underlying atmospheric variations.
owever, one observation by Molyneux et al. (2018) does suggest
tmospheric differences, namely the observation that while the OI
356 Å emission is consistently brighter on the leading hemisphere
han on the trailing hemisphere, the emission of OI 1304 Å is similarly
right on both hemispheres, implying that while O2 makes up >99% of
he leading hemisphere atmosphere, the trailing hemisphere requires an
tomic oxygen fraction of ∼10%. Out of all the aforementioned papers,
nly Molyneux et al. (2018) derive number densities for the underlying
tomic oxygen atmosphere, namely an O column density of (4.4–
0)⋅1012 cm−2 for the trailing hemisphere. In 2021, Roth et al. (2021)
eported on sensitive spectra of Ganymede’s auroral oxygen emissions
ith HST-COS during an eclipse passage in order to investigate the
igh O abundances proposed in earlier studies. They found a stable
elative brightness of the OI 1356 Å and OI 1304 Å emissions when
he moon enters eclipse, which rules out resonant solar scattering and
hereby sets an upper limit for the atomic oxygen abundance of NC(O)
2⋅1012 cm−2. Furthermore, Marzok et al. (2022) derived a global map
f the OI 1356 Å emissions, showing that the emission brightness varies
long the ovals with minima near the sub- and anti-Jovian points,
ikely due to the lower electron precipitation in these regions, though
uno observations could not confirm this statement, not seeing much
3

rightness variation in longitude with Juno’s ultraviolet spectrograph
UVS) (Greathouse et al., 2022). Most recently, de Kleer et al. (2023)
nd Leblanc et al. (2023) both reported on spectroscopic observations
f Ganymede’s atmosphere, though conducted by different telescopes
nd at different wavelengths. While de Kleer et al. (2023) observed
he optical aurora of Ganymede with Keck-HIRES, deriving O2 column
ensities of (4.7 ± 0.1)⋅1014 cm−2, Leblanc et al. (2023) observed

Ganymede’s UV emissions with HST-STIS (similar to Roth et al., 2023),
deriving O2 column densities of (3.6–4.3)⋅1014 cm−2.

Water. In 2021, Roth et al. (2021) presented the first observational
evidence for a sublimated water atmosphere on Ganymede acquired
by HST-STIS. This evidence is based on OI 1356 Å/OI 1304 Å line
emission ratios, which are at the disk center equal to 0.97 ± 0.22
and 1.83 ± 0.16 on the trailing and leading hemispheres, respectively.
These values imply that in addition to the dominant O2 component
an additional, OI ratio reducing, atmospheric component is present.
Through modeling, Roth et al. (2021) determine the O2, O, and H2O
surface and column densities that best reproduce the measured OI line
emission ratios. Their analysis yields maximum H2O surface densities
of 1.2⋅109 cm−3 and 2.0⋅108 cm−3 on the trailing and leading hemi-
spheres, respectively, and a H2O column density of several 1015 cm−2

in the subsolar region. Furthermore, Roth et al. (2023) looked at HST-
STIS Lyman-𝛼 images taken in July 2021, and derived first upper
limits for localized (plume) H2O column densities at Ganymede of
(2–3)⋅1016 cm−2. Very recently, de Kleer et al. (2023) and Leblanc
et al. (2023) also looked for H2O signatures in their respective afore-
mentioned measurements. While Leblanc et al. (2023) derive H2O
column densities of 5.6⋅1014 cm−2 to 1.3⋅1015 cm−2, agreeing with Roth
et al. (2023), de Kleer et al. (2023) derive H2O column densities of
<3⋅1013 cm−2. As Leblanc et al. (2023) though states, the much lower
value inferred by de Kleer et al. (2023) can be attributed to the fact
that de Kleer et al. (2023) measured globally integrated emission ratios,
which are only representative of the region near and above the limb,
whereas the H2O is mainly confined to the disk center, and thus remains
undetected in their data.

1.2. Previous models

Previously published modeling efforts on Ganymede’s atmosphere
have predominantly concentrated on Ganymede’s water-related atmo-
sphere (Marconi, 2007; Turc et al., 2014; Plainaki et al., 2015; She-
matovich, 2016; Leblanc et al., 2017; Vorburger et al., 2022; Leblanc
et al., 2023). Whereas the different modeling efforts put emphasis on
clearly distinct aspects of Ganymede’s atmosphere (see below), they all
agree on its general morphology: Up to a subsolar latitude of ∼45◦, H2O

dominates the atmospheric density, while elsewhere on the dayside
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and on the nightside the atmospheric density is dominated by O2 up
to altitudes of ∼100 km and by H2 there-above. In the following we

ill present an overview of previously published modeling efforts for
anymede’s atmosphere, focusing on the new aspects introduced by
ach model. A table listing the range of surface densities and column
ensities derived in each publication is given at the end of this Section
n Table 2.

Marconi (2007) published the first ‘classical’ modeling attempt of
anymede’s atmosphere. The authors included sputtering and sublima-

ion of H2O, O2, H2, OH, O, and H in a collision-less to quasi-collisional
D axisymmetric simulation. While calculations for the sublimation
nd sputter fluxes are presented, implemented source rates were in the
nd altered to match the available observations. The derived densities
nd column densities thus have to be taken with caution. Further
ollision-less models were published by Turc et al. (2014) and Plainaki
t al. (2015). While Turc et al. (2014) added one dimension (making
he model 3D) and photo-dissociative ionization as a loss mecha-
ism, Plainaki et al. (2015) additionally included surface precipitation
aps of three ion species (hydrogen, oxygen, and sulfur ions) at 5

nergies (1, 5, 10, 50, and 100 keV) to simulate sputtering more
ccurately. Furthermore, Turc et al. (2014) investigated the effects that
anymede passing into the shadow and found that the sublimated
2O peak in the subsolar region disappears within one hour in the

hadow of Jupiter. Plainaki et al. (2015), on the other hand, focus on
he morphology of Ganymede’s atmosphere, noticing sputter-induced
eading/trailing and polar/equatorial H2O atmosphere dichotomies and
n O2 atmosphere that comprises two regions (a near-surface ther-
al O2 region that is associated with the thermalized O2 molecules

nd an extended tenuous O2 region that consists of more energetic
2 molecules directly sputtered from the surface). The most recent
ollision-less model results were published by Vorburger et al. (2022),
ho implemented a 3D Monte-Carlo exosphere model of Ganymede’s

ublimated and sputtered H2O atmosphere that focuses on the physics
overning the release processes. In their simulation, they include pre-
ipitation maps of H+, O+, O++, S+++, and electrons with energies
anging from 10 eV to 100 MeV. Their model shows that H2O sput-
ering is mainly induced by heavy ions, whereas protons and electrons
ontribute very little to the sputtered atmosphere.

Collisional modeling efforts of Ganymede’s atmosphere were pub-
ished by Shematovich (2016), Leblanc et al. (2017), and Leblanc et al.
2023). Shematovich (2016) shows that in the dense near-surface layer,
ollisions between H2O and O2 molecules among themselves but also
ith their supra-thermal photolysis and radiolysis products result in a

ubstantial increase in the scale height of these species. Leblanc et al.
2017), on the other hand, concentrate on the temporal variability of
anymede’s atmosphere, and show that due to the seasonal variation

here is a general atmospheric shift towards dusk, an O2 ‘short term
emory’ (i.e., the O2 exosphere at a given orbital position will depend

n its history and evolution over about one Ganymede revolution), and
clear O2 local dusk over local dawn asymmetry. Furthermore, Leblanc
t al. (2023) analyze the orbital variability of Ganymede’s atmosphere,
howing that their model provides good agreement with observations
btained at four positions of Ganymede around its orbit (Roth et al.,
021; Leblanc et al., 2023; see also the discussion above).

One further set to mention here are the model results published
n Carnielli et al. (2019, 2020b,a). Whereas in these models the at-
osphere is not studied per se, the authors do investigate Ganymede’s

onosphere using a 3D ionospheric model that includes the atmosphere
imulation results published by Leblanc et al. (2017). The authors find
hat the derived electron density is consistently lower by at least an or-
er of magnitude compared to observations, and that an O2 atmosphere
ith a column density >10⋅15 cm−2 is required to fit observations.
oreover, the authors compute new sputtering rates for Jovian ions,
hich are typically an order of magnitude higher compared to previous
4

stimates, and investigate the role of ionospheric ions in sputtering,
finding that these contribute at least 10% to the sputtering rates and
under certain condition even dominate the sputter process.

In this work, we extend the work of Vorburger et al. (2022) with
modeling results for O2, H2, O, and H. The release processes include
sublimation, sputtering, and radiolysis. For sputtering and radiolysis,
we use the same ion precipitation maps used in Vorburger et al.
(2022), but we implement new precipitation maps (shown in Fig. 1)
for electrons based on the recent Juno measurements (see Section 2.2).
Since atomic O and H are produced mainly by the electron-dissociation
of H2O, O2, and H2, we show the column density produced for these
species as a function of the electron environment (i.e., electron inten-
sity) rather than presenting a single value.

2. Model description

2.1. Atmosphere Monte-Carlo model

Our Monte-Carlo model is a collision-less 3D test particle model
that has been previously used to simulate the atmospheres of several
Solar System bodies, including Callisto (Vorburger et al., 2015, 2019),
Europa (Vorburger and Wurz, 2018; Vorburger and Wurz, 2021) and,
most recently, Ganymede (Vorburger et al., 2022). In this paper, we
model the atmospheres of the main species associated with Ganymede’s
water–ice surface (i.e., H2O, O2, H2, O, and H). The validity of the
assumption that Ganymede’s atmosphere is non-collisional (except for
the region near the subsolar point) has been shown previously to be
generally valid (e.g., Marconi, 2007) and is not further investigated
herein. Neutral molecules and atoms are ejected from the surface
by either (i) sublimation (in the case of H2O) or (ii) sputtering and
radiolysis (in the case of all species investigated) and are traced on
their elliptical or hyperbolic orbits under the influence of Ganymede’s
gravitational field until they are lost to either (i) gravitational escape,
(ii) surface adsorption, (iii) ionization, or (iv) dissociation. Dissociation
products are further traced until they either (i) escape, (ii) adsorb at
the surface, (iii) are ionized, or, in the case of OH, (iv) are themselves
dissociated. Detailed information on the implemented source and loss
processes (especially the production rates and energy distributions) is
given in the Appendix, while the implemented photon and electron
reaction rates are presented in Table 3 (see also Section 2.2 for a
discussion on the electron environment).

To correctly simulate any atmosphere, altitude steps smaller than
the minimum occurring scale height must be implemented. In our
simulations, the smallest theoretical scale height is the scale height of
thermalized O2 at Ganymede’s nightside temperature of 80 K, which
is equal to 14.56 km. Simultaneously, the simulation domain must
be large enough to contain the trajectories of (close to) all particles.
This is especially relevant for very light species (i.e., H and H2) and
dissociation products, particles which readily escape Ganymede’s grav-
itational influence and thus have to be traced out to Ganymede’s Hill
radius (approximately 12 Ganymede radii or ∼32,000 km). Because
vastly different altitude steps and simulation domains are required for
the different species, we decided to set up several simulation grids,
each suitable for a different type of atmosphere. Table 4 lists for each
implemented species the considered source process(es), the altitude
step size (resolution), the upper boundary of the implemented simula-
tion domain (maximum altitude), the longitude and latitude resolution
(geographic resolution), and the number of particles initialized (note
that dissociation products are a product of the simulation itself and
thus no fixed number of particles was initialized). In the case of
H2O and O2 it has been checked that the number of particles that
leave the simulation domain but that would return within Ganymede’s
Hill sphere is negligible. As in our previously published simulation of
Ganymede’s atmosphere (Vorburger et al., 2022), the subsolar point
coincides with the anti-Jovian sub-point (i.e., Ganymede is at local
noon along its orbit and half of the trailing and half of the leading
hemisphere are sunlit), and Ganymede is located near the center of the

current sheet.
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Table 2
Surface density and column density ranges derived from atmospheric models. Note that the release fluxes implemented by Marconi (2007),
Turc et al. (2014), and Shematovich (2016) were adjusted to match observations.
Species Density [cm−3] Column density [cm−2] References

H2O (subsolar) 7e8 6e15 Marconi (2007)
1e9 Turc et al. (2014)
3e8–1e9 Plainaki et al. (2015)
3e8 Shematovich (2016)

1e14–1e16 Leblanc et al. (2017)
4e9 2e16 Vorburger et al. (2022)

few 1e15 Leblanc et al. (2023)
H2O (polar) 2e4 2e11 Marconi (2007)

9e3 Turc et al. (2014)
1e4 Plainaki et al. (2015)
4e3 Shematovich (2016)
3e5 Leblanc et al. (2017)
2e4 3e11 Vorburger et al. (2022)

O2 3e5–3e8 2e12–6e14 Marconi (2007)
(1–9)e7 1e15 Turc et al. (2014)

4e13 Plainaki et al. (2015)
1e7 Shematovich (2016)
(3–9)e7 2e14–2e15 Leblanc et al. (2017)

(3.6–4.3)e14 Leblanc et al. (2023)

H2 5e5–8e6 (1–3)e14 Marconi (2007)
(1–8)e5 Turc et al. (2014)
5e4–2e5 Shematovich (2016)
2e6 2e14–1e15 Leblanc et al. (2017)

OH 1e3–1e5 2e10–4e12 Marconi (2007)
4e2–8e3 Turc et al. (2014)
8e2–8e3 Shematovich (2016)

O (3–4)e4 8e11–2e12 Marconi (2007)
(1–3)e3 Turc et al. (2014)
4e2–2e3 Shematovich (2016)

H 1e3–1e4 3e11–2e12 Marconi (2007)
2e2–1e3 2e10 Turc et al. (2014)
2e2–3e4 Shematovich (2016)

(4–6)e10 Leblanc et al. (2017)
Fig. 1. Ganymede surface map (credit: Kersten et al., 2021) with the regions auroral and polar electrons have access to indicated in red and blue, respectively. Note that the
auroral regions are implemented as a Gaussian distribution; here ±3 sigma are shown. The lightest color indicates maximum precipitation, whereas the darkest color indicates
minimum precipitation within the ±3-sigma range. Over-plotted are Juno’s sub-spacecraft points in green, Juno’s magnetic field-line tracings in magenta, and the subsolar point
as well as the terminators in yellow, as provided in Figure 5 of Greathouse et al. (2022). Also shown are the energy spectra for auroral and polar electrons (shown in red and
blue, respectively) implemented according to Ebert et al. (2022). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
2.2. Plasma environment

Ions. In this study, ions are considered to interact with Ganymede’s
surface, but not with the atmosphere (i.e., neither atmospheric sput-
tering nor charge-exchange is included nor is possible energy depo-
sition/attenuation of the plasma considered). Accordingly, for ions,
only the flux that precipitates onto Ganymede’s surface is relevant
here. The ion precipitation fluxes used herein are the same fluxes that
have already been applied to Ganymede’s surface in Vorburger et al.
(2022), where Ganymede’s water exosphere resulting from sublima-
tion, ion sputtering, and electron sputtering was studied in detail. The
5

ion precipitation fluxes were obtained by coupling hybrid simulations
(presented in Fatemi et al., 2016) with a test-particle model (presented
in Poppe et al., 2018), and include thermal H+ and O+ and energetic
H+, O++, and S+++. Thermal ions cover the energy range 10 eV to
100 keV, whereas energetic ions cover the energy range 1 keV to
10 MeV. The total precipitation flux ranges from 7.28⋅103 m−2 s−1 to
8.88⋅108 m−2 s−1, with a H+:O𝑛+:S+++ ratio of ∼4:15:1. For a more
detailed description of the ion precipitation fluxes please refer to Sec-
tion 2.2 and Figure 1 in Vorburger et al. (2022). While this composition
of the ambient plasma near Ganymede is consistent with Voyager and
Galileo measurements, we note that more-recent observations suggest
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Table 3
Implemented reaction rates. Excess energies are only given for reactions producing neutral species and the same energies are assumed for electron impact reactions as those
calculated by Huebner et al. (1992) for the analogous photo-chemical reactions. For electrons, there are two rates per interaction process. The first rate is for interactions with
polar electrons, whereas the second rate is for interactions with auroral electrons. Note that in our simulation electron reactions with polar electrons can only occur in areas
poleward of the OCFB, whereas reactions with auroral electrons can occur within a 15◦ FWHM wide band centered around the OCFB.

Reaction Electron population Rate [s−1] Excess energy [eV] Reference

H2O + ℎ𝜈 → OH + H – 3.81e−7 3.41 Huebner et al. (1992)
H2O + ℎ𝜈 → O + H + H – 2.79e−8 0.70 Huebner et al. (1992)
H2O + ℎ𝜈 → H2 + O – 2.21e−8 3.84 Huebner et al. (1992)
H2O + ℎ𝜈 → H2O+ + e− – 1.22e−8 Huebner et al. (1992)
O2 + ℎ𝜈 → O + O – 1.50e−7 1.43 Huebner et al. (1992)
O2 + ℎ𝜈 → O2

+ + e− – 1.73e−8 Huebner et al. (1992)
H2 + ℎ𝜈 → H + H – 3.40e−9 5.00 Huebner et al. (1992)
H2 + ℎ𝜈 → H2

+ + e− – 2.00e−9 Huebner et al. (1992)
OH + ℎ𝜈 → O + H – 7.34e−7 4.36 Huebner et al. (1992)
OH + ℎ𝜈 → OH+ + e− – 8.99e−9 Huebner et al. (1992)
O + ℎ𝜈 → O+ + e− – 9.13e−9 Huebner et al. (1992)
H + ℎ𝜈 → H+ + e− – 2.68e−9 Huebner et al. (1992)

H2O + 𝑒− → OH + H polar 2.63e−7 3.41 Itikawa and Mason (2005), Ebert
et al. (2022)

H2O + 𝑒− → H2 + O polar 2.76e−8 3.84 Ip (1997), Carnielli et al. (2019)
H2O + 𝑒− → H2O+ + e− polar 2.89e−7 Itikawa and Mason (2005), Ebert

et al. (2022)
O2 + 𝑒− → O + O polar 7.96e−8 1.43 McConkey et al. (2008), Ebert

et al. (2022)
O2 + 𝑒− → O2

+ + e− polar 3.23e−7 McConkey et al. (2008), Ebert
et al. (2022)

H2 + 𝑒− → H + H polar 1.76e−7 5.00 Scarlett et al. (2018), Ebert et al.
(2022)

H2 + 𝑒− → H2
+ + e− polar 1.27e−7 Straub et al. (1996), Ebert et al.

(2022)
OH + 𝑒− → O + H polar 5.07e−7 4.36 Ip (1997), Carnielli et al. (2019)
OH + 𝑒− → OH+ + e− polar 2.76e−7 Joshipura et al. (2017), Ebert

et al. (2022)
O + 𝑒− → O+ + e− polar 2.01e−7 Thompson et al. (1995), Ebert

et al. (2022)
H + 𝑒− → H+ + e− polar 1.76e−7 Deutsch et al. (2014), Ebert et al.

(2022)
H2O + 𝑒− → OH + H auroral 1.98e−6 3.41 Itikawa and Mason (2005), Ebert

et al. (2022)
H2O + 𝑒− → H2 + O auroral 2.76e−8 3.84 Ip (1997), Carnielli et al. (2019)
H2O + 𝑒− → H2O+ + e− auroral 2.59e−6 Itikawa and Mason (2005), Ebert

et al. (2022)
O2 + 𝑒− → O + O auroral 5.65e−7 1.43 McConkey et al. (2008), Ebert

et al. (2022)
O2 + 𝑒− → O2

+ + e− auroral 3.10e−6 McConkey et al. (2008), Ebert
et al. (2022)

H2 + 𝑒− → H + H auroral 8.20e−7 5.00 Scarlett et al. (2018), Ebert et al.
(2022)

H2 + 𝑒− → H2
+ + e− auroral 9.75e−7 Straub et al. (1996), Ebert et al.

(2022)
OH + 𝑒− → O + H auroral 5.07e−7 4.36 Ip (1997), Carnielli et al. (2019)
OH + 𝑒− → OH+ + e− auroral 2.30e−6 Joshipura et al. (2017), Ebert

et al. (2022)
O + 𝑒− → O+ + e− auroral 1.78e−6 Thompson et al. (1995), Ebert

et al. (2022)
H + 𝑒− → H+ + e− auroral 1.00e−6 Deutsch et al. (2014), Ebert et al.

(2022)
Table 4
Simulation setups. Note that for dissociation products no value is given for the number of particles initialized, since they are a direct product of the simulation itself.

Species Source process Altitude resolution Maximum altitude Geographic resolution Number of particles

H2O sublimation 5 km 1,200 km 1◦×1◦ 2e6
sputtering 35 km 32,000 km 2◦×2◦ 2e6

O2 radiolysis 5 km 4,800 km 2◦×2◦ 2e6
H2 radiolysis 75 km 32,000 km 2◦×2◦ 2e6

dissociation of H2O 75 km 32,000 km 2◦×2◦ –
OH sputtering 50 km 32,000 km 2◦×2◦ 2e6

dissociation of H2O 200 km 32,000 km 2◦×2◦ –
O sputtering 50 km 32,000 km 2◦×2◦ 2e6

dissociation of H2O, O2 and OH 200 km 32,000 km 2◦×2◦ –
H sputtering 50 km 32,000 km 2◦×2◦ 2e6

dissociation of H2O, H2, and OH 200 km 32,000 km 2◦×2◦ –
additional ion charge states that we have not considered here (see,
e.g., Allen et al., 2019; Clark et al., 2020; Kim et al., 2020). Since the
6

dynamics of ions with like composition but with an additional charge
are similar (e.g., the gyroradii of S+++ which is included within the
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model compared to S++ which is not remain within a factor of 2), we
xpect that including additional charge states would not strongly alter
ur results. However, we note that a rigorous investigation of the effect
f differently charged ions near Ganymede is beyond the scope of this
tudy.

NASA’s Juno spacecraft encountered a close flyby of Ganymede
n 2021 with the closest approach of 1,046 km. During the flyby,
anymede was located close to the Jovian plasma sheet (approximately
−2)◦ magnetic latitude during the closest approach; see e.g., Saur et al.,
022) with the lower limit of observed ambient electron density of
4 cm−3 (Allegrini et al., 2022). Although the geometry of the flyby

was markedly different compared to the previous Galileo flybys of
Ganymede, the Jovian plasma environment of Ganymede was similar
to that of the Galileo’s G8 flyby, also simulated by Fatemi et al. (2016)
and Poppe et al. (2018). Therefore, the plasma precipitation patterns
obtained from the aforementioned modeling studies are applicable to
generate neutral atmosphere through surface sputtering during the
Juno flyby of Ganymede.

Electrons. Liuzzo et al. (2020) and Vorburger et al. (2022) studied
electrons from 4.5 keV to 100 MeV. However, the electron energies
that are most relevant for particle sputtering and interactions with
atmospheric particles are in the eV – 10 s of keV range (Teolis et al.,
2017; Galli et al., 2018). Recently JADE characterized the electron
environment near Ganymede in this energy range, thus presenting
new information on the electron environment most relevant for this
work (Allegrini et al., 2022). The measurements were taken on 7 June
2021, as Juno passed within 1046 km of Ganymede’s surface during its
34th perijove (Hansen et al., 2022). During this flyby, Juno approached
Ganymede from the South, passed through a part of the wake region,
through its magnetosphere to closest approach on the nightside, to
the dayside, and back into the plasma disk towards Jupiter. For more
information on Juno’s trajectory, please refer to Hansen et al. (2022),
in particular their Figure 2 and Table 2.

As already discussed in Section 1.1, auroral observations have
shown that Ganymede’s magnetosphere strongly influences the electron
environment, with electron acceleration into Ganymede’s auroral bands
(see e.g., McGrath et al., 2013 and Eviatar et al., 2001). We accordingly
considered two electron populations in this paper: The polar electrons,
which are assumed to reach surface regions poleward of the open-
closed field line boundary (OCFB), and the auroral electrons, which
are assumed to reach Ganymede’s auroral bands. In our model, the
auroral bands are described by a Gaussian distribution centered around
the OCFB (implemented according to Duling et al., 2022), with a full
width at half maximum of 15◦. Equator-ward of the OCFB, electrons at
he considered energies cannot penetrate the closed field line region,
nd therefore are unable to directly access the surface (Liuzzo et al.,
020).

Due to the lack of measurements at lower altitudes, we made some
implifying assumptions in this work. The most critical assumption
s that the differential fluxes measured at Juno’s altitude can be ex-
rapolated to Ganymede’s surface and that they are, depending on
uno’s location, representative of either the polar electrons or the
uroral electrons on the surface of Ganymede. Consequences of this
ssumption are discussed in Section 3. For the polar electrons we used
he electron differential flux measured by JADE in Jupiter’s plasma
heet (Figure 3 in Ebert et al., 2022). For the auroral electrons, we used
he differential flux measured by JADE at Ganymede’s magnetopause
urrent layer (also Figure 3 in Ebert et al., 2022). Within JADE’s
nergy range (∼10 eV to few keV), these electrons exhibit an average
artial density of ∼7 cm−3. These measurements were not actually
aken within the flux tubes connected to the auroral bands, as Juno
oes not appear to have crossed the OCFBs (see also the magenta
ymbols in Fig. 1 denoting Juno’s magnetic field-line tracings in ma-
enta). However, Ebert et al. (2022) state that the electrons denoted
y the red curve in their Figure 3 (see also Fig. 1 herein) show field-
7

ligned intensity enhancements to the highest energies observed within
his transit of Ganymede’s magnetopause current layer and that they
orrespond to a time when the magnetic field observations indicate
he presence of magnetic flux ropes. Furthermore, they conclude with
‘These observations place constraints on the energies that electrons can
e accelerated to during this process [magnetic reconnection], electron
istributions that may reflect those that are responsible for producing
anymede’s aurora’’. (Ebert et al., 2022). For more information on the
uroral and magnetospheric observations conducted by Juno please
efer to Greathouse et al. (2022), Allegrini et al. (2022), Clark et al.
2022), Romanelli et al. (2022) and Kurth et al. (2022).

Fig. 1 shows the regions where the auroral (red) and polar (blue)
lectrons are assumed to have access to. Also shown in Fig. 1, in
he same colors, are approximations of the auroral and polar energy
pectra (Ebert et al., 2022). Note that contrary to ions, electrons are
onsidered to interact both with the surface (through sputtering and
adiolysis) and with the atmosphere (through ionization and dissoci-
tion). For the latter, we assume that the electron reaction rates are
onstant with altitude.

It is noteworthy that a fraction of the Juno-measured electrons
an reflect back into space as they move closer to Ganymede due to
he increase in the parallel component of Ganymede’s magnetic field
∇∥𝐵 ≠ 0). If we assume that the spatial and temporal variations
f Ganymede’s magnetic fields are small over either a gyro-orbit or
gyro-period of an electron, as a first order approximation we can

pply conservation of the first adiabatic invariant into the motion of
recipitating electrons over the polar and auroral regions (i.e., d𝜇/dt =

0, where 𝜇 is the magnetic moment) (see Roederer and Zhang, 2014 for
discussion on the applicability of the first adiabatic invariant under

iven conditions). Therefore, we can assume the energy of an electron
emains constant along an equipotential magnetic field line, and hence,

𝑠𝑖𝑛2(𝛼(𝑠))
𝐵(𝑠)

=
𝑠𝑖𝑛2(𝛼0)

𝐵0
= 𝑐𝑜𝑛𝑠𝑡., (1)

where 𝛼 is the pitch angle, 𝑠 is the length of a magnetic field line arc,
and 𝛼0 as well as 𝐵0 are the initial particle’s pitch angle and magnetic
field at an arbitrary point, respectively. Since the electron intensity in
our calculations has been taken from Juno’s observations during the
outbound magnetopause crossing of Ganymede (Hansen et al., 2022),
𝛼0 and 𝐵0 are the pitch angle and magnetic field intensity at the

agnetopause. Considering conservation of the first adiabatic invariant
Eq. (1)), for an electron to impact the surface of Ganymede, its pitch
ngle at the magnetopause should follow

𝑖𝑛2(𝛼mp) ≤
𝐵mp

𝐵surf
, (2)

where 𝛼mp is the pitch angle at the magnetopause, 𝐵mp and 𝐵surf
are the intensity of the magnetic fields at the magnetopause and
on the surface of Ganymede, respectively. During the Juno flyby of
Ganymede, 𝐵mp ≃100 nT (Allegrini et al., 2022) and the surface
magnetic field strength at the open-closed field line boundaries (∼60◦

latitude) 𝐵surf ≃1100 nT. Applying these values into Eq. (2), all elec-
trons with pitch angle smaller than 17◦ at the magnetopause impact
the surface of Ganymede. Juno observations of Ganymede have shown
that around half of the down-going electrons at the magnetopause have
pitch angles smaller than 17◦ (Allegrini et al., 2022). This indicates that
only about half of the electron intensity measured at Juno reach the
surface of Ganymede, a fact we account for in our model.

We furthermore note that the brightness of Ganymede’s auroral
ovals significantly vary in longitude (Marzok et al., 2022) and over
time (Saur et al., 2022) and may be non-continuous and patchy. How
representative the single JADE measurement outside the OCFB is, is
difficult to assess at this point. In lack of more information, our used
map assumes that this electron flux represents the average auroral

electron precipitation.
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2.3. Ganymede surface properties

For Ganymede’s surface temperature field we use the same assump-
tions as applied in Vorburger et al. (2022): The surface temperature
ranges from 80 K to 150 K, with the dayside temperature connected to
the constant nightside temperature by a cos3∕4-function. Please refer to
Section 2.3.2 and Figure 1 of Vorburger et al. (2022) for more details
on the implemented surface temperature field.

As in Vorburger et al. (2022), we implement a variable water–ice
concentration for Ganymede’s surface based on the ice concentration
maps presented by Ligier et al. (2019). The water–ice concentration is
in the range ∼8%–58%, with values in the polar regions being generally
higher than values in the equatorial regions. As Ganymede is constantly
bombarded by energetic particles (effectively radiation), Ganymede’s
water–ice does not consist of 100% of H2O molecules. Indeed, obser-
vations have shown that on Ganymede the intense charged particle
environment has produced O2, H2O2, and O3 in the icy surface (Spencer
et al., 1995; Noll et al., 1996). As radiolysis turns H2O into H2 and 1/2
2, H2 should also be produced in the ice but has yet to be observed.
ne caveat is that the actual H2 content at a given time inside the

ce will be lower than 2 times the O2 content because it cannot be
ffectively retained inside the ice (Bar-Nun et al., 1985; Galli et al.,
018) compared to O2 (Grieves and Orlando, 2005; Loeffler et al., 2006;
heng et al., 2006; Galli et al., 2018). O, H, and OH are too reactive
o exist in a stable form at Ganymede’s surface temperature range. We
ollected data from spectroscopic observations of Ganymede’s surface
ce and from laboratory ice irradiation experiments to determine an
ce composition that is representative of Ganymede’s surface ice. The
erived composition for Ganymede’s water–ice (the surface concentra-
ion of which ranges from ∼8% to 58%, as mentioned above) consists
o 96.5% of H2O molecules, 2% of H2 molecules, 1% of O2 molecules,
.5% of H2O2 molecules, and 0.001% of O3 molecules (with only

the first three species being considered in this study). In the case of
sputtering, new surface ice species can be created as the impinging
ions and electrons interact with the surface (i.e., as a neutral particle is
released it can simultaneously be dissociated). These modifications are
represented in the sputter yields that are presented in the Appendix.

3. Results & discussion

Since the different species in Ganymede’s atmosphere exhibit vastly
different characteristics, we present our results for each species sepa-
rately in the following.

3.1. H2O

The H2O atmosphere can be divided into two populations: the
sublimated H2O atmosphere and the sputtered H2O atmosphere. As
lready shown in Vorburger et al. (2022), the sublimated H2O at-

mosphere dominates the sputtered H2O atmosphere in the subsolar
region by several orders of magnitude. The sublimated H2O atmosphere
is highly variable, though, decreasing quickly with increasing solar
zenith angle and/or increasing altitude (see, e.g., Figure 4 in Vorburger
et al. (2022)). The top left panel of Fig. 2 accordingly shows three
different density profiles for the sublimated H2O atmosphere: The
maximum sublimated atmosphere in the subsolar region (i.e., within
5 degrees of the subsolar point), the average sublimated atmosphere
on the dayside (i.e., within 90 degrees of the subsolar point), and the
average global sublimated atmosphere. For sputtering, which produces
a spatially much less variable atmosphere than sublimation, a different
subdivision was made, i.e., one by source agent. Fig. 2 accordingly
shows three curves for sputtering as well: One for sputtering by ions,
one for sputtering by polar electrons, and one for sputtering by auroral
electrons.

As mentioned in Appendix A.1.1, the electron sputter yield is not
8

well known for H2O. At 500 eV, the only energy at which a H2O a
electron sputter yield was measured in the laboratory, the electron
sputter yield is ∼3 times lower than the H+ sputter yield, about 50
times smaller than the O+ sputter yield, and ∼100 times smaller than
the S+ sputter yield. Overall, the H2O production rate due to electron
sputtering is approximately 20 times lower than due to ion sputtering.

As mentioned above, for electrons, two different populations were
investigated. Polar electrons have access to a larger surface area than
auroral electrons do, but the intensity of auroral electrons is higher than
the intensity of polar electrons (especially at higher energies due to
electron acceleration in the auroral region, see Fig. 1). Our simulations
show that auroral electrons provide 2.5 times more H2O than polar
electrons do.

The top central panel in Fig. 2 shows the line-of-sight (LOS) column
density taken from a point located far from Ganymede (e.g., Earth)
and looking at the sunlit hemisphere (note that the subsolar point is
in the center of the disk). This panel provides the most applicable
data product for comparison with Earth-based spectroscopic observa-
tions of Ganymede’s atmosphere (e.g., images taken by the HST). The
variability of the sublimated atmosphere (mainly on the disk) is also
shown here to contrast strongly with the uniformity of the sputtered
atmosphere, which dominates the off-disk regions. As it is not easy
to read absolute values from a color-plot, we also show cross-sections
through the column density plot, running from north to south through
the subsolar point (panel to the right) and from west to east along the
equator (bottom panel). In these cross-sections, the division into the
sublimated atmosphere (within ±1 Ganymede radius) and the sputtered
atmosphere is also very clear.

Note, that neither in Fig. 2 nor in the following model result figures
error-bars are plotted. Instead, we provide an analytic error-estimation
here. The main error sources of our modeling efforts are introduced
by input uncertainties and variations. For each species, the dominant
modeling input parameters are (i) the precipitation flux, (ii) the surface
concentration, (iii) the surface temperature, and (iv) the sputter yield
(see also Appendix). Based on literature, we estimate that the precipita-
tion flux is known to about one order of magnitude (see, e.g., Kivelson
et al., 2004), the surface concentration uncertainties are on the order
of a few percent (see, e.g., Ligier et al., 2019), surface temperatures
uncertainties are also on the order of a few percent (see, e.g., Spencer,
1987; Orton et al., 1996), and the sputter yields are known to about a
factor of 2. Except for temperature, which exponentially influences the
H2O vapor pressure in case of sublimation, all other errors propagate
linearly.

Table 5 provides a more detailed analysis of the contributions of the
various release processes. In the first column, the total release of H2O
molecules from Ganymede’s surface is listed. As one can see, sublima-
tion releases more than three orders of magnitude more H2O molecules
into the atmosphere than sputtering does. Columns two through four
present different column densities: the resulting mean global (dayside
and nightside) column density, the resulting mean dayside only column
density, and the resulting maximum column density.

The maximum H2O column density inferred from observations is
qual to > 4.8⋅1015 cm−2 (Roth et al., 2021). This value agrees well with
ur maximum sublimated column density of ∼2⋅1016 cm−2, but is much

higher than the maximum sputtered column density of ∼4⋅1012 cm−2.
he (Roth et al., 2021) observations of Ganymede’s H2O atmosphere
re thus clearly dominated by sublimated H2O, with the sputtered
tmospheric H2O signal being too faint to be distinguishable from
he sublimated H2O signal. Nevertheless, sputtering is not a negligible
rocess for Ganymede’s H2O atmosphere, as it is mainly sputtering
hat populates higher altitudes in Ganymede’s atmosphere, the region
spacecraft (and, consequently, in situ measurements) have access to,
s has already been discussed in Section 4 of Vorburger et al. (2022).
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Fig. 2. Model results for H2O released by both sublimation and sputtering. The central plot shows the column density integrated along the LOS. The left plot shows radial H2O
density profiles for sublimation and sputtering separately versus altitude above the surface. For sublimation, three curves are shown: The maximum sublimated atmosphere in the
subsolar region (i.e., within 5 degrees of the subsolar point), the dayside (i.e., sunlit hemisphere) sublimated atmosphere, and the global sublimated atmosphere (i,e, including
the nightside). For sputtering, the contributions by the three inducing sources are shown: H2O sputtered by ions, H2O sputtered by auroral electrons, and H2O sputtered by polar
electrons. The panels to the right and the bottom show the LOS column density (i.e., ‘into the page’ column density) running from north to south through the subsolar point
(panel to the right) and from west to east along the equator (bottom panel).
Table 5
H2O modeled global release rate (rel), mean global (dayside and nightside) column density (<NCglobal>), mean dayside column density (<NCdayside>), and maximum column density
(max(NC)) for each release process considered as well as the maximum column density inferred from observations (Roth et al., 2021).

Process Release [s−1] <NCglobal> [cm−2] <NCdayside> [cm−2] Max(NC) [cm−2]

H2O sublimation 9.11e29 3.47e14 6.91e14 1.76e16
H2O ion sputter 6.43e26 6.13e11 7.06e11 3.67e12
H2O polar electron sputter 8.11e24 4.43e09 4.58e09 1.66e10
H2O auroral electron sputter 2.04e25 7.81e09 8.31e09 7.35e10

H2O inferred from observation – – – > 𝟒.𝟖𝐞𝟏𝟓
3.2. O2

The atmospheric density profile of O2 differs significantly from the
density profile of H2O. This is mainly due to the non-condensing nature
of O2 in the temperature range of Ganymede’s surface temperature.
After an initial ‘hop’, the non-condensing O2 molecules keep ‘bounc-
ing’ off the surface, being re-emitted at the local surface temperature
whenever they interact with the surface. This ‘bouncing’ leads to an
enhanced near-surface atmosphere, as the molecules keep accumulating
in the low-altitude region until they are removed either through ioniza-
tion or through dissociation (with virtually no molecules lost to escape
or adsorption). The O2 atmosphere thus comprises two populations,
the O2 molecules initially released by radiolysis, which exhibit lower
densities but larger scale heights, and the thermalized O2 molecules,
which exhibit larger densities but smaller scale heights.

In the top left panel of Fig. 3, the dashed, gray lines show the density
profiles of the radiolytically produced O2 molecules, whereas the solid,
gray lines show the final atmospheric density profiles, with the differ-
ence showing the effect of the O2 accumulation in the near-surface (first
few hundred km) atmosphere. Again, three different curves are shown,
one for O2 radiolysis initiated by ions, one for O2 radiolysis initiated
by polar electrons, and one for O2 radiolysis initiated by auroral
electrons. The sum of all contributions (ion radiolysis, polar electron
9

radiolysis, and auroral electron radiolysis) is shown by the solid, black
line. According to laboratory measurements, the ratio between the ion
and the electron sputter yield is not as high for O2 as it is for H2O
(e.g., Teolis et al., 2017). In fact, at low energies, the ion and electron
sputtering yields are remarkably similar, and the sputtering yields begin
to differ noticeably only at higher energies.

The LOS column density of the dayside O2 atmosphere is shown
in the top central panel of Fig. 3. Note that, contrary to H2O, the O2
column density distribution is very similar on the dayside, the night-
side, the sub-Jovian, and the anti-Jovian hemisphere in our ‘snapshot’
simulation (i.e., ignoring long-term effects), with only minor differences
due to the local surface temperatures (and thus scale heights). As
already shown in the density plot, the LOS column density is highly
increased on and close to the disk due to the enhanced near-surface
atmosphere with thermalized O2. The top right and bottom panels
show two cross-sections through the top middle panel, taken from
north to south through the subsolar point and from west to east along
the equator. On the disk, the LOS column density integral is limited
from the boundary of the simulation domain to the disk. Off the disk,
the LOS column density integral is not spatially limited, ranging in
theory from minus infinity to plus infinity. This abrupt transition from
a limited to an unlimited integral can be seen by the enhanced peaks
in the column density plots at ±1 Ganymede radius. Off the disk,
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Fig. 3. Model results for O2 released by radiolysis. The central plot shows the column density integrated along the LOS (the subsolar point is in the center of the image). The left
plot shows the average total radial density profile (solid, black line) versus altitude above the surface. Over-plotted in dashed, gray lines are the particles that have been initially
released and in solid, gray lines the final density profiles of the three radiolysis contributions. The difference between the dashed lines and the solid lines shows the effect of
thermalization of the non-condensing gas. The panels to the right and the bottom show the LOS column density (i.e., ‘into the page’ column density) running from north to south
through the subsolar point (panel to the right) and from west to east along the equator (bottom panel).
the column density drops abruptly, transitioning from the enhanced
near-surface atmosphere to the column density profile of the initially
released molecules.

Table 6 presents the O2 release rates and resulting column densities
for each process considered in detail. The similarity of the values in
columns two through four of this table highlights the uniform nature
of Ganymede’s O2 atmosphere (in contrast to the non-uniform nature
of Ganymede’s H2O atmosphere; see Table 5). As discussed above,
when ‘bouncing’, non-condensing molecules are only destroyed through
ionization and dissociation. As such, the atmospheric density keeps
increasing in the near-surface region until the lifetime of the molecules
balances their loss rates. As mentioned in Section 2 and shown in
Table 3, the loss rates are reaction-specific. In addition, for each
reaction, molecules can only be lost if they are within a region where
the reaction partner (i.e., photon or electron) is present, i.e., on the
sunlit hemisphere for reactions with photons, in the polar region for
reactions with polar electrons, and in the auroral regions for reactions
with auroral electrons. Our simulations have shown that the lifetimes
of the O2 molecules allow for about 1e4 bounces (corresponding to
∼106 s), which is mainly limited through the reaction with auroral
electrons, which produces loss rates larger by a factor of ∼5 and ∼10
than the loss rates due to reactions with polar electrons and photons,
respectively.

Comparison of our modeled atmospheric O2 column densities to
O2 column densities inferred from observations shows that our re-
sults agree well with observations (see Table 6): We derive an O2
column densities of 4.44⋅1014 cm−2, which is right in the range of the
observationally inferred O2 column densities (3⋅1013–1⋅1015 cm−2).

3.3. H2

Just like O2, H2 is a non-condensing gas at the thermal conditions
of Ganymede and therefore behaves similarly to the O2 gas, forming a
global thermal H2 atmosphere. However, as can be seen in Fig. 4, the
10
H2 densities are quite different from the O2 densities. Most notably,
the H2 density profiles do not show a distinct transition from a radi-
olytically produced population to thermally accommodated population.
The main differences in magnitude and shape of the H2 and the O2
density curves result from the different molecular masses of the two
species. With H2 molecules being so light, a significant fraction of
molecules can escape even after the initial ‘hop’, which is not the
case for O2 molecules. While H2 thus accumulates in the atmosphere
like O2, the increase over the initially released molecules is about 10
times lower for H2 than for O2 (i.e., ∼1000 instead of ∼10,000), due
to the H2 molecules being lost to space in addition to being lost to
ionization and dissociation, even after the initial ‘hop’. In addition, the
shape of the final density profiles resembles the shape of the density
profiles of the initially released particles. Fig. 4 shows in the top left
panel the final total density profile in solid, black, the density profiles
of the initially released H2 molecules in dashed, gray, and the final
density profiles of the individual contributions in solid, gray. Since
the H2 radiolysis release process is very similar to the O2 radiolysis
release process (though the H2 sputter yields are higher by a factor
of 2 due to stoichiometric reasons), the relative contributions of the
three radiolysis processes (ion radiolysis, polar electron radiolysis, and
auroral electron radiolysis) are equal for O2 and H2.

The central panel in Fig. 4 shows the LOS column density of the H2
atmosphere. Also here, the atmosphere is densest close to the surface.
However, the decrease with altitude is much shallower than for O2, due
to the much larger scale height of H2, resulting in densities being still
quite high at high altitudes. As previously, we show the cross sections
through the 2D LOS column density in the top, right and the bottom
panels. In these panels the gradual decrease with altitude is also well
evident.

No neutral H2 has yet been observed in Ganymede’s atmosphere
(ionized H2, on the other hand, has recently been observed (see Szalay
et al., 2022), but we expect H2 to be present due to stoichiometric
reasons (see Appendix). In Table 7, we present the release rates and the



Icarus 409 (2024) 115847A. Vorburger et al.
Table 6
O2 modeled global release rate (rel), mean global (dayside and nightside) column density (<NCglobal>), mean dayside column density (<NCdayside>), and maximum column density
(max(NC)) for each release process considered as well as the maximum column density inferred from observations (see Table 1).

Process Release [s−1] <NCglobal> [cm−2] <NCdayside> [cm−2] Max(NC) [cm−2]

O2 ion radiolysis 4.65e25 7.62e13 6.68e13 2.08e14
O2 polar electron radiolysis 5.36e25 9.88e13 8.53e13 2.28e14
O2 auroral electron radiolysis 2.38e26 3.25e14 3.10e14 6.33e14

O2 inferred from observation – – 3e13–1e15 –
Fig. 4. Model results for H2 released by radiolysis. The central plot shows the column density integrated along the LOS (the subsolar point is in the center of the image). The
left plot shows the average radial density profiles (solid lines) versus altitude above the surface. Over-plotted by dashed lines are the particles that have been initially released by
the radiolysis processes. The difference between the dashed lines and the solid lines show the effect of thermalization of the non-condensing gas. The plots to the right and the
bottom show the LOS column density taken along the equator (bottom) and along the axis connecting the north and the south pole (right).
Table 7
H2 modeled global release rate (rel), mean global radial column density (<NCglobal>), mean dayside radial column density (<NCdayside>), and maximum radial column density
(max(NC)) for each release process considered. No observational constraints for H2 exist to date.

Process Release [s−1] <NCglobal> [cm−2] <NCdayside> [cm−2] Max(NC) [cm−2]

H2 ion radiolysis 9.30e25 4.35e13 3.15e13 8.61e13
H2 polar electron radiolysis 1.07e26 4.93e13 3.60e13 7.34e13
H2 auroral electron radiolysis 4.75e26 2.12e14 1.55e14 3.23e14
column densities of each radiolysis source. The H2 release rates are, due
to stoichiometric reasons, twice the O2 release rates. However, the LOS
column densities of H2 only amounts to about 60% of the LOS column
density of O2 due to the lower accumulation factor mentioned above.
Our model shows that auroral electrons dominate the sputter contri-
bution to Ganymede’s H2 atmosphere, while polar electrons and ions
yield similar H2 densities. Again, as it was the case for O2, columns two
through four are quite similar for H2, highlighting the uniform global
nature of the H2 atmosphere. While no observationally inferred column-
densities are available, we compare our model results to previous model
results of other groups. The range of previously published H2 column
densities (see Table 2) is equal to 1⋅1014–1⋅1015 cm−2 and agrees very
well with our results, which are on the order of a few 1014 cm−2.

3.4. O

Table 8 lists the total global source rates of O (and H) atoms,
broken down by source mechanisms. The same photon and electron
11
environment described in Section 2.2 and the reaction rates given in
Table 3 were used for dissociation. For direct sputtering the same ion
and electron precipitation fluxes were used as for the molecular species
discussed above. Table 8 shows that the main sources of atomic O
in Ganymede’s atmosphere are the dissociation of O2 molecules re-
leased by radiolysis and the dissociation of sublimated H2O molecules.
Directly sputtered O results in approximately 100 times lower global
source rates than dissociation does.

Since dissociation is the main source process for O in Ganymede’s
atmosphere, the amount of O added per second is highly dependent
on the electron and photon environment. Ganymede’s charged particle
environment is highly variable, though, both in space and time. We
thus determine the O column densities as a function of reaction rate
for each source process. Such an analysis allows one to determine for
any possible photon and electron environment the resulting O column
density. The resulting analysis is shown in Fig. 5, where we present the
average global O column density as a function of reaction rate for three
different parent molecules (sublimated H O [solid lines], sputtered H O
2 2
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Fig. 5. O column densities resulting from nine different source processes: sublimated H2O dissociated by photons (black solid line), sublimated H2O dissociated by polar electrons
(blue solid line), sublimated H2O dissociated by auroral electrons (red solid line), sputtered H2O dissociated by photons (black dashed line), sputtered H2O dissociated by polar
electrons (blue dashed line), sputtered H2O dissociated by auroral electrons (red dashed line), O2 released by radiolysis and dissociated by photons (black dotted line), O2 released
by radiolysis and dissociated by polar electrons (blue dotted line), and O2 released by radiolysis and dissociated by auroral electrons (red dashed line). The curves show the
relationship between the O column density and the reaction rate of the respective process, whereas the symbol denotes our current best estimate of the specific reaction processes.
Also shown in gray is the current best estimate of the O column density based on observational constraints (<2⋅1012 cm−2, Roth et al., 2021). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
Table 8
Global O and H source rates.
Source process O Source rate [s−1] H Source rate [s−1]

dissociation of sublimated H2O 6.07e25 4.95e26
dissociation of sputtered H2O 1.37e23 1.01e24
dissociation of sputtered OH 2.44e22 2.44e22
dissociation of radiolyzed O2 1.54e26 –
dissociation of radiolyzed H2 – 3.95e26
direct sputtering of O 1.47e24 –
direct sputtering of H – 2.94e23

total 2.16e26 8.91e26
[dashed lines], and O2 released by radiolysis [dotted lines]) and three
different reactions (dissociation by photons [black], dissociation by
polar electrons [blue], and dissociation by auroral electrons [red]). In
the plot, the lines denote for each source process the correlation be-
tween the O column density and the reaction rate, whereas the symbols
give the column density resulting from the reaction rate presented in
Table 3. Note that the offset in the 𝑦-direction between the different
lines has two different reasons. First, the abundance of the underlying
parent molecule is different for sublimated H2O, sputtered H2O, and
sputtered O2 (i.e., the number of molecules available for dissociation
varies from species to species). Second, the region where the reaction
partner (i.e., photon or electron) has access to is different for photons,
polar electrons, and auroral electrons (i.e., the chance of a reaction
partner to encounter a molecule which it can dissociate is different from
case to case). The shift in 𝑦-direction is equal to the product of these
two factors. In the following, we will discuss each line and symbol in
detail.

Photons can dissociate both sublimated and sputtered H2O. Fig. 5
shows that for the same reaction rate, photons reacting with sublimated
H2O (solid black line) produce almost three orders of magnitude higher
O column densities than photons reacting with sputtered H2O (dashed
black line) do. Based on Huebner et al. (1992), the current best estimate
for the photon-dissociation rate of H2O at Ganymede’s distance is equal
to 5.0⋅10−8 s−1, resulting in O column densities of 5.87⋅1010 cm−2

and 6.20⋅107 cm−2 for sublimated and sputtered H O, respectively.
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2

Polar electrons also produce more O atoms when interacting with
sublimated H2O (solid blue line) than with sputtered H2O (dashed
blue line). Here, the ratio between the O column densities associated
with the two source processes is less than 10, though. Our computed
reaction rate for polar electrons and H2O molecules is 2.76⋅10−8 s−1,
resulting in O column densities of 2.28⋅108 cm−2 and 2.61⋅107 cm−2

for sublimated and sputtered H2O, respectively. Finally, a third way
of dissociating H2O molecules in Ganymede’s atmosphere is through
interactions with auroral electrons. Here, again, the O column densities
produced through the interaction with sublimated H2O (solid red line)
is almost three orders of magnitude higher than the O column densities
produced through the interaction with sputtered H2O (dashed red line).
Our computed reaction rate for H2O molecules and auroral electrons is
∼2.76 ⋅ 10−7 s−1, resulting in column densities of 7.74⋅1010 cm−2 and
8.30⋅107 cm−2 for sublimated and sputtered H2O, respectively.

Please note, that these values present a ‘snapshot’ of the interac-
tion between Ganymede’s H2O atmosphere and Ganymede’s electron
environment. In the modeled configuration, Ganymede is at local noon
along its orbit, where half of the trailing and half of the leading
hemisphere are sunlit. According to Musacchio et al. (2017), the auroral
oval is shifted 4.1◦ towards Ganymede’s planetographic equator on
the leading hemisphere and 2.9◦ towards the poles on the trailing
hemisphere. The reaction rates between H2O molecules and electrons
is thus maximized when the leading hemisphere is fully illuminated,
as in that configuration the electrons can reach lower latitudes where
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more sublimated H2O molecules are present. We calculate that the
reaction rates between the minimum configuration (when the trailing
hemisphere is illuminated) and the maximum configuration (when
the leading hemisphere is illuminated) vary by about a factor of 7,
with the configuration presented herein representing an intermediate
configuration.

The reaction between photons, polar electrons, and auroral elec-
trons with O2 molecules is less complicated than with H2O. In the
case of O2, molecules keep accumulating in the atmosphere until a
balance between the source and the loss rate is established. As such,
the production of atomic O from O2 is limited by this balance, and
the correlation between O column density and reaction rate is the
same for photons, polar electrons, and auroral electrons (i.e., the three
dotted lines are identical). What is different, though, are the values of
the current best estimates for the reaction rates for the three interac-
tions (see Table 3). The reaction rate is smallest for polar electrons
interacting with O2 (∼7.96 ⋅ 10−8 s−1), highest for auroral electrons
interacting with O2 (∼5.65 ⋅ 10−7 s−1), and intermediate for photons in-
teracting with O2 (∼1.5 ⋅10−7 s−1). The resulting O column densities are
6.94⋅1010 cm−2 (polar electrons), 4.92⋅1011 cm−2 (auroral electrons),
and 1.31⋅1011 cm−2 (photons), respectively.

Finally, the gray horizontal line in Fig. 5 shows the upper boundary
for the O column density inferred from observations (Roth et al.,
2021). The derived upper boundary (2⋅1012 cm−2) agrees well with our
results, being approximately 4 times higher than the maximum column
density we derive (4.92⋅1011 cm−2; auroral electrons dissociating O2)
when applying the reaction rates presented in Table 3. From all the
previous model efforts, only Marconi (2007) presents O column density
in their paper. The authors (who scale their source fluxes to match
observations) derive O column densities ranging from 8⋅1011 cm−2 to
2⋅1012 cm−2. These values are compatible with the highest value we
derive (∼5⋅1011 cm−2), though they are somewhat higher.

Since in our simulations dissociation is modeled by creating two
new particles that travel in opposing directions, as a rule of thumb,
about half the O source rate presented in Table 8 is lost to escape. The
reasoning behind this is that about half of the created particles travel
on a downward trajectory, being lost to surface adsorption as they
encounter Ganymede’s surface, whereas the other half travels upward,
being lost to escape. Numerical simulation outputs confirm this rule of
thumb.

3.5. H

Similar to atomic oxygen, atomic hydrogen in Ganymede’s atmo-
sphere is mainly the product of dissociation of H2O and H2 (see
Table 8). As such, similar aspects apply for the overall column density
of H as for O: Whereas we can determine the H column density based
on our current best knowledge of the reaction rates, the actual H
column density in Ganymede’s atmosphere is strongly dependent on the
local photon and electron environments, which is highly variable. We
accordingly present a H column density plot similar to the O column
density plot in Fig. 6, where for any given H2O and H2 source process
and rate the resulting H column density can be read out.

Photons can dissociate sublimated H2O as well as sputtered H2O.
The ratio between the resulting H column densities is ∼340:1, with
more H being produced through the photon-dissociation of sublimated
H2O (black solid line) than through the photon-dissociation of sputtered
H2O (black dashed line). Our current best estimate for the reaction
rate between photons and H2O that produce atomic H at Ganymede
is ∼4.37 ⋅ 10−7 s−1, resulting in column densities of 9.56⋅109 cm−2 and
2.82⋅107 cm−2 for sublimated and sputtered H2O, respectively. The
ratio between H column density for polar electrons interacting with
sublimated (blue solid line) and sputtered H2O (blue dashed line) is
only about 20, i.e., much less than the photon-related ratio. Our current
best estimate for the H-producing reaction rate between polar electrons

−7 −1
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and H2O molecules in Ganymede’s atmosphere is ∼2.63 ⋅ 10 s ,
yielding H column densities of 2.72⋅108 cm−2 and 1.42⋅107 cm−2 for
dissociation of sublimated and sputtered H2O, respectively. Similarly to
photons, auroral electrons interacting with sublimated H2O (red solid
line) result in H column densities approximately 550 times higher than
auroral electrons interacting with sputtered H2O (red dashed line).
The H-producing reaction rate between auroral electrons and H2O in
Ganymede’s atmosphere is approximately 1.98⋅10−6 s−1, resulting in H
column densities of 1.79⋅1010 cm−2 and 3.25⋅107 cm−2 for sublimated
and sputtered H2O, respectively.

As mentioned in the subsection above, the interaction between
photons and electrons with non-condensing gases is much simpler than
with condensing gases. Here, a balance between production and loss
rate is established, so that the H column density is limited by this
balance. This results in equal H column densities for photons, polar
electrons, and auroral electrons interacting with H2. However, our
current best estimate of the reaction rates between photons, polar
electrons, and auroral electrons and H2 yield vastly different rates
and, consequently, resulting column densities. The latter range from
4.59⋅108 cm−2 for photons reacting with H2 to 1.34⋅1010 cm−2 for
polar electrons reacting with H2 to 1.07⋅1011 cm−2 for auroral electrons
dissociating H2.

Comparison to the current best range of H column densities inferred
from observations ((1.5–2.2)⋅1012 cm−2) shows that the H column
densities we derive are lower by about one order of magnitude. The
reason for this discrepancy might be that (i) different electron envi-
ronments were assumed (see Fig. 6), (ii) the H densities derived from
observations are overestimated for unknown reasons, or (iii) because
we under-estimate the underlying H2O or H2 column density (the
main source of H in Ganymede’s atmosphere). Underestimation of H2O
seems unlikely, as our results agree well with observations, and are,
in fact, rather on the upper limit of the observations. Underestimation
of H2 is difficult to assess, because no observational constraints for
the H2 abundance in Ganymede’s atmosphere were ever reported. If
we consider stoichiometric considerations, though, and the fact that
our O2 results agree well with observations, it seems plausible that
also our H2 abundances are not too far off. If, however, we indeed
underestimate the abundance of H2 in Ganymede’s atmosphere, then
an additional feature not considered here could become important:
intermolecular collisions. At Callisto, Carberry Mogan et al. (2022)
showed that although the morphology of H is similar to that of its
parent species (H2O, H2) – regardless if collisions in the atmosphere
are considered or not – collisions between the hot H (produced via
the same mechanisms considered here) and the thermal atmospheric
components, in particular the extended H2, can enhance the H density
by as much as an order of magnitude (depending on the density of
H2) as the latter thermalizes the former. If this is also applicable
here, this would explain the discrepancies between our results and the
observations.

Finally, comparing our derived global H column density
(∼1⋅1011 cm−2) to previously modeled H column densities shows that
we agree well with previous modeling works. Turc et al. (2014),
for example, derives typical H column densities of ∼2⋅1010 cm−2,
whereas Leblanc et al. (2017) derives maximum H column densities of
∼6⋅1010 cm−2. Both results are similar to the results we derive, and one
to two orders of magnitude lower than observations. Marconi (2007)
is the only model that provides H column densities agreeing with the
observations (3⋅1011–2⋅1012 cm−2). However, one must keep in mind
that Marconi (2007) scaled their source fluxes to match the available
observations.

Similar to the oxygen atoms, it is about half the H release rate
mentioned in Table 8 that is lost to escape for dissociated sublimated
H2O. For sputtering, where the parent molecules travel much faster and
thus usually reach much higher altitudes before they are dissociated,
this value is even higher (∼70%–80%), as at these high creation al-
titudes even particles traveling ‘downwards’ might ‘miss’ Ganymede’s
surface and escape. Thus, for H atoms, as a rule of thumb, about half of
the atoms originating in sublimated parent molecules escape, whereas
about 70% to 80% of H atoms originating in sputtered parent molecules

escape.



Icarus 409 (2024) 115847A. Vorburger et al.
Fig. 6. H column densities resulting from nine different source processes: sublimated H2O dissociated by photons (black solid line), sublimated H2O dissociated by polar electrons
(blue solid line), sublimated H2O dissociated by auroral electrons (red solid line), sputtered H2O dissociated by photons (black dashed line), sputtered H2O dissociated by polar
electrons (blue dashed line), sputtered H2O dissociated by auroral electrons (red dashed line), H2 released by radiolysis and dissociated by photons (black dotted line), H2 released
by radiolysis and dissociated by polar electrons (blue dotted line), and H2 released by radiolysis and dissociated by auroral electrons (red dashed line). The curves show the
relationship between the H column density and the reaction rate of the respective process, whereas the symbol denotes our current best estimate of the specific reaction processes.
Also shown in gray is the current best estimate of the H column density range determined from observational constraints ((1.5–2.2)⋅1012 cm−2). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
4. Conclusion

We present ab-initio modeling results of Ganymede’s atmosphere.
These modeling results present a generalized picture of Ganymede’s
atmosphere, giving a global overview of the atmospheric density, com-
position, and morphology. In reality, Ganymede’s atmosphere is not
only highly complex but also highly variable, and dependent on a wide
variety of parameters. In our model we have accounted for all major
processes that are involved in the creation and loss of Ganymede’s
atmosphere. To characterize the ongoing processes, we have imple-
mented observationally inferred parameters (e.g., surface temperatures,
electron intensities, ion fluxes, sputter yields). These parameters stem
from different observations and measurements, though, (e.g., from
the Galileo mission, the Juno mission, laboratory experiments). They
are also neither free of ambiguities nor uncertainties, and are in ad-
dition valid only for a specific location and time. What would be
required for a holistic understanding of Ganymede’s atmosphere are
simultaneous observations of Ganymede’s surface, atmosphere, and
plasma environment taken at different times and locations. Simultane-
ous in situ measurements of Ganymede’s atmosphere, electron, and ion
environment (preferably together with magnetic field data) would pro-
vide deep insights into the physical and chemical processes governing
Ganymede’s atmosphere.

Despite all uncertainties and unknowns, over the past 15 years a
consistent picture of Ganymede’s atmosphere has emerged: Close to the
subsolar point, the atmosphere is dominated by sublimated H2O, while
the non-condensing gases O2 and H2 make up most of the atmosphere
at higher solar zenith angles and at higher altitudes. Ion- and electron-
sputtering also delivers H2O to the atmosphere, but while the scale
height of the sputtered H2O molecules is much higher, their density
is much lower than that of the sublimated H2O. Nevertheless, H2O
sputtering is also an important process in Ganymede’s atmosphere,
because it is sputtering that delivers H2O molecules to high altitudes
where they can be measured in situ by a spacecraft. The O and H
14

2 2
atmosphere, in contrast, is primarily produced as a result of ion and
electron irradiation, being radiolytically created within the ice before
it diffuses out. Due to its non-condensing nature, O2 and H2 keeps
accumulating in the near-surface atmosphere, until a balance between
the source and the loss flux is reached.

Our simulations suggest for the first time that Ganymede’s O2 and
H2 atmosphere is primarily controlled by the electron environment:
According to our simulations, electrons are not only mainly responsible
for the surface release of O2 and H2 (see Tables 6 and 7) but also
for their destruction (i.e., ionization and dissociation). The electron
environment in Ganymede’s vicinity, in turn, is strongly influenced by
Ganymede’s magnetic field. In the closed field-line region (i.e., in the
equatorial region), Ganymede’s surface is shielded from precipitating
low-energy electrons, leaving it only exposed to high-energy electrons.
While high-energy electrons can induce radiolysis, followed by the
diffusion of O2 and H2, at higher energies (> tens of keV) the electrons
penetrate to depths where most radiolysis products remain trapped
and therefore the release of O2 and H2 decreases. In the open field-
line region (i.e., in the polar region), electrons can freely precipitate
onto Ganymede’s surface to efficiently liberate O2 and H2. Finally, in
the separatrix (i.e., the region of the open closed field line boundary),
electrons are accelerated towards the surface by the electro-magnetic
environment (see, e.g., Eviatar et al., 2001). One of the open questions
we addressed in this paper is how much auroral electrons and polar
electrons contribute to Ganymede’s atmosphere in comparison to ions.

Thanks to the very recent Juno Ganymede flyby, new energy spectra
have become available for Ganymede’s electron environment. We have
included these spectra in our Monte-Carlo model, parametrizing their
surface access to the best of our knowledge (see Fig. 1). The measure-
ments by Juno were made at an altitude of >1046 km and in other
regions than those considered in our study, yet these measurements
provide the currently best constraints on Ganymede’s electron environ-
ment. Tables 6 and 7 as well as Figs. 3 and 4 show that the auroral

electrons, as inferred from the Juno observations, are the main agent
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responsible for delivering O2 and H2 into Ganymede’s atmosphere.
Simultaneously, our simulations show that it is the auroral electrons
that limit the lifetime of the non-condensible gases, thus determining by
how much these gases can accumulate in the near-surface environment
before they are removed from the atmosphere.

To validate our assumption of utilizing the electrons observed by
Juno as auroral electrons, we conducted an assessment of the oxygen
emission brightness that our derived O2 atmosphere, in conjunction
with the implemented electron spectrum, would yield. By integrating
across the energy spectrum and employing emission cross-sections
documented in the work of McConkey et al. (2008), we computed an
OI 1356 Å emission brightness of approximately 20 Rayleighs. Feldman
et al. (2000), Musacchio et al. (2017), and Molyneux et al. (2018) in-
dicate that OI 1355 Å emissions within Ganymede’s auroral region can
reach levels as high as 300 Rayleighs. At first glance, this discrepancy
may suggest that our implemented electron spectrum falls short by a
factor of roughly 10 to 15. However, it is important to recognize that
augmenting the electron density has a dual impact on emission bright-
ness: (i) an increase in electrons directly translates to more emissions,
and (ii) a higher electron count correlates with elevated O2 densities (as
ur analysis reveals that auroral electrons serve as the primary source
f O2 in Ganymede’s atmosphere, see Table 6). Assuming O2 scales

linearly with the electron flux, and aurora brightness scales linearly
with both O2 abundance and electron flux, 3–4 times higher electron
flux was needed to yield 10–15 times brighter aurora as observed. If
indeed the electron flux was higher, this would only support our main
conclusion that electron sputtering is the main source for O2 and H2,
while for H2O sublimation is still the clearly dominant source.

Since the auroral electrons are mainly responsible for the removal
of O2 and H2 from the atmosphere through ionization and dissociation,
hey are also mainly responsible for the addition of atomic O and

to Ganymede’s atmosphere. For these two atomic species the local
lectron properties are thus especially relevant. As mentioned above,
hough, the electron environment is highly variable, both in space and
ime. Thus no set of parameters can be thought of as being represen-
ative on a global scale. We therefore decided to conduct an analysis
hat shows the atomic O and H column abundance as a function of
eaction rate. In the future, once measurements of Ganymede’s electron
nd photon environments become available, these plots can be used
o read out the resulting O and H column density for any determined
eaction rate.

Previous modeling efforts have failed to re-create the high atomic
and H abundances that have been inferred from spectroscopic ob-

ervation by up to two orders of magnitude (see e.g., Turc et al., 2014
nd Leblanc et al. (2017) for a discussion on this matter). Our modeling
fforts show that including an auroral electron environment helps in
his matter. Our derived O column density of ∼5⋅1011 cm−2 agrees

well with the observationally inferred upper boundary of 2⋅1012 cm−2.
Our derived H column density of 1⋅1011 cm−2 is still an order of
magnitude short of the observationally inferred H column density of
(1.5–2.2)⋅1012 cm−2. As mentioned in the very beginning, to infer atmo-
spheric column densities from spectroscopically observed line emission
brightnesses, assumptions about the emission inducing electron envi-
ronment have to be made. If these assumptions are off, e.g., by either
assuming wrong electron and photon intensities or energy spectra, this
will directly result in an error in the inferred atmospheric column
density. Furthermore, as H is mainly added to Ganymede’s atmosphere
through dissociation, it is possible that we either under-estimated the
underlying parent molecule abundance or the dissociation reaction
rates thereof. If the former is the case, intermolecular collisions could
enhance the H density by an order of magnitude, removing the dis-
crepancy between our results and the available observations. Finally,
as previously mentioned, the atmosphere and electron environment are
not only spatially but also temporally highly variable. It is thus possible
that both the observations and the model results are correct, and that
they just show different snapshots of the atmosphere in time.
15

In summary, the most important findings made in this paper are:
– H2O is mainly added to Ganymede’s atmosphere through sub-
limation. With a maximum surface temperature of 150 K, a
maximum radial column density of ∼2⋅1016 cm−2 is achieved,
agreeing well with the maximum H2O column density derived
from observations, which is equal to > 4.8⋅1015 cm−2 (Roth et al.,
2021).

– Comparing the low energy (eV to keV) to the high energy (keV to
MeV) electrons, low energy electron sputtering delivers about 50
times more H2O molecules to the atmosphere than high energy
electrons do (see Vorburger et al., 2022).

– O2 and H2 are mainly added to the atmosphere through radiolysis,
with auroral electrons dominating the source flux. At the same
time, it is the auroral electrons that are mainly responsible for
removing O2 and H2 from Ganymede’s atmosphere (i.e., through
impact ionization and impact dissociation). For these two non-
condensing molecules, electrons thus mainly govern how much
O2 and H2 can accumulate in the atmosphere.

– We derive average dayside radial O2 column densities of ∼ 4.6 ⋅
1014 cm−2, a value that agrees well with the range of column
densities inferred from observations ((3⋅1013–1⋅1015) cm−2). Our
derived H2 column density is ∼2.2 ⋅ 1014 cm−2, about half the col-
umn density of O2. Whereas according to stoichiometric consider-
ations, in Ganymede’s surface, the amount of available hydrogen
is twice the amount of available oxygen, hydrogen is much lighter
than oxygen and thus much more prone to escape.

– Atomic O and H are mainly added to Ganymede’s atmosphere
through the dissociation of molecular O2 and H2 already in the
atmosphere. As the amount of O and H added strongly depends on
the electron environment, we compiled Figs. 5 and 6 showing the
relationship between the O and H column density and the electron
environment.

– To compare our derived O and H column densities to observa-
tions, we determined the O and H column densities correspond-
ing to the electron properties that were inferred from Juno’s
Ganymede flyby. The derived O column density of 5⋅1011 cm−2

agrees well with the observationally inferred upper boundary of
2⋅1012 cm−2. The derived H column density of 1⋅1011 cm−2 is one
order of magnitude lower than the observationally inferred range
of (1.5–2.2)⋅1012 cm−2.

– As a rule of thumb, about half of the O source rates and about
50% to 80% of the H source rates mentioned in Table 8 are lost
to escape, depending on the source mechanism.

The work presented herein shows how strongly Ganymede’s atmo-
spheric properties depend on a multitude of endogenic and exogenic
parameters. The same is true for the interpretations of available obser-
vations: To correctly infer atmospheric densities from line emissions,
a good understanding of the electron environment is crucial. In this
study, we have presented new model results for Ganymede’s atmo-
sphere, where we have incorporated current best estimates for the
parameters describing the governing processes. Based on these sim-
ulations we have determined the relative importance of competing
processes. One has to keep in mind, though, that the values used herein
represent best efforts, and that these parameters are not only uncertain
but also highly variable, both spatially and temporally.

To get a full understanding of Ganymede’s atmosphere it is thus
crucial that the ion environment, the electron environment, and the
neutral atmosphere are measured simultaneously in situ, an endeavor
which the Particle Environment Package (PEP) onboard JUICE will
undertake. PEP combines a neutral gas mass spectrometer, electron
spectrometers, ion spectrometers, and energetic neutral atom imagers,
measuring particles at all relevant energies (Barabash et al., 2016;
Galli et al., 2022). The current JUICE trajectory foresees 12 flybys at
Ganymede (closest approaches between 400 km and 66,000 km) before
JUICE will enter into orbit around Ganymede. This orbit will first be

an elliptical orbit with an apocenter of ∼10,000 km and a pericentre
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of ∼200 km, that evolves into a circular near-polar orbit in its final
hase at 500 km altitude. This way, PEP will sample Ganymede’s
tmosphere and the space environment for diverse combinations of
olar illumination, geographic latitude, open vs. closed field lines, and
anymede position with respect to the Jovian magnetosphere, provid-

ng us with a holistic picture of Ganymede’s atmosphere. Moreover,
ear-simultaneous PEP and JUICE’s Ultraviolet Spectrograph (UVS)
easurements will provide validation of the assumptions and methods
sed to interpret remote observations of Ganymede’s aurora, allowing
ore accurate long-term monitoring of the atmosphere even after the

UICE mission ends.
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ppendix

.1. Model implementation

.1.1. Sources
As source processes we consider (i) sublimation and (ii) sputtering

nd radiolysis, the dominating release processes on Ganymede (see
.g., Galli et al., 2023). In addition, O and H particles can be created
hrough the dissociation of parent molecules. For each source process
nd each species of interest we need to know the particles’ (i) produc-
ion rates (or source flux) and (ii) energy distributions. In the following
hree paragraphs we will present implementation details on all three
ource processes as they pertain to H2O, O2, H2, O, and H.

Sublimation. In our model, we assume that only H2O is subject to
sublimation. The H2O sublimation flux is given by:

𝐽H2O =
𝑝H2O

𝑘𝐵𝑇

√

8𝑘𝐵𝑇
𝜋𝑚H2O

, (3)

here 𝑝H2O is the water vapor pressure (given, e.g., by equations 5
nd 6 in Fray and Schmitt, 2009), 𝑘𝐵 is the Boltzmann constant, 𝑇

is the local surface temperature, and where 𝑚H2O is the molecular
ass of H2O. For each surface location, this flux has to be multiplied
ith the water’s local surface concentration (see Section 2.3). The
nergy distribution for sublimating H2O molecules is described by a
axwell–Boltzmann distribution:

H2O(𝐸)𝑑𝐸 = 2
√

𝐸
𝜋

(

1
𝑘𝐵𝑇

)3∕2
exp

(

−𝐸
𝑘𝐵𝑇

)

𝑑𝐸, (4)

where 𝑘𝐵 the Boltzmann constant and 𝑇 is the local surface temperature
16

(80–150 K).
Sputtering and radiolysis. When ions and electrons impact Ganymede’s
icy surface, direct or indirect particle release can be induced as a
result. In the following, we refer to the direct release of H2O, O, and
H as sputtering, whereas we refer to the production and loss of H2
and O2 as radiolysis (see discussion above). The flux of sputtered and
radiolytically produced molecules and atoms is equal to the flux of
precipitating particles (ions or electrons) multiplied with the efficiency
of the interaction, i.e., the sputter yield:

𝐽𝑖 = ∫ 𝐽𝑗 (𝐸) ⋅ 𝑌𝑖,𝑗 (𝐸)𝑑𝐸, (5)

where 𝐽𝑗 (𝐸) is the precipitation flux of species 𝑗 (i.e., H+, O+, O++,
S+++, or electrons) at energy 𝐸 and 𝑌𝑖,𝑗 (𝐸) is the sputter or radiolysis
yield of species 𝑖 (i.e., H2O, O2, H2, O, and H) due to the impingement
of species 𝑗 at energy 𝐸. The sputter yield (𝑌𝑖,𝑗 (𝐸)) is not only a function
of (i) the mass of the species released, (ii) the mass of the impinging
particle, and (iii) the energy of the impinging particle, but also of (v)
the angle of incidence, and (vi) the temperature of the surface. For the
H2O ion sputter yield, we implemented Equation 3 in Famá et al. (2008)
and Figure 1 of Cassidy et al. (2010). For the O2 and H2 ion radiolysis
yields we use Equations 11 and 12 in Teolis et al. (2017), respectively.
In ion sputtering experiments, no directly released H, O, or OH has been
observed to date. For these species, accordingly, only upper limits on
the sputter yields have so far been determined. For the present work,
we analyzed laboratory measurements to derive the following sputter
yield constraints, which we used herein: H/H2 < 0.01, O/O2 < 0.1,
and OH/H2O < 0.1. Electron sputter experiments have so far mainly
produced sputter yield curves for the release of O2. In our simulation
we use the O2 and H2 electron radiolysis yields presented (as for ions)
in Equations 11 and 12 in Teolis et al. (2017) together with the results
presented in Figure 5 of Galli et al. (2018), assuming that the yield
remains constant at energies >0.5 keV.

Electron sputter yields for H2O are still under investigation.
Whereas Galli et al. (2017) measured only little H2O relative to H2
and O2 being directly ejected by impinging electrons, Davis et al.
(2021) infer from the 𝑦-intercept of their total mass loss curve a H2O
sputter yield of 0.17. While this value was determined for water–ice
temperatures ranging from 14.5 K to 124.5 K, and for an electron
energy of 0.5 keV, we use this value as the constant H2O electron
sputter yield for the complete temperature- and energy-range in lack
of more data available.

In the following, the energy distribution first of sputtered H2O,
then of sputtered OH, O, and H, and finally of O2 and H2 released by
radiolysis is presented. For sputtering of H2O, the incoming particle’s
mass and energy determines if the particle release occurs in the nuclear
or the electronic sputtering regime. For nuclear sputtering of H2O, we
use the energy distribution function given by Sigmund (1981):

𝑓 (𝐸)𝑑𝐸 = 2𝑈𝐸
(𝑈 + 𝐸)3

[

1 −
(

𝑈 + 𝐸
𝐸𝑖

)1∕2
]

𝑑𝐸, (6)

where 𝑈 is the surface binding energy (0.055 eV for H2O according
o Reimann et al., 1984) and 𝐸𝑖 is the energy of the incident par-
icle. For electronic sputtering of H2O, we assume a thermal energy
istribution:

(𝐸)𝑑𝐸 = 2
√

𝐸
𝜋

(

1
𝑘𝐵𝑇

)3∕2
exp

(

−𝐸
𝑘𝐵𝑇

)

𝑑𝐸, (7)

but with an additional 𝐸−2 tail (added numerically and not shown in
the equation above), which was observed in laboratory ice sputtering
experiments (see e.g. Johnson and Liu, 1996; Johnson et al., 2002,
2013). Since OH, O, and H are highly reactive, we assume that these
species are only released by nuclear sputtering processes. For these
species, we use the same surface binding energy as for H2O, as have
other modelers done previously (e.g., Marconi, 2007; Turc et al., 2014;
Leblanc et al., 2017). In the case of radiolysis of O2 and H2, most
particles leave the surface with a thermal distribution (agreeing with
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the fact that part of the released O2 and H2 particles are created via
adiolysis within the ice before they diffuse out at the local surface
emperature). But, as for electronic sputtering, also here an 𝐸−2 was
bserved in laboratory experiments (e.g., Johnson et al., 2009). We
hus use for radiolysis of O2 and H2 the same energy distribution as
or electronic sputtering.

issociation. Dissociation of molecules adds atoms to the simulation
nd is thus also considered a source process. In our simulations, disso-
iation is implemented stochastically, i.e., occurs as a discrete event
etermined by the reaction-specific dissociation rate (see Table 3).
hen a dissociation event along the particle’s trajectory occurs, two

ew particles are created, both of which receive, in addition to the cur-
ent velocity vector, a mass-dependent fraction of the binding energy
eleased upon dissociation of:

1 =
𝐸𝐵

1 + 𝑚1∕𝑚2
, (8)

here 𝐸𝐵 is the binding energy of the parent molecule, 𝑚1 is the
olecular mass of the dissociation product of interest, and 𝑚2 is the
ass of the partner dissociation product. The direction of the added

elocity vector is randomly sampled from a uniform distribution over
𝜋, with the two dissociation products receiving velocity vectors point-
ng in opposing directions. Since photo-dissociative ionization reactions
hat produce additional neutrals are so rare relative to the reactions
onsidered herein, they are neglected altogether as they would not
ffect the results noticeably.

.1.2. Sinks
Four possible scenarios can result in the loss of a neutral atom

r molecule from the atmosphere in our simulations: (i) gravitational
scape, (ii) surface adsorption, (iii) photo- or electron-ionization, and
iv) photo- or electron-dissociation. In the following four paragraphs
e present implementation details on each of the four loss processes

eparately.

ravitational escape. A particle is said to escape Ganymede’s atmo-
phere when it leaves Ganymede’s gravitational attraction. In our sim-
lations, particles reaching the species- and process-specific maximum
ltitude given in Table 4 are removed from the simulation. The highest
aximum altitude of 32,000 km is approximately Ganymede’s Hill

phere. For the former two species, the upper boundary is substantially
maller than Ganymede’s Hill radius. To ensure that this does not
ntroduce any errors in our results we checked that the number of
articles that leave the simulation domain with velocities smaller than
he local escape velocity is negligible.

urface adsorption. Particles that return to the surface either stick to
he surface or are re-ejected at the local surface temperature. The
pecies under consideration exhibit vastly different sticking probabil-
ties. Whereas at Ganymede’s surface temperature the vapor pressures
f O2 and H2 are high enough to effectively inhibit condensation, O, H,
nd OH are chemically so reactive that they effectively always stick
e.g. see Marconi, 2007). H2O has a highly temperature-dependent
apor pressure (see Fray and Schmitt, 2009), sticking at surface tem-
eratures ≲150 K but not always, and even when it sticks, it may do so
nly temporarily, as temperature-dependent residence times down to
130 K are less than Ganymede’s orbital period (e.g., Carberry Mogan
t al., 2022; Fig. C.1 therein). H2O thus sticks in most of the cases,
ut not always. In our simulations, for H2O, O2, and H2, we make a
tatistical check against the species’ local surface pressure to determine
f a returning particles sticks or if it is re-ejected, whereas we remove
17

ll returning OH, O, and H particles from the simulation.
Photo- and electron-ionization. Neutral particles are considered lost
from Ganymede’s atmosphere if they are ionized. In our simulation,
ionization happens through an interaction with either a photon or
an electron. Ionization as a result of a charge-exchange interaction
is also possible, but has not been considered herein. Photo-ionization
loss rates at 1 AU have been published by Huebner et al. (1992)
and are used herein, after having been propagated to Ganymede’s
distance from the Sun. Like e.g., Turc et al. (2014), we assume that
the exosphere is optically thin so that the photo-loss rates are constant
within Ganymede’s atmosphere. This is consistent with the way we
treat electrons, where we assume that up to the point where an electron
encounters an atmospheric particle it has retained its complete energy.
Electron-ionization loss rates are much more difficult to quantify, as
they depend on the local electron environment and the interaction-
specific cross sections. To determine the electron-ionization rates we
integrate over the differential electron flux measured by Juno (see
Section 2.2) and the energy-dependent reaction cross sections that were
provided in literature (see Thompson et al., 1995; Straub et al., 1996;
Itikawa and Mason, 2005; McConkey et al., 2008; Deutsch et al., 2014;
Joshipura et al., 2017). As mentioned above, two electron populations
are modeled in our simulation, and we accordingly compute reaction
rates for two different populations. In addition, auroral electrons only
have access to the atmosphere within the auroral bands while polar
electrons only have access to the atmosphere poleward of the OCFB, as
described in Section 2.2. All photo- and electron-ionization loss rates
implemented in our model are presented in Table 3.

Photo- and electron-dissociation. Similar to photo- and
electron-ionization, we implement photo- and electron-dissociation.
The main difference between the two loss processes is that whereas
in the first loss process (ionization) the resulting particle (the ion) is
considered lost and thus removed from the simulation, the second loss
process (dissociation) creates two (or more) new particles (the dissoci-
ation products) that are included in the simulation henceforth. These
newly created particles start their trajectories at the location where
the original molecule is dissociated, with an added energy determined
from the molecule’s binding energy (see Appendix A.1.1). Similarly to
ionization, the photon-dissociation loss rates are taken from Huebner
et al. (1992) while the electron-dissociation loss rates are computed by
integrating over the energy-dependent electron flux measured by Juno
(see Section 2.2) and the energy-dependent electron-dissociation cross
sections that have been presented in literature (Itikawa and Mason,
2005; McConkey et al., 2008; Scarlett et al., 2018). Where no cross
sections could be found in the literature, the electron impact rates
from Ip (1997) and the electron density presented by Carnielli et al.
(2019) were used. Again, electron-dissociation only acts in the regions
the respective electrons have access to, as described above. Table 3
compiles all photo- and electron-dissociation loss (and source) rates
implemented in our simulation.
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