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Highlights 

¶ A 3D rotation dependent model of Ganymede's atmosphere is described. 

¶ Ganymede's O2 atmosphere is characterized by time scales of the order of Ganymede's 

rotational period. 

¶ Jupiter's gravity is a significant driver of the spatial distribution of the heaviest exospheric 

components.  

¶ The O2 exosphere should peak at the equator with systematic maximum at the dusk equator 

terminator.  

¶ The sputtering rate of the H2O exosphere should be maximum on the leading hemisphere. 
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Abstract : DŀƴȅƳŜŘŜΩǎ ŀǘƳƻǎǇƘŜǊŜ ƛǎ ǇǊƻŘǳŎŜŘ ōȅ ǊŀŘƛŀǘƛǾŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ƛǘǎ ǎǳǊŦŀŎŜΣ ǎƻǳǊŎŜŘ ōȅ 

the Sun and the Jovian plasma. The sputtered and thermally desorbed molecules are tracked in our 

Exospheric Global Model (EGM), a 3-D parallelized collisional model. This program was developed to 

reconstruct the formation of the upper atmosphere/exosphere of planetary bodies interacting with 

solar photon flux and magnetospheric and/or the solar wind plasmas. Here, we describe the spatial 

distribution of the H2O and O2 components of Ganymede's atmosphere, and their temporal 

ǾŀǊƛŀōƛƭƛǘȅ ŀƭƻƴƎ DŀƴȅƳŜŘŜΩǎ Ǌƻǘŀǘƛƻƴ ŀǊƻǳƴŘ WǳǇƛǘŜǊΦ In particular, we show that Ganymede's O2 

atmosphere is characterized by time scales of the order of Ganymede's rotational period with 

Jupiter's gravity being a significant driver of the spatial distribution of the heaviest exospheric 

components. Both the sourcing and the Jovian gravity are needed to explain some of the 

characteristics of the observed aurora emissions. As an example, the O2 exosphere should peak at 

the equator with systematic maximum at the dusk equator terminator. The sputtering rate of the 
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H2O exosphere should be maximum on the leading hemisphere because of the shape of the 

open/close field lines boundary and displays some significant variability with longitude.  

 

I Introduction 

Ganymede is the only known satellite with an intrinsic magnetosphere (Kivelson et al. 1996). Its icy 

surface is eroded by the solar radiation flux and by the Jovian energetic plasma leading to a locally-

collisional atmosphere and a locally surface-bounded exosphere (Stern 1999; Marconi 2007; Turc et 

al. 2014; Plainaki et al. 2015; Shematovich 2016). Unfortunately, Ganymede's atmosphere remains 

essentially unknown despite the flybys during the mission Galileo in the 90s. This mission detected 

only one atmospheric ŜƳƛǎǎƛƻƴΣ [ȅƳŀƴ ʰ, interpreted as being produced by resonant scattering by 

exospheric atomic hydrogen (Barth et al. 1997) with a column density around 9.21³1012 H/cm2. Such 

a column density and its variation with distance to Ganymede suggested a surface density around 

1.5³104 H/cm3 and an exospheric temperature around 450 K. Hubble Space Telescope was also able 

to identify another component of Ganymede atmosphere, the O2 molecule through the observations 

of two UV atomic oxygen emissions with intensities corresponding to a column density around 1 to 

10³1014 O2/cm2 (Hall et al. 1998). Since this discovery, several other HST observations of these 

emission have revealed their auroral origin (Feldman et al. 2000; McGrath et al. 2013; Saur et al. 

2015) highlighting the relations between the spatial distribution of these emissions, Ganymede's 

intrinsic magnetospheric structure (Kivelson et al. 1996) and Ganymede's surface's albedo (Khurana 

et al. 2007). 

Gurnett et al. (1996) published the first observations of Ganymede's ionosphere by the plasma wave 

spectrometer (PWS) on board Galileo suggesting ion densities on the order of 100 cm-3 and a scale 

height around 1000 km. This first set of measurements was later complemented by a second flyby 

(Eviatar et al. 2001b) confirming the density range but suggesting that a number density on the order 

of 1000 cm-3 at the surface may be more realistic and in better agreement with the upper limit set by 
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radio occultation (Kliore 1998). Measurements by the Plasma Science (PLS) instruments were also 

performed during Galileo flybys in the polar regions of Ganymede (Frank et al. 1997). These authors 

reported the observations of hydrogen ions outflowing from Ganymede's poles with temperatures 

around 4×104 K and surface densities around 100 cm-3. These observations were later reanalyzed by 

Vasyliunas and Eviatar (2000) suggesting that O ions rather than H ions constitute this outflow, with 

similar densities as derived by Frank et al. (1997). These sets of observations of the thermal 

ionosphere were complemented by energetic ion measurements obtained by EPD/Galileo, showing 

that Ganymede is permanently embedded in an energetic plasma mainly composed of S+ and On+ 

(Paranicas et al. 1999). 

After Galileo flybys, a simple 1-D model of the atmosphere and ionosphere was proposed by Eviatar 

et al. (2001a) to fit PWS profiles with O2 densities at the poles around 106 cm-3. The first attempt to 

reconstruct the origins and fate of GanymedeΩǎ neutral environment was described in Marconi 

(2007) who developed a 2-D axi-symmetric model of this atmosphere using a combination of Direct 

Simulated Monte Carlo and Test-particle Monte Carlo simulations focusing on the sunlit trailing 

hemisphere. He suggested neutral densities peaking around 109 cm-3 around the subsolar region and 

108 cm-3 at the poles with the two main atmospheric species being H2O and O2. Turc et al. (2014) 

developed the first 3-D model of GanymedeΩǎ atmosphere starting from Marconi (2007) simulation 

for the sunlit trailing hemisphere. These authors found essentially the same surface density but some 

discrepancies were found at high altitudes. Turc et al. (2014) found a [ȅƳŀƴ ʰ ŜƳƛǎǎƛƻƴ ōǊƛƎƘǘƴŜǎǎ up 

to 70 times smaller than observed by Barth et al. (1997), whereas Marconi (2007) had to multiply his 

ǎƛƳǳƭŀǘŜŘ I [ȅƳŀƴ ʰ ōȅ ŀ ŦŀŎǘƻǊ п ǘƻ ǊŜǇǊƻŘǳŎŜ ǘƘŜ ƻōǎŜǊǾŜŘ ƛƴǘŜƴǎƛǘƛŜǎΦ .ƻǘƘ ƳƻŘŜƭǎ ǿŜǊŜ ŀōƭŜ ǘƻ 

reproduce the O2 emission intensity observed by HST (Hall et al. 1998; Feldman et al. 2000). 

Furthermore, Plainaki et al. (2015) developed a 3-D Monte Carlo model of Ganymede's exosphere, 

including a model of ion precipitation in the auroral regions using a global MHD model of 

Ganymede's magnetosphere (Jia et al. 2009). They modeled Ganymede's sunlit leading hemisphere 

highlighting the different exospheric regions of the two main components H2O and O2.  
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In this paper, we improve Turc et al. (2014) model, implementing a collisional scheme in order to 

identify the changes induced by atmospheric particle collisions. Marconi (2007) nicely illustrated the 

remarkable nature of this exosphere/atmosphere by plotting his estimate of the Knudsen number 

ŀǊƻǳƴŘ DŀƴȅƳŜŘŜΦ DŀƴȅƳŜŘŜΩǎ ŀǘƳƻǎǇƘŜǊŜ ƛǎ ǇǊŜŘƛŎǘŜŘ ǘƻ ōŜ ƭƻŎŀƭƭȅ Ŏƻƭƭƛǎƛƻƴŀƭ όŀǊƻǳƴŘ ǘƘŜ 

subsolar region) and collisionless elsewhere. Another aspect of Ganymede that was not described in 

Marconi (2007) or Turc et al. (2014), ƛǎ Ƙƻǿ ǘƘƛǎ ŀǘƳƻǎǇƘŜǊŜ ƳƛƎƘǘ ŎƘŀƴƎŜ ŀƭƻƴƎ DŀƴȅƳŜŘŜΩǎ ƻǊōƛǘ 

due to both its rotation and Jupiter's gravitational field. These new simulations take into account the 

revolution of Ganymede around Jupiter and JupiterΩǎ ƎǊŀǾƛǘŀǘƛƻƴŀƭ ŦƛŜƭŘ. In Section II, we present the 

main improvements of our model with respect to Turc et al. (2014). Section III presents how this 

work could contribute to a better understanding of Ganymede's atmospheric formation and 

evolution and is followed by a brief comparison with the few observations of this atmosphere and 

with other similar observations in our solar system in section VI.  

II Exospheric Global Model 

II.1 Application to Ganymede 

A first version of the Exospheric Global Model (EGM) was applied to the description of Ganymede's 

atmosphere in Turc et al. (2014). This is a 3-D Monte Carlo model describing the fate of test-particles, 

ejected from a surface or an atmosphere of a planet or satellite, and subsequently followed under 

the effect of gravitational fields until their escape (when reaching an upper limit set at few planetary 

radii from the surface), their ionization/dissociation (by photo and/or electron impacts), or until their 

readsorption at the surface (which is species dependent). In order to reconstruct density, velocity, 

and temperature of the exospheric species (minor and major components), this model was 

parallelized inducing a very significant reduction of the restitution time and the possibility to use 

much larger total memory. These two improvements were crucial to describe the spatial and 

temporal distributions of all exospheric species in synchrony, that is, in the case of Ganymede's icy 
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surface, all H2O products, namely H2O, H2, H, O2, O and OH. The list of the reactions taken into 

account in our model is given in Table 2 of Turc et al. (2014) and is reproduced in Table 1 below.  

 

Reactions Rate (s-1) Excess Energy (eV) References 

H + hν  H
+
 + e 4.5×10

-9
 3.8 Huebner et al. (1992) 

H2 + hν  H + H 8.8×10
-9

 2.2 Marconi (2007) 

H2 + hν  H2
+
 + e 3.1×10

-9
 6.9 Huebner et al. (1992) 

H2 + hν  H
+
 + H + e 6.9×10

-10
 26 Huebner et al. (1992) 

O + hν  O
+
 + e 1.5×10

-8
 24 Huebner et al. (1992) 

OH + hν  O + H 9.7×10
-7

 3.4 Marconi (2007) 

OH + hν  OH
+
 + e 1.6×10

-8
 22 Huebner et al. (1992) 

H2O + hν  H + OH 5.2×10
-7

 3.4 Marconi (2007) 

H2O + hν  H2 + O 3.8×10
-8

 3.4 Marconi (2007) 

H2O + hν  H + H + O 4.9×10
-8

 4.6 Marconi (2007) 

H2O + hν  H + OH
+
 + e 3.8×10

-9
 21 Huebner et al. (1992) 

H2O + hν  H2 + O
+
 + e 5.2×10

-10
 38 Huebner et al. (1992) 

H2O + hν  OH + H
+
 + e 1.0×10

-9
 28 Huebner et al. (1992) 

H2O + hν  H2O
+
 + e 2.1×10

-8
 14 Huebner et al. (1992) 

O2 + hν  O + O 2.0×10
-7

 1.3 Marconi (2007) 

O2 + hν  O2
+
 + e 3.0×10

-8
 18 Huebner et al. (1992) 

O2 + hν  O + O
+
 + e 8.4×10

-9
 26 Huebner et al. (1992) 

 

Reactions Rate (cm3 s-1) Excess Energy (eV) References 

H + e  H
+
 + e + e 9.1×10

-8
 3.8 Ip (1997) 

H2 + e  H + H + e 9.6×10
-9

 4.6 Marconi (2007) 

H2 + e  H2
+
 + e 1.6×10

-8
 6.9 Ip (1997) 

H2 + e  H
+
 + H + e + e 9.6×10

-10
 26 Ip (1997) 

O + e  O
+
 + e + e 2.0×10

-8
 24 Ip (1997) 

OH + e  O + H 1.2×10
-8

 3.4 Ip (1997) 

OH + e  OH
+
 + e + e 2.8×10

-8
 22 Ip (1997) 

H2O + e  OH + H + e 3.7×10
-8

 3.4 Marconi (2007) 

H2O + e  H2 + O + e 1.6×10
-8

 3.4 Ip (1997) 

H2O + e  OH + H
+
 + e + e 4.3×10

-9
 28 Smyth and Marconi (2006) 

H2O + e  H + OH
+
 + e + e 4.0×10

-9
 21 Ip (1997) 

H2O + e  H2 + O
+
 + e + e 7.1×10

-9
 38 Ip (1997) 

H2O + e  H2O
+
 + e + e 2.1×10

-8
 14 Ip (1997) 

O2 + e  O + O + e 1.3×10
-8

 1.3 Marconi (2007) 

O2 + e  O2
+
 + e + e 2.0×10

-8
 18 Ip (1997) 

O2 + e  O + O
+
 + e + e 1.1×10

-8
 26 Smyth and Marconi (2006) 

Table 1: Photon and electron ionization and dissociation in Ganymede's atmosphere (Turc et al. 

2014) 
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When impacting the surface, test-particles can either stick or be re-ejected at once. As in Turc et al. 

(2014) and Marconi (2007), electron ionization and dissociation impacts are described considering a 

uniform mono-ŜƴŜǊƎŜǘƛŎ ŜƭŜŎǘǊƻƴ ƛƴ ǘƘŜ !ƭŦǾŜƴ ǿƛƴƎǎ ƻŦ DŀƴȅƳŜŘŜΩǎ ƳŀƎƴŜǘƻǎǇƘŜǊŜ όƻǇŜƴ ŦƛŜƭŘ ƭƛƴŜ 

regions, see section II.4) with an electron number density of 70 cm-3 and average energy of 20 eV. In 

the closed field lines region, we neglected ionization and dissociation by electron impacts. We 

assume that O2 and H2 species never stick to the surface, whereas all other species have a non-zero 

reabsorption probability.  

WǳǇƛǘŜǊΩǎ ƎǊŀǾƛǘŀǘƛƻƴŀƭ ŦƻǊŎŜ ŀǘ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ DŀƴȅƳŜŘŜ ƛǎ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ŀ ŦŜǿ ǇŜǊŎŜƴǘ ƻŦ DŀƴȅƳŜŘŜΩǎ 

gravitational force. However, because certain species have very long lifetimes in Ganymede's 

exosphere (e.g. H2 and O2ύΣ WǳǇƛǘŜǊΩǎ gravity may play a significant role in shaping its exosphere, as 

will be shown in SŜŎǘƛƻƴ LLLΦ .ŜŎŀǳǎŜ ǿŜ ǘǊŀŎƪ ƳƻƭŜŎǳƭŜǎ ƛƴ DŀƴȅƳŜŘŜΩǎ ǊŜŦŜǊŜƴŎŜ ŦǊŀƳŜΣ ǘƘŜ /ƻǊƛƻƭƛǎ 

ŀƴŘ ŎŜƴǘǊƛŦǳƎŀƭ ŦƻǊŎŜǎ ŀŎǘ ƻƴ DŀƴȅƳŜŘŜΩǎ ƳƻƭŜŎǳƭŜǎ ƛƴ ƛǘǎ ŀǘƳƻǎǇƘŜǊŜ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ƻǊōƛǘΦ This is 

only relevant for certain species as the rotation period is ~7.2 days.  

In Ganymede's inertial frame, the subsolar point rotates continuously, so that the day-to-night 

surface temperature gradient drives a global migration of the exospheric species towards the 

nightside. On the nightside, these particles can be readsorbed on the surface or thermally 

accommodate and be immediately re-emitted generating a peak in atmospheric density near the 

surface, as observed on the Moon (Hodges et al. 1974). We also introduce the possibility that 

returning volatiles can permeate the regolith or be transiently adsorbed. These can eventually return 

to the exosphere, a process potentially important for minor exospheric species, like Na, at Europa 

(Leblanc et al. 2005). 

The standard outputs from this simulation are the 3-D values of the density, velocity, and 

temperature of all species considered. We therefore define a 3-D grid with 100 cells in altitude 

distributed exponentially from a cell of width 3 km in altitude at the surface to 300 km cell at 3 

Ganymede radii (RG), with 40 cells linearly spaced in longitude, and 20 cells in latitude, defined such 
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that all cells have the same volume at a given altitude. We also reconstructed 2-D column density 

maps as derived from the 3-D neutral density, 2-D emission rates for the three main emission 

features observed around Ganymede ([ȅƳŀƴ ʰ and 130.4 and 135.6 nm oxygen) and a 2-D map of 

the surface reservoir. The model also calculates 3-D ionization rates by electron and photon impacts. 

In the following, we describe the main improvements in the model of Turc et al. (2014), namely, a 

new thermal surface temperature model of the surface (Section II.2), a new description of 

sublimation (Section II.3), a new description of sputtering (Section II.4), the introduction of collisions 

(Section II.5) and a fusion scheme for the test-particles (Section II.6). 

 

II.2 Surface temperature  

Ganymede's surface temperature is estimated using a one-dimensional heat conduction model in 

which the thermal properties of the ice are treated as two layers (Spencer et al. 1989; available via 

http://www.boulder.swri.edu/ spencer/thermprojrs). A low thermal inertia, 2.2×104 erg cm-2 s-1 K-0.5, 

is assumed in the first few cm where the ice is heavily weathered, while the ice at depth has a much 

larger thermal inertia of 7×104 erg cm-2 s-1 K-0.5, resulting in a longer thermal time scale. Density is set 

to 0.15 and 0.92 g/cm3 in the top and bottom layers, respectively.  The albedo is assumed to vary 

linearly over the body's longitude, from 0.43 on the leading hemisphere to 0.37 on the trailing 

(Spencer, 1987), and the emissivity is set at 0.96. A small correction for the latent heat of sublimation 

is included (Abramov and Spencer, 2008). Solar insolation over a synodic day is determined in degree 

increments of longitude with an eclipse length near equinox. This approach provides a basic 

description of longitudinal asymmetries about the subsolar axis that result from the thermal inertia 

of the ice, but does not account for any local variation of thermophysical parameters. Figure 1a 

shows the subsolar temperature as a function of orbital longitude, which results from shadowed 

sunlight during eclipse and albedo. Figure 1b maps the surface temperature at 270° orbital longitude 

(trailing) where a temperature of 146° K is the diurnal maximum.  
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Figure 1: a: Evolution of the subsolar surface temperature with respect to Ganymede orbital longitude 

(or phase angle). The insert in panel a is a zoom on the eclipse period showing the typical length of 

the eclipse and its impact on the subsolar surface temperature. b: Map of the surface temperature at 

270° Ganymede phase angle  with respect to latitude and West longitude. The subsolar point is at a 

latitude of 0° and a west longitude of 270° (white cross). Dawn and Dusk terminators are represented 

by the vertical dashed lines and labeled accordingly. 

 

As shown in Figure 1, the subsolar surface temperature peaks when Ganymede's trailing hemisphere 

is illuminated and is minimum at leading because of the change in surface albedo. The surface 

temperature displays a small but clear shift towards the afternoon due to lag from thermal inertia. 

The afternoon side (between 270° to 0° west longitude) of the surface is therefore significantly 

hotter than the morning side (between 180° and 270° west longitude). 

II.3 Sublimation 

In Marconi (2007), the sublimation rate at Ganymede's surface at a given temperature was given by 

F = a × Ts
-0.5 × exp(-b/Ts)   [cm-2 s-1]     (2) 

with a=1.1×1031 cm-2 s-1 K1/2 and b = 5737 K. Fitting the calculation by Johnson et al. (1981), we found 

different values for a = 1.92×1032  cm-2 s-1 K1/2  and b = 6146 K. Fray and Schmitt (2009) published 
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another formulation for this sublimation rate, also used by Vorburger et al. (2015). We fit the 

method of Vorburger et al. (2015) with equation (2) and derived values for a=2.17×1032  cm-2 s-1 K1/2 

and b = 5950 K (section II.2). These three sublimation rates are shown in Figure 2 below. We also 

considered a case where sublimation rate was significantly decreased (low sublimation case in Figure 

2) to simulate an H2O exosphere dominated by sputtering. The Fray and Schmitt (2009) sublimation 

model represents an ideal case, based on experiments for pure crystalline ice. In practice, 

sublimation is highly dependent on the local grain structure and on an exact knowledge of the 

surface temperature, an error of 10 K giving a few orders of magnitude difference in sublimation 

rate.  We therefore consider that even this low sublimation scenario might be within the realm of 

plausibility at Ganymede.  

 

Figure 2: Sublimation rate with respect to surface temperature as suggested by Fray and Schmitt 

(2009), red solid line, by Johnson et al. (1981), cross black symbols and by Marconi (2007) in square 

green symbols. The dashed blue line is the rate used for the low sublimation case throughout this 

paper. 

 












