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Jupiter:  Internal  heat  flux  
maintains  convective  

transport;  slightly  super-‐
adiabatic  lapse  rate  below  
400-‐600  mbar.    Similar  
expectation  on  other  

giant  planets  (although  
Uranus  has  weak  internal  

heat  flux).  
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around the planet, and its distribution is consistent with planetwide evaporation from
the surface (Zurbuchen et al. 2011).

There is evidence that the near-Moon environment is partly ionized and that
electron densities can reach values of 103 cm!3 (Choudhary et al. 2016). Modeling
suggests that the measured plasma is consistent with molecular ions of H2OC,
CO2

C, and H3OC rather than inert ions (ArC, NeC, HeC). Other interpretations
suggest that the Moon’s ion exosphere is caused by electron emission from dust
(Stubbs et al. 2011).

The Upper Atmospheres of Jupiter, Saturn, Uranus, and Neptune

Giant planet thermospheres are composed of H2 and He with some H and traces
of carbon and oxygen species (Fig. 4). Methane is the dominant carbon-bearing
species, and its abundance falls off rapidly with altitude above the homopause.
The abundance of He also decreases above the homopause. Atomic H is mostly
released by photochemistry below the thermosphere, and, being lighter than H2, its
abundance increases with altitude in the thermosphere. An external flux of water
group species has been inferred for all of the giant planets (Feuchtgruber et al.
1997), and on Saturn, water “raining” down from the magnetosphere and rings
affects the ionosphere (e.g., Connerney and Waite 1984; O’Donoghue et al. 2013).
The abundance of water is roughly constant in the thermosphere and decreases
with pressure in the lower atmosphere due to condensation (Moses and Bass 2000;
Müller-Wodarg et al. 2012). The dominant ions in the main ionospheric peak are
HC and H3

C.

Fig. 4 Mixing ratios in Saturn’s atmosphere illustrate the basic composition of giant planet upper
atmospheres (Strobel et al. 2016). The data points (diamonds) were retrieved from a Cassini/UVIS
stellar occultation

The  composition  of  Saturn  (based  on  Strobel  et  al.  2016)  represents  the  basic  
composition  of  giant  planet  atmospheres.
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FIG. 1. The temperature profile inferred from the Galileo ASI experiment
and three analytic approximations to the mean thermal structure. The solid line
is the best-fit least-squares model given in Eq. (1). The dotted lines are models
with T1 altered by ±3 K from the best fit value of 160 K. The dashed line is a
radiative equilibrium model.

3.1. Temperature Profile

Figure 1 shows the temperature profile of the Jovian strato-
sphere derived from ASI measurements of the acceleration the
Galileo probe (Sieff et al. 1998). These data were obtained at
a latitude of 6◦N. The mean temperature in the stratosphere is
160 K and the temperature at the tropopause is 110 K. The tem-
perature rise to the thermosphere begins at about 0.001 mbar.
Oscillations in the measured temperature about the mean value
are significantly larger than the uncertainty in the ASI measure-
ments. The temperature perturbations have been interpreted as
the manifestation of waves in the atmosphere (Sieff et al. 1997,
1998, Young et al. 1997). We are interested in the mean state
of the atmosphere and have therefore fit the ASI temperature
profile with a smooth function of the form

T (p) = T0 + T1 − T0
1+ (p/p1)α1

+ T2 − T1
1+ (p/p2)α2

. (1)

The constants determined by the fit have the following val-
ues: T0 = 111 K, T1 = 159.7 K, p1 = 24.1 mbar, α1 = 2.45,
T2 = 900 K, p2 = 6.13× 10−5 mbar, and α2 = 1.21. We use
the fitted profile in the analysis of observations of C2H2 and
C2H6 emissions and in the calculation of radiative heating and
cooling rates to be discussed below. Also shown in Fig. 1 are
analytic models with T1 differing by 3 K from the best fit value.
These curves are used to evaluate the uncertainty in the mole
fractions and cooling rates.
Horizontal variations in the stratospheric temperature have

been addressed by Orton et al. (1991), who published maps of
brightness temperature in the ν4 band of CH4. These observa-
tions revealed that the zonal mean structure alternates between
states of warm subtropical (∼14◦) and cool equatorial regions

to cool subtropical and warm equatorial regions, with a period
of about four years. The brightness temperature variations from
equator to∼14◦ have a magnitude of 1–2 K. Leovy et al. (1991)
and Friedson (1999) have interpreted these variations as an os-
cillation in the jovian stratosphere similar to the quasi-biennial
oscillation (QBO) in the terrestrial stratosphere. Friedson (1999)
also points out that the variations in the physical temperature
of the stratosphere are larger than the variation in brightness
temperature observed by Orton et al. (1991) because the obser-
vations sample a broad pressure region and the temperature re-
sulting from the QBO-like oscillation is confined to a relatively
narrow pressure region. If Friedson’s interpretation is correct
then some of the apparent perturbations in the ASI profile are
long-lived and should be considered in our analysis. However,
Friedson calculates temperature variations from 7.2◦N to 14◦S
of about 3 K and the possibility of that the wave-like features are
long-lived is addressed by considering the range of temperature
profiles discussed above.

3.2. The CH4 and He Distributions

Of the numerous species detected in the atmosphere of Jupiter,
H2, CH4, C2H2, and C2H6 are important to the energy balance in
the stratosphere. Measurements of the abundances of the ther-
mally active species in the equatorial stratosphere are summa-
rized in Table I.
The Gas Chromatograph Mass Spectrometer Experiment

(GCMS) on the Galileo probe measured the He and CH4 abun-
dances in the jovian troposphere. Helium is relatively abundant
with a mole fraction of 13.6%, but is inert and influences the
atmosphere primarily by altering the mean molecular weight. A
CH4 mole fraction of 0.2% was measured in the troposphere.
Both He and CH4 should have constant mole fractions at pres-
sures greater than ∼0.01 mbar. At lower pressures their abun-
dance decreases because of diffusive separation. The CH4 pro-
file near the homopause has been characterized by Yelle et al.
(1996) through analysis of the Voyager 2 Ultraviolet Spectrom-
eter (UVS) occultation of α Leo.
In the appendix we derive the following formula for the dif-

fusive equilibrium distribution of a minor species,

fi (p) = fi0(1+ r (p0/p)1−γ )
1−mi /m0
1−γ , (2)

where fi (p) is the mole fraction of the ith minor constituent and
fi0(p) is its value deep in the atmosphere. The quantity r is the
ratio of the eddy diffusion and molecular diffusion coefficients
at reference pressure p0; mi is the molecular mass of CH4; and
m0 the molecular mass of the background atmosphere. The eddy
diffusion coefficient is assumed to have the same temperature
dependence as the molecular diffusion coefficient and to vary
with pressure as

K (p) = K0(p0/p)γ . (3)

Equation (2) differs from previous published solutions because

Temperature  from  the  Atmospheric  Structure  Instrument  (ASI)  with  various  
parameter  model  fits  at  latitude  of  6N  (Yelle et  al.  2001).
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FIG. 10. Heating rates in the near IR bands of CH4 and for absorption of visible radiation by CH4 and aerosols.

FIG. 11. The contributions to the net cooling rate for model A. C2H6 is the dominant coolant throughout most of the stratosphere. The net heating and cooling
rates balance to good accuracy.

Yelle et  al.  (2001)



Ethane  is  the  prominent  coolant  in  the  stratosphere.    Heating  and  cooling  rates  
balance  to  a  good  accuracy  (radiative  equilibrium).
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FIG. 10. Heating rates in the near IR bands of CH4 and for absorption of visible radiation by CH4 and aerosols.

FIG. 11. The contributions to the net cooling rate for model A. C2H6 is the dominant coolant throughout most of the stratosphere. The net heating and cooling
rates balance to good accuracy.

Yelle et  al.  (2001)



al., 1996; Festou et al., 1981) that is still causing confusion with re-
gard to the Voyager results (see Fig. 11). The primary CH4 quantity
derived by ultraviolet occultations is the methane concentration as
a function of radius – any inferences about pressures or mixing
ratios are model dependent and should be interpreted with
caution.

Although we attempt to carefully constrain all the relevant
uncertainties going into the models, we estimate that the uncer-
tainties in the 1-bar radii, the temperature structure, and the zonal
winds result in an uncertainty of the absolute radius scale of the
models that is roughly 50 km at the half-light radii of the occulta-
tions. To account for this uncertainty, we allow the altitude scale
of the models to be shifted by some amount when comparing the
synthetic light curves to the observed light curves. A similar proce-
dure was adopted by Yelle et al. (1996) in their analysis of the Voy-
ager UVS occultations. Alternatively, we could have adjusted
model parameters such as the temperature profile in such a way
as to avoid this altitude shifting, but due to the non-uniqueness
of the models, the resulting temperature structure may not be
meaningful and could be misleading. The shifting procedure still
allows us to accurately determine the hydrocarbon densities at
the occultation radii and allows us to find a model that best fits
the H2 light curves for that corresponding hydrocarbon profile,
but at the expense of obtaining good quantitative information on
pressures and temperatures in the occultation region (unless, of
course, no shifting is required). Owing to the high signal-to-noise
ratio of the CH4 (a) light curves, we shift each model (all light
curves and properties of a given model by the same amount) until
the half-power point of the modeled CH4 (a) light curve matches
that of the observations (see Figs. 12–14). We then examine how
well the model CH4 (b), C2H2, C2H6, and H2 light curves match
the observations. To reiterate, the shifting was required because
of inaccuracies in the assumptions that go into the hydrostatic
equilibrium modeling and not inaccuracies in the spacecraft point-
ing knowledge (and related modulation removal technique). One
major source of uncertainty is the planetary shape (i.e., isobaric ra-
dii), and we encourage better determinations (and publication) of
1-bar radii for Jupiter using Voyager, Galileo, and other wind and

gravity measurements, using calculations such as are described
in Lindal et al. (1985).

4. Results and discussion

Because H2 is the primary species in Jupiter’s atmosphere, it
would be preferable to invert the light curve created from the
H2-sensitive part of the spectrum to infer the density and temper-
ature structure of the neutral atmosphere above the CH4 homo-
pause (e.g., R.J. Vervack and J.I. Moses, Saturn’s upper atmosphere
during the Voyager era: Reanalysis and modeling of the UVS occul-
tations, submitted to Icarus, 2009; Yelle et al., 1993, 1996). How-
ever, Yelle et al. (1996) show that this inversion is non-unique
because it depends on the assumed atmospheric temperature at
the starting point of the inversion. With the additional complica-
tion of the low SNR retrieved from the H2-sensitive part of the
observations (caused by the steep drop in the short wavelength
flux from v Ophiucus related to absorption of the stellar flux by
interstellar hydrogen), we instead use a forward-modeling ap-
proach to reproduce the observed light curves. As a first test, we
compare the observed ingress and egress light curves with syn-
thetic light curves based on the latest published photochemical
‘‘Models A–C” from Moses et al. (2005). These models are con-
strained by various infrared observations, as well as Voyager
observations of Lyman alpha and He 584 Å emission. These models
have slightly different assumptions regarding chemistry inputs and
the eddy diffusion coefficient profile. Model C was shown to pro-
duce the best fit to all the infrared and ultraviolet emission data,
while Models A and B were acceptable. Fig. 12 shows how these
models compare with our ingress occultation light curves.
Although none of these a priori profiles provide a good fit to the
data, we find that Models B and C do a fair job of reproducing
the light curves in this analysis if we allow for shifting of the light
curves in altitude (i.e., as if we have assumed the wrong 1-bar ra-
dius). However, Model A, which has the highest eddy diffusion
coefficient of the three models, is inconsistent with the observed
light curves, even after shifting, and can be ruled out: when Model
A is shifted in altitude such that the CH4 (a) light curve is repro-
duced, the C2H2 and C2H6 absorption is greatly underestimated at
lower altitudes.

To better constrain the eddy diffusion coefficient profile, we
have created several variations of Model C with varying tempera-
ture profiles in an attempt to find best fits to the H2 light curves
with minimal shifting. Both the ingress and egress light curves
are well fit by cooler mesospheric temperatures or extended meso-
pause regions, as described by the models labeled ‘‘Model 1” and
‘‘Model 2” shown in Figs. 13–16. Model 1 uses the same tempera-
ture profile as was assumed in Moses et al. (2005) except the
mesopause extends to lower pressures than was derived from
the Atmospheric Structure Instrument (ASI) on the Galileo probe
(Seiff et al., 1998). Model 2 follows the Galileo ASI profile (Seiff
et al., 1998) in the troposphere and middle atmosphere except
the mesopause again extends to higher altitudes (lower pressures).
It is interesting that both models require colder temperatures in
the !0.1–1 microbar region than was derived from the Galileo
probe ASI data – the Galileo profile simply provided too much H2

absorption at the relevant radii in the upper portion of the light
curve. Although this result depends on the assumed thermal struc-
ture from 1 bar on up to 10"4 mbar and on other assumptions that
go into solving the hydrostatic-equilibrium equation, it does ap-
pear that the mesopause was located at lower pressures at our
occultation latitudes in 2007 than was found in the north equato-
rial belt in 1995. Such variations on the giant planets have a prec-
edent. Saturn ultraviolet occultation data from both Cassini and
Voyager provide evidence for significant changes in the methane

Fig. 11. The CH4 mixing ratio versus pressure from several models is compared to
data points derived from the egress occultation from this work (with a radius-to-
pressure conversion using egress Model 2) and from the Voyager 2 ultraviolet
occultation analyses of Festou et al. (1981) and Yelle et al. (1996). The solid circle is
the reported pressure and methane mole fraction from the Festou et al. (1981)
work; however, their assumed temperature profile is much different from ours, and
the solid square may provide a better representation of their derived pressure level
in comparison with our model (i.e., Festou et al. (1981) provide a figure that shows
the H2 density derived or assumed in the same altitude region in which they derive
the CH4 mole fraction; the pressure shown for the data point marked with a square
is the pressure level in our model at which their derived H2 density is equal to that
in our model).

300 T.K. Greathouse et al. / Icarus 208 (2010) 293–305

Figure  from  Greathouse et  al.  (2010)
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Fig. 4. Best fit T-P profile with a helium volume mixing ratio of 0.124 (solid line) for 
occultation ST15M10D01N28 based on CIRS limb scans at p > 1 µbar and the UVIS 
stellar occultation at p < 0.03 µbar, compared with the required T-P profiles for He 
volume mixing ratios of 0.03 (dashed line) and 0.16 (dash-dotted line). Diamonds 
show the T-P profile retrieved directly from the UVIS occultation and dotted lines 
delimit the pressure range probed by the CIRS limb scans. 
weight. Above the homopause where !< 1, the constituent par- 
tial pressure profiles follow the scale height H s = kT /m s g where m s 
is the mass of the constituent. 

In order to fit the observed CH 4 profile to constrain the mixing 
of the atmosphere, we parameterize the eddy diffusion coefficient 
as a function of pressure as: 
K zz (p) = K 0 K ∞ (p 0 /p) γ

K 0 (p 0 /p) γ + K ∞ (4) 
where p 0 = 1 bar, K 0 = 2.5 m 2 s −1 ( Vervack and Moses, 2015 ) while 
the parameters K ∞ and γ are constrained by the CH 4 profile re- 
trieved from the UVIS occultations that we fit by using the L–M 
method. The molecular diffusion coefficient is 
1 
D s = ∑ 

t ̸ = s x t 
D st (5) 

where x t is the volume mixing ratio of species t and D st is the 
mutual diffusion coefficient. The mutual diffusion coefficients are 
from Marrero and Mason (1972) apart from the H–CH 4 coefficient, 
which is from Banks and Kockarts (1973) . The partial pressures de- 
pend on altitude and therefore Eqs. (1) and (2) are solved itera- 
tively. The solution converges after a few iterations. 

The best fit composition model for ST15M10D01N28, shown in 
Fig. 5 , uses a volume mixing ratio of 4.7 × 10 −3 for CH 4 in the 
lower atmosphere ( Fletcher et al., 2009 ). For H, we assume a vol- 
ume mixing ratio of 1.2 × 10 −4 in the lower atmosphere to ensure 
that the mixing ratio of H is less than 0.05 in the thermosphere 
( Koskinen et al., 2013 ) . While uncertainties in the abundances of 
CH 4 and H have a minor impact on the calculated altitudes, the 
uncertainty in the volume mixing ratio of helium in the lower at- 
mosphere that is believed to lie between 0.03 and 0.16 has a rela- 
tively large effect on the model altitudes. Using the smooth, solid 
line T-P profile in Fig. 4 , we vary the abundance of helium in the 
lower atmosphere until the model H 2 density profile matches the 
observed density-altitude profile in the thermosphere and obtain 
the best fit helium volume mixing ratio of 0.124 in the lower at- 
mosphere. 

The impact of the helium volume mixing ratio on the model 
altitudes is illustrated by Fig. 6 . The low value of 0.03, based on 
the early Voyager analysis ( Conrath et al., 1984 ), leads to a poor fit 
to the UVIS H 2 density-altitude profile, with χ2 

ν = 92. The model 
altitudes are 73 km and 92 km higher than the observed altitudes 
at the bottom and top, respectively, of the H 2 density profile. The 
fit to the CH 4 profile (not shown) is also poor in this case, with 

Fig. 5. Best fit model composition for occultation ST15M10D01N28 compared with 
the CH 4 profile retrieved from the occultation (diamonds). 

Fig. 6. Model H 2 density profiles compared with the observed density profile (di- 
amonds) for occultation ST15M10D01N28. The best fit T-P profile is assumed (solid 
line in Fig. 4 ). 
χ2 

ν = 13. A helium mixing ratio of 0.16 representing the upper 
bound from the more recent Voyager analysis ( Conrath and Gau- 
tier, 20 0 0 ) underestimates the observed altitudes by 19–31 km, 
yielding χ2 

ν = 3.6 for the H 2 fit and χ2 
ν = 3.1 for the CH 4 fit. We 

obtain the best fit with a helium mixing ratio of 0.124, which leads 
to χ2 

ν = 0.4 for the H 2 fit and χ2 
ν = 4.2 for the CH 4 fit. We note 

that the CH 4 fit is slightly better for the higher helium mixing ra- 
tio but we consider the fit to the H 2 profile as primary because the 
CH 4 profile is more sensitive to uncertainties in the eddy diffusion 
profile. 

As we explain in Section 2.2 , the abundance of helium has a 
small effect on the retrieval of T-P profiles from CIRS limb scans. 
To test this effect, we lowered the helium mole fraction in the CIRS 
analysis from 0.1355 to 0.11, which is consistent with the value that 
we derive statistically in Section 3.1 . This changes the best fit he- 
lium volume mixing ratio for ST15M10D01N28 from 0.124 to 0.121 
i.e., by 0.3%. This change is smaller than other uncertainties in alti- 
tude and temperature structure and smaller than the standard de- 
viation of ± 2% of our helium mixing ratios in Section 3.1 . This 
is because the abundance of helium primarily affects the pressure 
level altitudes rather than the T-P profile. As a result, we decided 
not to vary the helium abundance in the CIRS T-P retrieval. This 
would have required us to reanalyze all of the limb scans for a rel- 
atively small gain in accuracy. 

As we note above, neither the UVIS or CIRS data can reli- 
ably be used to retrieve the temperature profile at 0.03–1 µbar 
where we use interpolated temperatures. It is therefore also 
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Figure S6. Observed volume mixing ratios (symbols) and photochemical model results for

occultation ST05M04D13S49 (lines). Dashed lines show results based on solar-driven neutral

photochemistry while solid lines show models that include extra production to match the observed

mixing ratios of the photochemical products.

D R A F T July 29, 2016, 6:01pm D R A F T

Representative  mixing  ratios  of  some  key  hydrocarbons  on  Saturn.  

Koskinen  et  al.  (2016)



leads to photosensitized dissociation of CH4 [e.g., Allen et
al., 1980] and to additional hydrocarbon production and
loss mechanisms.

4.1. Hydrocarbon Photochemistry

[31] Figure 9 displays the important reaction pathways for
synthesizing and destroying hydrocarbons in our model.
The major pathways for producing C2 and higher-order
hydrocarbons in Jupiter’s stratosphere are similar to those in
Saturn’s, and the reader is referred to Moses et al. [2000a]
for a more thorough discussion of the relevant photochem-
ical schemes. Differences in stratospheric composition be-
tween Jupiter and Saturn are caused by Jupiter’s smaller
heliocentric distance (which leads to greater photolysis rates
and greater H-atom production rates), Jupiter’s greater
stratospheric temperatures (which can allow some temper-
ature-sensitive reactions such as R328 to become effective),
and Jupiter’s less vigorous upper stratospheric eddy mixing
(which can affect the efficiency of CH4 recycling schemes).
Differences in auroral energy input probably also play a
role, provided that transport of species produced by auroral
chemistry can influence atmospheric composition on a
global basis. The effect of auroral chemistry (not included
in our models) on the global composition of Jupiter is
currently poorly understood [see Wong et al., 2000, 2003;
Friedson et al., 2002]; if auroral chemistry is found to
influence abundances at latitudes other than the auroral
regions, multidimensional models will be needed to track
these compositional changes.
[32] Methane photolysis results in the production of the

short-lived radicals CH, 3CH2,
1CH2, and CH3, with path-

ways producing the latter two radicals being the most

important at Ly a [e.g., J. H. Wang et al., 2000]. Complex
hydrocarbons are then formed largely through CH insertion
reactions (e.g., R245, R251, R247, R249, R244, R254) and
through radical-radical combination reactions (e.g., R287,
R291, R299, R293, R295, R333, R296, R351), with C2H
and other radical insertion reactions (e.g., R316, R319,
R290, R271, R266) also being important. Photodissociation
(e.g., R20, R21, R37, R27, R32, R41, R68, R50, R64),
cracking by atomic hydrogen (e.g., R195, R212, R209,
R215, R203, R220), and disproportionation reactions
(e.g., R294, R337) are the main mechanisms for destroying
carbon-carbon bonds. Exchange and recycling reactions are
prevalent and control the steady-state abundances of the
major C, C2, C3, C4 hydrocarbons in the model. Of all the
methane destroyed by photolysis and other reactions in our
Model A, !49% is recycled, !51% is permanently con-
verted to C2 hydrocarbons, and "1% is converted to
higher-order hydrocarbons Cn, with n # 3. The
corresponding values for Model B are !59% of the meth-
ane is recycled, !41% is converted to C2 hydrocarbons, and
"1% is converted to Cn hydrocarbons. The values for
Model C are !47% of the methane is recycled, !53% is
converted to C2 hydrocarbons, and "1% is converted to Cn

hydrocarbons. Note that the efficiency of CH4 recycling
versus the production of higher-order hydrocarbons depends
on the pressure level at which the methane homopause is
located. For a fixed reaction list, a methane homopause
level at greater pressures leads to more efficient recycling of
methane and less efficient production of C2, C3, C4, and Cn

hydrocarbons. The altitude profiles for the rates of the most
important stratospheric reactions producing, destroying, and
exchanging C, C2, C3, and C4 hydrocarbons in Model A are
shown in Figures 10, 11, 12, and 13.
[33] The volume mixing ratios of the major atmospheric

constituents in our models are shown in Figure 14. The
mixing ratios of all the model constituents are given in
auxiliary material Table S4. Ethane, the most abundant
product of methane photolysis on Jupiter, is produced
predominantly from methyl-methyl recombination (R287:
2 CH3 + M ! C2H6 + M). This reaction occurs
throughout the stratosphere, with methane photolysis
being responsible for the CH3 production in the upper
stratosphere and photosensitized CH4 destruction via
C2H2 photolysis contributing in the middle and lower
stratosphere [see Allen et al., 1980; Gladstone et al.,
1996; Moses et al., 2000a]. Sequential addition of H
atoms to unsaturated hydrocarbons, terminating with reac-
tions R195 (H + C2H5 ! 2 CH3) and R287, helps
produce and maintain C2H6 in the middle and lower
stratosphere. Ethane is destroyed largely by photolysis,
with a smaller contribution from CH insertion to form
C3H6 (reaction R251) and reaction with C2H to form
C2H2 and C2H5 (reaction R323). Because the ultraviolet
absorption cross sections for ethane drop sharply at
wavelengths greater than 1600 Å, C2H6 is shielded from
photolysis to a large extent by the more abundant CH4

molecules. In fact, C2H6 loss processes are relatively
inefficient in the Jovian stratosphere; ethane therefore
has a long photochemical lifetime, and transport effects
are important. The C2H6 molecules flow to the stagnant
lower stratosphere and are removed mainly by diffusion
through the lower boundary of our model.

Figure 8. The depth of penetration of solar radiation as a
function of wavelength in Jupiter’s stratosphere. The solid
curve represents the pressure level at which the total optical
depth (scattering plus absorption) is unity in our Model A
(30! latitude at equinox). Molecular hydrogen dominates
the absorption at wavelengths less than !1110 Å (except in
a few microwindows that are coincident with solar emission
lines), CH4 absorption dominates in the 1110–1450 Å
wavelength region, and ethane and acetylene dominate in
the 1450–1550 Å wavelength region. Rayleigh scattering
dominates the extinction at wavelengths greater than
1550 Å. Molecules like C2H4, CH3C2H, and CO also
contribute to the opacity at wavelengths greater than 1500 Å.
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Depth  of  penetration  of  solar  radiation  into  Jupiter’s  atmosphere  
(Moses  et  al.  2005).
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Figure 1. H2 photoabsorption cross sections in the 842–
1116 Å region at 200 K. (top) High spectral resolution
cross sections constructed in this work. (bottom) Low reso-
lution cross sections. These cross sections were constructed
by averaging the high resolution cross sections over 1 Å
bins. Also shown as large dots are the very low resolution
cross sections measured by Backx et al. [1976], which have
been used in many investigations of the ionospheres of the
outer planets.

resolution cross sections are temperature dependent. Those
from 842 to 1116 Å at a temperature of 200 K are shown in
Figure 1 (top). These cross sections are averaged over 1 Å
bins, and the resulting cross sections are shown in Figure 1
(bottom). The cross sections of Backx et al. [1976] are given
at 30–40 Å intervals and are shown as large points on the
lower plot. We note that most researchers use the very low
resolution cross sections of Backx et al. [1976], while “low”
spectral resolution here denotes a resolution of 1 Å. Previ-
ous studies of high resolution cross sections and their effects
on ionospheres/thermospheres include those of Lavvas et al.
[2011] for N2 on Titan and of Fox and Black [1989] for CO
on Venus.

[4] The second mechanism we consider here for produc-
tion of hydrocarbon ions is the photoionization by solar soft
and harder X-rays in the wavelength region below ! 150 Å
and subsequent ionization by the concomitant very ener-
getic photoelectrons, secondary, and Auger electrons. For
the particular model that we have employed here, the two
sources described above are found to maximize roughly in
the same altitude range. This may not be the case for other
Saturn models, where the homopause is found at different
pressure levels.

[5] Previous models of hydrocarbon ions on Saturn have
neglected H2 line absorption and were based on lower
resolution H2 cross sections that allow fewer photons to
penetrate to the region below the methane homopause. A
few investigators have, however, included ionization by soft
X-rays and their photoelectrons and secondary electrons.

In order to provide context for our study, we present
below a short review of measurements and models of the
Saturn ionosphere, followed by a review of studies of
hydrocarbon ions.

1.1. Measurements and Models
of the Saturn Ionosphere

[6] Reviews of measurements and models of the iono-
sphere/thermosphere of Saturn have been presented by, for
example, Majeed et al. [2004] and Witasse et al. [2008].
Nagy et al. [2009] have summarized the observations of
the ionosphere of Saturn up to 2009 and the various mod-
els that were constructed between 1973 and 2009. Prior to
Cassini, most of the information about the Saturn ionosphere
was in the form of six radio occultation (RO) profiles, mea-
surements of Saturn electrostatic discharges (SEDs), and
intensities of the infrared emissions from H+

3. The latter
emissions were found to be highly variable and largely con-
fined to the auroral ovals, with only a few percent arising
from lower latitudes [e.g., Stallard et al., 1999; Melin et al.,
2007].

[7] SEDs are impulsive radio bursts, the transmission of
which is assumed to be indicative of the peak electron den-
sity at various local times. The detection of SEDs by Kaiser
et al. [1984] suggested that the diurnal variation of the peak
from noon to midnight was 2 orders of magnitude, from
! 105 cm–3 to ! 103 cm–3, with dawn and dusk values of
! 104 cm–3. The measurements of the diurnal variation of
the electron density peak are reproduced here in Figure 2.
Fischer et al. [2011] have more recently reported the inci-
dence of SEDs detected from 2004 to 2009 and their local
time behavior. They found that SEDs were highly variable
but exhibited a somewhat smaller diurnal variation of 1 to 2
orders of magnitude, with noon values of the peak electron
density of (1 – 4) " 105 cm–3, midnight values of (5 – 10)"
103 cm–3, and dawn and dusk values of ! 5" 104 cm–3. The
error bars on these values are, however, large.

[8] The Saturn ionosphere near the terminators has been
probed by RO experiments on the flyby spacecraft Pioneer
11 [Kliore et al., 1980] and Voyagers 1 and 2 [e.g., Lindal
et al., 1985]. The six electron density profiles that were ret-
urned from these spacecraft were highly structured and exhi-
bited widely different characteristics for various latitudes
and local times. The electron densities of the upper iono-
spheric peaks were of the order of 104 cm–3 between 1800
and 2500 km above the 1 bar level. The Voyager 1 ingress
profile showed well-defined peaks down to ! 500 km.

[9] Recently, the Cassini spacecraft has carried out RO
measurements of the Saturn ionosphere, and the first 12 elec-
tron density profiles at low latitudes were published by Nagy
et al. [2006]. The individual profiles show large variabil-
ity in the peak altitudes, magnitudes, and vertical structure.
Nagy et al. [2006] averaged the dawn and dusk profiles
separately and found fairly large differences. These profiles
are reproduced here as Figure 3. The averaged dawn pro-
file showed smaller peak densities, of the order of (1 – 2)"
103 cm–3 at altitudes of ! 2400 km, while the averaged
dusk profiles exhibited larger peak densities of ! (5 – 6)"
103 cm–3 near 1900 km. Both sets of profiles showed mul-
tiple layers below the upper peak to 500–600 km above the
1 bar level. Some layering in the upper region of the iono-
sphere is also apparent. Nineteen more profiles from middle
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tance between the LOS and the 1 bar level on Saturn. We calculated
these altitudes by using the SPICE kernels provided by the
Navigation and Ancillary Information Facility (NAIF) and a 1 bar
reference ellipsoid based on the model of Anderson and Schubert
(2007). This reference ellipsoid agrees with Voyager and Cassini
measurements of Saturn’s shape to within 15 km (see the appendix
in Koskinen et al., 2013a for more details of these calculations).

Because the cross section of H2 in the LW bands depends signif-
icantly on temperature we fitted the transmission spectra at each
tangent altitude iteratively. In general, we approximate the
observed transmission as:

Trðb; aÞ ¼
Z

Rðkb; k
0Þ exp½%r&H2

ðk0; aÞNH2 ðaÞ'dk0 ð1Þ

where Rðkb; k
0Þ is the instrument line spread function (LSF) and

NH2 ðaÞ is the LOS column density. The effective cross section that
accounts for the change in temperature T along the LOS is given by:

r&H2
ðk0; aÞ ¼ 1

NH2 ðaÞ

Z

a
rH2 ½k

0; TðsÞ'nH2 ðsÞds ð2Þ

where ds is the path length element along the LOS and nH2 is the
number density. We adapted the LSF of the UVIS instrument4 to
the EUV channel and calculated the cross section of H2 at a resolu-
tion of 0.01 Å in our forward model.

During the first iteration of each retrieval we obtained column
densities by using the Levenberg–Marquardt (LM) method (Press
et al., 1992) with a constant temperature of T = 300 K for the cross
sections. After the final iteration we inverted the column density
profile with Tikhonov regularization to obtain a number density
profile (e.g., Koskinen et al., 2011). Under the assumption of hydro-
static equilibrium, the density profiles can be used to retrieve the

Table 1
Stellar occultations.

ID Date Star LSTa /pc (() r0.01 (km)b T1 (K)c RSd

ST1 04/13/2005 d Ori 15:45 41.9S 59,158 429 ± 28 N
ST2 03/20/2006 ! Ori 02:52 38.6N 59,504 489 ± 39 YL
ST4 03/20/2006 ! Ori 14:28 32.3N 60,129 380 ± 31 Y
ST5 03/20/2006 f Ori 14:37 22.0N 61,207 385 ± 26 Y
ST10 05/21/2006 ! Ori 02:37 25.2N 60,944 401 ± 33 YL
ST12 05/22/2006 ! Ori 14:23 21.2N 61,248 391 ± 49 Y
ST13 05/22/2006 f Ori 14:30 14.9N 61,825 443 ± 30 Y
ST16 07/21/2007 d Ori 01:39 28.5N 60,793 420 ± 35 N
ST18 07/21/2007 d Ori 13:12 33.7N 60,186 467 ± 37 N
ST20 07/21/2007 f Ori 13:31 18.6N 61,654 425 ± 29 YL
ST23 07/06/2008 b Cen 07:52 6.08N 62,437 407 ± 11 Y
ST24 07/21/2008 b Cen 07:51 6.03N 62,463 385 ± 10 Y
ST26 07/17/2008 b Cen 06:47 10.5N 62,252 389 ± 9 Y
ST27 10/01/2008 a Cru 12:16 18.0S 61,839 435 ± 11 N
ST28 10/16/2008 b Cen 06:45 10.4N 62,427 457 ± 10 Y
ST30 12/16/2008 a Cru 19:04 2.03N 62,576 404 ± 8 YL
ST31 12/16/2008 b Cen 01:06 17.9N 61,795 402 ± 12 N
ST32 01/03/2009 b Cru 18:36 2.98S 62,625 427 ± 11 N
ST33 01/22/2009 b Cru 13:46 20.5S 61,650 458 ± 10 N
ST34 01/22/2009 b Cru 18:35 2.89S 62,627 426 ± 12 N
ST35 01/31/2009 b Cen 09:41 5.6S 62,539 407 ± 13 N
ST36 06/12/2009 f Cen 09:56 14.5S 62,196 449 ± 27 N
ST37 07/05/2010 a Vir 07:09 4.5S 62,649 421 ± 13 Y
ST39 09/04/2012 b CMa 14:08 69.8N 57,042 594 ± 45 N
ST41 05/21/2013 h Car 03:53 12.1S 62,097 436 ± 29 YL
ST42 10/03/2014 f Pup 09:48 5.8S 62,340 403 ± 11 Y

a The local solar time (LST) on a ‘‘24 h clock’’, planetocentric latitude (/pc) and radial distance (r0.01) apply to the 0.01 nbar pressure level.
b r0.01 was determined from the retrieved density and temperature profiles.
c T1 is based on an isothermal fit to the final density profile above z = 1700–1800 km.
d RS stands for the ring shadow: Y – occultation in ring shadow, YL – occultation at ring shadow latitude but not in ring shadow, N – occultation not in ring shadow.

Fig. 2. Upper panel: The observed optical depth based on ST32 (Table 1) at
a = 1293 km above the 1 bar level due to absorption by H2 in the Lyman and Werner
bands (solid line) fitted by our forward model (dotted line). Lower panel: Our best
fit to the light curve in the strong H2 absorption band at 964–970 Å (shaded region
in the upper panel). Note that transmission in this band reaches unity only at
h > 3500 km above the 1 bar level. 4 See the UVIS User’s Guide accessible from the PDS Planetary Rings Node Web site.
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Figure 1. Detection of benzene and continuum (haze) absorption in occultation ST15M01D08S73 at a planetographic latitude of 72.7∘S from January 2015
(Table 1). (a) !2

" for our best fits to the data at different tangent altitudes together with fits that exclude benzene and haze. (b) Average optical depth at tangent
altitudes of 440–475 km above the 1 bar level (average of five spectra) with the same model fits. (c) Residual for the model fits at 440–475 km. The residual is
defined as (#d − #m)∕$ where #d is the observed optical depth, #m is the model optical depth, and $ is the measurement error. The dashed line shows the scaled
absorption cross section of benzene from Capalbo et al. [2016]. The cross section is shown for illustration purposes and has not been properly convolved by the
UVIS line spread function that is included in the forward model.

The residual includes missing absorption at 5–10$ level that matches absorption by benzene. The best fits
with benzene (purple lines) are clearly better, reducing!2

" significantly below 480 km. The observed spectrum
also includes a small peak around 1789 Å that is reproduced by our best fit forward model and coincides with
the second Rydberg transition of benzene in the 1A1g – 1E1u valence %-electron band [Capalbo et al., 2016].

The signature of benzene in Figures 1, S1, and S7 is essentially the same that was used to detect benzene
in UVIS stellar occultations by Titan [Koskinen et al., 2011; Capalbo et al., 2016]. The inclusion of benzene in
the forward models in Figures 1 and S1 leads to a statistically good fit to the data at all relevant tangent
altitudes and, as we show below, the abundances that we retrieve concur with ion chemistry models for Saturn
and Jupiter (see sections 3.2 and 3.3). We have also created a synthetic occultation to further support the
identification of the absorbers in the data and demonstrate that our retrieval method can be used to reliably
retrieve their densities from the spectra. The details of this exercise, together with a more detailed discussion
of the fit residuals, are provided in the supporting information.

3.2. Distribution of Benzene
Our retrieval yields hydrocarbon number densities as a function of radial distance from Saturn’s center
(see Figure S4) that we convert to volume mixing ratios as a function of pressure by using the atmosphere
structure models described in section 2. The resulting peak mixing ratios of benzene at 0.1–10 μbar range
from about 2 × 10−8 for ST15M01D08S73 to 5 × 10−7 for ST12M09D04N74 (see Figure 2). The uncertain-
ties in the observed hydrocarbon mixing ratios in Figure 2 are based on the uncertainties in their retrieved
number densities and do not include the uncertainty in the atmosphere model density. In regions of overlap
for the retrieved species, the C6H6/CH4 density ratio provides a more robust measure of the abundance of
benzene because it does not depend on the full atmosphere model. We find maximum C6H6/CH4 density
ratios of 4.7× 10−5 at 72.7∘S and 10−3 at 74.3∘N. These abundances are much larger than predictions based on
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from Voyager data (Kliore et al. 1980; Lindal et al. 1985, 1987; Lindal 1992; Yelle
and Miller 2004), for Jupiter from Galileo data (Hinson et al. 1997), and for Saturn
from Cassini data (Kliore et al. 2009).

Thermospheres

The temperature in the stratosphere and mesosphere is controlled by solar near-
IR heating in CH4 bands and IR emissions by CH4 and photochemical products
C2H6 and C2H2 (Yelle et al. 2001). As the abundance of CH4 decreases above the
homopause (Fig. 4), the lack of radiative cooling allows for a hot thermosphere.
Unlike on Earth, on the giant planets, the thermospheres are much hotter than
expected from solar heating (Fig. 5), and the solution to this “energy crisis”
remains elusive (see below). The upper atmosphere of Neptune is slightly warmer
than on Saturn, although generally the temperatures on these two planets appear
comparable. The temperatures on Jupiter and Uranus, on the other hand, are much
higher than on Saturn and Neptune. These trends do not correlate with distance from
the Sun, and, in the absence of a definite solution to the energy crisis, there is no
generally accepted explanation for these differences.

The location of the base of the thermosphere should coincide roughly with the
homopause, i.e., the region where the abundance of CH4 begins to fall rapidly with
altitude. On Jupiter, the stratospheric mixing ratio of methane is 1.8! 10!3, and the
homopause is near the 1 !bar level, close to the base of the thermosphere (Seiff et

Fig. 5 Low-latitude temperature-pressure (T-P) profiles for Jupiter from the Galileo probe (Seiff
et al. 1998) and Uranus from the Voyager 2/UVS solar occultation (Stevens et al. 1993). The
Saturn T-P profile is an average of 28 low to mid-latitude Cassini stellar occultations combined
with Cassini/CIRS data (Koskinen et al. 2015), with error bars reflecting the variability of the
observations. The T-P profile for Neptune is based on the Voyager 2/UVS occultations (Müller-
Wodarg et al. 2008). The highest temperature on Jupiter expected from solar XUV heating is only
230 K

Figure  from  Garcia  Munoz,  Koskinen,  Lavvas (2017)
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Figure 10. (a) Steady state density profiles of (non-
hydrocarbon) H- and He-bearing ions. The total electron
density for the high resolution model is shown with a thick
curve in both parts of this figure. The solid and dotted curves
are the densities for the high resolution and low resolution
models, respectively. (b) Steady state density profiles of the
major hydrocarbon and oxygen-bearing ions. Note the dif-
ferent altitude and density scales on the two parts of the
figure. The solar zenith angle is 27ı and the magnetic dip
angle is 45ı.

al., 2006, 2010]. For this assumption, however, loss of H+ is
dominated by reactions (9) and (10) below an altitude of
! 1100 km. H+ may also react with oxygen-bearing species,
such as H2O, to form H2O+ (reaction (4)), and H+

3 may react
with H2O to form H3O+:

H+
3 + H2O! H3O+ + H2. (13)

For such reactions, we have adopted as fixed the H2O den-
sity profile from the background model, which is shown
in Figure 5.

[38] In Figure 10b, we present predicted altitude profiles
of the densities of the major hydrocarbon ions and the sum of
all the hydrocarbon ion densities on an expanded scale. The
major hydrocarbon ions are found to be CH+

5, C2H+
3, C3H+

5,
and C4H+

9, and the generic ions C5H+
n and C6H+

n . Although
CH+

4 is the dominant product of photoionization in the high
resolution model, as shown in Figure 7b, the terminal ions
are much heavier hydrocarbon ions that result from reac-
tions between hydrocarbon ions and hydrocarbon neutrals.
For the high resolution model, the sum of the hydrocarbon
ion densities forms a peak with a maximum of about 3.2"

103 cm–3 near 770 km (0.3 !bar); the peak for the low res-
olution model is ! 1.8 " 103 cm–3. The effect of the high
resolution calculation is apparent in this model, but its rela-
tive magnitude depends upon the X-ray fluxes in the adopted
solar spectrum. For this very low solar activity model, the
X-ray fluxes are relatively small. At higher solar activities,
ionization by X-rays will be greater and may dominate the
ionization on the bottomside.

[39] We can compare our model to the noon model of
Moore et al. [2008], who adopted a high solar activity solar
flux model, the EUV solar flux model for aeronomic cal-
culations (EUVAC) for F10.7 = 267. Despite the difference
in solar activity, they predicted low-altitude electron densi-
ties that are similar to ours. Our calculations do not show,
however, the dominance of H+

3 that they predict up to nearly
2000 km. Moore et al. [2009] adopted a wide variety of solar
fluxes, including the TIMED/SEE fluxes for solar maximum
[Woods et al., 2005, 2008]; they presented results for a high
solar activity model for 1200 h local time that showed a peak
in the hydrocarbon ion region (from about 500 to 700 km)
of ! 2 " 103 cm–3, which is similar to the magnitude of our
lower peak at low solar activity. They also find, however,
that the major ion is H+

3 over the altitude range of about 900
to 1400 km. There are many apparent differences between
the model of Moore et al. [2009] and ours. For example, the
ion production rates, including that of H+

2 appear to be much
larger than ours, sometimes by almost an order of magni-
tude. The difference may be tentatively ascribed to the lower
solar activity of our model, but a verification will have to
await the construction of high solar activity model, which is
planned for the future.

4. Summary and Conclusions
[40] Radio occultation measurements have shown the

existence of electron density layers near and below the main
peaks on Saturn [e.g., Lindal et al., 1985; Nagy et al., 2006;
Kliore et al., 2009], but the chemical identities of the ions
that make up the lower layers are not well known. We have
carried out calculations of the hydrocarbon ion densities in
which the background neutral densities, including H2O, the
neutral temperatures, and the eddy diffusion coefficients, are
adopted from the model of Moses and Vervack Jr. [2006]
for the Voyager 1 egress UV solar occultation, for which
the latitude is 27ıS; the homopause is near 1010 km above
the 1 bar level (0.04 !bar). We have computed the density
profile of H self-consistently in this model. In the “high res-
olution model”, we adopt H2 absorption cross sections and
solar fluxes that are characterized by a resolution of 0.001 Å
in the wavelength region from 842 to 1116 Å. In the “low
resolution model”, the high resolution fluxes are averaged
over 1 Å bins in this wavelength range.

[41] We have here shown that as for Jupiter, hydrocarbon
ions are produced in abundance at low altitudes by direct
ionization of hydrocarbon neutrals by photons that penetrate
to below the methane homopause in the wings and gaps of
the narrow H2 absorption lines between 842 and 1116 Å. The
resulting photoionization rates for H and hydrocarbons in the
high resolution model are significantly larger at low altitudes
than are those for the low resolution model. Thus, we have
shown that the photoionization rate profiles of atomic hydro-
gen and many hydrocarbons cannot be computed accurately
with low resolution H2 absorption cross sections.
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Ionospheres

In principle, the ionospheres of the giant planets should be simple because the
atmospheres are dominated by H2 and He. According to the basic theory, solar UV
radiation and electron precipitation ionize H2, producing H2

C that rapidly reacts
with H2 to form short-lived H3

C, which recombines dissociatively with electrons to
release H2 and H. Ionization of H and dissociative ionization of H2 form the long-
lived HC, while ionization of He produces HeC, which can also react with H2 to
produce small amounts of HeHC (e.g., Yelle and Miller 2004). Ionization of CH4

near the homopause leads to the production of complex, short-lived hydrocarbon
ions and heavier neutral molecules, including C6H6, that can act as a stepping stone
to ring polyaromatic hydrocarbons and eventually stratospheric haze (Kim and Fox
1994; Friedson et al. 2002; Wong et al. 2003; Kim et al. 2014; Koskinen et al. 2016).

This basic theory is undoubtedly correct, and yet models have struggled to match
the observed electron densities. Figure 6 compares electron density profiles retrieved
from radio occultations. The results indicate strong variability in electron densities
on Jupiter and Saturn that is not clearly understood (e.g., Yelle and Miller 2004;
Kliore et al. 2009). Similar variability may occur on Uranus and Neptune, but
observations are more limited. The observed profiles also include sharp, dense layers
that can be driven by waves (Matcheva et al. 2001). Assuming that photoionization
dominates at non-auroral latitudes, the electron densities should decrease with
distance from the Sun. Figure 6 confirms that the overall electron density decreases

Fig. 6 Electron density profiles in giant planet ionospheres retrieved from radio occultations. The
results for Jupiter are from Galileo (Hinson et al. 1997), available through the Planetary Data
System. The Saturn low-latitude results are an average of 17 occultations within 30ı latitude from
the equator, and the high latitude results are an average of 12 occultations at absolute latitudes
higher than 40ı (Kliore et al. 2009). The Voyager ingress and egress results for Uranus and Neptune
were taken from Lindal et al. (1987) and Lindal (1992), respectively

From  Garcia  Munoz,  Koskinen  and  Lavvas (2017)
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electrons, following the chemical scheme of Moore et al. (2004),
with additional reactions for hydrocarbon ions CHþ3 , CHþ4 and
CHþ5 , as given by Moses and Bass (2000). We assume Te ¼ Ti ¼ Tn,
a reasonable approximation as the relevant chemistry is not
strongly influenced by Te (Moore et al., 2008). We calculate ion
velocities resulting from accelerations by magnetospheric electric
fields, collisions with neutral gas particles and field-aligned diffu-
sion (Moore et al., 2004).

The ion continuity equation is solved considering photo- and
particle ionisation, chemical sources and sinks as well as transport
by winds and diffusion. As shown by Moore et al. (2004), the ion-
osphere throughout the region studied here (near the main iono-
spheric peak) is largely in photochemical equilibrium, so
dynamics have little influence on the ion distribution. This was
predicted from comparison of transport and chemical lifetimes
by Moore et al. (2004) and with the fully coupled model used here
we confirm their finding. In particular, neutral winds are of little
importance to the ion distribution. This is different from what is
found in other atmospheres including those of Earth, Venus and
Titan.

2.2. Water and vibrationally excited H2

Two important components of the ionospheric photochemistry
in STIM are the ion charge exchange reactions with ambient neu-
tral water molecules and with vibrationally excited H2. As shown
by Moses and Bass (2000) and Moore et al. (2004), the dominant
ion produced through solar ionisation in Saturn’s ionosphere is
Hþ2 which primarily results from solar radiation absorption by
the dominant neutral species near the main ionospheric peak, H2

(Galand et al., 2009). The Hþ2 produced is rapidly lost through
charge exchange reactions with H2, forming Hþ3 , a shorter lived
ion (relative to Hþ) whose presence in the auroral regions of Saturn
has been confirmed by ground-based observations (Stallard et al.,
1999).

Another primary ion produced is Hþ which as an atomic ion
recombines very slowly with free electrons, making it potentially
longer-lived than Hþ3 . As a result, Hþ becomes a key ion alongside
Hþ3 despite the Hþ production rate near the ionospheric peak being
lower by about an order of magnitude than that of Hþ2 . In the ab-
sence of any further chemical sink, Hþ becomes the dominant ion
on Saturn and due to its long lifetime barely varies with local time
(Moore et al., 2004). A pattern of no appreciable diurnal behaviour
is in contradiction to Saturn Electrostatic Discharge (SED) mea-
surements (Kaiser et al., 1984; Fischer et al., 2011) and the
dawn/dusk asymmetries observed by the Cassini Radio Science
Subsystem (RSS) experiment (Nagy et al., 2006; Kliore, 2009). This
dawn–dusk asymmetry suggests ionospheric recombination time-
scales of the dominant ion on Saturn’s nightside to be of the order
of a few hours, giving ions enough time to recombine on the night-
side and their densities to be reduced in the dawn sector.

Two chemical processes have been investigated over the past
decades which could effectively destroy Hþ ions, thereby reducing
its (and the ionosphere’s) chemical lifetime, generating local time
variations in Saturn’s ionosphere. These are the charge exchange
reactions of Hþ with water,

Hþ þH2O! H2Oþ þH ð1Þ

and with vibrationally excited H2,

Hþ þH2ðm P 4Þ! Hþ2 þH ð2Þ

The reaction rate of (1) assumed in STIM is given by
kH2O ¼ 8:2% 10&9 cm3 s&1 (Anicich, 1993). Moore et al. (2006)
presented a comparison of calculated ionospheric densities with
low latitude Cassini RSS observations (Nagy et al., 2006) and

concluded that the observed dawn–dusk asymmetry in the iono-
sphere at low latitudes was best reproduced by the model when
imposing an external influx of neutral water molecules into the
low- to mid-latitude upper atmosphere at a rate of
ð0:5—1:0Þ % 107 cm&2 s&1. In their more extensive recent study,
Moore et al. (2010) obtained a best fit between latitudinal profiles
of Total Electron Content (TEC) in model and data when imposing
the water flux as a Gaussian profile centered on the equator with
a peak value of 0.5 % 107 cm&2 s&1 and full width half maximum
(FWHM) of 23.5! latitude.

Fig. 1 shows the influx of water that we assume as upper
boundary condition in the present study, as specified in Moore
et al. (2010). Our model calculates the global transport of water
molecules by diffusion and advection, and thereby their horizontal
and vertical redistribution in the thermosphere. In imposing a peak
water influx at equatorial latitudes, rather than a latitudinally
more uniform distribution, we follow the notion that the bulk of
gaseous water in the saturnian system would originate from the
plumes of Enceladus and impact Saturn’s upper atmosphere as a
neutral constituent, thereby being unaffected by the magneto-
sphere and concentrated in the equatorial plane (Moore et al.,
2006, 2010). Globally integrated, our assumed water influx
amounts to 5 % 1026 s&1. Assuming a water source rate from Enc-
eladus of 1 % 1028 s&1 (Jurac and Richardson, 2007; Cassidy and
Johnson, 2010), this implies that we assume 5% of the produced
water being lost to Saturn’s atmosphere, slightly less than the val-
ues of 10% and 7% obtained by Jurac and Richardson (2007) and
Cassidy and Johnson (2010), respectively.

For reaction (2) above, as discussed by Moore et al. (2010) and
Galand et al. (2011), the basic reaction rate of Hþ with vibrationally
excited H2 has recently been updated to a value of
ð0:6—1:3Þ % 10&9 cm3 s&1 (Huestis, 2008). However, a large uncer-
tainty remains in the fractional abundance of H2ðm P 4Þ required
for the reaction to proceed. Moore et al. (2010) defined an ‘‘effec-
tive’’ reaction rate ðk'1Þ, the product of the rate k1 for reaction (2)
and the volume mixing ratio, v, of H2ðm P 4Þ relative to
H2 : k'1 ¼ k1 ( vðH2ðm P 4ÞÞ ½cm3 s&1*. Thus the uncertainty in the
population of vibrationally excited H2 manifests itself in the reac-
tion rate k'1 of reaction (2).

Moore et al. (2010), in the light of additional Cassini RSS obser-
vations, revisited their k'1 rate and concluded that the best fit
between model and observations was obtained when multiplying
the original reaction rate of Moses and Bass (2000) by a factor of
0.125 which, with a revised average base reaction rate (from
k1 = 2 % 10&9 to k1 = 1 % 10&9 cm3 s&1) (Huestis, 2008),
corresponds effectively to a reduction of the assumed volume

Fig. 1. Water influx imposed at the upper boundary of the vertical grid of STIM in
all simulations presented in this study. For numerical stability a minimum base
level influx is assumed poleward of +40! in both hemispheres, but ignored in the
ionospheric photochemistry calculations at those latitudes.
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molecular species are found to be roughly constant in the region of the thermosphere sampled by Cassini
(i.e., above the homopause; Waite et al., 2018), consistent with a topside influx of a minor species. The H2

scale height is therefore used for their density extrapolations. Finally, H is also included by using a
modeled mixing ratio at Cassini’s altitude (Müller-Wodarg et al., 2012) and then extrapolating it in
altitude according to its mass-appropriate scale height.

There are a number of points to highlight from the data presented in Figure 1. In terms of magnitudes, the
P288 and P292 structures are fairly similar. However, there is clearly significant variability also present in
Saturn’s equatorial ionosphere. This variability is perhaps most obvious in the ion densities, though there
are also differences in the neutral structure for these two passes that sample a nearly identical range of alti-
tudes, latitudes, and local times. Solar EUV irradiance would not give rise to the narrow fluctuations especially
evident in the H+, H3

+, and ne densities. Therefore, the observed variability might be a signature of the effect
of dust and other ring material on Saturn’s ionosphere (e.g., Waite et al., 2018) or possibly a reflection of the
narrow layers in electron density frequently observed by radio occultations (Kliore et al., 2009). The effects of
the attenuation of sunlight by Saturn’s rings—ring shadowing—start to become a factor at latitudes below
~7°S (Moore et al., 2004), and the precipitous drop in H2

+ near !15° corresponds to the shadow of the opti-
cally thick inner B ring. Similar signatures of ring shadowing are present in H+, H3

+, and ne densities, though
they are much less obvious due to the more complicated evolution of those species (Hadid et al., 2018;
Wahlund et al., 2017; Waite et al., 2018).

Figure 1. Data comparisons from the INMS, RPWS and MIMI/CHEMS instruments for proximal orbits (a and c) 288 and
(b and d) 292. Cassini sampled the upper atmosphere near local solar noon at closest approach. The minimum altitude
and the ring plane crossing for each orbit are indicated by gray vertical lines. Panel (a) is adapted from Waite et al. (2018).
RPWS = Radio and Plasma Wave Science; INMS = Ion and Neutral Mass Spectrometer; MIMI = Magnetospheric IMaging
Instrument; CHEMS = Charge Energy Mass Spectrometer.
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