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[1] When the Cassini spacecraft flew by Titan on 13 June 2007, at 13.6 Saturn local time,
Titan was directly observed to be outside Saturn0s magnetopause. Cassini observations
showed dramatic changes of magnetic field orientation as well as other plasma flow
parameters during the inbound and outbound segments. In this paper, we study Titan’s
ionospheric responses to such a sudden change in the upstream plasma conditions using a
sophisticated multispecies global MHD model. Simulation results of three different
cases (steady state, simple current sheet crossing, and magnetopause crossing) are
presented and compared against Cassini Magnetometer, Langmuir Probe, and Cassini
Plasma Spectrometer observations. The simulation results provide clear evidence for the
existence of a fossil field that was induced in the ionosphere. The main interaction
features, as observed by the Cassini spacecraft, are well reproduced by the time-dependent
simulation cases. Simulation also reveals how the fossil field was trapped during the
interaction and shows the coexistence of two pileup regions with opposite magnetic
orientation, as well as the formation of a pair of new Alfven wings and tail disconnection
during the magnetopause crossing process.

Citation: Ma, Y. J., et al. (2009), Time-dependent global MHD simulations of Cassini T32 flyby: From magnetosphere to

magnetosheath, J. Geophys. Res., 114, A03204, doi:10.1029/2008JA013676.

1. Introduction

[2] As Saturn’s largest moon, Titan has received partic-
ular attention from the ongoing Cassini mission. During the
prime mission, Cassini spacecraft made more than 40 Titan
passes, providing an extremely valuable database to study
Titan’s plasma interaction in detail in different regions under
varying conditions. Such a data set is also essential for the
validation of various numerical models of Titan.
[3] For an unmagnetized body such as Titan, its upper

atmosphere/ionosphere is expected to play an important role
in the interaction process. At 900 km and below, Titan’s
atmosphere is dominated by molecular nitrogen [Smith et al.,

1982; Waite et al., 2005] with a low percentage of methane,
and traces of other hydrocarbons and nitriles. Methane and
hydrogen become more and more important at higher alti-
tudes. The exobase, where the mean free path of a particle
equals the atmospheric scale height, is estimated to be located
between 1400 and 1450 km, on the basis of Ion and Neutral
Mass Spectrometer (INMS) observations of the Ta, Tb, and
T5 flybys [De La Haye et al., 2007]. The neutral temperature
in Titan’s upper atmosphere is nearly 150 K, and the
corresponding neutral scale height is about 63 km near
1000 km altitude.
[4] The ionosphere of Titan is very complex [Cravens

et al., 2006]. Solar extreme ultraviolet radiation and photo-
electron impact ionization are the major ionization sources
for Titan0s dayside ionosphere, while magnetospheric elec-
tron impact ionization contributes significantly to the for-
mation of the nightside ionosphere [Keller, 1992; Nagy and
Cravens, 1998]. The dominant ion species below 1500 km
are heavy ion species, C2H5

+(mass 28) and HCNH+(mass 29)
[Cravens et al., 2006].
[5] Titan’s plasma interaction has one further level of

complication beyond normal plasma interactions at planets.
In the case of planetary interactions, the solar radiation and
solar wind flow come from the same direction, while for a
moon like Titan, the angle between solar radiation and the
corotational plasma flow direction varies from 0 to 180� as
Titan moves along its orbit. The region and amplitude of the
plasma flow’s perturbation near an unmagnetized body is
largely controlled by the intensity of solar radiation (the
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major ionization source), which determines the mass load-
ing rates in the upstream interaction region.
[6] The orbit of Titan is 20 RS from Saturn. Under normal

solar wind conditions, Saturn’s magnetosphere extends from
20 to 25 RS toward the Sun [Gombosi and Hansen, 2005].
Several Cassini flybys of Titan (Ta, Tb, T3, T9, and T34)
have been studied by various MHD [Backes, 2004; Backes
et al., 2005; Ma et al., 2004, 2006, 2007; Neubauer et al.,
2006; Snowden et al., 2007] and hybrid models [Kallio
et al., 2007; Simon et al., 2008a; Modolo et al., 2007,
Modolo and Chanteur, 2008], assuming the upstream plasma
to be steady and Titan to be inside Saturn’s magnetosphere.
The general interaction features include significant slowing
down of the plasma flow in the vicinity of Titan and piling up
and draping of the magnetic field in the upstream region.
While the overall comparison between spacecraft data the
models cited above shows relatively good agreement, there
are also some significant differences between the calculated
and measured parameters, which may be caused by the
uncertainties in the upstream conditions and their temporal
variations [Ma et al., 2006]. To explain the discrepancy of
magnetic field between model results and observations in the
deep ionosphere, Neubauer et al. [2006] proposed the idea of
a fossil field to describe the fields observed at very low
altitudes above Titan. In these regions, the plasma is heavily
mass loaded, and thus significantly slowed. Because the field
is frozen in with the plasma (except at much lower altitudes
where diffusion takes place), the residence time of the field
in the ionosphere could be quite long after it gets into
Titan’s ionosphere. Thus, the field observed at low altitude
could have entered Titan’s interaction volume one to
several hours ago and therefore does not directly relate to
the contemporaneous incident ambient field, but to one
from a prior time. Simon et al. [2008b] first studied Titan’s
interaction with changing upstream conditions using a
hybrid simulation, but their model failed to reproduce any
fossil field.
[7] Although Titan spends most of its time in Saturn’s

outer magnetosphere, during time of high solar wind pres-
sure, Saturn’s magnetopause could move inside Titan’s
orbit; thus, Titan can be exposed in the magnetosheath
region, where the plasma condition is significantly different
than the condition in the outer magnetosphere. To estimate
the possibility of Titan being outside Saturn’s magneto-
sphere, Gombosi et al. [2006] propagated the solar wind
condition measured at Earth radially outward to Saturn.
Combining the estimated solar wind pressure with a mag-
netopause and bow shock model, they found that Titan
could spend approximately 20% of its dayside time in the
magnetosheath region and 2% in the solar wind. Cassini
spacecraft caught Titan being outside Saturn’s magneto-
sphere for the first time during the T32 flyby [Bertucci
et al., 2008]. In this paper, we use a global MHD model
to reproduce the main features observed during this pass
by the main plasma instruments on board the spacecraft to
explain why they were formed and also to show global
interaction structures during this special flyby. The next
section discusses the major signatures of the plasma param-
eters as observed during this flyby. Section 3 briefly intro-
duces the numerical model that is used in the paper. The
numerical simulation results of three different cases, as well
as comparison between model results and observations, are

presented in section 4. Some discussion and summary is
given in section 5.

2. Observations

[8] Of the more than 40 Titan passes by Cassini, the T32
flyby is a very special one. During this flyby, as first
reported by Bertucci et al. [2008], Cassini spacecraft caught
a special moment in which Titan was in a transitional stage,
moving from the magnetosphere to the magnetosheath
region. The time of the closest approach was 1746 UT on
13 June 2007, at which the spacecraft was only 975 km
altitude above the moon’s surface. Titan was located at 13.6
Saturn local time (SLT), close to noon, during the pass. The
angle between the ideal corotation flow direction and solar
radiation direction was about 60�.
[9] Figure 1 (left) shows the observations made by the

Cassini magnetometer [Dougherty et al., 2004] during the
flyby. The observed X, Y, and Z components (in Titan
interaction (TIIS) coordinate system-Titan interaction sys-
tem) and strength of the magnetic field are plotted along
with time. The four vertical lines correspond to the magne-
topause crossing (red), closest approach (purple), and two
sharp jumps of the field direction in the ionosphere (green),
respectively. The red vertical lines correspond to 1731 UT,
the time that the spacecraft entered the magnetosheath
region, after passing through the thick magnetopause layer.
The magnetopause crossing took a few minutes [Bertucci
et al., 2008], indicating a magnetopause boundary layer
about 36,000 km wide (a 5 min interval). Across the
boundary, the magnetic field suddenly reversed its orienta-
tion; the BZ component changed from -8 to 10 nT. Near the
closest approach, as indicated by the purple lines, the
magnetic field drops to near zero because of finite magnetic
resistivity in the lower ionosphere. The green lines corre-
spond to two local field strength minimums, and the mag-
netic field sharply rotates near the two corresponding
locations, which were in the upper ionosphere of Titan at
about 1600 and 1500 km altitude during inbound and
outbound, respectively. These two locations mark roughly
the intensified interaction region near Titan.
[10] The trajectory of the T32 flyby is shown in Figure 1

(right), along with the measured magnetic field vectors
projected into the equatorial and flow terminator planes.
T32 flyby is a north polar pass. The Cassini spacecraft
moved in the direction away from Saturn and passed Titan
from downstream to upstream, with respect to the ideal
corotation flow direction. The magnetopause crossing
occurred downstream, about 2.5 RT away from Titan, where
the magnetic field changed suddenly from southward to
northward. The magnetic field stayed northward for nearly
10 min afterward (2 blue tick marks), then as the spacecraft
approached Titan’s ionosphere, the magnetic field vector
changed its direction to southward, accompanied by signif-
icant disturbance. The field orientation changed to northward
again after the spacecraft left Titan’s upper ionosphere.
Because the field in Saturn’s dayside magnetosphere is
always pointing southward, it is certain that the region where
the field points northward was in the region of Saturn’s
magnetosheath. This indicates that Titan entered the shocked
solar wind with northward field for nearly 15 min before the
closest approach. However, the direction of the field near the
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North Polar region was opposite to what was expected to be
observed, according to a simple draping of the northward
field lines around the obstacle. Bertucci et al. [2008] pro-
poses that the southward draping field that was observed near
Titan was the fossil field, which was formed because of
interaction with Saturn’s magnetosphere during an earlier
time. The proposed idea explains the observed field orienta-
tion. However, how the fossil field was trapped and how it
would evolve afterward are still open questions because of
the geometrical complexity of the process.
[11] Figure 2 shows measurements of Cassini Plasma

Spectrometer (CAPS) [Young et al., 2004] and RPWS
Langmuir probe [Gurnett et al., 2004; Wahlund et al.,
2005]. The observed values of electron density (ne), ion
velocity (Ui) and electron temperature (Te) are plotted along
with the time, with the same four vertical lines as discussed in
Figure 1. Both the electron number density and temperature
changed dramatically [Coates et al., 2007] during the pass.
The CAPS-ELS geometric factor has recently been recali-
brated. Shown in the plot is their latest 1 s data set of the
flyby. As shown in Figure 2 (top), the average ne was about
0.05 cm�3 before the magnetopause crossing, and increased
to 0.4 cm�3 during the outbound segment. Although no
detailed information on the plasma composition is available,

Figure 1. Magnetometer observations during the T32 flyby in TIIS coordinates. (left) Shows the
observed X, Y, and Z components and strength of the magnetic field along with time. The three vertical
lines correspond to magnetopause crossing, closest approach, and the interface in the ionosphere,
respectively. (right) Shows the projection of the trajectory of the T32 flyby along with the measured
magnetic field vectors projected into the equatorial and flow terminator planes.

Figure 2. LP and CAPS observations of plasma density,
velocity, and temperature during the T32 flyby.

A03204 MA ET AL.: MHD SIMULATIONS OF CASSINI T32 FLYBY

3 of 13

A03204



the plasma before the magnetopause (MP) crossing is
expected to contain both protons and heavy ions such as
O+, while the magnetosheath plasma during outbound was
mostly likely to be dominated by the shocked solar wind
protons. Even though the spacecraft passed by mostly
nightside ionosphere, the electron density near Titan was
still several orders of magnitude higher than the background
plasma density, as shown by the Langmuir Probe (LP) data.
Also, there is a density dip near the closest approach (CA)
with peaks at both sides. The maximum of the electron
density reached about 2.0 � 103 cm�3 outbound at a solar
zenith angle (SZA) of nearly 95�. Figure 2 (middle) shows
that the ion velocity near Titan, inferred from LP measure-
ments, is significantly lower than the corotating plasma flow
speed, as expected in the ionosphere. There is no velocity
profile plotted outside the region between the two green
lines, because ion parameters in the thin plasma are not
reliable when LP reaches the noise level. In addition, during
the inbound pass, before 1742 UT, the probe was in eclipse
with respect to Titan; as a consequence, no information on
the ions was available. Figure 2 (bottom) shows that the
electron temperature was 300 eV during inbound before the
magnetopause (MP) crossing, and decreased to 20 eV
outbound. The observed electron temperature was much
lower inside Titan’s ionosphere. As indicated by the LP
data, the temperature was about 0.04 eV (�400 K) near the
closest approach (CA).

3. Model Description

[12] We use the 7 species single-fluid MHD model, as
described by Ma et al. [2006]. The equations are solved
using the BATSRUS code [Powell et al., 1999]. The model
considers 7 pseudoion species: L+(mass 1), M+(mass 14),
C2H5

+(mass 29), HCNH+(mass 28), MHC+(mass 44),
HHC+(mass 70), and HNI+(mass 74). The calculation of
the mass densities of each ion species takes into account
the major chemical reactions including photoionization,
impact ionization, charge exchange and recombination self-
consistently. All the ion species share the same velocity and
temperature. The combinedmomentum and energy equations
consider the effects of both elastic and inelastic ion neutral
collisions. Ten background neutrals (N2, CH4, H(H2), C2H2,
C2H4, C2H6, C3H4, C4H2, HCN, and HC3N) are included in
the model. The photoionization rates used are dependent on
the SZAwith optical depth considered [Cravens et al., 2006].
[13] The inner boundary is set at 725 km, where the

collisions are dominant. We assume photochemical equilib-
rium for the ionospheric ion species. The plasma temperature
is set to twice the neutral temperature (TP = 2 TN = 300
K = 0.3 eV). An absorbing boundary has been used for u and
B, which enforces a zero gradient in velocity and magnetic
field vectors across the boundary. This boundary is consistent
with conditions near 725 km, because the strong ion neutral
collision results in nearly zero velocity, and the strong
magnetic diffusion coefficient results in nearly zero gradient
of the magnetic field. The boundary condition in our model is
applied with the help of ghost cells that are located inside the
inner boundary. The state variables (such as density, velocity,
magnetic field and temperature) of the plasma in these ghost
cells can provide a first-order accurate gradient for state
variables of the adjacent real cell when needed. The zero-

gradient boundary condition is applied by setting the values
in the ghost cells equal to those of the adjacent real cells,
which are calculated on the basis of the physical equations.
Such a boundary condition does not enforce the magnetic
field to be zero across the boundary, thus allowing the field to
diffuse through the interior of the moon.
[14] A spherical grid structure is used in the model

inside the computational domain, as defined as �24 RT �
X � 48 RT, �32 RT � Y, Z � 32 RT in TIIS coordinates.
The radial resolution ranges from 57 km near the ionosphere
to 3000 km (�1.15 RT) near the outer boundary, and angular
resolution is 5�. (Note that for the steady state case, the
radial resolution is 28 km with 2.5� angular resolution below
2000 km altitude, and the resolution in the ionospheric
region is decreased for time-dependent simulation so that
it can be finished in a reasonable amount of time). Also, the
Hall effect was neglected in the calculation to speed up
the runs. The simulations shown in the paper were run by the
NASA Columbia supercomputer. A typical time-dependent
case requires 1500 processor hours with each time step
corresponding to 0.1 s in physical time. In comparison, a
high-resolution steady state simulation needs 1000 processor
hours with a local time stepping scheme (using varying time
steps in different regions).

4. Simulation Results

[15] To understand the plasma observations of the T32
flyby, we present numerical results of three different cases
using the global MHD model described above. Since there
is no flow information available, we chose the flow velocity
to be U = (120, 0, 0) km/s in the calculation. The plasma
could be moving at a different speed or in a different
direction, especially when Titan is in the magnetosheath.
Such differences should not affect the main conclusion of
the paper. The plasma flow in the sheath region was
submagnetosonic since no bow shock was observed in the
upstream region of Titan during the outbound of the flyby.
In addition, this flyby happened in the afternoon sector, so
the shocked solar wind diverted around the obstacle in a
direction somewhat aligned with the corotating plasma flow
inside the magnetosphere, making the case simpler. But in
general the direction of the flow can be very different from
sheath to magnetosphere, in which case, the plasma wake
would also change direction significantly on crossing the
magnetopause, especially when the crossing happens in the
morning sector.

4.1. Case 1: Steady State

[16] We first run a steady state case with Titan located in
the magnetosphere to see what the spacecraft would have
observed if Titan did not encounter with the magnetopause.
We use the plasma parameters of Saturn’s nominal magne-
tosphere condition. Specifically, the other parameters for
the steady state case are chosen as: B = (0, 0, �8) nT,
ne = 0.2 cm�3 (with n(L+) = 0.1 cm�3, n(M+) = 0.1 cm�3)
and plasma temperature TP = 1500eV. The above set of
parameters corresponds to a subsonic (Vs = 146 km/s) and
sub-Alfvenic (VA = 143 km/s) plasma flow, with a fast
magnetosonic Mach number of 0.6. The plasma flow is
sub-Alfvenic during the T32 flyby since the magnetic field is
stronger (8 nT) than that of most other Titan flybys. The
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general interaction structures are similar for sub-Alfvenic
and super-Alfvenic flow except that with super-Alfvenic
flow, the current sheet is thinner and the lobes are closer,
while the lobes are separated more from each other in the
sub-Alfvenic cases [Ledvina et al., 2004].
[17] The simulation results along the trajectory are exam-

ined and compared with plasma observations. Figure 3 (left)
shows model and data comparisons of the magnetic field
along the T32 trajectory of this case. The black lines
represent Cassini Magnetometer (MAG) observations, and
the blue lines denote model results. There is good agree-
ment between the calculated and observed values between
the two green lines for the BX component, which is also the
main magnetic component. This provides clear evidence
that the measured magnetic field in the region close to Titan
is a fossil field that was formed when Titan was inside the
magnetosphere. The discrepancy of the BY and BZ compo-
nents could be due to small perturbations of the magnetic
field which are neglected in the calculation. Also, both model
result and observation show a clear drop of the magnetic field
strength near the closest approach. The decreasing starts at
approximately 1200 km altitude. Below this altitude, the
plasma is only partially ionized, and magnetic diffusion is
important. Thus, in the lower ionosphere of Titan, plasma is

no longer frozen to the magnetic field. The decrease of the
field can only be reproduced by the model when the magnetic
diffusion term is included in the induction equation. It is also
important to note that the magnetic resistivity in our calcu-
lation is determined by both neutral number densities and
electron density [Ma et al., 2006].
[18] Case 1 of Figure 4 shows the comparison of other

plasma parameters along the trajectory. Near closest
approach, the calculated electron number density profile
has two peaks as observed. Also similar to observation, the
predicted peak electron density outbound is higher than that
inbound. The calculated highest density is 2.5 � 103 cm�3,
slightly larger than that observed by the Langmuir Probe
(LP). The calculated velocity between the two green lines is
very low, similar to values as estimated on the basis of the LP
data, indicating intensified mass loading of the plasma and
thus significant slow down of the plasma flow. Since our
MHD model only calculated the plasma temperature (sum of
electron and ion temperatures), we overplotted in Figure 4
(bottom) with calculated TP/2 (half of the plasma tempera-
ture), as an approximation of the electron temperature,
assuming that Te = Ti = TP/2. The model temperature has a
similar trend of variation compared with observations. It is
lower than the observation inside the two green lines and

Figure 3. Model and data comparison of the magnetic field along the T32 trajectory. The black lines
are MAG observations, and the blue lines are model results. (left) Data comparison with steady state
case (case 1) is shown; (right) comparison with current sheet crossing (red) and magnetopause crossing
(case 3) are plotted. Note the results of case 2 and case 3 overlap each other.
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higher than the observation outside the region, because
the electron temperature is higher than ion temperature in
the ionosphere and lower than the ion temperature in the
magnetospheric plasma flow.

4.2. Case 2: Current Sheet Crossing
(BZ = �8 nT ! BZ = 8 nT)

[19] The good agreement between model results of the
first case and observations near Titan clearly demonstrates
that the magnetic field observed near Titan is fossil field.
The purpose of this case is to explain how the fossil field
was trapped inside the ionosphere by simulating Titan’s
time-dependent interaction with a simple current sheet
representing the magnetopause crossing. In this case, the
magnetopause boundary layer is simplified to a thin current
sheet with BZ changed from �8 to +8 nT (tangential
discontinuity). The other parameters are kept the same as
in case 1. We first run the simulation with plasma param-
eters of case 1. After it reaches the steady state (�2 h physical
time), the current sheet begins to enter the simulation
domain from upstream (X = �24 RT) at 1722 UT. The
thickness of the current sheet corresponds to the grid
resolution near the upstream outer boundary, which is about
1000 km. According to the plasma flow speed, the current
sheet should arrive at Titan in about 8 min and 35 s (dt = 24
RT/120 km/s = 515 s), which is the same time that the
magnetopause crossing is observed.
[20] The fly through of the time-dependent simulation

results is plotted in Figure 3 (right) along with the magne-
tometer observations. The main features of the observed
magnetic field are well reproduced by the case. As shown
by the blue line, the sharp change of the BZ component at
the magnetopause happens at the same time with compara-
ble magnitude as shown by the observations. After that the
northward BZ in the simulation only lasts for 4 min, while
the observations show that it stayed for about 8 min. The
discrepancy is most likely due to the flow direction of the
magnetosheath plasma being different from the ideal coro-

tation direction, as assumed in the simulation. The real
thickness/velocity of the magnetopause could also contrib-
ute to the discrepancy. The predicted magnetic field be-
tween the two green lines is nearly the same as case 1, and
agrees well with the observation. There is a short delay of
the predicted entry of the fossil field region during inbound,
but the location of the interface between the old field and
the new field during the outbound passage is rather well
reproduced. Near the second green line, both model and
observation show that BX and BZ components change
suddenly from negative to positive values.
[21] Case 2 of Figure 4 shows the comparison of electron

densities and temperatures along the trajectory for the
current sheet crossing case. Again, between the two green
lines, the electron number densities are well reproduced.
Because of the lower resolution used in the time-dependent
simulation, the agreement near CA is not as good as case 1,
but there is a similar trend, indicating that the lower
resolution in the ionosphere did not substantially alter the
results. The density drop is sharper in this case and thus fits
better with the observation outside the ionosphere. There is
also a small density disturbance across the magnetopause as
compared with case 1. The predicted plasma flow speed and
temperature are very similar to case 1 except for some small
disturbances near the magnetopause crossing.
[22] This simple current sheet crossing case reproduces

the main features as observed by the magnetometer. To
explain how the fossil field was trapped, we plot magnetic
field strength and directions in the XZ plane at four different
times in Figure 5. The white lines are BZ = 0 contour lines,
as an indication of the interface between the old field
(magnetospheric field BZ < 0) and new field (magnetosheath
field BZ > 0). The interface was a straight plane parallel to
YZ plane when it entered the simulation domain in the far
upstream region. It convected together with the collisionless
plasma flow. At 1730:00 UT, the interface arrived right in
front of Titan. The interface was also slightly distorted, with
the center region lagging behind because of the slow down

Figure 4. Model and data comparison of plasma density, velocity, and temperature along the trajectory
for the three cases.
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of the plasma flow. The distortion becomes more and more
severe with time. In front of Titan, the northward field
gradually piles up above the old southward pileup region,
which is also significantly compressed. At 1735:00 UT, the
interface reaches to about X = 10 RT behind Titan at outside
flank region, while the center of the interface is still in front
of Titan. The interface finally broke up into two pieces far
downstream at 1736 UT. The straight piece moved away
from Titan quickly, while the other one formed a closed
region near Titan. Inside the closed region, the magnetic
field is the fossil field with the same field orientation as in
the plasma inside Saturn’s magnetosphere, and this region
slowly shrinks. The complete erosion of the old field took
nearly two hours in the simulation. This is in agreement
with the timescales proposed by Bertucci et al. [2008].
[23] The breakup of the interface is due to the slippage of

the field lines around the moon in the plane perpendicular to
the magnetic field. Magnetic field lines can be stretched to a
great distance in the plane containing the field direction.
However, because of the 3-D nature of the interaction, the
downstream region, except for the current sheet, was soon
filled with magnetosheath plasma with northward magnetic

field lines slipping around the obstacle as shown in Figure 6.
Figure 6 shows the snapshot of BZ component in XY plane at
the same four times. The plasma in the blue color region is
associated with the old magnetospheric field. At 1730 UT,
the interface (black line) was only slightly distorted. Five
minutes later, the plasma with southward pointed magnetic
field is significantly compressed by the magnetosheath
plasma in the distant tail region. The thin tail was shortly
broken at �8 RT away from Titan. The enclosed region thus
has a complicated 3-D structure, being highly compressed
in the Y direction.
[24] Figure 7 shows plasma flow speed and direction at

the same four different times. The convection of the
interface is mainly controlled by plasma flow speed. The
shape of the interface is distorted where the flow was
significantly slowed by the obstacle. The plasma flow was
disturbed ahead of the interface through fast magnetosonic
waves. A pair of new Alfven wings forms in front of the old
Alfven wings as the interface passes by Titan. At 1735 UT,
the contour plot clearly shows the coexistence of two pairs
of Alfven wings. The new wing gradually grows while the
old wing shrinks and moves tailward along with the time.

Figure 5. Contour plots of the magnetic field strength at four different times. The arrows show the
direction of the magnetic field. The black lines are BZ = 0 contour lines, as an indication of the interface
between the old field (BZ < 0) and new field (BZ > 0).
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The old wings are detached from the moon a few minutes
later (not shown). At 1745 UT, the distortion of the flow is
restored, the old wings completely disappear, and only the
new pair of wings remains.
[25] When the oppositely directed magnetic field reaches

the obstacle, reconnection occurs on the upstream side when
the plasma is significantly slowed down. Because the
plasma flow is sub-Alfvenic, the Machcone angle of the
Alfven wave is slightly larger than 45� and the reconnected
magnetic flux cannot escape through the tail region effi-
ciently. As a result, magnetic islands form at the flank
region, as shown in Figure 8 (left). Figure 8 (right) shows
that plasma flow is accelerated in two very limited regions
near the upstream reconnection site.
[26] The tail disruption process at Titan is different than a

tail disconnection event of a comet in both reconnection
efficiency and timescales (For examples, see a comet discon-
nection event as produced by Jia et al. [2008] with a MHD
model). These differences are caused by the following:
[27] 1. Different upstream plasma conditions. The solar

wind plasma is fast magnetosonic flow, while the plasma
near Titan is usually subsonic and trans-Alfvenic. In other

words, dynamic pressure is the dominant pressure for solar
wind plasma, so the field lines are draped significantly and
results in a very thin current sheet in the comet tail, and the
reconnected magnetic flux can escape through the tail
region easily. While in the case of Titan, the thermal
pressure is the main pressure of the plasma in the upstream
region; the angle of the draping field line around the
obstacle is determined by the angle of the Alfven wings.
[28] 2. Different neutral envelopes around the two objects.

The scale height of the neutrals is much smaller in the case of
Titan, so the main interaction region is close to Titan. The tail
disruption happens in timescales of 10 min. While in the case
of a comet, the neutral cloud extends to very far distance
from the nucleus, so a comet has a much wider mass-loading
region, the tail disconnection happens in timescales of at
least several hours.
[29] Although we are solving the resistive MHD equa-

tions, the magnetic resistivity (h) near the upstream recon-
nection site is in the order of 0.1–1.0 km2/s, so the magnetic
diffusion timescale is Dx2/h, corresponding to 1–10 h when
taking the typical length to be the same as the grid size in
that region. The magnetic reconnection is triggered by

Figure 6. Contour plots of the BZ component in the XY plane at four different times. The black lines
are are BZ = 0 contour lines, as an indication of the interface between the old field (BZ < 0) and new
field (BZ > 0).
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Figure 7. Contour plots of plasma speed at four different times. The arrows show the direction of the
plasma flow. The black lines are BZ = 0 contour lines, as an indication of the interface between the old
field (BZ < 0) and new field (BZ > 0).

Figure 8. Coutour plot of BZ andUX at 1731 UT in the XZ plane. The black lines are magnetic field lines.
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numerical diffusion, since the magnetic diffusion time is
much longer than the reconnection timescale produced by
the model. Strictly speaking, the MHD model does not
apply to the distant tail region of Titan because of the large
gyroradii of the heavy ion species [Ma et al., 2007]. Even
though we are confident about the general interaction
structure as produced by the model, the detailed tail disrup-
tion process could be somewhat different.

4.3. Case 3: Magnetopause Crossing

[30] Case 2 does not take into account the enhancement
of the electron density and the decrease of the temperature
as observed by CAPS data. In case 3, we also change
electron number density and temperature to ne = 1.5 cm�3

(with n(L+) = 1.5 cm�3, n(M+) = 0.0), and TP = 200 eV,
respectively, at the upstream boundary along with the
magnetic field orientation changes, as described in case 2.
In this case, the magnetosheath plasma is assumed with only
light species (L+), compressed from the solar wind. Even
though the number density and plasma temperature change
across the boundary, plasma mass density and pressure still
maintain equilibrium across the current sheet.

[31] Simulation results of the magnetic field are plotted in
red in Figure 3 (right). Cases 2 and 3 give almost identical
results (the red and blue curves ‘‘overlap,’’ and thus, cannot
be distinguished) along the trajectory, indicating that as long
as the mass density and pressure are balanced, magnetic
perturbations are not sensitive to number density or tem-
perature changes. Even a simple current sheet crossing
could reproduce the major signatures of the observed
magnetic field.
[32] Case 3 of Figure 4 shows the comparison of electron

densities and temperatures along the trajectory. Again,
between the two green lines, the electron number densities
are well reproduced as in the other two cases. There is a
clear increase of the calculated density cross the MP which
matches better with the LP density. The plasma flow speed
is the same as in case 2. The temperature also matches better
with the CAPS observation, especially across the MP and
during outbound.
[33] Figure 9 shows contour plots of the proton number

density at the same four different times. At 1730 UT, the
magnetosheath plasma, which contains relative high-density
protons as shown in yellow, has just arrived at Titan. The

Figure 9. Contour plots of the H+ number density at four different times. The purple lines are BZ = 0
contour lines, as an indication of the interface between the old field (BZ < 0) and new field (BZ > 0).
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outside region was quickly filled with magnetosheath plasma
in a few minutes along with the interface. At 1736 UT, only
the wake region still contained the plasma with low proton
density. The highest proton density, as indicated in red, was
only a few cm�3, and it is accumulated in the small region
around Titan downstream.
[34] Figure 10 shows contour plots of the M+ number

density at four different times. M+ is one of the upstream
plasma flow components for the magnetospheric plasma but
not in the magnetosheath plasma. So the M+ in the outside
region was pushed away by the sheath plasma shortly after
the interface arrived at Titan. Also, M+ is not the major ion in
the Titan ionosphere. The peak ion density is only 500 cm�3.
There is a tail disconnection associated with the breakup of
the interface at 1736 UT. About 4 min later, another tail
disconnection happens in the near tail region �4 RT, then the
plasmoid moves downstream and reaches nearly 15 RT at
1745 UT. The plasmoid associated with the first disconnec-
tion only contains M+, while for the second breakup, the
plasmoid contains also the main ionosphere ion species
C2H5

+, suggesting the origin of the newly formed plasmoid.
During the later breakup, the escape rate of the heavy ions

Figure 10. Contour plots of the M+ number density at four different times. The purple lines are BZ = 0
contour lines, as an indication of the interface between the old field (BZ < 0) and new field (BZ > 0).

Figure 11. Plasma flow speed and approximate travel time
along the ram direction (x axis) from �8 RT for the steady
state case.
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was also significantly enhanced. Simulation shows that it
could be 2.5 times larger than the normal value during the
event.

5. Discussion and Summary

[35] The simulation results presented in the paper clearly
demonstrated the existence of a fossil field in Titan’s
ionosphere when the external field changes. The main
interaction features of the magnetometer are well repro-
duced by both the simple current sheet crossing and the
more realistic magnetopause crossing cases. The plasma
observations are also reproduced reasonably well with the
magnetopause crossing case. Simulation results also show
that interesting processes happen during the magnetopause
crossing, including two pileup regions with opposite mag-
netic field directions, the formation of a pair of new Alfven
wings, and tail disconnection.
[36] The fossil field was trapped in the ionosphere mainly

because the convection times in those regions are signifi-
cantly long. It is also useful to estimate how long the fossil
field can stay in the deep ionosphere. Figure 11 shows the
plasma flow speed and approximate travel time along the
ram direction from �8 RT for the steady state case. As
denoted by the red line, the plasma flow speed gradually
slows down from the far upstream region. At 2 RT upstream,
the flow speed is about 25 km/s, less than 1/4 of the original
flow speed. Closer to Titan, the flow speed drops sharply to
less than 1km/s and thus takes a significantly longer time
for the plasma flow to get to a lower altitude. As listed in
Table 1, it takes only 3 min to get to 2500 km altitude, but
the travel time increases to 1 h and 40 min to reach 1200 km.
The values listed in Table 1 provide a good reference for the
lifetime of the magnetic field near Titan under similar
conditions.
[37] However, the travel time also depends on Titan’s

orbital location and upstream plasma flow condition.
Bertucci et al. [2008] pointed out that Titan may have
been located in the solar wind for a short duration, about
13 hours before the close encounter of T32. We ran a case
with upstream parameters according to the typical solar
wind plasma near Saturn (with proton density = 0.1 cm�3,
flow speed U = 400 km/s, plasma temperature TP = 180 eV,
and BZ = 0.5 nT) to evaluate the lifetime of Titan’s induced
magnetic field in the solar wind. In this case, the plasma flow
needs only 25 s from �8 RT to get to the shock location
(�4.3 RT). Inside the shock, the travel time shortly increases
to 1.5 h to the ionopause (�2400 km). The field below the
ionopause is expected to be shielded by the ionosphere. The
above case is corresponding to normal solar wind condition;
with increased solar wind pressure, the ionopause would
move to a lower altitude. In any condition, the lifetime of the
induced field was not expected to exceed more than a few
hours. Therefore, even though Titan carried some solar wind
fossil fields into the magnetosheath for a short time, it is very

unlikely that the solar wind fossil fields were still present
during the close encounter.
[38] We used a relatively coarse grid (�60 km) in the

ionosphere below 2000 km for the time-dependent cases
(case 2 and case 3). Such a grid size is comparable with the
scale heights of the main neutrals at any particular locations,
which is twice the radial grid size that is used for the steady
state case (case 1). As shown in Figure 4, the ion densities
as predicted by the high-resolution steady state case fit very
well with the LP observation in the ionosphere. The
numerical diffusion is expected to be relatively large for
the low-resolution cases. As a result, the density dip
predicted by the time-dependent cases is not as low as
observed near the closest approach. This means that we do
want to use high resolution in the ionosphere whenever
possible. However, the density profiles among different
cases do share a similar trend. In addition, as shown in
Figure 3, different resolution does not have a noticeable
effect on the calculated magnetic field in the ionosphere. So
the resolution used in the time-dependent cases is good
enough and should only have limited effect on the results.
[39] Another interesting question is whether the inner

boundary would affect the simulation results, especially
the estimation of the lifetime of the fossil field in the
ionosphere. As mentioned in section 2, we apply a zero-
gradient boundary condition for both U and B. This bound-
ary is consistent with the plasma condition near the inner
boundary. Therefore the estimation of lifetime is unlikely to
be affected by the boundary conditions of the model.
However, we are not sufficiently confident to infer the
conditions in Titan’s lower atmosphere or on the surface
on the basis of model results, since according to Kliore et al.
[2008], there is also another significant ionospheric con-
ducting layer in the region of 500–600 km altitude, which is
currently neglected in the model.
[40] The density used in the calculation is about 4 times

higher than CAPS’ recalibrated density. Although the
results with lower density have similar trends, they do not
fit with the data as well as the high-density cases as shown
in the paper. As discussed above, some discrepancy
between the data and model could be due to the magneto-
sheath plasma flow coming in a different direction or at a
different speed. However, the flow direction and velocity
data are not yet available. It is currently too computation-
ally time consuming to explore the effects of flow direc-
tion and different speed without any constraints from
observations.
[41] Even the simulated magnetopause crossing case is

still much simpler than the real situation. For example, the
width of the magnetopause layer is neglected, and the flow
condition could be different from that assumed. This will
not affect the main conclusions based on the simulated
results, though. Because of the significant slow down of the
plasma speed in the region close to Titan, the magnetic field
in the deep ionosphere could be ‘‘fossilized’’ for hours
before it is eroded by the new field. The observations and
simulations results of the T32 flyby have important impli-
cations for understanding the magnetic field of other Titan
flybys. Since the plasma is highly dynamic in Saturn’s outer
magnetosphere, even though the ambient plasma condition
is not changing as dramatically as discussed in the presented
flyby, Titan’s ionosphere could still record some of those

Table 1. Approximate Travel Time From �8 RT to Titan’s Upper

Ionosphere Along the Ram Direction

Altitude (km) 2500 1600 1500 1400 1200

Travel time 3 min 11 min 21 min 41 min 1 h 40 min
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changes so that the observed field in the deep ionosphere
might have very complicated signatures. The same idea
could also apply to Venus and Mars (in the weak crustal
field region), which would help us to understand the
complicated magnetic signatures in unmagnetized planetary
ionospheres.
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