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Diurnal variations of Titan’s ionosphere
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[1] We present our analysis of the diurnal variations of Titan’s ionosphere (between 1000
and 1300 km) based on a sample of lon Neutral Mass Spectrometer (INMS) measurements
in the Open Source lon (OSI) mode obtained from eight close encounters of the Cassini
spacecraft with Titan. Although there is an overall ion depletion well beyond the

terminator, the ion content on Titan’s nightside is still appreciable, with a density plateau

of ~700 cm > below ~1300 km. Such a plateau is a combined result of significant
depletion of light ions and modest depletion of heavy ones on Titan’s nightside. We
propose that the distinctions between the diurnal variations of light and heavy ions are
associated with their different chemical loss pathways, with the former primarily through
“fast” ion-neutral chemistry and the latter through “slow” electron dissociative
recombination. The strong correlation between the observed night-to-day ion density
ratios and the associated ion lifetimes suggests a scenario in which the ions created on
Titan’s dayside may survive well to the nightside. The observed asymmetry between the
dawn and dusk ion density profiles also supports such an interpretation. We construct a
time-dependent ion chemistry model to investigate the effect of ion survival associated
with solid body rotation alone as well as superrotating horizontal winds. For long-lived
ions, the predicted diurnal variations have similar general characteristics to those
observed. However, for short-lived ions, the model densities on the nightside are
significantly lower than the observed values. This implies that electron precipitation from
Saturn’s magnetosphere may be an additional and important contributor to the densities of

the short-lived ions observed on Titan’s nightside.
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1. Introduction

[2] Titan, the largest moon of Saturn, has a substantial
ionosphere that was first detected on the basis of the dual-
frequency Doppler data obtained with the Voyager 1 radio
occultation experiment [Bird et al., 1997]. The discovery
was later confirmed by in-situ measurements of the electron
distribution made by the Cassini Radio and Plasma Wave
Science (RPWS) instrument [Wahlund et al., 2005] as well
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as the radio occultation results from the Cassini Radio
Science (RSS) instrument [Kliore et al., 2008].

[3] Complementary to the RPWS and RSS investigations
of Titan’s ionospheric electrons, in-situ measurements of the
abundances of various ion species have been made by the
Cassini Ion Neutral Mass Spectrometer (INMS) in the Open
Source Ton (OSI) mode [Cravens et al., 2005]. Previous
studies based on the INMS ion data revealed that the
composition of Titan’s ionosphere is very complex, with
~50 ion species above the detection threshold [Cravens et
al., 2005, 2006; Vuitton et al., 2006, 2007; Waite et al.,
2007]. A typical ion mass spectrum obtained with the INMS
shows distinct ion groups that are separated in mass-to-
charge ratio (hereafter M/Z) by ~12 Da [Cravens et al.,
2006; Vuitton et al., 2007]. In addition, analyses of the data
obtained with the Ion Beam Spectrometer (IBS) and the
Electron Spectrometer (ELS) of the Cassini Plasma Spec-
trometer (CAPS) also revealed the presence of heavier
positive ions with M/Z ~ 130, 170 and 335 [Waite et al.,
2007], as well as negative ions in M/Z groups of 10-30,
30-50, 50—80, 80—110, 110-200 and 200+ Da in Titan’s
ionosphere [Coates et al., 2007].

[4] The two main ionization sources of Titan’s ionosphere
are solar radiation in the EUV (and soft X-rays) and
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energetic particles from Saturn’s magnetosphere, with their
relative importances varying with local solar time on Titan
as well as the location of the satellite with respect to
Saturn’s magnetosphere [e.g., Gan et al., 1992; Keller et
al., 1992, 1994; Keller and Cravens, 1994; Roboz and
Nagy, 1994; Fox and Yelle, 1997; Nagy and Cravens,
1998; Galand et al., 1999, 2006; Cravens et al., 2004,
2005, 2006, 2008a, 2008b; Agren et al., 2007, 2009; De La
Haye et al., 2008]. Meteoritic ablation may also have some
contributions to the ion production near ~700 km [e.g., Ip,
1990; English et al., 1996; Molina-Cuberos et al., 2001],
and cosmic ray ionization could be effective down to ~65 km
[e.g., Lopez-Moreno et al., 2008]. Comparison of modeling
output with a multi-instrumental data set (including the
INMS ion and RPWS and CAPS electron data acquired
during the first Titan flyby of Cassini, known in project
parlance as TA) demonstrates that the solar EUV radiation is
the dominant ion source on Titan’s dayside [Galand et al.,
2006]. This is further supported by the recent analysis of a
large sample of the RPWS data, investigating the depen-
dence of peak altitude and density of the observed electron
distribution with solar illumination angle [Agren et al.,
2009]. Photoionization by solar EUV radiation may also
be important well beyond the terminator, as a result of the
extended nature of Titan’s atmosphere [Miiller-Wodarg et
al., 2000; Cravens et al., 2004; Agren et al., 2009].
However, deep in Titan’s nightside (as sampled by the
Cassini T5 and T21 flybys), the primary ion source has
been proposed to be precipitating electrons from Saturn’s
magnetosphere [Cravens et al., 2008b; Agren et al., 2007,
2009]. Cravens et al. [2008a] also suggested that precipi-
tation of energetic protons and oxygen ions from Saturn’s
magnetosphere may be important between 500 and 1000 km,
contributing to the ionospheric layer in the region of 500—
600 km observed by the RSS experiment [Kliore et al.,
2008].

[5] In this paper, we investigate further the source for
Titan’s nightside ionosphere, focusing on the observed
diurnal variations of different ion species based on a large
sample of INMS measurements in the OSI mode covering
both the dayside and nightside of Titan. We show that the
observed ion densities vary in a regular way that is tightly
correlated with chemical lifetime. Electron precipitation and
chemical survival of dayside ions, coupled with strong
horizontal winds, are both investigated through comparison
of models for these sources with the observations. These
comparisons show that characteristics of both sources are
seen in the data. Details of the INMS observations and data
analysis are summarized in section 2. We present our main
results in section 3, and discuss possible interpretations of
the data in section 4. In section 5, we compare the observed
diurnal variations of Titan’s ionosphere with results from a
time-dependent ion chemistry model which also takes into
account the effects of superrotating horizontal neutral
winds. Finally, we summarize and conclude in section 6.

2. Observations and Data Analysis

[¢] Within the four years’ length of the prime Cassini
mission, there have been over 40 encounters with Titan.
This work is based on the INMS data acquired during 8 of
them, for which the measurements in the OSI mode are
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available (see section 2.2 for details). A complete descrip-
tion of the INMS instrument is given by Waite et al. [2004].

2.1. Determination of Ion Densities

[7] Random and systematic uncertainties in the INMS ion
data are well understood. Measurement precision is limited
by counting statistics and, in a typical scan, densities greater
than 1 cm ° are determined with a signal-to-noise ratio
(SNR) of better than 5. In general, the dominant ions are
measured with extremely good SNR throughout the altitude
range of interest here. Densities are determined from mea-
sured count rates using prelaunch sensitivities measured in
the laboratory [Waite et al., 2004; Cui et al., 2009]. These
are estimated to be accurate to better than 25%. However
there are two potential complications, as addressed below.

[8] First, the angular acceptance of the INMS in the OSI
mode is quite narrow with a half width at half maximum
(HWHM) of 3° for M/Z = 28, when transmission is
optimized at zero angle of attack [Waite et al., 2004]. Thus
large tangential ion flows can shift the ambient ions away
from optimal sensitivity. For a typical spacecraft velocity of
6 km s ', a tangential flow speed of 0.5 km s~ ' causes a
decrease in sensitivity by 50% [Waite et al., 2004; Cravens
et al., 2006]. Because the direction and magnitude of the ion
flow are unknown, we do not attempt to derive the ion
densities more accurately by correcting for possible ion drift
motion. However, it should be born in mind that the ion
densities given in this paper may not be reliable above
~1450 km, where transport starts to become significant and
large ion flow velocities may occur [e.g., Ma et al., 2006;
Cravens et al., 2008b].

[9] Second, the INMS transmission is also affected by
spacecraft potential. We assume in our analysis a constant
spacecraft potential of —0.5 V. An alternative scheme is to
adopt the spacecraft potentials derived from other instru-
ments (e.g., RPWS LP or CAPS IBS). Here we compare the
ion densities obtained with the default value of —0.5 V and
those obtained with the RPWS spacecraft potential, to see
how the derived densities could be affected by the choice of
the spacecraft potential. A typical example is illustrated in
Figure 1, for the outbound T26 flyby. In the left, we show
the density profiles of three example ion species as a
function of altitude, with the solid circles representing the
densities calculated with the default spacecraft potential of
—0.5 V and the open circles representing the densities
calculated with the RPWS spacecraft potential. These two
choices of the spacecraft potential are also indicated in the
right of Figure 1. The identification of the ion species
shown in Figure 1 follows the scheme of Vuitton et al.
[2007], with the numbers in parenthesis giving their M/Z
values. Figure 1 shows that typically, the uncertainties in ion
densities associated with spacecraft potential are small,
except at high altitudes where the spacecraft potential
measured by RPWS deviates significantly from our default
value of —0.5 V. It should be born in mind that adopting the
RPWS spacecraft potential does not necessarily give more
realistic results of the ambient ion densities compared with
the default choice of —0.5 V, since the spacecraft potentials
at different positions of the Cassini spacecraft may also be
different. The above comparison is nevertheless instructive
and suggests that the ion densities obtained at relatively low
altitudes, typically below ~1300 km, are less dependent on
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Figure 1.

S/C potential [V]

Comparison between the ion densities derived from different choices of the spacecraft

potential for the outbound T26 flyby. The left gives the density profiles of three example ion species as a
function of altitude. The identification of these ion species follows the scheme of Vuitfon et al. [2007],
with the numbers in parenthesis giving their M/Z values. The solid circles represent the densities
calculated with a constant spacecraft potential of —0.5 V (the default INMS value), and the open circles
represent those calculated with the RPWS spacecraft potential. The right indicates the two cases of the
spacecraft potential used for calculating the ion densities.

spacecraft potential compared with those above. As the
main results on the observed diurnal variations of Titan’s
ionosphere presented in this paper primarily rely on the
measured ion densities below ~1300 km, both the adopted
spacecraft potential and possible ion drift are not very likely
to influence the main conclusions of this paper in any
appreciable way.

[10] Similar to the INMS neutral data [Cui et al., 2009],
in a typical ion spectrum there appears to be a broadly
distributed background spectrum between M/Z = 10 and 35,
especially at low altitudes. We subtract these background
signals with an empirical model to improve the density
determination of the ambient ions. The adopted empirical
background model is analogous to the one used for our
previous analysis of the INMS neutral data [Cui et al.,
2009]. For a given M/Z, the magnitude of background
signals is found to depend exponentially on altitude, but
show little variation between Titan’s dayside and nightside.
There also appears to be a minor bump at M/Z < 10 for a
typical ion spectrum, which cannot be accommodated with
the empirical background model proposed above. Since the
amplitude and shape of this minor bump of background
counts are hard to constrain from the ion data, we exclude
measurements in channels 1-10 in our analysis, and as a
consequence, we will not present in this study the ion
abundances of species lighter than C* (M/Z = 12).

2.2. Sample Selection

[11] For the INMS ion data, different channels are not
equally sampled, in the sense that signals in channels 16—17
and 28-29 are typically sampled with a frequency of 2 Hz,
whereas for the other channels, the frequency can be as low

as ~0.1 Hz. Channels 16—17 and 28-29 are mainly
associated with CHy, CH:, HCNH ' and C,H4, with a small
contribution from NH3, NH3, C,Hx and N,H" [Vuitton et
al., 2007]. The uneven sampling of different channels
indicates that interpolation is required in order to extract
an individual ion spectrum at a given altitude from the raw
data. Here a common grid of time from closest approach
(C/A) defined by channel 40 (mainly associated with
HC,NH") is chosen as the standard for interpolation. With
this treatment, the sampling rates for channels 16—17 and
28-29 are degraded.

[12] We include in this work the INMS ion data from
8 flybys, known in project parlance as T5, T17, T26, T32,
T36, T37, T39 and T40. The T21 flyby occurred on Titan’s
nightside, and has been included in the recent work of
Cravens et al. [2008b]. However, we exclude the T21 data
from our sample since the corresponding ion density pro-
files show an abrupt transition near 1120 km by more than
an order of magnitude, whereas the same feature is not
observed in the associated RPWS electron density profile,
known within 10% [Agren et al., 2009]. The RPWS
spacecraft potential also presents a sharp transition at the
same altitude. Considering these, we expect that the ion
density profiles obtained from the T21 flyby are not reliable,
and the sharp transition near 1120 km is more likely to be
associated with instrumental effects rather than realistic
features. The INMS ion data from the inbound T32 flyby
are also excluded for the same reason. Ion densities on
Titan’s dayside could also be derived from the T18 data.
However, during this flyby, the RPWS spacecraft potentials
are significantly different from our default choice of —0.5V,
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Table 1. Summary of the Trajectory Geometry at C/A for all Titan
Flybys Used in This Study®

ALT LST SZA LAT LON
Flyby Date (km) (hr) (degree) (degree) (degree) F10.7
T5 16 Apr 2005 1027 23.23 127 74 271 83
T17 7 Sep 2006 1000 10.48 44 23 57 87
T26 10 Mar 2007 981 1.78 149 32 358 71
T32 13 Jun 2007 965 1.28 107 84 2 71
T36 2 Oct2007 973 16.14 67 —60 109 66
T37 19 Nov 2007 999 15.48 51 -21 117 70
T39 20 Dec 2007 970 11.50 61 -70 177 73
T40  5Jan 2008 1014 14.54 38 —12 130 80

“Altitudes (ALT) are given in km; local solar times (LST) given in hr;
solar zenith angles (SZA), latitudes (LAT), and longitudes (LON) given in
degrees; F10.7 solar fluxes (at 1 AU) given in units of W Hz ' m
multiplied by 1072

by roughly a factor of 3—4. Therefore to be conservative,
the INMS ion data from T18 are also excluded.

[13] The main characteristics of all flybys in our sample at
C/A are detailed in Table 1, including the date of observa-
tion, altitude, local solar time, solar zenith angle, latitude,
longitude and F10.7 solar flux at 1 AU (i.e., the 10.7 cm
solar radio flux at 1 AU in W Hz~' m~? multiplied by
10*%). Latitude is defined as northward positive. The longi-
tude definition follows the scheme in which 0° points to
Saturn, 270° points to the ideal magnetospheric ram direc-
tion, and 90° points to the ideal magnetospheric wake
direction. The data sampling covers more than two and a
half years, between 16 April 2005 for TS and 5 January
2008 for T40. Table 1 shows that altitudes at C/A range
from 965 km for T32 to 1027 km for T5. The sample covers
both Titan’s northern and southern hemispheres, both equa-
torial and polar regions, as well as both the ideal magneto-
spheric ramside and wakeside. The F10.7 solar fluxes (at the
Earth) are adopted from the daily values reported by the
Dominion Radio Astrophysical Observatory at Penticton,
B.C., Canada. The F10.7 value remains fairly constant from
flyby to flyby, with a mean value of 75 and a standard
deviation of less than 10%. Thus we do not consider the
variations of solar ionizing flux in our analysis. A more
detailed description of the trajectory information for some
of the flybys adopted in this work (including T5, T26, T32,
T36 and T37) has been presented by Miiller-Wodarg et al.
[2008] and Cui et al. [2009]. However, the longitude
definition used for this study is different from that by
Miiller-Wodarg et al. [2008].

[14] In the following sections, we will investigate the ion
distributions for different solar zenith angle (hereafter SZA)
bins. We will show that the observed ion spectra are
strongly correlated with SZA. On physical grounds, varia-
tions with SZA and local solar time should encode similar
physical information, but we choose SZA here since it is
more directly related to solar ionization rates. Also, the data
sampling with respect to local solar time is limited, espe-
cially near the morning terminator (see section 3 for details).
We show in Figure 2 the sample distribution with respect to
SZA, with different colors representing subsamples from
different flybys. The number of ion spectra given in Figure 2
characterizes the spatial resolution of the sampling in mass
channel 40, which is treated as a standard for interpolation
to extract an individual ion spectrum (see section 2.1).
Figure 2 shows that the INMS OSI measurements adopted
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in this study are mainly concentrated in three subgroups, the
first one between 30° and 70°, the second one between 70°
and 110° and the third one beyond 120°. These roughly
represent three distinct regimes from the sunlit side to the
broad near-terminator transition region and then to the dark
side of Titan [see also Agren et al., 2009]. More specifically,
Titan’s dayside ionosphere is sampled by the INMS during
the entire T17 and T40 flybys, the outbound T36 and T39
flybys, as well as part of the inbound T37 flyby below
1200 km. The nightside is sampled during the entire T26
flyby and the outbound TS5 flyby. The remaining part of the
sample covers the near-terminator region of Titan’s iono-
sphere, including the inbound T36 flyby (evening termina-
tor), the outbound T32 flyby (morning terminator) as well
as part of the inbound T37 above ~1200 km (evening
terminator).

[15] As pointed out by Miiller-Wodarg et al. [2008] and
Cui et al. [2009], one systematic uncertainty in analyzing
the INMS data is because of the fact that the geometric
information along the spacecraft trajectory may vary signif-
icantly, and it is oversimplistic to interpret the density
profile of any species as a vertical distribution. This is
especially important for this study, since the density profile
of any ion species, when extracted along the spacecraft
trajectory, is not illuminated by the Sun at fixed SZA. For
instance, the SZA variation for the T40 flyby is as large as
~51° below 1500 km. This fact brings some complexities in
the interpretation and modeling of the observed ion distri-
bution on Titan. To avoid these uncertainties, we combine
all individual measurements, and for any given SZA and
altitude bin, we determine the densities of different ion
species by taking averages over all data points within that
bin based on such a combined data set. We adopt through-
out our analysis a fixed bin size of 50 km in altitude. The
choice for different SZA bins is based on the sample
distribution shown in Figure 2, i.e., one dayside bin at

40 Doysid'e | ' I Nigh'tside 15
near— ]
E Terminator ] T17
= ]
O ]
L 1 126
0 ]
C :
o ] 132
S ] 136
- ]
8 137
€ ]
=
= 139
T40
0 30 60 90 120 150 180

Solar zenith angle [degq]

Figure 2. Distribution of solar zenith angle (SZA) for the
sample adopted in this study. Different colors represent
subsamples from different flybys. The SZA distribution is
characterized by three distinct groups, one between 30° and
70° (dayside), one between 70° and 110° (near terminator),
and the other one beyond 120° (nightside).
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