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[1] On October 26, 2004, during its first encounter with
Titan (Ta), the Cassini Orbiter moved from the dayside to
the nightside with a closest approach altitude of 1174 km. In
situ measurements of the main part of Titan’s ionosphere
were made by the Langmuir probe on the Cassini Radio and
Plasma Wave Experiment (RPWS), while the Ion and
Neutral Mass Spectrometer (INMS) measured the main
constituents of the neutral atmosphere. The results of model
calculations of Titan’s ionosphere for Ta encounter
conditions (e.g., near the terminator) are presented in this
paper. The paper includes comparisons of calculated and
measured electron densities along the spacecraft track.
Ionization both by solar radiation and by incoming energetic
electrons from Saturn’s magnetosphere are needed to obtain
good agreement between the measured and calculated
electron densities. Citation: Cravens, T. E., et al. (2005),

Titan’s ionosphere: Model comparisons with Cassini Ta data,

Geophys. Res. Lett., 32, L12108, doi:10.1029/2005GL023249.

1. Introduction

[2] Voyager 1 remotely measured an electron density
profile in Titan’s ionosphere in 1980 using the radio
occultation technique [Bird et al., 1997]. Many models of
Titan’s ionosphere have been constructed over the past
decade or so [e.g., Keller et al., 1992; Banaskiewicz et al.,
2000; Galand et al., 1999; Fox and Yelle, 1997; Wilson and
Atreya, 2004]. In the current paper we report on the results
of a photochemical model that was described by Keller et al.
[1992, 1998], Gan et al. [1992], and Cravens et al. [2004].
The first in situ measurements of the ionosphere were made
in October 2004 by the Cassini RPWS experiment, which
measured both the electron density and the temperature

along the spacecraft track [Wahlund et al., 2005]. In our
current ionosphere model we use the molecular nitrogen and
methane neutral density profiles measured during Ta by the
Ion and Neutral Mass Spectrometer (INMS) onboard the
Cassini Orbiter [Waite et al., 2005]. The INMS did not
make ion composition measurements during Ta, and we
only report on the electron density model results in this
paper.
[3] The Cassini Orbiter entered the upper atmosphere on

the dayside and exited on the nightside during the Ta pass.
The closest approach (CA) altitude of 1174 km is near the
homopause but well below the exobase [Waite et al., 2005].
The solar zenith angle (SZA) and latitude at CA were 91.1�
and 41�, respectively. The CA location was about 90� from
the sub-ram point on Titan (with respect to Saturn’s mag-
netospheric flow direction), and the magnetic field was
apparently draped around Titan [Backes et al., 2005; Ma
et al., 2004]. Electrons residing in Saturn’s magnetosphere
must then travel along draped field lines (largely horizontal
with respect to Titan’s surface) to reach the atmosphere. The
electron distributions measured by the Cassini Plasma
Spectrometer (CAPS) experiment [Young et al., 2004]
in Saturn’s outer magnetosphere at Titan’s location had
variable densities and temperatures with typical values of
0.1 cm�3 and 100 eV, respectively (CAPS paper in prepa-
ration, 2005).
[4] In order to investigate the ionospheric sources near

CA, we constructed model ionospheres for different combi-
nations of ionization sources: (1) only solar radiation,
(2) only magnetospheric electrons (different incident elec-
tron spectra were tried), and (3) both solar and magneto-
spheric inputs. By comparing modeled electron density
profiles with the density profile measured by Cassini we
demonstrate the importance of magnetospheric electrons
for the formation of the ionosphere. We also found, not
surprisingly, that the calculated electron densities (ne) are
sensitive to ionospheric electron temperatures and to the
incident solar irradiance level.

2. Model Description

[5] A description of the photochemical model of the
ionosphere used for this paper can be found in Keller et
al. [1992, 1998], Gan et al. [1992], and Cravens et al.
[2004]. We adopt N2 and CH4 neutral density profiles (these
are the major species) from INMS measurements made
during the Ta encounter [Waite et al., 2005]. The measured
exospheric temperature was 149 K ± 3 K. The N2 and CH4

density profiles are similar to those measured by Voyager 1
in 1982 [Smith et al., 1982; Vervack et al., 2004; see Waite
et al., 2005]. The abundance of minor neutral species in the
upper atmosphere strongly influences the ion composition
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but only weakly affects the total ion (or electron) density.
The minor neutral abundances were adopted from Toublanc
et al. [1995] [also see Keller et al., 1998].
[6] The chemical scheme, described by Keller et al.

[1998], includes more than 51 ion species and more than
300 chemical reactions. The electron density is the sum of
the ion densities. The set of chemical equations is numer-
ically solved at each altitude. The dominant ion species near
the ionospheric peak are HCNH+, C2H5

+, and heavy hydro-
carbon ions. The details of the ion composition do not
significantly affect the electron density because the disso-
ciative recombination rate coefficients for the relevant
polyatomic ion species are about the same. We estimate
an electron density uncertainty due to this effect of �10% or
less.
[7] We adopted the altitude-dependent electron temper-

atures (Te) from the Gan et al. [1992] model. Near 1200 km
this model predicted Te � 600 K. The Roboz and Nagy
[1994] model predicted Te � 1000 K at this altitude. Both
models showed very steep temperature gradients near this
altitude. The Te measured by the RPWS experiment near
1200 km was �1300 K. This range of temperatures can
affect the electron density by about 25% (see the discussion
section).
[8] The model includes ionization from both solar radi-

ation and precipitating magnetospheric electrons. Cravens
et al. [2004] presented ion production rates versus altitude
and solar zenith angle for the solar ionization case, and the
ion production rates in the current paper are very similar to
these (for N2

+ and CH4
+), although some minor differences

exist due to the new INMS neutral atmosphere adopted and
due to a somewhat different solar irradiance spectrum. At
higher altitudes, significant ionization persists in the model
for SZA up to 110�, due to the large neutral scale height
relative to the radius of Titan (i.e., H/RT � .02; for Venus
this ratio is �10�3).
[9] Solar extreme ultraviolet (EUV) and soft x-ray fluxes

are known to be quite variable [cf. Tobisca and Eparvier,
1998; Tobisca et al., 2000]. The solar activity level during
late 2004 was generally low (F10.7 proxy indices less than

�100), but for the encounter date F10.7 was �138. We
adopt solar EUV fluxes from the SOLAR2000 irradiance
model with F10.7 � 85 [Tobisca et al., 2000]. Maurellis et
al. [2000] described the soft x-ray part of the spectrum we
use. This solar spectrum is denoted ‘‘Solar 1.’’ We also used
a solar spectrum (denoted ‘‘Solar 2’’) uniformly enhanced
from Solar 1 by the F10.7 ratio of 138/85 = 1.6. Note that
solar fluxes observed at Earth are not necessarily appropri-
ate for Saturn and that solar EUV and x-ray fluxes exhibit
complex time variations including solar rotational modula-
tions. We will demonstrate that a solar flux enhancement of
a factor of 1.6 results in a 25% increase in ne.
[10] The model also includes ion production from supra-

thermal electrons (photoelectrons from photoionization or
electrons from Saturn’s magnetosphere). These electrons
move along magnetic field lines that have been pushed into
the ionosphere by the incident magnetospheric flow [cf.
Ledvina and Cravens, 1998;Ma et al., 2004]. Electron fluxes
were calculated using the two-stream method [Nagy and
Banks, 1970; Gan et al., 1992, 1993]. Auger electrons due to
K-shell ionization were also included [Cravens et al., 2004].
[11] Two magnetic field line configurations were adopted

– radial field lines or parabolic field lines, which approxi-
mately account for field-line draping around Titan (see the
description by Gan et al. [1993]). We found that magneto-
spheric electrons penetrate more deeply into the atmosphere
by about one scale height (�70 km) for the radial case than
for the parabolic case. Results will be shown only for the
parabolic case. Electron fluxes were measured in the outer
magnetosphere both by Voyager [cf. Schardt et al., 1984]
and by the Cassini CAPS instrument [Young et al., 2004].
The distribution is approximately Maxwellian with a density
of ne,mag � 0.1 cm�3 and a temperature of Te,mag � 100 eV,
although there were variations in these values. For our
calculations we adopted incident electrons with temperatures
of 25 eV, 50 eV, 100 eV, and 200 eV. N2

+ production rates are
shown in Figure 1. Not surprisingly, electrons penetrate
deeper into the atmosphere for higher temperatures.

3. Results

[12] The photochemical model was used to generate
vertical ion density profiles for solar zenith angles appro-
priate for the Cassini Orbiter trajectory at Ta. Only the
calculated electron densities are shown in this paper.
[13] First, we present results from model runs with

ionization only from incident magnetospheric electrons
(i.e., solar radiation is turned off). Time histories of ne
along the spacecraft track are shown for four such cases
(Figure 2). The Cassini CAPS measurements in the outer
magnetosphere favor magnetospheric electrons with ne =
0.1 and Te = 100 eV (CAPS paper in preparation, 2005).
The model electron density maxima for all these cases are
located near (i.e., for the 200 eV case) or above the
spacecraft CA altitude (1174 km). The peak density on
the outbound track for both the RPWS measurements and
the 100 eV model results is located 130 s after CA.
[14] Calculated electron densities for only solar ioniza-

tion inputs (no magnetospheric electrons, but photoelectrons
are included) and with RPWS electron temperatures are
shown as vertical profiles (Figure 3) and as a time history
(Figure 4). The inbound leg of the trajectory is on the
dayside (negative times from CA) and the outbound leg is

Figure 1. Production rate profiles for N2
+ ions for incident

magnetospheric electron fluxes and for a parabolic magnetic
field line configuration. The magnetospheric electron
populations considered have electron densities and tempera-
tures of: (ne, Te) = (0.1 cm�3; 200 eV), (0.1 cm�3; 100 eV),
(0.2 cm�3; 50 eV), (0.3 cm�3; 25 eV).
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on the nightside (positive times from CA). The maximum
density along the track for both the RPWS data and the
model is at t = �80 s (altitude z � 1210 km; SZA � 83�).
These densities are ne � 3300 cm�3 and 4000 cm�3 for the
solar only model and the RPWS data, respectively (also see
Table 1). The actual ionospheric peak in the model is
located below the spacecraft for the dayside, although at
CA (z = 1174 km; SZA = 91.1�), the track is near the model
density peak. The RPWS data shows a second maximum on
the outbound track (t � +130 s), but the solar only model
does not.
[15] The model was also run for both solar and magne-

tospheric inputs with Solar Flux 1 and the RPWS electron
temperature profile (Figure 4). Overall, the model and the
data are in agreement, particularly near the main maximum
near t = �100 s. However, the model densities for times
�20 s to +70 s somewhat exceed the measured densities,

and the model densities for t � �150 s are somewhat too
small. Furthermore, where the data shows a second maxi-
mum near t = +130 s (on the nightside), the model density
only shows a ledge. The data also exhibits considerable
small-scale structure at higher altitudes on the nightside and
the model does not (discussed later).
[16] Table 1 tabulates electron densities for t = �100 s for

a variety of model cases (including some not shown in
Figures 1–4) and for RPWS. Model densities for the
enhanced solar flux case (Solar Flux 2) are obviously higher
than the Solar Flux 1 densities. And the densities calculated
with the lower electron temperatures from Gan et al. [1993]
are somewhat lower than the densities calculated using the
higher RPWS temperatures. For the 3 cases listed for which
both solar and magnetospheric inputs were included, the
model density values in the table range from 3670 cm�3 to
4520 cm�3; these values are within 15% of the measured
density.

4. Discussion and Conclusions

[17] We obtained reasonable agreement between theo-
retical and measured electron density time histories only
when the model included ionization both from solar
radiation and from incident magnetospheric (suprathermal)
electrons. Furthermore, we can account for about two-
thirds of the maximum electron density measured by the
RPWS Langmuir probe on the inbound (dayside) trajectory
with only solar radiation, with magnetospheric electrons
accounting for the remaining 33% contribution. However,

Figure 2. Time histories of the electron density along the
Cassini Orbiter trajectory are shown for the 4 magneto-
spheric cases listed in Figure 1. Solar zenith angle and
altitude along the track are also shown, but no ionization
from solar radiation was included. Electron densities
measured by the RPWS experiment [Wahlund et al.,
2005] are also shown.

Figure 3. Calculated radial/vertical electron density pro-
files for solar ionization only (no magnetospheric electron
contribution) and at several times (in units of seconds) and
solar zenith angles for the Cassini Orbiter. The solar zenith
angle varies from 58.9� (for t = �400 s) to 108.6� (t =
+200 s). The solar zenith angle for closest approach (time t =
0 s) was 91.1�. The line and open circles indicate the
relevant densities for the spacecraft track.

Figure 4. The same as Figure 2 but the model electron
densities are for calculations for two cases: (1) ionization
only by solar radiation (Solar Flux 1) and (2) ionization
from both solar radiation (Solar Flux 1) and from incident
magnetospheric electrons with a temperature of 100 eV.

Table 1. Electron Densities at t = �100 s (Altitude of 1218 km

and SZA = 82.2�)

Case Electron Density (cm�3)

RPWSa ne 3900
Magneto (100 eV; RPWSa Te) 1320
Pure Solar (Solar 1; RPWSa Te) 3300
Pure Solar (Solar 2; RPWSa Te) 4100
Solar + Magneto (Solar 1; RPWSa Te) 3670
Solar + Magneto (Solar 2; RPWSa Te) 4520
Solar + Magneto (Solar 2; Ganb Te) 3860

aWahlund et al. [2005].
bGan et al. [1993].
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not surprisingly, the magnetospheric electron contribution to
the ionosphere is much more important on the nightside
(outbound).
[18] The model results also show some sensitivity (about

10–25%) to plausible variations (or uncertainties) in the
solar flux and/or the electron temperature. A simple photo-
chemical equilibrium expression for the electron density is:
ne = [P/a]1/2 = [P/a0]

1/2 [Te/300 K] 1/4, where P is the total
ion production rate at a given location and where the
effective dissociative recombination coefficient is given by
a = a0(300 K/Te)

1/4. The effective recombination coeffi-
cient near 1200 km estimated from the model is a0 � 6 �
10�7 cm3 s�1. From this expression we can see why a factor
of 1.6 higher solar flux (Solar Flux 1 and 2 cases) produces
electron densities which are larger by a factor of (1.6)1/2

(25%) (Table 1). Similarly, factors of 2 in the electron
temperature produce factors of (2)1/4 (19%) differences in
the electron density.
[19] Small-scale structures evident in the measured elec-

tron density (e.g., the sharp peak at t � +250 s – outbound)
were not reproduced by our model. However, the incident
magnetospheric electron distribution in the model was
independent of time, and it would not be surprising if the
incident electron flux in the region of the magnetosphere
linked to the ionosphere by the magnetic field varied with
time. For example, magnetospheric flux tubes hung up in
Titan’s ionosphere for long times could be depleted of their
electrons [cf. Gan et al., 1993]. CAPS data should eventu-
ally shed more light on such time variations.
[20] Plasma transport effects (not included in this model)

will also become important at higher altitudes (above about
1400–1500 km according to Ma et al. [2004] or Cravens et
al. [1998]) where photochemical equilibrium ceases to be a
good approximation. In this transport-dominated regime,
the dynamical role of the magnetic field becomes important,
as demonstrated by many MHD and hybrid models [e.g.,
Cravens et al., 1998; Ledvina and Cravens, 1998; Brecht et
al., 2000; Kabin et al., 1999; Nagy et al., 2001; Ma et al.,
2004; Ledvina et al., 2004].
[21] The current paper focused on the overall structure of

Titan’s ionosphere and the role of different ionization
mechanisms. The next step will be to study the ion
composition. The INMS and CAPS experiments just mea-
sured the ion composition in Titan’s ionosphere during the
T5 encounter in April 2005, and once it has been analyzed
this composition data will allow us to more thoroughly test
our understanding of the chemistry operating in Titan’s
ionosphere [e.g., Keller et al., 1998; Ma et al., 2004; Fox
and Yelle, 1997].
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