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Cassini’s Titan flyby on 16 April, 2005 (T5) is the only encounter when the two main ionizing sources of
the moon’s atmosphere, solar radiation and corotating plasma, align almost anti-parallel. In this paper a
single-fluid multi-species 3D MHD model of the magnetospheric plasma interaction for T5 conditions is
analyzed. Model results are compared to observations to investigate the ionospheric dynamics at Titan as
well as to understand the deviations from a typical solar wind interaction, such as Venus’ interaction with
the solar wind. Model results suggest that for the T5 interaction configuration, corotating plasma is the
dominant driver determining the global interaction features at high altitudes. In the lower ionosphere
below �1500 km altitude – where the control of the ionospheric composition transfers from dynamic
to chemical processes – magnetic and thermal pressure gradients oppose each other locally, complicating
the ionospheric dynamics. Model results also imply that the nightside ionosphere – produced only by the
impact ionization in the model – does not provide enough thermal pressure to balance the incident
plasma dynamic pressure. As a result, the induced magnetic barrier penetrates into the ionosphere by
plasma convection down to �1000 km altitude and by magnetic diffusion below this altitude. Moreover,
strong horizontal drag forces due to ion-neutral collisions and comparable drag forces estimated from
possible neutral winds in the lower ionosphere below �1400 km altitude oppose over local regions,
implying that the Titan interaction must be treated as a 3D problem. Ion and electron densities calculated
from the model generally agree with the Cassini Ion Neutral Mass Spectrometer and Langmuir probe
measurements; however, there are significant differences between the calculated and measured mag-
netic fields. We discuss possible explanations for the discrepancy in the magnetic field predictions.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Since the 1980s it has been known from Voyager 1 measure-
ments that Titan has a substantial atmosphere and lacks an appre-
ciable intrinsic magnetic field (Hartle et al., 1982; Ness et al., 1982;
Bird et al., 1997; Nagy and Cravens, 1998). Orbiting at around 20
saturnian radii distance and therefore remaining inside Saturn’s
magnetosphere most of the time, Titan mainly interacts with the
Saturn’s magnetospheric plasma, and only rarely encounters solar
wind plasma. Its interaction is expected to be very similar to an
unmagnetized planet interaction with a subsonic plasma flow
(Ness et al., 1982). Magnetospheric particle impact ionization con-
tributes to the production of the ionosphere, however the major
ionization source of the ionosphere globally is solar radiation and
the related photoelectron impact ionization (Keller et al., 1992;
ll rights reserved.
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Nagy and Cravens, 1998; Robertson et al., 2009; Cravens et al.,
2009b). The variation of the angle between the solar radiation
and corotating magnetospheric plasma due to Titan’s motion
around Saturn complicates the nature of the interaction making
the ionosphere difficult to analyze. In addition to this complex
geometry, intricate ion-neutral chemistry makes the governing
ionospheric dynamics even more difficult to understand thor-
oughly (Fox and Yelle, 1997; Keller et al., 1998; Nagy and Cravens,
1998; Cravens et al., 2010; Sittler et al., 2009; Rymer et al., 2009;
Bertucci et al., 2009; Simon et al., 2010).

Since the insertion of the Cassini spacecraft into orbit on 1 July
2004, an extensive database describing the saturnian system has
been collected. In anticipation of these observations and explora-
tion of the Titan interaction several models – varying from simple
1D ionospheric models to complex 3D hybrid, MHD or empirical
models – have been developed (Ip, 1990; Keller et al., 1994; Keller
and Cravens, 1994; Cravens et al., 1998, 2009b; Ledvina and
Cravens, 1998; Kabin et al., 1999, 2000; Brecht et al., 2000; Nagy
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Fig. 1. T5 flyby geometry in the TIIS system. Color scale shows the cos(SZA) over the
surface of Titan, ranging from �1 (black) to 1 (white). The red star on the trajectory
marks the location of the closest approach (CA) for this pass. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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et al., 2001; Ma et al., 2004a, 2006; Backes et al., 2005; Modolo
et al., 2007; Sittler et al., 2009; Simon et al., 2006; Simon and
Motschmann, 2009). Analysis of the observations and model re-
sults has helped us to understand the global characteristics of Ti-
tan’s interaction. This global interaction picture is as expected for
a slow magnetospheric plasma interaction with an unmagnetized
obstacle. Upstream of the moon, magnetic field piles up and down-
ward plasma motion carries magnetic flux into the ionosphere.
However, due to time dependent upstream conditions and the of-
ten asymmetric relative positions of the sources of atmospheric
ionization at Titan, this interaction becomes especially compli-
cated in the lower ionosphere. The relative importance of different
forces in the ionosphere, which determines both ionospheric
dynamics and magnetic field structure, is still not well understood.
Many of the models listed above, such as the 1–2D, empirical or
hybrid models, are not capable of providing a sufficiently detailed
ionospheric picture due to neglect of the third dimension, unreal-
istic ionospheric chemistry, or poor spatial resolution.

In this study, we attempt to understand Titan interaction and
ionosphere in more detail by analyzing the simulation results
from a single-fluid multi-species 3D MHD model run for T5 condi-
tions, and comparing the model predictions to the Cassini Ion
Neutral Mass Spectrometer (INMS) (Waite et al., 2004), Radio
and Plasma Wave Science – Langmuir probe (RPWS/LP) (Gurnett
et al., 2004) and magnetometer (MAG) (Dougherty et al., 2004)
observations. Our approach in this study differs from previous
model-measurement comparisons for Titan in that we provide
an in-depth analysis of the results at low altitudes in the iono-
sphere rather than making global scale comparisons. We calculate
the pressures from different sources in the ionosphere; analyze
force balance by calculating force components in the momentum
transfer equation and explore the origins of the differences be-
tween the model calculations and actual measurements. We chose
the T5 flyby for such an analysis as it is a unique encounter having
a geometry different from typical solar wind interaction orienta-
tions that are well represented by earlier MHD models for Venus
and Mars. We compare T5 simulation results to the known
features of Venus’ interaction to explore the deviations from the
classical unmagnetized planet solar wind interactions. (Detailed
reviews of the Venus interaction can be found in the Venus 1–2
books by the University of Arizona Press.)

This study is also complementary to recent work by Cravens
et al. (2010), where an empirical approach is taken to explore the
ionospheric dynamics in Titan’s ionosphere. In their work, esti-
mates for thermal and magnetic pressures, plasma flow speeds
and time constants of different ionospheric processes are obtained
by using Cassini data for the T17, T18, and T5 flybys and by esti-
mating pressure gradients using characteristic length-scales. In
this paper, we compare the 3D global MHD description of the Titan
interaction to these empirical calculations which are approximated
from along-track satellite observations. The consistency between
the model and empirical predictions provides a more complete
interpretation of both the model results and satellite observations.
However, it is understood that the MHD approach is not fully valid
for the regions where the ion gyroradius is comparable to the char-
acteristic length scale of the Titan interaction system and random-
izing collisions are absent. We expect that the MHD model
describes the Titan interaction features more accurately below
the region where magnetic field piles up and plasma flow slows
down resulting in a significant decrease in the ion gyroradius
and below the exobase where collisions dominate. In addition,
from previous ideal MHD calculations for Mars, it has been found
that the MHD approach is successful in general even in the case
of large gyroradius, probably because of the significant wave activ-
ity in the vicinity of the obstacle, which acts as pseudo-collisions
(Nagy et al., 2001; Ma et al., 2004b).
In this paper, Section 2 presents the Cassini orbit geometry and
data for the T5 flyby. Section 3 briefly describes the MHD model,
the results of which are analyzed in this study. Section 4 presents
the comparisons of the observations with the model predictions.
Section 5 includes detailed analysis of the model results in order
to understand the governing forces in Titan’s ionosphere. Section 6
includes a discussion of our interpretation of the comparison re-
sults and Section 7 provides a brief summary.
2. Data summary

In this paper, we used measurements obtained by Cassini dur-
ing T5 of ion and neutral densities from INMS (Waite et al.,
2004; Cravens et al., 2006, 2008; Magee et al., 2009; Cui et al.,
2009), electron temperature and density from RPWS (Wahlund
et al., 2005; Agren et al., 2007) and vector magnetic field from
MAG (Dougherty et al., 2004). The INMS total ion density measure-
ments agree well with the RPWS electron density measurements
between �1000 and 1500 km altitude, where the RPWS density er-
rors are in �10% and the INMS calibration is accurate to 20% for M/
Z < 50 daltons and 50% at M/Z of 50 daltons or higher (Agren et al.,
2007; Cravens et al., 2006). Below 1000 km altitude, the contribu-
tion of the heavier ion species that are not detected by the INMS to
the total density is significant (Cravens et al., 2006; Crary et al.,
2009). The MAG instrument is capable of determining the absolute
magnitude of the field to an accuracy of 1 nT (Dougherty et al.,
2004). RPWS and MAG data are available during the entire closest
approach (CA) while INMS data are available for only the outbound
leg.

In Fig. 1, the portion of the T5 trajectory that remains below
3000 km altitude is shown in the Titan Interaction System (TIIS).
(In TIIS, the x axis is aligned with the direction of ideal corotation.
The y axis points towards Saturn in Titan’s orbital plane. The z axis
completes the right-hand system. TIIS is used in all figures
throughout the paper.) During T5, Titan was inside Saturn’s mag-
netosphere at 5.3 h Saturn local time. The summary of the geomet-
rical information of T5 is listed in Table 1. The data are presented as
time series in Figs. 2 and 3. Even though the behavior at the ex-
tremes of the magnetic field plot (Fig. 3) indicates some time-
dependence of the magnetospheric conditions at the time of the
T5 flyby, this case is one of the more arguably steady cases. Never-
theless, it should be pointed out that Titan was in Saturn’s disk
plasmasheet during this time and the external magnetospheric
particles fluxes probably exceed typical values, especially from
the energetic particle measurements at the time (Cravens et al.,



Table 1
Trajectory parameters and observational data for T5.

Date 16 April, 2005
CA altitude 1025 km
Titan’s location in the

Saturn system
5.3 h Saturn local time

Subsolar location on Titan 170� from the subram point, �22� from the
Titan–Saturn plane

SZA range From 88� to 143�
Pass description A nightside corotation ram face pass
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2008; Rymer et al., 2009), that the magnetosphere was producing a
higher than average energetic particle environment for Titan.
3. Model summary

Only a brief overview of the 3D MHD simulation of the plasma
interaction during T5 is given here; details can be found in Ma et al.
(2006). In this model, the complex chemistry of Titan is approxi-
mated by seven representative ion species (listed in Table 2) and
10 background neutrals (N2, CH4, H&H2, C2H2, C2H4, C2H6, C3H4,
C4H2, HCN, HC3N). The mass densities of each ion species are
tracked using seven continuity equations taking into account pho-
toionization, impact ionization, charge exchange, and recombina-
tion. The rate of each process is determined by combining
appropriate reactions from a detailed 51 ion species chemical equi-
librium model described by Keller et al. (1998) and Cravens et al.
(2005). A number of these reaction rates are temperature depen-
dent (Schunk and Nagy, 2000) and required electron temperatures
are adopted from Gan et al. (1992).

The main source of ionization in the dayside ionosphere of Titan
is solar radiation (Agren et al., 2009; Robertson et al., 2009). In the
model, ion production calculations associated with this source con-
sider SZA and altitude dependencies. Secondary ionization due to
superthermal electrons created during photoionization is also in-
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Fig. 2. Comparison of ion densities obtained from INMS data, total electron density fro
function of time in seconds from CA. Solid lines represent the model predictions and the
species. Top panel compares total ion and electron, middle panel compares the most ab
(1–17)) and heavy (MHC+, HHC+, HNI+ (37–89)) ion species from the model calculations
figure legend, the reader is referred to the web version of this article.)
cluded in the calculations, which is important at lower altitudes.
The impact of the corotating magnetospheric plasma with the Ti-
tan atmosphere is another source of ionization having only altitude
dependency and contributing to both dayside and nightside iono-
sphere (Crary et al., 2009; Sittler et al., 2009; Cravens et al.,
2009a). The incident magnetospheric plasma is assumed to consist
of superthermal electrons, oxygen (O+), and hydrogen (H+) ions
represented by Maxwellian distributions (parameters are listed
in Table 3) (Crary et al., 2009; Agren et al., 2007, 2009; Cravens
et al., 2008). It is also thought that energetic ion precipitation
may also play a role (Cravens et al., 2008), but mainly at altitudes
below 1000 km.

In the model, neutral densities are adopted from Yung et al.
(1984), Yung (1987) and Keller et al. (1992), which are indepen-
dent of local time and latitude. Both neutral and newly produced
ion temperatures are taken to be 150 K (from Cassini INMS mea-
surements, Waite et al. 2005). Furthermore, the velocity and tem-
perature of all ion species are assumed to be equal, which
simplifies the seven momentum equations to a single equation.
At Titan the electrical conductivity of the plasma is high on the
dayside and at high altitudes where magnetic diffusion can be ne-
glected. However on the nightside and at lower altitudes the plas-
ma is weakly ionized, making collisions important and increasing
the resistivity of the plasma. Over these regions, magnetic diffusion
cannot be ignored and the electrical conductivity of the plasma is
calculated considering the collisions between electrons and three
major neutrals (N2, CH4, H2). In these calculations, collision fre-
quencies are adopted from Keller et al. (1992), and electron tem-
perature is calculated from the plasma temperature. In previous
studies of Ma et al. (2006, 2007), comparisons of model plasma
densities with chemical equilibrium model results show good
agreement, confirming that the detailed 51-species chemical mod-
el is well represented by the simplified seven-species model. The
differences at high altitudes (>1400 km) imply the importance of
plasma transport at these altitudes.
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Fig. 3. Comparison of magnetic field components obtained from MAG instrument and model calculations along T5. Field strengths are plotted in nT as a function of time in
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Table 2
Seven representative ion species used in the MHD model.

Name Components Mass (amu) Mass range (amu)

L+ Hþ1 ; Hþ2 ; Hþ3 1 1–3
M+ CHþ5 ; Nþ; CHþ4 ; CHþ3 ; CHþ2 ; CHþ; Cþ 14 12–17

Hþ1 C2Hþ5 29 29

Hþ2 HCNH+ 28 28
MHC+ C3Hþ; C3Hþ2 ; C3Hþ3 ; C3Hþ4 ; C3Hþ5 ; C4Hþ3 ; C4Hþ5 ; . . . 44 37–53
HHC+ C5Hþ3 ; C5Hþ5 ; C5Hþ7 ; C5Hþ9 ; C6Hþ5 ; C6Hþ7 ; C7Hþ5 ; . . . 70 63–89
HNI+ C3H2N+, C5H5N+, C3HN+ 74 51–79

Table 3
Model parameter values used in the runs for T5.

N(e) 0.1 cm�3

N(O+) 0.1 cm�3

N(H+) 0.05 cm�3

U (TIIS) (120, 0, 0) km/s
T (Ti@Te) 1000 eV
B (TIIS) (2.0, 5.5, �3.5) nT, Bmag = 6.8 nT
Subsolar location on Titan (TIIS) (0.911, 0.169, �0.3744)
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The model equations are solved using the BATRUS code (Powell
et al., 1999). In the calculations a spherical grid system in the TIIS
system is used which provides a good radial resolution in the ion-
ospheric region. The highest resolution is �35 km near the obstacle
boundary; an absorbing sphere for velocity and magnetic field lo-
cated at 725 km (=0.28 in Titan radius) altitude above the surface
of Titan (absorbing boundary for velocity and magnetic field forces
them to have zero gradients at the inner boundary and lets the
field lines penetrate into the obstacle surface). Angular resolution
is 2.5� in both azimuthal and latitudinal directions. At the inner
boundary, the ion densities were set at their chemical equilibrium
values. The summary of the upstream parameters determined from
the Cassini observations for T5 is given in Table 3. Equal ion and
electron temperatures, Ti@Te, are assumed although the actual ra-
tio of the temperatures between electron and ions varies with time
and location at Titan.
4. Simulation results and comparisons with observations

In Fig. 2, densities of ion species from the model are compared
with the Cassini measurements near CA during T5. Densities are
plotted on a logarithmic scale as a function of time in seconds from
CA. Solid lines represent the model results and solid lines with sym-
bols represent measured values. Since, only outbound INMS data are
available for T5, the lines for INMS do not extend to negative times.
In the first panel, total ion densities from the model results are com-
pared to INMS total ion and RPWS total electron measurements. Be-
tween 1000 and 1500 km, the INMS measurements agree well with
the RPWS electron densities, where the error bars for RPWS electron
densities are �10% (Agren et al., 2007; Cravens et al., 2006, 2008)
and in the same altitude range model results fit well with the obser-
vations. Between these altitudes, the model predicts the location of
the ionospheric peak correctly (�1200 km – note that there is not
a sharp electron density peak for T5 but more of a ledge) but with
a slightly higher peak density (model = 1.1 � 103 cm�3;
RPWS = 103 cm�3; INMS = 0.8 � 103 cm�3). Above 1500 km, the
model predictions are higher than the RPWS electron measure-
ments and the deviation between the model and actual data in-
creases substantially as the altitude increases. But from this
comparison we can say that in general model predictions show a
reasonable agreement with the observations in the dense iono-
sphere below 1500 km which demonstrates that the model has a
reasonable balance between ion sources and sinks, at least for the
major ion species. In the second panel the densities of the most
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abundant ion species from the model are compared to INMS obser-
vations. As seen in this plot, while HCNH+ is well represented by the
model, C2Hþ5 is underestimated at low altitudes and overestimated
at high altitudes. This behavior is similar to what we observe for
the heavy and light ion comparisons in the bottom panel. While
the model represents heavy masses (MHC+, HHC+, HNI+ (37–89))
well, light masses (L+ and M+ (1–17)) are underestimated at low alti-
tudes and overestimated at high altitudes. The differences in the ion
densities can result from many factors including the simplified
description of the atmospheric/ionospheric chemistry, incorrect
neutral abundance profiles, uncertainties in the upstream parame-
ters used in the model, MHD model approximations as well as tem-
poral variations and instrumental errors.

Fig. 3 compares the magnetic fields obtained from the model
and MAG instrument near CA during T5. Field strengths (in units
of nT) are plotted as a function of time (in units of seconds) from
CA. The top panel shows the comparison of the total field while
the bottom three panels show the comparisons of TIIS x, y, and z
components, respectively. As seen in these plots, the observed
magnetic field exhibits variations ranging from �10 to 10 nT and
the order of the field strengths predicted by the model is close to
the observations with the model field strength being somewhat
higher than the measurements on the outbound trajectory; how-
ever, detailed field components do not match the data as well as
the ion densities. Deviations between the data and model predic-
tions are more detectable near CA, especially during the 600 s cen-
tered on CA. This time period corresponds to a region in Titan’s
ionosphere below 1500 km altitude, which is roughly where the
plasma transport due to many different sources may be effective.
A more detailed discussion of the reason for this discrepancy be-
tween the calculated and observed magnetic field is included in
Section 6.
Fig. 4. (a and b) Contours of the magnetic field magnitude (B) in nT, plasma speed (U) in
are plotted in the xy and xz planes. Distance is scaled in Titan radius (RT = 2575 km). So
cos(SZA) over the surface of Titan, ranging from�1 (black) to 1 (white) (for brevity colorb
area denote the regions inside the model boundary but above the planet. (For interpreta
version of this article.)
Although the present model does not reproduce the detailed
variations in the magnetic field observations very effectively, the
analysis of the model results is still useful for understanding the
ionospheric dynamics at Titan. Unlike Venus, the substantial thick-
ness of Titan’s ionosphere and potential horizontal forces and hor-
izontal plasma motion, especially in the region below the exobase
(�1500 km) – as suggested by Cravens et al. (2010), Müller-
Wodarg et al. (2008), and Cui et al. (2009) – imply that modeling
Titan’s interaction and ionosphere requires a 3D treatment. There-
fore, 3D numerical experiments such as the one presented here are
necessary for analysis of Titan’s ionosphere. Understanding the dis-
crepancy seen between the observed and calculated magnetic
fields may help reveal the relative importance of different iono-
spheric forces and MHD theory limitations, as well as provide in-
sight for future modeling attempts. A third reason is that T5 is
the only encounter where the hemispheres dominated by the
two main ionizing sources of the moon’s atmosphere, solar radia-
tion and magnetospheric impact, are well-separated, i.e., solar in-
duced ionosphere on the corotation wake side while the main
magnetospheric interaction is on the corotation ram/nightside.
This geometry is different from typical solar wind interaction ori-
entations that are well represented by earlier MHD models, making
T5 particularly interesting and important for understanding the
differences from non-magnetized planet interactions with the so-
lar wind.
5. Model analysis

Under T5 conditions the main field pileup is expected to take
place on the nightside of Titan and the simulation results obtained
for T5 are consistent with these expectations. In two rows in Fig. 4,
km/s, and total ion density N(ion)(1/cm3) on a log scale obtained from T5 simulation
lar illumination is indicated by the gray color scale (similar to Fig. 1) which shows
ar is not shown, one can refer to Fig. 1 for the gray color scale). At low altitudes white
tion of the references to color in this figure legend, the reader is referred to the web
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contours of the magnetic field magnitude, plasma flow speed, and
ion density are shown in the xy and xz planes, respectively. On the
magnetic field and speed contours, the normalized magnetic field
and velocity vectors are projected (black lines with dots at one
end) and the starting point of each vector is indicated by a black
dot. In the magnetic field plots (the first column of figures in
Fig. 4), the piling up and draping of the magnetic field in the up-
stream region and the two-lobe induced tail structure downstream
of the corotating plasma flow is evident. The asymmetry seen in
the magnetic field is the result of the tilted upstream magnetic
field used in the model. The magnetic field reaches its maximum
of 16.4 nT at 1180 km altitude near 175�E, 95�S and drops to al-
most zero at around 900 km altitude. In the velocity figures (the
second column of figures in Fig. 4), ideal plasma corotation direc-
tion (�12,000 km/s) assumed in the model calculations is evident
from the vector plots. As seen in these figures, without an observa-
ble bow shock formation, magnetospheric plasma gradually slows
down in the vicinity of Titan due to mass loading by the atmo-
sphere ion production. Along the plasma corotation direction, the
flow speed gradually drops from 120 to 40 km/s between several
Titan radii and 2500 km altitude; and then sharply drops from
40 km/s to tens of m/s between 2500 and 1500 km altitudes. Below
about 2000 km, these flow speeds are approximately the same as
Cravens et al.’s (2010) empirical estimates. In the last column of
panels in Fig. 4, the total ion density distribution shows the dom-
inant effect of the solar radiation on the dayside. The peak density
is 6300 cm�3 at 1110 km altitude along the subsolar line. A less
populated broader ionosphere forms on the nightside due to im-
pact ionization as described in the previous section, with a peak
density of 4000 cm�3 at 1220 km altitude. These peak densities
and altitudes for the dayside and nightside ionospheres are in
the typical ranges observed at Titan by RPWS and presented by Ag-
ren et al. (2009).

Pileup of the magnetic field on the nightside and existence of a
denser ionosphere on the wake side is the main difference in the
Titan interaction under T5 conditions from a typical non-magne-
tized body–solar wind interaction, such as the Venus interaction,
where solar radiation and wind flow directions coincide. Although
the main source of this nightside ionization is assumed to be mag-
netospheric electron impact at Titan, a significant contribution of
the cross-terminator plasma transport as at Venus is possible
(Brace et al., 1990; Brace and Kliore, 1991; Cui et al., 2009). (Note
that this model should have both the in situ and transport sources
since it does have some seven-species ion chemistry.) In the next
section we will address this question as well as some others asso-
ciated with the ionospheric dynamics by taking a closer look at the
pressure and force balance in the ionosphere, analyzing the alti-
tude profiles at different locations in the Titan interaction geome-
try and comparing these to known features of the Venus
interaction. However before that we describe the background for
our analysis, the MHD momentum equation:
q
@u
@t
þ u � ru

� �
¼ �rðpe þ piÞ þ J� Bþ qgþ qminðun � uÞ ð1Þ

In the present model, a single momentum transfer equation (Eq.
(1)) is solved to establish the force balance, assuming all ions have
the same temperature and velocity. In Eq. (1), q is ion mass density,
u is single-fluid ion velocity, pe and pi are electron and ion thermal
pressures (pj = njkTj), respectively, where nj is number density of
species ‘j’ and Tj is kinetic temperature, J is current density, g is
the gravitational acceleration, min is the collision frequency be-
tween the neutral gas ‘n’ and ions ‘i’, un the neutral velocity. The
simulation begins with initial out-of-balance conditions and con-
verges on a quasi-steady solution as long as the external conditions
are constant.
Each component in Eq. (1) corresponds to a different force com-
ponent in Titan’s ionosphere. Starting from the right hand side, the
first term is the thermal pressure gradient force; the second term is
the magnetic force; the third term is gravitational acceleration;
and the last term is the drag force. The magnetic force can often
be approximated by the magnetic pressure gradient force as the
curvature tension force is usually negligible in the ionosphere,
but the numerical MHD model has the full J � B force. Further-
more, in the present model, neutral winds are ignored, reducing
the drag force term to qminu. If we further assume steady state
and slow ionospheric plasma flow in the lower ionosphere, we
can also ignore the inertial terms on the left hand side and reduce
Eqs. (1) and (2).

0 ¼ �rðpe þ piÞ � r
B2

2l0

 !
þ qg� qminu ð2Þ

Eq. (2) amounts to a relatively simple statement of pressure bal-
ance. Cravens et al. (2010) solved Eq. (2) for the flow velocity and
used approximate length-scales to estimate the pressure gradient
terms. In the current paper we will evaluate these terms using
the numerical 3D MHD model results.

An even simpler force balance relation is obtained when gravity
and ion-neutral collisions can be ignored.

0 ¼ �rðpe þ piÞ � r
B2

2l0

 !
ð3Þ

Utilizing the equations above, in the next sections, we analyze
the different pressure components in Titan’s ionosphere for the re-
gion below 3000 km altitude, which is marked by the black circle
shown on the ion density plot in Fig. 4. It will be seen that the ver-
tical pressure balance that is used so effectively to describe the so-
lar wind interaction at Venus is not as clearly apparent at Titan. We
also analyze the various forces that control the ionosphere’s re-
sponse to the plasma interaction.
5.1. Pressure profile diagnostic

Fig. 5a and b shows the magnetic, thermal, and dynamic field
pressures in the xy and xz planes, respectively, below 3000 km alti-
tude. This allows us to indentify the dominant ionospheric forces
represented in the model. As seen in these figures, different pres-
sure components are dominant in different regions. Since the angle
between the solar and magnetospheric ionization sources is about
170� during T5, magnetic field pressure is dominant on the ram
side due to the piling up of the field, and thermal pressure is dom-
inant on the dayside/wake side due to the elevated plasma density
associated with photoionization by solar radiation. The slight drop
in the magnetic field pressure on the ram side – before it peaks lo-
cally and drops to zero near the inner boundary – is due to increase
in the balancing nightside ionospheric thermal pressure. This ion-
ospheric pressure increase is evident in the thermal pressure plots
(the greenish circular extension of the dayside ionosphere to the
nightside). Dynamic pressure is decreased on the ram side mainly
because of mass loading. The red regions close to the outside edges
of the figure are part of the high dynamic pressure from the coro-
tation flow on the upstream side. A secondary sharp and global
drop in the dynamic pressure below �1500 km altitude (dark blue
region) is the result of the effective slow down of the plasma due to
the high ion-neutral collision frequency. Therefore, below 1500 km
on the ram side, the control of the ionospheric structure changes
from dynamical to chemical as transport times exceed chemical
lifetimes (Keller et al., 1994; Cravens et al., 2010; Robertson
et al., 2009; Ma et al., 2006). On the dayside, above this transition
region, relatively high dynamic pressure (qv2) at the flanks in the



Fig. 5. (a and b) Contours of the magnetic field (PB), thermal (PT), and dynamic (PD) pressures in nPa obtained from T5 simulations are plotted in the xy and xz planes in the
Titan’s ionosphere (below 3000 km altitude). Solar illumination is indicated by the color scale which shows cos(SZA) over the surface of Titan, ranging from �1 (black) to 1
(white) (for brevity colorbar is not shown, one can refer to Fig. 1 for the gray color scale). At low altitudes white area denote the regions inside the model boundary but above
the planet. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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xy plane and at the �z flank in the xz plane are observed because,
over these regions, ionospheric plasma density and plasma speeds
are relatively higher than in the neighboring regions.

The major ionization source of Titan’s dayside ionosphere is so-
lar radiation and the related photoelectron impact ionization;
however, the main source of Titan’s nightside ionosphere is still a
debated subject, just as it was for Venus in 1980 or so (Cravens
et al., 2009a). While in their models Cravens et al. (2008) and Agren
et al. (2007) reproduced the measured densities on the nightside
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(for T5 and T21) using only in situ magnetospheric electron impact
ionization, by analyzing the averages from a set of INMS ion den-
sity measurements Cui et al. (2009) argued that day-to-night trans-
port of the chemically long lived species also contributes to the
nightside ionosphere. At Venus under solar maximum conditions,
the ionopause is located at high altitudes and a cross-terminator
plasma flow sustains most of the nightside ionosphere. However
at Venus solar minimum, when the ionopause is moved to lower
altitudes, such day-to-night transport stops and the local plasma
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precipitation remains the only source (Knudsen et al., 1980;
Cravens et al., 1983; Luhmann and Cravens, 1991). Also at Venus,
the main ion being transported nightward is the atomic species,
O+, which does not readily recombine, whereas at Titan the long-
er-lived species are molecular ion species.

In Fig. 6, we explore the nature of the cross-terminator plasma
flow from day to night in the model predictions under T5 condi-
tions. In this figure, the total ion densities shown in the xy and xz
planes are color mapped and plotted as a function of altitude and
SZA. The black lines with dots represent the normalized flow vec-
tors projected in the corresponding planes and the dots on the lines
indicate the starting point of the vectors. The asymmetry in the
density distributions in both planes is due to the fact that the angle
between the Sun–Titan line and the xy and xz planes are �20� and
10�, respectively. A denser and broader dayside ionosphere is
apparent at lower solar zenith angles (i.e., closer to the subsolar
point), and relatively less dense and narrower nightside ionosphere
with higher peak altitudes is evident near the center of both planes
(where the SZA is close to 180�). As seen in the flow vectors, coro-
tating plasma approaches the body on the nightside and deviates
around the moon at lower SZAs. Just above the dayside ionospheric
peak there is a clear boundary above which the flow moves upward
and below which the flow moves downward. This boundary is lo-
cated higher at the flanks. At the two edges of the dayside iono-
sphere in both planes (at the boundary of the reddish regions
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along �90 SZA where there is a transition from day to nightside
ionospheres), there is a weak cross-terminator plasma flow at
around 1200 km altitude, likely deriving from the thermal pressure
gradients. However the direction of this flow reverses from day-to-
night to night-to-day at lower altitudes along the same SZAs.
Therefore, under T5 conditions, the model results imply that such
a day-to-night transport is minimum if not zero as the magnetic
and thermal pressure gradients oppose for T5 and the nightside
ionosphere is produced mostly by the in situ magnetospheric elec-
tron impact mechanism. A noticeable day-to-night transport, as
suggested by Cui et al. (2009) especially below �1400 km, would
be more likely to occur when the magnetospheric flow and solar
radiation align as in the Venus case.

For a more detailed analysis of the pressure distributions
around Titan, pressure altitude profiles are sampled along ram,
+y ram–flank, �y ram–flank, and anti-ram directions in Fig. 7a
while profiles sampled along the subsolar, +y terminator, �y termi-
nator, and anti-solar directions are plotted in Fig. 7b. The similarity
between the ram and anti-solar profiles; terminator and flank pro-
files; anti-ram and subsolar profiles are evident in these figures,
which is expected as subsolar and subcorotation hemispheres are
almost opposite during T5. As seen in the ram (anti-solar) profiles,
there is a point at �7000 km where collisions are negligible and all
pressure components are comparable. Above this altitude, dynamic
pressure is effective, and below this altitude both magnetic and
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thermal pressure increase and magnetic pile up continues down to
the lower ionosphere where magnetic pressure becomes domi-
nant. Although the thermal pressure balances some part of the dy-
namic pressure at around 1300 km (notice the drop in magnetic
field pressures), it is still not enough to balance it entirely. Because
of direction of the gradient of the total pressure profile, plasma is
forced upward above the total pressure peak (at �1300 km and
downward below it (as mentioned in the previous paragraph).
Over the flanks (terminators), total pressure is the highest as the
plasma is accelerated by mainly the magnetic tension forces. (Note
that for T5 Cassini flew through the ram and ram–flank regions and
did not directly observe the subsolar/anti-ram region.)

Another interesting feature in these profiles is the behavior of
the magnetic field near the inner boundary: The magnetic field
drops to almost zero at low altitudes on the ram side while it re-
mains non-zero over the flanks, having almost equal radial and
horizontal components (�10 nT each) above 1100 km altitude
and a mostly radial component (�9 nT) below 1100 km (non-zero
fields at low altitudes are also apparent in Fig. 4a and d). The pres-
ence of the non-zero fields in the lower ionosphere can be ex-
plained by the penetration of the magnetic barrier into the
ionosphere via plasma convection up to an altitude and beyond
this altitude the magnetic diffusion may be the main reason for
the non-zero fields (Keller et al., 1994; Cravens et al., 2010). More-
over, the absorbing inner boundary condition – zero magnetic field
gradients at the boundary – allows the magnetic fields to penetrate
into the obstacle surface leading to non-zero radial fields at the in-
ner boundary over the flanks. The source of these non-zero fields
will be discussed in more detail later in this section. As evident
in the anti-ram profiles, unlike Venus’ nightside wake, during the
T5 flyby, Titan’s ram wake is on the dayside and extends to several
Titan radii where the thermal pressure is dominant, as expected.

These features observed in the ram and flank profiles at Titan
are different than the general features of Venus’ interaction. At Ve-
nus, under solar maximum conditions, on the ram side of the inter-
action from high to low altitudes, a clear transition is observed
from a dominant dynamic pressure to magnetosheath thermal
pressure, then to magnetic pressure in the magnetic barrier, and fi-
nally to thermal pressure in the ionosphere due to the high plasma
densities. In such cases the ionospheric thermal pressure is suffi-
cient to balance the incident solar wind dynamic pressure above
the collisional region, leading to a sharp ionopause (Luhmann
et al., 1987; Luhmann and Cravens, 1991). However in the night-
side ionosphere of Titan, such a transition is not detectable and
the thermal pressure is too weak to stand off the dynamic pressure
of the corotating plasma. Therefore magnetic pile up continues
down to Titan’s deep ionosphere which is more like the situation
expected in Venus’ ionosphere at solar minimum. At Venus under
solar minimum conditions the pressure balance altitude generally
reaches into the collisional region, resulting in the penetration of
magnetic barrier field into the ionosphere by magnetic diffusion
(Elphic et al., 1980; Luhmann et al., 1987; Luhmann and Cravens,
1991; Shinagawa and Cravens, 1988).

Model calculations show that at Titan magnetic resistivity be-
comes significant at �1000 km. This altitude is the same as Keller
et al.’s (1994) and Cravens et al.’s (2010) estimates for the altitude
where diffusion starts dominating. Therefore above this altitude
magnetic diffusion is less probable and similar to Venus, the
non-zero magnetic fields in the lower ionosphere may be due to
penetration of the magnetic barrier into the ionosphere by plasma
convection down to 1000 km and due to magnetic diffusion below
1000 km altitude (Elphic et al., 1980; Luhmann and Cravens, 1991;
Zhang et al., 1991, 2006, 2007). In addition to thermal pressure and
ionospheric collisions, stability of the upstream magnetic field is
another factor that determines the magnetization of the iono-
sphere for unmagnetized body interactions. The long term average
of the external magnetic field – Saturn’s internal magnetic field – is
different from zero at Titan favoring magnetization of the ram side
ionosphere under the conditions similar to T5.

5.2. Force balance diagnostic

In order to understand the dynamics of Titan’s ionosphere, we
calculate each force term in Eq. (2) along the ram, ±ram–flank,
and anti-ram directions below 1800 km altitude (in nN/m3) and
display these terms in Fig. 8. (As explained in the previous section,
due to similarity in the subsolar direction profiles we only plot the
force profiles referred to the ram direction.) Radial, longitudinal,
and azimuthal components of the forces are plotted in Fig. 8a–c,
respectively. For the purpose of comparison, scales are kept the
same in all panels. As mentioned in Section 5, in the present model
neutral winds are ignored. In order to explore the possible effects
of the neutral winds in Titan’s ionosphere we non-self-consistently
estimated the drag force – (qminu) due to possible coupling be-
tween the plasma and neutral winds – by utilizing the results of
an empirical thermospheric model of Müller-Wodarg et al. (2008).

In this calculation of the drag force, for the plasma mass densi-
ties and collision coefficients we used the MHD model calculations
(Ma et al., 2006; Keller et al., 1994; Schunk and Nagy, 2000) and for
the neutral wind speeds we used averages from the empirical ther-
mospheric model of Müller-Wodarg et al. (2008). We assumed that
the vertical, longitudinal, and meridional speeds of the neutral
winds in the xy plane are 1, 1, and 25 m/s, respectively, between
1000 and 1800 km altitudes. The net force, NetF, and that due to
winds Fwinds is then:

NetF ¼ �rðpe þ piÞ � r
B2

2l0

 !
þ qgþ qminðun � uÞ ð4Þ

Fwinds ¼ qminun ð5Þ

There are four important features of the force profiles shown in
Fig. 8. (1) The radial or vertical force components, except the neu-
tral drag force, exceeds the horizontal force components in all
directions (ram, ±flank, anti-ram). (2) Drag forces provide the force
balance at low altitudes. (3) Although the horizontal (longitudinal
and meridional) components of magnetic, thermal and gravity
forces (Fig. 8b and c) are small compared to their radial values
(Fig. 8a), horizontal drag forces are significant in the flank regions.
(4) The azimuthal component of the neutral drag force is stronger
than other contributions along all directions (ram, ±flank, anti-
ram). Each of these features points to important characteristics of
Titan’s interaction, but this is because of the neutral wind vector
that was adopted. The first feature implies that, similar to the Ve-
nus interaction on the dayside, major variations are along the ra-
dial direction in Titan’s ionosphere.

For T5 conditions, all force components play an important role
somewhere in the ionosphere, but in the lower ionosphere (below
1400 km) ram and flank regions the radial magnetic pressure gra-
dient force (red) dominates and is balanced by ion-neutral drag
(black). This characteristic is also the result of the second feature
which shows the importance of the ion-neutral collisions in the
lower ionosphere. Similarly, over the flanks, the combined radial
thermal and magnetic force is balanced mainly by the drag force.
The third feature implies that horizontal forces and therefore hor-
izontal plasma motions may be important at Titan, especially be-
low 1400 km altitude. Even though our estimates of neutral
wind effects are not self-consistent in that they are computed
using MHD model results obtained with zero neutral winds, the
last feature suggests that neutral wind-ionospheric plasma cou-
pling may alter the magnetic field structure at low altitudes. And
this is consistent with the empirical estimates of Cravens et al.
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(2010). As evident in �y ram–flank profiles, opposing neutral wind
and plasma drag forces may result in a shear which would then
lead to unpredictable magnetic field distributions below
1400 km altitude (also see discussion in Cravens et al. (2010)).
Therefore, one reason for the inconsistency between the ion den-
sity and magnetic field representations in the MHD model com-
pared to observations may be the exclusion of the neutral wind
effects. As explained in the previous paragraph, in the neutral drag
force calculations we used the results from Muller-Wodarg et al.
(2008); however, as noted by these authors, there are large uncer-
tainties in this value due to unknown forcing from waves and cou-
pling to the lower atmosphere. We therefore also consider wind
speeds 10 times smaller and find that the horizontal components
of these forces are still comparable to other ionospheric forces
and our conclusions about the last feature listed above remain un-
changed: ion-neutral coupling would still cause horizontal plasma
flow in the ionosphere, leading to unexpected magnetic field
distributions.



−8 −6 −4 −2 0
1000

1200

1400

1600

1800

2000

2200

2400

2600

2800

3000

Al
tit

ud
e 

(k
m

)

T5−Inbound

Log Magnetic field (nT/s)
−8 −6 −4 −2 0

T5−Outbound

Log Magnetic field (nT/s)

Conv.
Hall
Pol.
Ohm.

Fig. 9. Altitude profiles of the individual components in the generalized ohm’s law,
calculated from the model results along T5. Motional term is in red, Hall term is in
blue, polarization term is in green and ohmic term is in magenta. The profiles are
plotted along the inbound and outbound legs on the first and the second panels,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

D. Ulusen et al. / Icarus 210 (2010) 867–880 877
Over the regions where the transition occurs from an im-
pact-ionized-ram-side-ionosphere to a solar-illuminated-day-
side-ionosphere, thermal pressure gradient forces align mainly
from day to night while magnetic field pressure gradient forces
aligns from night to day (Fig. 5). Therefore at around 1300 km
(between 1000 and 1500 km) a transition region forms where
the directions of these gradient forces oppose (Cravens et al.,
2010). As also discussed in the previous section, over the flanks,
dynamic pressure (qv2) is high due to acceleration of the plas-
ma and high plasma density and thus comparable to thermal
and magnetic pressures. This region is potentially turbulent
and complex with the possibility of velocity shear related and
other instabilities. At high altitudes above the ionosphere
(above �5000 km), dynamic pressure dominates due to the fas-
ter plasma flow. At these altitudes pressure gradient forces
mainly align from night to day (Fig. 5), giving a more tradi-
tional plasma interaction picture.

6. Discussion of the magnetic field

We now analyze in some detail the possible reasons for the
inconsistencies at low altitudes between measured ion densities
and magnetic field and densities and field from the MHD sim-
ulation (Section 4). While the ion densities are well represented
by the model, the magnetic field measurements are significantly
different in direction from the model predictions within the
ionosphere. Possible reasons for these inconsistencies include
the application of ill-constrained model boundary conditions,
uncertainties in the upstream parameters, temperature repre-
sentations in the model, assumption of zero neutral velocity
and limitations of the MHD theory, such as kinetic effects.
The heavy ions such as the magnetospheric O+ make a transi-
tion from primarily kinetic behavior above the exobase to a col-
lisional description in the ionosphere. An ideal MHD model is
not capable of including the results of this transition on the
currents or the related magnetic fields. This may be one of
the reasons for the discrepancies observed in the magnetic field
calculations. Furthermore, time variations in the external mag-
netic field and the response of Titan’s ionosphere to these vari-
ations may also cause unpredicted magnetic field distributions.
Due to rather long time constants (in excess of an hour near
1200 km – Cravens et al., 2010), Titan’s ionosphere may pre-
serve magnetic field configurations that reflect external condi-
tions (e.g., variations in Saturn’s magnetospheric field at 20 Rs
or passage through the magnetopause as during T32) from ear-
lier times – (Wei et al., 2008; Bertucci et al., 2008; Neubauer
et al., 2006). As our model assumes a constant upstream mag-
netic field, it does not account for such possible time variation
effects. In addition to the external diffused field Cassini magne-
tometer may also measure a magnetic field whose origin is
induction in surface or subsurface conducting material by a
time-varying external field. In the presence of a conducting
layer at the surface or below, a time-varying inducing field
could generate an induced field that opposes the variation of
the inducing field resulting in the magnetic field discrepancies
observed for T5. This type of effect has been invoked to explain
the magnetic field perturbations measured near some of the
Galilean satellites (Kivelson et al., 1999; Khurana et al., 1998).
In this section we examine three of the reasons listed above
in more detail, including the model assumptions used in the
magnetic field evolution, weaknesses in the plasma temperature
representations and zero neutral velocity assumption.

In the MHD formulation, the magnetic field is calculated using
Faraday’s law (Eq. (6)) and the electric field is obtained from the
Generalized Ohm’s law (Eq. (7)).
@B
@t
¼ �r� E ð6Þ

E ¼ �u� B� J� B
ne
þrp

ne
þ gJþ me

nee
@J
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In these equations u is plasma velocity, B is magnetic field, J is
current density, n is electron density, e is electron charge, p is ther-
mal pressure, and g is resistivity. In the magnetic induction equa-
tion (Eq. (8)), the first term is convective, the second term is Hall,
the third term is polarization and the last term is the ohmic com-
ponent of the magnetic field evolution. In the model calculations
presented in this study, the Hall and polarization terms are ig-
nored. However, in a weakly ionized ionosphere such as Titan’s
(electron–neutral density ratio is below 10�4 over the entire iono-
sphere), this approximation may not be appropriate. In addition,
the Hall term can be ignored only when the gyrofrequency of the
electrons is much less than the electron collision frequency. How-
ever, in Titan’s ionosphere the electron gyrofrequency (�400 Hz) is
much higher than the electron–neutral collision frequency above
900 km altitude.

In a recent study where the Hall effects were taken into account,
Ma et al. (2007) also argued that the Hall term may be important in
Titan’s ionosphere even though the draping structure is not signif-
icantly affected by this term. In order to determine the relative
importance of other components as well as the Hall term in the
magnetic induction, we calculated their values along the T5 trajec-
tory and plotted them in Fig. 9 even though this is not strictly self-
consistent. Inbound and outbound components are shown on the
first and the second panels respectively. As seen in this figure,
the ohmic component only becomes important in the lower iono-
sphere below �1000 km, which is consistent with Keller et al.
(1994) and Cravens et al. (2010). However the polarization term
is comparable to the convective and Hall component over the en-
tire ionosphere, which is surprising as this term is expected to be
important only over local regions, where the electron density and
temperature gradients are not entirely parallel such as the termi-
nator region (Cravens et al., 2010). One reason for the larger polar-
ization term prediction may be a more varying temperature in
the model calculations than the actual observations in the lower



878 D. Ulusen et al. / Icarus 210 (2010) 867–880
ionosphere, yielding larger thermal pressure gradients (Eq. (7)).
Using the same approach as Cravens et al., we calculated the con-
tribution from these four components to the magnetic field within
about a 104 s time interval and found that their contributions can
reach 10 nT. This value is comparable to the ionospheric magnetic
field measurements and consistent with the empirical predictions
made by Cravens et al. (2010), which implies that the Hall and
polarization terms may be important in Titan’s ionosphere and
the difference between the observed and calculated magnetic
fields may be due to exclusion of these terms in the model
calculations.

In Fig. 10, we compare magnetic field strength, thermal pres-
sure and temperature obtained from the MHD model (blue dotted
line) and from the Cassini observations (black solid line) (CAPs,
MAG, LP) along the T5 trajectory outbound leg. As seen in these
plots, the model underestimates the electron temperature and
therefore the thermal pressures in the lower ionosphere. Weak
thermal pressure at low altitudes makes the movement of the plas-
ma, and therefore the convection and diffusion of the magnetic
field, to lower altitudes slower in the model than in the real case,
which may partially account for the larger magnetic field strengths
predicted in the model. Although these results imply that a better
electron temperature treatment would improve the model mag-
netic field predictions in the ionosphere, a recent update of the
model with such treatment did not show significant differences
in the ionospheric field distributions for all flybys (personal com-
munication with Yingjuan Ma). This implies that other factors –
such as time variations and neutral wind effects – may be more
effective in determining the magnetic field structure in the lower
ionosphere.

Another reason for the differences between the model and ob-
served magnetic fields may be the exclusion of the possible cou-
pling of the plasma and the neutral winds in the model.
Although the neutral winds with considerable speeds from low
to high latitudes and from day to night are expected to exist at Ti-
tan, the model assumes zero neutral winds (Müller-Wodarg et al.,
2008). In the empirical thermospheric model of Muller-Wodarg
et al., the horizontal components of these winds reach 150 m/s at
high altitudes (�1800 km) (Müller-Wodarg et al., 2008) and
�100 m/s at around 1300 km altitude. In the model, these values
are one order of magnitude less however, even these lower wind
speeds are comparable to the bulk plasma velocity (tens of m/s)
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in the model and may cause strong horizontal drag forces (Sec-
tion 5.2). If the collisions with the neutrals become frequent en-
ough in the lower ionosphere, ionospheric plasma may move
with the neutrals and magnetic field distributions may be greatly
altered, causing the discrepancy between the measured and calcu-
lated magnetic fields. Moreover, as expected for T5 conditions
(over the dawn region, Section 5), a shear formed between the
oppositely directed neutral and plasma flows may also lead to
unpredictable magnetic field distributions at low altitudes, below
1300 km, in Titan’s ionosphere. More accurate descriptions of the
ionospheric dynamics and understanding the role of the neutral
winds in the overall dynamics require the inclusion of the neutral
winds in future 3D MHD simulations.

7. Summary

In this paper, we analyzed a single-fluid multi-species 3D MHD
simulation for the T5 flyby and compared the model calculations to
the Cassini observations. The T5 flyby is unique in that it repre-
sents the particular case where the dayside and corotation ram
side hemispheres are on opposite sides of Titan. We provided an
in-depth analysis of the ionospheric force balance for this case,
as well as providing a detailed discussion exploring the reasons
for differences between the calculations and actual measurements
for future modeling attempts. Our analysis results confirm the ma-
jor key points from an empirical-along track analysis of Cravens
et al. (2010), many of which are included in the conclusions listed
below.

Comparison of the simulation results to Cassini observations
during the T5 flyby show that

� Model ion densities fit well with the INMS and RPWS measure-
ments while the model does not reproduce the measured iono-
spheric magnetic field very well.
� Unlike Venus’ ram side ionosphere, there is no clear transition

dominated by the evolution from external dynamic, to mag-
netic, to ionospheric thermal pressures in Titan’s ram side ion-
osphere. On the corotation ram side and nightside, magnetic
pressure dominates at low altitudes; the nightside thermal
pressure is not enough to balance the dynamic pressure
entirely. Magnetic resistivity becomes dominant at �1000 km
and the non-zero magnetic field in the lower ionosphere may
.02 0.04
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be due to penetration of the sub-flow magnetic barrier into the
ionosphere by plasma convection down to 1000 km and due to
magnetic diffusion below 1000 km altitude. While the ohmic
term in the induction equation is important only in the deep
ionosphere below �1000 km, Hall and polarization terms may
be important throughout the entire ionosphere of Titan.
� The drag force provides the force balance everywhere in the

lower ionosphere and horizontal components of the drag forces
are significant over the ram flanks, confirming that the Titan
interaction is an inherently 3D problem. Neutral wind speeds
at low altitudes are comparable to model plasma speeds, and
so the estimated wind-related drag forces from the thermody-
namic models (Müller-Wodarg et al., 2008) due to possible
ion-neutral coupling is significant below �1300 km altitude.
The neutral wind and plasma drag forces are aligned in opposite
directions leading a shear over the dawn/�y flanks. Similarly
the thermal and magnetic pressure gradients oppose at
�1300 km over the ram flanks leading a shear over these
regions, altering the magnetic field in the ionosphere from the
direction of the original penetrating field.
� Unlike Venus’ nightside wake, Titan’s ram wake is on the day-

side for T5 and dominated by thermal ionospheric pressure
extending to several Titan radii. There is not considerable
cross-terminator plasma flow and the nightside ionosphere is
mostly produced by magnetospheric plasma impact.

The main disagreement between the magnetic field measure-
ments and the model results may be due to:

� Neutral wind effects and possible ion-neutral coupling below
1300 km, the ‘‘magnetic memory” feature of Titan’s ionosphere,
the induction generated at the surface or subsurface by a time-
varying external field and/or Hall and polarization terms, all of
which are ignored in the magnetic field calculation in the sim-
ulation. All these factors, including possible shear related insta-
bilities, may lead to unpredictable magnetic field distributions
in the ionosphere.
� The plasma temperature is not well predicted by the model at

low altitudes, affecting the redistribution of the field by thermal
pressure gradient forces. Other possible reasons are the applica-
tion of inappropriate model boundary conditions, uncertainties
in the upstream parameters or non-MHD effects.

The resolution of the issues described above needs to be ad-
dressed by future modeling efforts as well as similar careful diag-
nostic analysis of a number of further Titan flybys. Comprehensive
model–data cross-body comparisons for Titan, Venus and Mars
would help in determining the similarities or diversities in their
ionospheric dynamics. Such a study is a future objective which
we plan to address in a follow up paper.
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