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Key Points:5

• Cassini observations show sporadic enhancements in the energetic oxygen bombard-6

ment at Titan7

• We observe an order of magnitude enhancement in energetic oxygen flux into Titan’s8

atmosphere9

• These enhancements in oxygen bombardment could affect thermospheric tempera-10

tures at Titan11
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Abstract12

Here we present observations and simulations of oxygen particle bombardment into Titan’s13

thermosphere that represents a new class of upper atmospheric stimulus. We find that these14

large bursts of energetic oxygen ions contain sufficient energy to perturb Titan’s thermo-15

sphere, if the energy is applied at the right altitude. In this study we present Cassini obser-16

vations during the T20 flyby of Titan in 2006 specifically from the Cassini Magnetospheric17

Imaging Instrument (MIMI; Krimigis et al. [2004]) and the Cassini Plasma Spectrometer18

(CAPS; Young et al. [2004]). We utilize simulations using the Titan-Global Ionosphere Ther-19

mosphere Model to assess the impact of energetic oxygen bursts similar to the one observed20

during T20 on the thermospheric structure. We find that energy deposited higher in Titan’s21

thermosphere has a much greater effect on the temperatures that Cassini would observe from22

the INMS instrument. These higher altitude energy deposition events are similar to those that23

occur from corotational oxygen and water group ions in Saturn’s magnetosphere. We find24

that the more energetic heavy ions tend to penetrate deeper into the thermosphere resulting25

in a much more benign heating rate and minimal temperature change, however when these26

events carry along lower energy thermal oxygen ions that will deposit energy at higher alti-27

tudes the temperature change can be much more substantial.28

1 Introduction29

Titan is constantly bombarded by Saturn’s magnetospheric plasma. Saturn’s outer30

magnetosphere, which consists primarily of protons and water group ions sourced by the31

plumes of Enceladus and accelerated in the inner magnetosphere, is a variable environment32

with several distinct types of plasmas (e.g. Thomsen et al. [2010]; Rymer et al. [2009]; Gar-33

nier et al. [2010]; Simon et al. [2010]; Smith and Rymer [2014]). This plasma heats and34

ionizes Titan’s upper atmosphere and in some cases shows effects that are observed in the35

density structure of the thermosphere and exosphere (Westlake et al. [2011]; Snowden et al.36

[2013a]; Cui et al. [2011]). Westlake et al. [2011] indicated that on at least one pair of passes37

the thermospheric temperature had changed by 29K over 16 days. The causes of these heat-38

ing events have been elusive. Several possible contributors were assessed by Snowden et al.39

[2013a] and Snowden and Yelle [2014]. Here we present here a new class of possible stim-40

ulus to the upper thermosphere that comes from intense energetic oxygen precipitation that41

could contain sufficient energy to perturb Titan’s thermosphere.42
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Shah et al. [2009] studied the effects of suprathermal (energies above 10 keV) O+ ion43

bombardment on Titan’s primarily N2 atmosphere finding that the O+ energy deposition is44

maximized between 900 and 1100 km altitude. The energy deposited into Titan’s thermo-45

sphere could vary by several orders of magnitude based on the energy content of the O+.46

Energy deposition analyses by several authors have shown that energetic protons penetrate47

deep into the atmosphere depositing their energy near 700-800 km (Luna et al. [2003]; Smith48

et al. [2009]), while magnetospheric oxygen ions exhibit a peak energy deposition rate be-49

tween 900 and 1100 km (e.g. Snowden and Yelle [2014]), and electrons near or above 120050

km (Richard et al. [2011]; Snowden et al. [2013b]). Time dependent simulations of the ther-51

mospheric response have shown that the thermosphere can respond to this type of stimulus52

with time constants that are on the order of one Titan day (16 Earth days; Bell et al. [2011]).53

In this study we present Cassini observations during the T20 flyby of Titan. We detail54

observations from the Cassini Magnetospheric Imaging Instrument (MIMI; Krimigis et al.55

[2004]) and the Cassini Plasma Spectrometer (CAPS; Young et al. [2004]). We use these56

observations to model how this energetic and thermal oxygen precipitation will affect the57

thermospheric density structure using the Titan Global Ionosphere Thermosphere Model (T-58

GITM; Bell et al. [2010]).59

2 Observations60

The T20 flyby occurred on day 298 of 2006 at a local time of about 02:00, which is61

well into Saturn’s magnetotail. Just prior to this flyby a large burst of oxygen ENAs were62

observed emanating from Titan’s atmosphere and exosphere as shown in the time-series of63

INCA observations in Figure 1. The time-series shows INCA images of the flyby with the64

individual energy channels representing each row in the figure and the columns as roughly 365

minute time steps between 15:08 and 15:47. The oxygen ENA intensities grow as Cassini ap-66

proaches Titan with the greatest intensities occurring at about 15:30 then falling back fairly67

rapidly (over about 10 minutes) to more commonly seen intensities. The INCA observed68

oxygen burst spans about 30 minutes worth of observations with intensities increasing by69

over two orders of magnitude. This burst of oxygen ENAs is one of the largest observed by70

Cassini throughout the Titan encounters. The line plot of ENA intensities through the flyby71

shows that the oxygen ion spectrum extends from tens to hundreds of keV with intensities72

that are similar to the ambient oxygen ions.73

–3–



Confidential manuscript submitted to JGR-Space Physics

Prior to the ENA observations INCA was in ion mode with its ion deflection plates74

off. During this period INCA observed a significant and nearly isotropic population of oxy-75

gen ions until it switched to ENA mode at 14:45. This type of isotropic energetic oxygen ion76

population is fairly common in the INCA data out near Titan. DiFabio et al. [2011] stud-77

ied the water group ion densities from 2005 to 2011 inside of 15 RS showing that between78

27 and 220 keV/e the water group ions are the dominant ion species and that their densi-79

ties are basically constant over this time period. Outside of 15 RS the Cassini coverage is80

much sparser and systematic studies have not been done of this data. Sergis et al. [2009]81

also showed that near 15 RS the energetic O+ pressure dominates and that the O+ pressure is82

highly correlated with the H+ pressure. Sergis et al. [2009] also showed that there is a region83

inside of about 20 RS of higher particle pressure, which means that Titan sits at the edge of84

this high pressure region.85

The decline in oxygen ENA intensity after 15:30 appears to be due to a decline in the86

oxygen ion intensity at Titan. This decline could also be partially due to Cassini being too87

close to Titan to fully image the ENAs from the full disc, or from Cassini entering Titan’s ex-88

tended atmosphere which will shield some ENAs. After 16:20 the O+ ENA level has come89

back down to background intensities. ENA shadowing effects are common occurrences, but90

they generally result in specific shapes to the ENA emission from Titan (e.g. Brandt et al.91

[2012]; Wulms et al. [2010]) and not a full reduction in the emission. In addition the several92

order of magnitude decline in ENA intensity in the two frames after the peak are inconsistent93

with simply Titan’s atmosphere or disc occulting the source. Simon et al. [2013] classified94

this flyby as in the plasma sheet on the inbound portion of the flyby and then transitioned to95

the southern lobe after the flyby. It appears that this drop in the O ENA emissions is con-96

sistent with a reduction of ion input at Titan due to its movement from the plasma sheet to97

the lobe. It is particularly interesting on this flyby that the plasma sheet appears significantly98

enhanced in energetic oxygen as compared to other Titan encounters.99

We identify oxygen ENAs with INCA by their observed pulse-height spectrum on the106

MCP shown in Figure 2. The pulses observed on the stop MCP are composition dependent107

with heavier ions producing larger pulses than protons [Krimigis et al. 2004]. The pulse108

height is plotted versus the observed energy with a statistical oxygen/hydrogen separator109

line. The lower right portion of the plot (lower energy, high pulse-height) is the region dom-110

inated by O+ while protons dominate the upper portion of the plot. This also shows that the111

O+ ENAs are likely contaminating proton channels during this time as well. The actual com-112
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Figure 1. Oxygen ENAs observed by Cassini INCA during the T20 encounter. The top time series shows

the spatial distribution of oxygen ENAs about Titan in six energy channels. Each row in the time-series gives

a different energy channel with the lowest energies at the bottom and the greatest at the top. Each column

is one high-energy resolution time step for INCA and are separated by about 3 minutes. The line plot below

series shows the spatially summed oxygen ENA intensity for each energy channel and provides the context for

this observation.

100

101

102

103

104

105

position of the ENAs are technically identified as heavy species, not protons, and assumed to113

be O+ or water group ions given the composition of the ions that have been observed both in114

the plasma energy range and also in the higher energy particles [e.g. Thomsen et al. [2010];115

DiFabio et al. [2011]].116

Cassini CAPS also saw enhancements in the lower energy water group ions prior to122

and during this flyby. The CAPS Ion Mass Spectrometer (IMS) data is shown in Figure 3.123

The energy per charge spectrogram shows two distinct peaks, which are consistent with coro-124

tating protons and water group ions that are common to Saturn’s magnetosphere [Thomsen125

et al., 2010]. There is also a prevalence of a third peak in the E/Q spectrum that is likely H+2 ,126
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Figure 2. MIMI INCA MCP pulse height spectrum between 15:20 to 15:40. The line drawn across the

plot is the statistical O/H separator with O ENAs falling below the line and H ENAs above the line. This line

is statistically drawn and there will be some O ENAs above the line and some H ENAs below the line. This

distribution shows that most of the events recorded are oxygen events with very little protons. It is also clear

from this spectrum that the low energy proton observations are contaminated by O ENAs.

117

118

119

120

121

which has been shown to be present near Titan [Thomsen et al., 2010]. The CAPS instru-127

ment is on an actuated platform, so the magnetospheric flow direction is only in the field of128

view for part of the time and hence the spotty appearance of the plasma data. In the time129

around 12:45 there is a very strong water group component to the magnetospheric flow, but130

this component appears to come and go on a fairly short timescale (about 30 minutes). As131

Cassini approaches Titan the water group ion feature returns and stays fairly constant from132

about 14:24 to 15:10 when the feature disappears. This is coincident with the enhanced pe-133

riod of oxygen ENAs.134

3 Effect on Thermospheric Temperatures139

These observations raise several questions related to the variability of Titan’s thermo-140

sphere and exosphere such as how frequent are these oxygen bursts at Titan and what are141

their effect on the thermospheric temperatures? We first address the effect of the oxygen142

burst on the thermospheric temperatures using the T-GITM model run in its time-dependent143

mode [Bell et al., 2011]. The model was run in a 1-D mode for three years with low and con-144

stant heating to produce a stable equilibrium. The atmosphere was then given the pulse of145
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energy deposition with a time and altitude profile shown in 4, which is the altitude dependent146

energy deposition profile calculated by Shah et al. [2009] and a time dependence consistent147

with the INCA observations. The results are shown in Figure 4. The inclusion of this addi-148

tional energy deposition minimally changes the thermospheric temperature with little to no149

change in the temperature at 1000 km altitude and roughly one degree increase at 1400 km150

altitude. We attribute this to the fairly long timescales low in Titan’s atmosphere where most151

of the energy is deposited from the high energy oxygen. The oxygen ion precipitation would152

have to persist for several hours to days to have a substantial effect on the thermospheric tem-153

peratures at 1000 km.154

If the heating pulse occurs at a higher altitude as would be the case for lower energy159

oxygen ions such as the water group population observed by CAPS then the heating may160

have a more dramatic effect on the observed temperatures at altitudes that Cassini has ac-161

cess to. The corotational water group ions deposit most of their energy above about 1200162

km [Snowden and Yelle, 2014]. To simulate this case we used the simple two-dimensional163

Gaussian shown in Figure 5 as the heating pulse with its peak heating rate at 1300 km, and a164

peak energy deposition rate equal to that of the energetic oxygen ions. The results of this run165

are shown in Figure 5. Clearly the effect of moving the peak energy deposition altitude from166

1100 km to 1300 km has a significant effect on the thermospheric temperatures above 1300167

km. Our test showed a 25K increase in the thermospheric temperature at 1400 km over one168

hour.169

Snowden and Yelle [2014] used the continuous loss approximation to calculate the en-172

ergy deposition rate of thermal oxygen ions finding that they generally deposited most of173

their energy near 1100 km altitude with peak energy deposition rates of 68 eV cm−3 s−1 and174

that the more energetic oxygen ions deposited 22 eV cm−3 s−1 at a peak altitude of 980 km.175

These values have a 50% efficiency applied to them due to the non-uniform ion flux. We note176

that the oxygen ions above a few tens of keV are generally isotropic out near Titan and there-177

fore uniformly deposit energy over Titan’s atmosphere [Regoli et al., 2015]. The oxygen ion178

fluxes used to calculate the energy deposition profile in Snowden and Yelle [2014] are ro-179

bust but significantly smaller than those of the T20 flyby with intensities of 5 cm−2 sr−1 s−1
180

keV−1 at 40 keV compared to the peak observed oxygen ion flux during the T20 flyby of 60181

cm−2 sr−1 s−1 keV−1. The spectrum used for the Snowden and Yelle [2014] calculations are182

more reflective of the average situation at Titan. We therefore believe that the peak energy183

deposition rates used in this modeling effort (300 cm−2 sr−1 s−1 keV−1) are consistent with184
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the roughly order of magnitude or greater increase in oxygen ion fluxes observed during this185

flyby.186

The enhancement in oxygen ENAs do not occur without coincident enhancements in187

hydrogen ENAs and possibly also energetic electron enhancements, which would add addi-188

tional energy deposition. As was shown by Sergis et al. [2009] the O+ particle pressure cor-189

relates with the H+ particle pressure. If the ion pressures increase due to a density increase190

then the resultant ENAs will also increase. Particle pressure can change either due to density191

changes or due to temperature changes. Temperature changes in the plasma will change both192

the energy deposition at Titan and also the ENA observations as the charge-exchange cross193

section is highly dependent on the particle energy. The enhanced O ENAs observed during194

this encounter appears consistent with changes in the O+ density, therefore we expect the H+195

and electron densities to also increase. These increases in densities at Titan will result in en-196

hanced energy input into Titan’s thermosphere over what was estimated for O+ bombardment197

alone.198

4 Conclusions199

We have presented an observation of greatly enhanced oxygen ion and ENA fluxes near200

Titan. The enhanced thermal and energetic ions are seen by the Cassini CAPS and MIMI201

instruments and show roughly an order of magnitude greater intensities than the nominal202

conditions at Titan. These oxygen ions clearly impact Titan’s atmosphere producing copious203

oxygen ENAs that were observed by Cassini INCA. This oxygen burst was clearly an ener-204

getic event that had sufficient energy to effect Titan’s thermospheric temperatures.205

We evaluated the effect of the enhanced thermospheric energy deposition using the206

time-dependent T-GITM model. We showed that the very energetic oxygen ions had little207

effect on temperatures in the lower thermosphere near the homopause at 1000 km due to208

the long timescales of the atmosphere and the relatively short duration of these oxygen ion209

bursts. We also showed that energy deposition applied at higher altitudes such as that given210

by thermal oxygen ions had a much more substantial effect at higher altitudes with a potential211

temperature change of up to 25K over one hour.212
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Figure 3. CAPS-IMS data from the T20 flyby. The color plot shows the energy per charge spectrogram

leading up to the Titan flyby. The horizontal lines across the plot give the "B-cycle" timing of the CAPS

instrument in which one composition measurement is made. The panels to the left show each time of flight

measurement both in the straight through (ST) and linear electric field (LEF) modes of the instrument.
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Figure 4. The left two panels show the time and altitude dependent energy deposition profile given to the

T-GITM model. The upper left panel shows a cut through 1000 km altitude. The right panel shows the ther-

mospheric temperatures during this heating pulse. The upper right plot shows a cut through the plot at 1000

km (solid line) and 1400 km (dashed line).
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Figure 5. Same plots as Figure 4 but with a two-dimensional Gaussian heating pulse centered at 1300 km

altitude.
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