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Ion transport in Titan’s upper atmosphere
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[1] Based on a combined Cassini data set including lon Neutral Mass Spectrometer, Radio
Plasma Wave Science, and Magnetometer measurements made during nine close
encounters of the Cassini spacecraft with Titan, we investigate the electron (or total ion)
distribution in the upper ionosphere of the satellite between 1250 and 1600 km. A
comparison of the measured electron distribution with that in diffusive equilibrium
suggests global ion escape from Titan with a total ion loss rate of ~(1.7 £ 0.4) x 10%° s,
Significant diurnal variation in ion transport is implied by the data, characterized by ion
outflow at the dayside and ion inflow at the nightside, especially below ~1400 km. This is
interpreted as a result of day-to-night ion transport, with a horizontal transport rate
estimated to be ~(1.4 + 0.5) x 10**s™". Such an ion flow is likely to be an important source
for Titan’s nightside ionosphere, as proposed in Cui et al. [2009a].

Citation: Cui, J., M. Galand, R. V. Yelle, J.-E. Wahlund, K. Agren, J. H. Waite Jr., and M. K. Dougherty (2010), Ion transport
in Titan’s upper atmosphere, J. Geophys. Res., 115, A06314, doi:10.1029/2009JA014563.

1. Introduction

[2] The Voyager 1 radio occultation experiment revealed
the presence of a substantial ionosphere on Titan [Bird et al.,
1997]. This discovery was later confirmed by multi-instrumental
observations made during the Titan flybys of the Cassini
spacecraft [e.g., Wahlund et al., 2005; Cravens et al., 2005,
2006; Kliore et al., 2008]. Pre-Cassini investigations con-
sidered both photoionization by solar radiation and impact
ionization by magnetospheric electrons as the ionizing sources
for Titan’s upper ionosphere [e.g., Ip, 1990; Gan et al., 1992;
Keller et al., 1992; Galand et al., 1999], but the relative
importance of the two sources was not well constrained until
recently. The complex interaction between Titan’s upper
atmosphere and Saturn’s magnetosphere, which varies both
over the satellite and with the satellite’s position in the
magnetosphere, made resolution of this question difficult on
the basis of Voyager data and theoretical considerations
alone.

[3] Cassini data has shown quite definitively that solar
radiation is the dominant ionization source for the dayside
ionosphere. Ionospheric models for the dayside require no
additional ionization sources beyond solar radiation to
explain the ion and electron densities observed by Cassini
instruments [e.g., Cravens et al., 2005]. Analysis of the
large Radio and Plasma Wave Science (RPWS) data set
shows a clear correlation of the peak altitude and density of
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the observed electron distribution with solar zenith angle
[dgren et al., 2009]. Calculations of the electron tempera-
ture on the dayside based on solar input alone are in good
agreement with observed electron temperatures [Galand
et al., 2006]. Finally, the dominance of solar input is also
supported by observations of Titan’s airglow emissions
[4jello et al., 2007].

[4] On the contrary, the nightside ionosphere of Titan has
been suggested to be produced by electron precipitation
from Saturn’s magnetosphere [e.g., Agren et al., 2007;
Cravens et al., 2008], perhaps not surprising in view of its
long rotation period of ~16 days. This is supported by the
nightside ionospheric measurements made during the T5
flyby, for which the Ion Neutral Mass Spectrometer (INMS)
ion density of CHj is found to be correlated with the Cassini
Plasma Spectrometer (CAPS) electron flux [Cravens et al.,
2008]. However, based on an analysis of the distinct diurnal
variations of short-lived and long-lived ions in Titan’s ion-
osphere, Cui et al. [2009a] suggested instead that the primary
ion source for the nightside of Titan is chemical survival of
dayside ions. Such a scenario is supported by the apparent
correlation between the day-to-night ion density ratios
measured by the INMS and the associated ion lifetimes
estimated from photochemical models [Cui et al., 2009a].
Similar effect of day-to-night transport as the source for the
nightside ionosphere has been extensively discussed for
other planets, such as Venus [e.g., Whitten et al., 1982;
Cravens et al., 1983; Brannon et al., 1993; Tanaka and
Murawski, 1997]. It is worth mentioning that the nature of
day-to-night ion transport in Titan’s upper atmosphere is to
be distinguished from that on Venus, for which the ion
transport is driven by thermal winds blowing from the day-
side to the nightside through both terminators and the ion
distribution is roughly symmetric between the dawn and
dusk. On the other hand, the day-to-night ion transport on
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Figure 1. The altitude profiles of various parameters, including electron (or total ion) density, electron
temperature, mean ion mass and magnetic field strength, obtained from the INMS, RPWS, and MAG
measurements averaged over all flybys in our sample. The magnitudes of both the total magnetic field,
IBI (solid circles) and its horizontal component, IB,| (open circles) are presented. The solid lines give

the empirical fits to different parameters.

Titan could be either associated with solid-body rotation of
the satellite or enhanced by superrotating neutral winds [e.g.,
Miiller-Wodarg et al., 2000, 2008]. In such cases, the ion/
electron density at dusk is expected to be higher than that at
dawn since ions observed at dawn spend more time in
darkness. Such a dawn-dusk asymmetry on Titan has already
been revealed by the Cassini data [Cui et al., 2009a]. A more
detailed comparison between the day-to-night ion transport
and magnetospheric electron precipitation as two indepen-
dent sources for Titan’s nightside ionosphere has been pre-
sented in Cui et al. [2009a].

[5] The survival of dayside ions well into the nightside
implies the presence of horizontal ion flow on Titan, which
may cause departure in the observed ion density profile from
that in diffusive equilibrium. Such a departure may also be
driven by ion escape from Titan, which has been both
estimated from Cassini observations [e.g., Wahlund et al.,
2005] and predicted by magnetohydrodynamics (MHD) or
hybrid simulations [e.g., Nagy et al., 2001; Ma et al., 2006;
Sillanpdd et al., 2006; Modolo and Chanteur, 2008]. These
properties of ion transport in Titan’s upper atmosphere are,
at least qualitatively, analogous to those of Venus. Various
works have shown that the ion distribution in the upper
atmosphere of Venus presents appreciable departure from
diffusive equilibrium. Such a departure has been interpreted
as either a signature of ion escape [Ghosh and Mahajan,
1995] or responsible for the day-to-night ion flow [Fox,
2008].

[6] The purpose of this study is to investigate the general
characteristics of ion transport in Titan’s upper atmosphere
through an analysis of the observed electron (or total ion)
density profiles. We will address both ion escape and day-
to-night ion flow. The structure of the article is as follows.

In section 2, we describe the combined Cassini data set used
for the study, and we also present the altitude profiles of
various input parameters used for solving the momentum
equation in later sections. We compare in section 3 the
observed electron profiles with those in diffusive equilib-
rium, with the apparent departures used in section 4 to
derive the ion flow velocities and fluxes. Finally we con-
clude in section 5.

2. Sample Description and Input Parameters

[7] This work is based on a multi-instrumental data set
acquired during nine Titan flybys of the Cassini spacecraft,
combining measurements made with INMS, RPWS, and the
Cassini Magnetometer (MAG). The flybys included in this
study are known in project parlance as TS5, T17, T18, T21,
T26, T32, T36, T39, and T40. Among these flybys, five
(T17, T18, T36, T39, and T40) are at the dayside while the
other four (TS, T21, T26, and T32) are at the nightside. The
sample used for this study is similar to that included in our
previous investigation of the diurnal variations of Titan’s
ionosphere [Cui et al., 2009a].

[8] We show in Figure 1 various physical parameters as a
function of altitude derived from the RPWS, INMS, and
MAG measurements averaged over all flybys in our sample.
These parameters include the electron (or total ion) density
(from RPWS), electron temperature (from RPWS), mean ion
mass (from INMS), and magnetic field strength (from
MAG). The solid lines in Figure 1 give the empirical fits to
the data (see section 3 for details). The strengths of both the
total magnetic field, IBI, and its horizontal component, |51,
are shown in Figure 1. Values of B, are obtained with proper
transform from the Kronographic (KRTP) coordinates to the
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Titan Interaction System (TIIS) coordinates [e.g., Neubauer
et al., 2006]. Not too far from Titan, the TIIS components
(B,, By, and B,) are close to KRTP (By, B,, and B.) except
for the signs B, = —B,, By = —B., and B, = B,. Here B,, By,
and B are the radial, meridional, and azimuthal components
of the magnetic field in TIIS with Bj = B + BJ; B,, B,, and B.
are the B components in KRTP. Figure 1 shows that in the
global average sense, the B field is mostly horizontal at low
altitudes but shows significant vertical component above
~1450 km. The MAG data are used to evaluate the magnetic
force on the ionospheric plasma of Titan (see sections 3 and 4).

[9] The mean ion mass, M in Figure 1 is defined as M =
> -miN/N,, where m; and N; are the mass and number
density of ion species i, IV, is the electron number density.
The altitude profile of mean ion mass is used in later sec-
tions to determine the gravitational force. The ion densities,
N,, are obtained from the INMS data and their values rely on
the appropriate choice of the spacecraft potential. In Cui et al.
[2009a], we have adopted a constant value of —0.5 V for
deriving the INMS ion densities. In this study, several choices
of the INMS spacecraft potential are tested, and the corre-
sponding influence on the derived mean ion mass is discussed
in detail in Appendix A. It is worth emphasizing that the
results presented in this paper rely on the INMS measure-
ments through the parameter of mean ion mass, while the total
ion density is taken from the RPWS data with the assumption
of quasi-neutrality in Titan’s ionosphere. Although the INMS
ion densities could be quite sensitive to the choice of the
spacecraft potential, the values of mean ion mass, which
depend on ion density ratios, remain relatively stable.

[10] An intrinsic assumption in the derivation of ion
densities from the INMS data is the neglect of ion wind in
Titan’s upper atmosphere. The effect of ion wind depends
critically on the wind direction with respect to the INMS
aperture normal, usually orientated along the direction of the
spacecraft velocity. lon wind along the aperture normal
causes a decrease in ion sensitivity as a result of quad lens
mistuning, while ion wind orthogonal to the aperture normal
causes a decrease in sensitivity due to the deviation of the
incident ion flow out of the center of the instrument field of
view [Waite et al., 2004; Cravens et al., 2006]. Both effects
are mass dependent, and the latter is usually more important
than the former as a result of the small angular acceptance of
the INMS when operating in the ion mode. For example, an
orthogonal wind speed of ~0.3 km s™' causes a decrease in
sensitivity of light species such as CHs by ~25%, and a
decrease in that of heavy species such as C¢Hs by a factor of
~2. The influence of ion wind on our results is discussed in
section 4.2.

3. Ion Distribution in Diffusive Equilibrium

[11] In diffusive equilibrium, the vertical component of
the plasma momentum equation is given by

191, 1 1 0 (B}
T, Or  H, NkT, 0r\87)

1 8N,
N, or

My, U,
kT,

(1)

where T, = T, + T; is the plasma temperature with 7, and 7;
being the electron and ion temperatures, N, is the electron
density, M is the mean ion mass defined in section 2, H, =
(kT,)/(Mg) is the plasma scale height with g being the local
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gravity and k being the Boltzmann constant, B, is the
magnitude of the horizontal B field, v, is the mean ion-
neutral collision frequency, and U, is the neutral drift
velocity. The ion velocity, U,, is ignored in equation (1)
since we assume diffusive equilibrium. The derivation of
equation (1) (and also equation (2) below) is provided in
Appendix B.

[12] In equation (1), the first and second terms on the left-
hand side give the plasma pressure gradient. The third and
fourth terms are associated with gravitational and magnetic
forces, respectively. The right-hand side term (summed over
CH, and H,) represents the effect of neutral drag, with v,
estimated from the kinetic theory (see Appendix B) and U,
taken from Yelle et al. [2008] and Cui et al. [2008]. The drift
motion of the background N, gas is ignored [e.g., Strobel,
2008]. We also assume a common temperature for all ion
species. Such an assumption has been widely accepted in the
studies of planetary ionospheres, since the differences in
temperature between various ion species are usually negli-
gible [e.g., Kim et al., 1990]. We further assume that 7; is
equal to the neutral temperature, 7,, with the latter taken
from the empirical model of Miiller-Wodarg et al. [2008].
Roboz and Nagy [1994] have predicted an ion temperature
of ~300 K as a result of exothermic reactions. Despite this,
the results of this study are not sensitive to the choice of T},
since equation (1) depends only on the sum of 7; and 7, and
in all practical cases T, is significantly higher than 7;. The
thermal diffusion term, which is proportional to 07;/0r, is
ignored here for simplicity, since the gradient in electron
temperature (typically 1-3 K km ™' from the RPWS data) is
much larger than the gradient in ion temperature (typically
of order 0.01 K km ' from the temperature profile of
Miiller-Wodarg et al. [2008]).

[13] The electron distribution in diffusive equilibrium is
obtained by integrating equation (1) upward from the lower
boundary of 1250 km, with various input parameters derived
from the INMS, RPWS, and MAG measurements (see
section 2). The lower boundary is chosen to lie above the
region of photochemical equilibrium [e.g., Ma et al., 2006],
as well as to avoid the uncertainty in mean ion mass due
to the presence of heavy ions with M/Z > 100 not detected
by the INMS [e.g., Waite et al., 2007; J.-E. Wahlund, et al.,
On the amount of heavy molecular ions in Titan’s ionosphere,
submitted to Planetary and Space Science, 2009]. The elec-
tron density at the lower boundary is directly taken from the
RPWS data. The approach adopted here is similar to that of
Hartle and Grebowsky [1993] for the analysis of the nightside
ionosphere of Venus. It is worth emphasizing that equation (1)
is based on the assumption that horizontal variations are neg-
ligible. In a more general circumstance, equation (1) would
contain terms proportional to the horizontal gradient of the B
field components (i.e., (By/r)(0B,/00) + (B,/r sin 0)(OB,/0¢),
see equation (B9)). Our approach is justified because we
average all physical quantities derived from measurements
over different flybys and this should effectively cancel out the
horizontal variations. This horizontal averaging has proven
effective in the study of the neutral atmosphere [Cui et al.,
2009b] and we assume that it applies as well to the ionized
atmosphere.

[14] First, we show in Figure 2 (left) the observed electron
(or total ion) density profile averaged over all flybys in our
sample, given by the solid circles. Such a global average
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Figure 2. (left) Comparison between the observed RPWS electron density profile with that in diffusive
equilibrium, in the global average sense. (right) The altitude profiles of various terms in the plasma
momentum equation, including the plasma pressure gradient term, the gravitational term, the magnetic
field term and the neutral drag term. The neutral drag term is amplified by a factor of 1000. Plus and
minus signs represent upward and downward forces, respectively.

case will be revisited in section 4 to derive the total ion loss
rate on Titan. Also shown in Figure 2 is the calculated
profile assuming diffusive equilibrium, given by the solid
line. The input parameters used for obtaining the diffusive
equilibrium solution are adopted from the second-order log-
polynomial fitting of the global average INMS, RPWS, and
MAG data, as a function of altitude. These empirical fits are
shown with the solid lines in Figure 1. Such a procedure
helps avoiding kinks in the profiles of all parameters due to
limited sampling but still preserves their prominent trends
even though the fits are not perfect representations of the
measurements (e.g., the fitting to the B field). The uncer-
tainty in the diffusive equilibrium solution is also indicated in
the figure at a reference altitude of 1450 km, estimated from a
Monte Carlo approach taking into account uncertainties in the
input parameters (see section 4.2 for details).

[15] Figure 2 shows that in the global average sense, the
observed electron density profile is eroded above ~1400 km,
compared to the diffusive equilibrium solution. This indicates
that ion transport is important at high altitudes, consistent
with the results of Ma et al. [2006] based on MHD model
calculations (see their Figure 4). The electron distribution
shown in Figure 2 is similar to that observed for the H"
distribution in the nightside ionosphere of Venus [Hartle
and Grebowsky, 1993]. The different electron density
scale height, relative to diffusive equilibrium, is the signa-
ture of ion outflow, which carries ions away and reduces
their densities. Since the electron distribution studied in this
case is averaged over all flybys in our sample, we interpret
the ion outflow as global ion escape from Titan.

[16] It is interesting to investigate in more detail how the
ions are accelerated upward to escape from Titan. To do this,
we present in Figure 2 (right) various terms of equation (1).

These include the plasma pressure gradient term, the grav-
itational term, the magnetic field term, and the neutral drag
term. The plus and minus signs represent upward and
downward forces, respectively. The neutral drag term has
been amplified by a factor of 10* in Figure 2, and it is clear
that this term is significantly smaller than all the other
terms. The magnetic force is directed downward below
~1350 km and upward above. However, since the magnetic
force is small at all altitudes, the actual direction, which
depends critically on the empirical fit, is not important here.
The ion dynamics are primarily controlled by the upward
plasma pressure gradient and the downward gravitational
force. Near the lower boundary, the plasma pressure gra-
dient and gravitational force are roughly in balance, leading
to near diffusive equilibrium condition there. This is an
impressive result since in this study diffusive equilibrium is
directly obtained from the data rather than treated as a
boundary condition. With increasing altitude, the plasma
pressure gradient term increases more sharply than the
gravitational term, producing a net force that drives upward
ion acceleration and finally leads to ion escape from Titan.
The net upward force density at the upper boundary is ~1.3 x
10~"® dynes cm >, corresponding to a net upward acceleration
of ~210 cm s 2. This is about a factor of 4 higher than the local
gravity of ~51 cm's 2,

[17] As mentioned in section 1, our previous analysis of
an INMS sample similar to the one adopted here suggests
that the primary source for the nightside ionosphere of Titan
is the chemical survival of ions from the dayside [Cui et al.,
2009a]. This implies different patterns of ion transport at
different local times on Titan. We investigate this possibility
by considering two subsamples, one averaged over all
dayside measurements with solar zenith angle, SZA < 90°

4 of 12



A06314 CUI ET AL.: ION TRANSPORT ON TITAN A06314
(@) 1600 o ' {OF T
i ° 5 1 [ 2~ ¢
— O Diff. Equi. ] %, |
€ 1500 o 1 F %~
= RPWS @ ° el
) [ * -
S 1400 ® e 1 F |
= i L :
= i . o M(=)|
1 300 - SZA‘( 90 .“ - - .
:; 1 i i i PR S T I". aaaal i I i
100 1000 107"
1600 ® 2o b | R Re s
(c) : . i @f % \
— [ o SZA>110 ] [ =~
£ 1500 L 1 F 3= %)
¢ [ * ] R
d - \.
[ [ 1 e o)
3 1400 —— % 1 F wmo =70
= - i ®
* [ ey
1300 5 . . il B . W\
100 1000 10" 10718

Electron density [cm™]

Force density [dynes cm™]

Figure 3. The same as Figure 2 but for the (a and c¢) dayside (with SZA < 90°) and (b and d) nightside
(with SZA > 110°), respectively. Note that the two cases are not plotted with the same horizontal scale.

and the other one averaged over the nightside with SZA >
110°. The nightside subsample is defined to avoid signifi-
cant photoionization near Titan’s terminator [e.g., Miiller-
Wodarg et al., 2000; Agren et al., 2009].

[18] We compare in Figures 3a and 3c the observed
electron distributions with those in diffusive equilibrium, for
the two cases. Typical uncertainties in the diffusive equilib-
rium profiles are indicated at a reference altitude of 1400 km.
At the dayside (Figure 3a), the measured electron density
profile is eroded as compared with the diffusive equilibrium
solution, implying ion outflow, analogous to the global
average case. However, such a dayside outflow may not
imply net ion escape from Titan, since here the profile is
averaged over some limited regions of the ionosphere
(dayside) and the ions carried away by the outflow may
simply return to some other regions (nightside). The same
comparison for the nightside (Figure 3c) shows that the
observed densities are enhanced over those in diffusive
equilibrium. This suggests ion inflow at the nightside,
analogous to the observation of O" distribution in the
nightside ionosphere of Venus [Hartle and Grebowsky,
1993]. The different behaviors of ion transport between the
dayside and nightside of Titan could be interpreted as a result
of day-to-night ion transport, consistent with the scenario
proposed in Cui et al. [2009a], though the two studies are
based on completely different approaches. Also note that,
strictly speaking, the presence of such horizontal ion flow
implies nonnegligible horizontal velocity divergence term in
the momentum equation, which we have ignored in equation
(1). However, we do not expect that treating the momentum
equation in a more strict way will lead to any significant
change of our conclusions since the horizontal ion flow is
one order of magnitude smaller than the vertical escaping
flow (see section 4.3).

[19] The profiles of various force terms are shown in
Figures 3b and 3d for both the dayside and nightside. Note
that Figure 3b (dayside) and Figure 3d (nightside) are
plotted with different horizontal scales. It can be seen from
Figure 3 that the momentum budget at the dayside is similar
to the global average case (i.e., primarily controlled by the
plasma pressure gradient and gravity). However, the situa-
tion differs remarkably at the nightside. The magnetic field
is important at nearly all altitudes (except for a narrow
region near ~1430 km). This is due to the relatively low
plasma pressure well beyond the terminator. Specifically,
the day-to-night plasma pressure ratio ranges from ~3 at
1250 km to ~2 at 1600 km. Gravity also becomes more
important at the nightside, as a result of the day-to-night
difference in ion composition [Cui et al., 2009a]. Below
~1420 km, the downward force (gravitational + magnetic)
dominates over the upward plasma pressure gradient, lead-
ing to net downward ion acceleration at the nightside.
However, at relatively high altitudes, ions are still acceler-
ated upward, primarily driven by magnetic field rather than
plasma pressure gradient.

[20] An alternative approach is to adopt the electron dis-
tribution from the RPWS data while treating the plasma
temperature as the unknown to be solved from equation (1).
This gives an estimate of the plasma temperature profile
required by diffusive equilibrium, as shown by the solid
lines in Figure 4a for the global average case, in Figure 4b
for the dayside, and Figure 4c for the nightside. The solid
circles in Figure 4 give the measured plasma temperatures,
which is the sum of the RPWS electron temperatures and the
INMS ion (neutral) temperatures. Figure 4 clearly shows
that the ionospheric plasma in Titan’s upper atmosphere is
not in diffusive equilibrium condition. The temperature
departure easily exceeds 1000 K, and such a large difference
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Figure 4. Comparison between the observed plasma temperature profile (solid circles) with that derived
by assuming electron distribution in diffusive equilibrium (solid lines), for (a) the global average case,
(b) the dayside, and (c) the nightside. The observed plasma temperature is taken to be the sum of the
RPWS electron temperature and the INMS ion temperature. The latter is assumed to be identical to the
neutral temperature given by the empirical model of Miiller-Wodarg et al. [2008].

cannot be due to our approximate treatment of 7; = 7T, for
the ion temperature [e.g., Roboz and Nagy, 1994].

[21] Finally, we note that the properties of ion transport
may also vary with the magnetic field configuration in the
vicinity of Titan, since ions preferentially escape along the
magnetotail structures with open B field lines [e.g., Nagy
et al., 2001; Sillanpdd et al., 2006]. However, we find
that both the total B field and its horizontal component are
nearly identical for the dayside and nightside subsamples.
This implies that open B field lines are not necessary for ion
outflow on Titan at the altitudes under consideration.

4. Ion Transport in Titan’s Upper Atmosphere

4.1.

[22] From the analysis above, we see that in general, the
observed electron (or total ion) distribution in Titan’s upper
atmosphere cannot be described by the diffusive equilibrium
model. We derive in this section the altitude profiles of ion
drift velocity from the combined Cassini data set.

[23] In steady state, the vertical component of the plasma
momentum equation is given by

Extraction of Ion Velocity Profiles

MU; 0U; L8N9+l%+i+ 1 g i%
kT, Or N, or T, Or H, NI, Or \8w
MU;
=— 2
e @)

where U, is the ion drift velocity assumed to be common to
all species, v is the total ion-neutral collision frequency
summed over N,, CHy, and H,, and all other quantities have
been defined above. The nonzero neutral drift velocities (for

CH, and H,) have been ignored here since the neutral drag
due to these velocities is negligible (see Figures 3c and 3d
and Figures 4b and 4c).

[24] At relatively low altitudes where the ion flow is ex-
pected to be subsonic, we can safely ignore the nonlinear
term on the left-hand side of equation (2). In that case, it is
straightforward to solve equation (2) for the ion drift
velocity. On the other hand, with increasing altitude, the
diffusion approximation may no longer be valid, and in this
case we adopt the approach of Hartle and Grebowsky
[1993] as outlined below.

[25] We combine equation (2) with the continuity equation,

1o,,
- A N, elVi) = P— L:

r? Or (~NeU) 3)
to remove the velocity derivative, OU,/0r, where P and L are
the electron (or total ion) production and loss rates. This gives
the following nonlinear algebraic equation for ion velocity

1 ON. 2\, kT, ON. k OT,
——<4= U: — l],:_—p ¢ :—p
(Ne or +r) FTVYTSIN, o T o
1 9 (B

— ok 4

TETIN, or (87r>’ “)

where the production and loss terms have been ignored since
in the altitude range considered here, the ion-neutral collision
rate is significantly higher than the ion production and loss
rates (see Appendix B). Except for ion velocity, all other
quantities (as well as their derivatives) in equation (4) can be
directly obtained from the INMS, RPWS, and MAG data.
Equation (4) can be solved straightfowardly, which does not
require any boundary condition to be specified. Also note
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Figure 5. (left) The altitude profiles of ion drift velocity derived from the vertical component of the
plasma momentum equation, for the global average case (solid line), the dayside (dashed line), and the
nightside (dotted line). Also shown are the 1 o uncertainties in global average ion velocity estimated with
a Monte Carlo approach (see section 4.2). The insert enlarges the day-to-night difference in ion velocity
below 1350 km. (right) The horizontal transport rate (solid line) and vertical transport rate (dashed line,
with 1o uncertainties), as a function of altitude. The former is associated with day-to-night ion flow while

the latter characterizes global ion escape from Titan.

that, generally speaking, equation (4) gives two sets of
solution, of which the correct one can be selected based on a
transition in the property of the equation from low to high
altitudes (see Hartle and Grebowsky, 1993 for details). We
find that the solutions to equation (2) (ignoring the nonlinear
term on the left-hand side, valid at low altitudes) and to
equation (4) are very close from the lower boundary
(1250 km) up to 1400 km.

[26] The derived ion velocity profiles are presented in the
Figure 5 (left), with 1o uncertainties (see section 4.2 for
details). The global average ion velocity (given by the solid
line) starts from very small values near the lower boundary
and increases to ~0.5 km s ' near 1600 km. The ion-

acoustic velocity, Us = 1/ kT, /]W , ranges from ~0.5 km st
at 1250 km to ~0.8 km s ' at 1600 km as a result of
increasing plasma temperature and decreasing mean ion
mass with increasing altitude. Accordingly, the ion outflow
remains subsonic throughout the altitude region considered
here. The derived ion velocities are significantly larger than
the drift velocities of neutral species such as CH4 and H,, of
which the former does not exceed 0.01 km s~ ' [Yelle et al.,
2008] and the latter does not exceed 0.1 km s~ ' [Cui et al.,
2008] in the same altitude region.

[27] The dashed and dotted lines in Figure 5 (left) give the
ion velocity profiles for the dayside and nightside, respec-
tively. The dayside velocity profile is close to the global
average case, since the global average electron densities are
dominated by dayside values [e.g., Agren et al., 2009].
Diurnal velocity difference is clearly seen, especially below
~1400 km where the dayside velocities are upward and the

nightside velocities are downward (see Figure 5, insert). The
velocity difference is more than 3¢ for this altitude range.
Such a diurnal difference is consistent with what expected
from Figure 3 and implies the presence of day-to-night ion
flow in Titan’s upper atmosphere. Above ~1400 km, both
cases show upward ion velocities. The confidence level of
velocity difference decreases with increasing altitude and is
within 1o above ~1450 km. Such a feature could be inter-
preted by the fact that ion transport at high altitudes is
dominated by ion escape at both the dayside and nightside,
and such an ion escape does not present strong diurnal
variation. As a consequence, the observed day-to-night
difference in ion velocity is interpreted in this article as a
combined result of global ion escape and day-to-night ion
transport. A more quantitative assessment of this scenario is
provided in section 4.3.

4.2. Uncertainties in Ion Velocities

[28] As mentioned in section 2, one uncertainty in the
determination of the INMS ion densities is the neglect of ion
wind. Below ~1450 km, the derived ion velocities are
generally smaller than 0.2 km s ', as shown in Figure 5
(left). As a consequence, the decrease in ion sensitivity
due to ion wind is insignificant and it is a good approxi-
mation to derive the INMS ion densities assuming a sta-
tionary ionosphere. At higher altitudes, the ion wind could
be fast enough that the change in ion sensitivity becomes
large, especially when the wind direction is orthogonal to
the INMS aperture normal. This indicates that the velocity
profiles below ~1450 km are more reliable than those above.
However, it is worth mentioning that the electron (or total
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ion) densities adopted for extracting the velocity profiles are
directly taken from the RPWS measurements, which are
typically known within 10% and for which the uncertainties
discussed above are not a concern. In fact, the influence of
ion wind on the derived velocity profiles is associated with
the determination of mean ion mass and to a lesser extent,
mean ion-neutral collision frequency (see Appendix B).
These are the only two input parameters in our calculations
that rely on the INMS ion measurements.

[20] The effect of ion wind on the determination of mean
ion mass is difficult to estimate quantitatively, since it relies
critically on the wind orientation with respect to the INMS
aperture normal. When averaged over several flybys, such
an effect does not necessarily cancel out since it always
causes a decrease in ion sensitivity (see section 2). For the
same wind speed, the decrease in the sensitivity of heavy
ions is larger than that of light ions, implying under-
estimated mean ion mass. However, since the effect of ion
wind on sensitivity is important only at high altitudes where
the densities of heavy ions tend to be small [e.g., Cui et al.,
2009a], we expect that the uncertainties in mean ion mass
associated with ion wind may not be very large.

[30] We test the sensitivity of the derived ion velocities to
input parameters with a Monte Carlo approach. The values
of several input parameters (7,, N,, |1B,l) are assumed to
satisfy the Gaussian distribution, with the mean taken from
the data and the standard deviation taken to be at a 1%-30%
level. More specifically, we assign a 5% level uncertainty to
RPWS electron density and temperature. This is smaller
than the typical uncertainty of 10% in individual RPWS
measurements, since the input parameters are averaged over
several flybys. The uncertainty in the B-field strength,
which arises from the very slight nonorthogonality of the
triaxial sensors in the Fluxgate Magnetometer (FGM) and
interference from the spacecraft field, is typically very small
and assigned to be 1% [Dougherty et al., 2004]. However,
for the mean ion mass and ion-neutral collision frequency,
we assume an uncertainty of 30% to account for the
potential large errors in these parameters. For each random
realization of the input parameters, we solve equation (4) for
the ion velocity profile according to the procedure outlined
in section 4.1. We investigate the distribution of the ex-
tracted ion velocities at different altitudes, based on a total
number of 10* random realizations.

[31] The uncertainties in the global average ion velocity,
estimated from the Monte Carlo approach outlined above,
are given in Figure 5 (left) at different altitudes. We find that
ion velocities are relatively well constrained below ~1450 km
but less constrained above. This is related to our procedure of
adopting the empirical fits to the input parameters for solving
the momentum equation, because although the values of each
parameter may fluctuate considerably between different
random samples, the empirical fit, which characterizes the
overall trend, remains relatively stable.

[32] Finally, we emphasize that the ion velocity profiles
presented in this study are based on the Cassini data
acquired during nine close Titan flybys, including five at the
dayside and four at the nightside. Combining a large data set
is to remove as much as possible the horizontal variations so
that the vertical momentum equations (equations (3) and
(4)) are valid. As a test of the validity of such an assumption
and also as an assessment of the variance due to limited
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sampling, we adopt a simple bootstrapping technique in
which we solve equation (4) for the ion velocity profile by
excluding one single flyby from our complete sample. This
is repeated for all flybys, and we investigate the difference
in ion velocity between the resulting nine subsamples, each
of which contains the data from eight different Titan flybys.
We find that the uncertainty in ion velocity estimated from the
procedure outlined above increases from less than 10 m s~
below ~1350 km to ~150 m s™' at 1600 km. This indicates
that the main conclusions made in this article are not sensi-
tive to any single data set, though considerable variations are
present between different flybys [e.g., Agren et al., 2009].

4.3.

[33] The ion velocity profile, as shown in Figure 5 (left),
when multiplied by the electron (or total ion) density, gives
the ion flux. In order to determine the total ion loss rate on
Titan, we need to estimate the location of the ion exobase.
This is derived from the condition of H, = )\, where H, is
the observed scale height of electron distribution (to be
distinguished from the plasma scale height, /), given in
equations (1) and (2)) and \ = Uy/v is the ion mean free

path with Uy = /(8kT;)/(7mM) being the ion thermal
velocity (to be distinguished from the ion-acoustic velocity,
Uy defined in section 4.1) and v being the total ion-neutral
collision frequency given in equation (2). H, is estimated to
be ~190 km from the slope of the global average RPWS
electron distribution (between 1400 and 1700 km). Inserting
appropriate values for the other parameters gives the loca-
tion of Titan’s ion exobase at ~1550 km, which is slightly
higher than the neutral exobase height of ~1450-1500 km
[e.g., Cui et al., 2008]. Taking the global average ion flux
of ~8 = 2) x 10° cm™? s™! and the mean ion mass of
~24.5 amu at the ion exobase (see Figure 1), we find a total
ion loss rate of ~(1.7 = 0.4) x 10 s or ~700 £ 170 g s~
on Titan. The latter value might be underestimated due to
the decrease in ion sensitivity associated with ion wind (see
section 4.2).

[34] The ion loss rate given above is ~70% higher than the
value of ~10%° 5! estimated by Wahlund et al. [2005] based
on the RPWS data acquired during the TA and TB ﬂ;/bys.
Our value lies between the ion loss rate of ~(3-7) x 10** s
predicted by MHD models [e.g., Nagy et al., 2001; Ma et
al., 2006] and the value of ~(1.5-6) x 10*° s™' predicted
by hybrid simulations [e.g., Sillanpdd et al., 2006; Modolo
and Chanteur, 2008]. The total ion mass loss rate that we
derive is significantly higher than the value of ~50-104 g s
given by Ma et al. [2006]. This does not seem to be due to
the neglect of relatively heavy ions, since Ma et al. [2006]
did include ions up to M/Z ~ 74 in their MHD model. An
assessment of such a discrepancy requires a careful com-
parison of the loss rates of individual ion species, which will
be attempted in a follow-up study. Finally, we note that the
ion loss rate is significantly smaller than the neutral loss rate
of ~1.1 x 10°® s or ~7.6 x 10* g s™' [Strobel, 2009].

[35] The ion flux derived for the dayside and nightside of
Titan should be interpreted with some caution, and day-to-
night ion flow needs to be taken into account. We assume
that the ion loss rates are about equal for both sides since no
significant diurnal variation is observed for the ion flow
velocity above ~1450 km (see section 4.2). At any given

Ion Fluxes
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altitude, the total number of ions removed from the dayside
per unit time is 2772 Fyay, of which 27 F slobal €5CAPE
and accordingly ~27r2(F, day — Falobal) g0 horizontally to the
nightside. Here Fg,y and Fyjopa Stand for the dayside ion
flux and global average ion flux. A similar expression can
be obtained for the nightside, and taking the average of the
two gives an estimate of the horizontal ion transport rate of
~7r12(Fday — Fhignt), Where Fiione i the nightside ion flux.
The horizontal ion transport rate is presented in Figure 5
(right) as a function of altitude. Also shown in Figure 5
is the vertical transport rate associated with ion escape (with
1 o error bars), estimated from 477° F, slobal- The horizontal ion
transport rate is not strongly dependent on altitude below the
ion exobase, with an average value of ~(1.4 £ 0.5) x 10%s7!
or, equivalently, a mass transport rate of ~(45+ 15) gs '. The
former value is consistent with the corotational ion flow of
~(1.2-1.4) x 10** 57! estimated by Sillanpdd et al. [2006]
based on hybrid simulation. However, their mass transport
rate of ~19-23 g s ' is about a factor of 2 lower, probably
because ions heavier than 28 amu were not taken into
account in that work. Figure 5 shows that although significant
day-to-night ion flow is present at least up to ~1550 km,
the vertical ion outflow is still dominant, except below
~1300 km.

[36] Finally, it is interesting to compare the day-to-night
horizontal ion flow with the total ion loss rate integrated
over Titan’s nightside. For a rough estimate, we consider
electron recombination only and ignore ion loss by ion-
neutral reactions. The latter is important only for light and
short-lived ion species, which have a modest contribution to
the nightside ionosphere of Titan compared with heavy and
long-lived ions [Cui et al., 2009b]. To estimate the total
recombination rate, we ado;ot the typical recombination
coefficient of ~7 x 1077 ecm® s™' [Vuitton et al., 2007], a
typical nightside electron density of ~200 cm > (see Figure 1).
This gives the total recombination rate of ~2 x 10** 5!
integrated over the nightside hemisphere and over the altitude
range considered here. The integrated total recombination
rate is comparable with the day-to-night horizontal ion flow
inferred above, indicating that transport is an important
source for Titan’s nightside ionosphere.

5. Concluding Remarks

[37] We present an in-depth study of the properties of ion
transport in Titan’s upper atmosphere between 1250 and
1600 km, based on a combined Cassini data set, including
INMS, RPWS, and MAG data acquired during nine Cassini
flybys with the satellite. We adopt the electron temperature
and electron (or total ion) density from RPWS, mean ion
mass from INMS, and B-field strength from MAG.

[38] We investigate the electron distribution in the global
average sense, as well as for the dayside and nightside of
Titan. The observed electron density profiles depart from
diffusive equilibrium, implying significant ion transport in
Titan’s upper atmosphere. The departures from diffusive
equilibrium are used to derive the ion velocity profiles in
this article.

[39] We summarize the main results of this article as
follows. (1) There is clear evidence for global ion escape on
Titan, with a total ion loss rate of ~(1.7 + 0.4) x 10% s,
consistent with that estimated by Wahlund et al. [2005]

CUI ET AL.: ION TRANSPORT ON TITAN

A06314

based on the RPWS measurements. (2) Significant differ-
ence is present in the pattern of ion transport between the
dayside and nightside of Titan, characterized by dayside ion
outflow and nightside ion inflow, especially below ~1400 km.
We interpret this as a result of day-to-night ion transport, with
a horizontal transport rate of ~(1.4 + 0.5) x 10** s™'. Such a
flow contributes to the production of an appreciable iono-
sphere at Titan’s nightside, consistent with the scenario pro-
posed in Cui et al. [2009a].

Appendix A: Choice of the INMS Spacecraft
Potential

[40] The determination of ion densities from the INMS
data relies on the choice of the spacecraft potential, which
influences the instrument sensitivity to ions by modifying
their trajectories relative to the spacecraft [Waite et al.,
2004]. In Cui et al. [2009a], a constant value of —0.5 V
was adopted for calculating the ion densities. An alternative
choice is to use the spacecraft potentials derived from other
instruments such as RPWS and CAPS (J.-E. Wahlund et al.,
submitted manuscript, 2009; F. J. Crary et al., Heavy and
negative ions at Titan measured by Cassini CAPS, submitted
to Plan. Space Sci., 2009), which in general vary with alti-
tude. However, the spacecraft potentials at different locations
of Cassini may also differ, therefore adopting the potentials
from other instruments does not necessarily give the correct
results though in some cases these results are satisfactory
[e.g., Cui et al, 2009a; J.-E. Wahlund et al., submitted
manuscript, 2009].

[41] In this work, we propose a new way of analyzing the
INMS ion data in which the spacecraft potential is treated
as a free parameter, to be determined by requiring that the
corresponding INMS total ion densities are equal to the RPWS
electron densities, for all measurements made above 1250 km.
As mentioned in section 2, this lower boundary altitude is
chosen to ensure that the contribution from heavy positive
ions with M/Z > 100 can be safely ignored [e.g., Waite et al.,
2007; J.-E. Wahlund et al., submitted manuscript, 2009].

[42] An example is illustrated in Figure Al, for the
inbound T17 flyby. Figure A1l (left) shows with the dashed
lines the total ion density profiles calculated with several
choices of constant INMS spacecraft potential of -2 V,
—0.5 V, and 2 V. The RPWS electron density profile is
given by the solid line. Setting the INMS total ion densities
equal to the RPWS electron densities gives an estimate of
the INMS spacecraft potential, as indicated by the solid line
in Figure Al (right). For comparison, we show the RPWS
spacecraft potential by the dashed line. It is clear from
Figure Al that the abrupt transition in the INMS total ion
density profile near ~1380 km, which is not observed in the
RPWS electron profile, can be interpreted as a result of
change in the INMS spacecraft potential at the same altitude.
Such a change is also seen in the RPWS spacecraft potential,
though to a lesser extent.

[43] Figure A1 shows that the variation of total ion density
with spacecraft potential is not monotonic. This implies that
at any given altitude, there are in general two values of
spacecraft potential for which the INMS total ion densities
are equal to the RPWS electron densities. In such cases, we
always adopt the value of the INMS spacecraft potential that
is closer to the RPWS spacecraft potential. In addition, due
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Figure A1. The INMS total ion and RPWS electron densities for the inbound T17 flyby. (Left) The
dashed lines give the INMS total ion density profiles calculated with several choices of constant space-
craft potential: =2 V, —0.5 V, and 2 V. The solid line represents the RPWS electron density profile.
(Right) The solid and dashed lines give the INMS and RPWS spacecraft potentials as a function of altitude.

to the nonmonotonic nature described above, there is a
minimum possible value of total ion density at a given
altitude. Occasionally, these minimum values are higher
than the RPWS electron densities with residual difference
typically within 10%. In such cases, we simply adopt the
INMS spacecraft potentials that give the minimum values of
total ion density. The INMS spacecraft potential is usually
negative but sometimes becomes positive due to the emis-
sion of photoelectrons from the surface of the spacecraft. It
is also worth mentioning that the estimated spacecraft
potentials should be used with caution when they exceed +/—2
V, since the impacting ions are shifted to regions of the
transmission curve with low efficiency [Waite et al., 2004].

[44] Finally, we compare the mean ion mass for different
choices of the INMS spacecraft potential, since this is the
only parameter in this study that relies on the INMS ion
data. We find that throughout the altitude region of our
interest (between 1250 and 1600 km), the mean ion mass
profiles are usually in agreement within 5% but could
occasionally differ by ~10% (such as below ~1300 km for
the T21 flyby). However, in all cases the uncertainty in
mean ion mass due to the detailed choice of spacecraft
potential is significantly smaller than that due to ion wind
(see section 2). An assessment of the sensitivity of our re-
sults on ion wind is presented in section 4.2.

Appendix B: Plasma Momentum Equation in
Titan’s Ionosphere

[45] For application to planetary ionospheres, the momen-
tum equation for either the single plasma fluid or individual
ion species has been presented in various works. However,
the form of the equation is not always consistent, and the
inherent approximations have not been validated in a careful
way. We present in this appendix a derivation of the plasma
momentum equation adopted for this study.

[46] In steady state, the momentum equation for individ-
ual ion species is given by

1
N,m,Ui . VU, + Vp,- — n;e (E + EU, X B) — N;m,-G

= —N;m; Z Vin(Ui - Un) - miUi(Pi - Li), (Bl)
n

where p;, N;, m; are the pressure, number density, and mass
of species i, e is the electron charge, E and B are the electric
and magnetic fields, G is the local gravity, U, and U; are the
neutral and ion drift velocities, v;, is the ion-neutral colli-
sion frequency, and P; and L; are the ion production and loss
rates. The momentum equation for thermal electrons can be
expressed as

1
Vpe + Nee (E + ;Ue X B) =0, (B2)

where p,, N,, and U, are the electron pressure, density, and
drift velocity and all other terms proportional to electron
mass have been ignored. The electric field, E, can be
removed by adding equation (B2) and the sum of equation
(B1) over all ion species. This gives

ZNimei . VUH—V(pe + Zp,-) d j B_ Z]VimiG
=- Z ZMmiVin(Ui -U,) - Z m;U;(P; — L;), (B3)

1 n

where J = —N,eU, + > .N,eU; is the current density, and we
have also assumed charge neutrality, i.e., > ,N; = N..
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[47] Recasting the current density in equation (B3) with
the Ampeére’s law and the ion and electron pressures with
the ideal gas law, we have

(VxB)xB
4
_Un)7

NMU; - VU; + kT, VN, + kN,V T, —

— NeMG = — Z Z N,»miui,,(Ul
i n

where k is the Boltzmann constant, 7, = T; + T, is the
plasma temperature with 7; and T, being the ion and electron
temperatures, and M = > :Nim;/N, is the mean ion mass and
we have also assumed a common ion temperature, 7;, and
common ion velocity, U,, for different species. An inherent
assumption in applying the Ampere’s law is a constant B
field produced by the dynamo in Saturn’s interior as well as
the ring current in the magnetosphere, which means that the
derivative of B field includes only the perturbation field
from Saturn’s magnetospheric interaction with Titan. The
production and loss terms in equation (B3) have been
ignored since they are significantly smaller than the collision
term. This can be seen by comparing the total ion loss rate
with the total ion-neutral collision rate. The former can be
estimated from the total recombination rate, since the pro-
duction and loss of individual ion species through ion-
neutral reactions cancel out when summing over all species.
From the measured RPWS electron densities, we estimate
the total ion loss rate to be ~0.5 cm > s~ at 1250 km and ~7 x
107 cm ™ s™" at 1600 km, where we adopt the recombination
coefficients from Vuitton et al. [2007] for different ion spe-
cies. These values are significantly smaller than the total ion-
neutral collision rate of ~0.2-200 cm > s ' for the same
altitude range (see below for a discussion of the appropriate
collision frequency to be used).

[48] Following Schunk and Nagy [2000], the ion-neutral
collision frequency is evaluated from the kinetic theory,

(B4)

Nomy — [y,€?

Vip = 2217 ,
m; + my Hin

(BS)

where 7, is the neutral polarizability and p;, = m;m,,/(m; + m,,)
is the reduced mass with m, being the neutral mass. After
some algebra, the right-hand side of equation (B4) can be
recast as

SO Nmwi(Ui = Uy) = NM Y 1, (U; = Uy),
n n

i

(B6)

where v, is the mean ion-neutral collision frequency (for
neutral species n) defined as

N, Nty [Yne” ml M +mn)
=221r AT ) B7
& M+ ZN \ 3z wmy BV
with p,, = Mm,/(M + m,). Note that equation (B7) is not an

analog of equation (B5) with the individual ion mass m;
replaced with the mean ion mass M, due to the presence of
an additional dimensionless factor (with a value of ~1-1.2
for the altitude range considered in this study).
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[49] Combining equations (B4) and (B6), we have

_ B?
N.MU; - VU; + kT,VN, + kN, VT, + V (8—)
™

(B-V)B

_ NL,MG = —NEMZ l/n(Ui - Un)a (BS)

where we have used the appropriate vector relation to recast
the magnetic field term. The radial component of the above
equation is

oU; ON,

. aT,
N.MU;—— + kT, == + kN, o, N.M.
ar T TNy, T NeMg
L9 0 (B?— B 1 (By 0B, N B, OB,
or\ 8 ) 4x\r 80 ' rsinf 0P

= _NeMZVn(Ui - Un)7

n

(B9)

[50] which is used in sections 3 and 4 for deriving the
properties of ion transport in Titan’s upper atmosphere.
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