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[1] The characteristics of Titan’s environment at 09:00 Saturn local time (SLT) are
studied using a three‐dimensional multifluid/multiscale model of Titan embedded in a
global model of Saturn’s magnetosphere for three cases: a stationary magnetopause, an
inward moving magnetopause, and an outward moving magnetopause. The results show
that the plasma and magnetic field upstream of Titan are variable and that the variability
can be enhanced when Saturn’s magnetopause is not stationary. Rotating cold,
interchange fingers cause rapid changes in the plasma velocity, density, and
composition, while gradual changes are due to the relatively slow compression and
expansion of Saturn’s magnetopause. Titan enters a boundary layer on the inside of
Saturn’s magnetopause when Saturn’s magnetopause compresses. The boundary layer is
characterized by shearing flows and a mix of magnetospheric and magnetosheath
plasma. The irregular flows in the boundary layer strongly modify Titan’s induced
magnetosphere. The results indicate that more ions from Titan are lost from Saturn’s
magnetosphere during parallel interplanetary magnetic field (IMF) than antiparallel IMF. In
addition, we find that Titan’s ion tail may be able to prevent the magnetopause from
crossing Titan when Titan is in the prenoon sector. Therefore, despite a large increase in
solar wind pressure, Titan remained inside of Saturn’s magnetosphere. A synthetic
trajectory through the simulation is shown to be consistent with magnetometer data from
the TA flyby.

Citation: Snowden, D., R. Winglee, and A. Kidder (2011), Titan at the edge: 1. Titan’s interaction with Saturn’s magnetosphere
in the prenoon sector, J. Geophys. Res., 116, A08229, doi:10.1029/2011JA016435.

1. Introduction

[2] Titan has no internal magnetic field; therefore, its
atmosphere interacts directly with plasma and electro-
magnetic fields in Saturn’s magnetosphere or, in rare cases,
with the solar wind and interplanetary magnetic field
(IMF). Titan’s interaction with its space environment affects
the chemistry, dynamics and evolution of Titan’s atmosphere.
The density and composition of magnetospheric plasma and
the direction of Saturn’s magnetic field fluctuate at Titan’s
orbital radius (20.3 Saturn radii, 1 RS = 60,268 km), which is
near the Saturn’s dayside magnetopause [Bertucci et al.,
2008, 2009; Rymer et al., 2009]. This region of Saturn’s
magnetosphere is variable because it is sensitive to both
changes in the solar wind and the interplanetary magnetic
field (IMF) and to internal mass loading and rotationally
driven plasma exchange processes.
[3] Solar wind pressure influences Titan’s magnetospheric

environment by forcing Saturn’s plasma disk into a bowl shape

due to Saturn’s high obliquity (∼26.7°) and nearly aligned
rotational and magnetic axis [Arridge et al., 2008b]. Cassini
arrived at Saturn about two years after Saturn’s northernwinter
solstice and Saturn’s spring equinox occurred in August of
2009. Therefore, during most of Cassini’s prime and equinox
missions the solar wind has been exerting a northward force,
pushing Saturn’s central current sheet above Titan’s orbital
plane. The hinging of the plasma sheet is strongest beyond
∼15 RS and a day‐night asymmetry is apparent [Arridge et al.,
2008b; Sergis et al., 2009]. On the night side of Saturn’s
magnetosphere, the hinging angle of the central current sheet
is ∼10° and, on the dayside, the plasma sheet is closer to the
orbital plane and thicker [Sergis et al., 2009].
[4] Internal plasma sources can also modify Saturn’s mag-

netosphere near Titan. Saturn’s plasma disk is mostly com-
posed of heavy ions (∼16 amu) originating from Enceladus’
plume [Hansen et al., 2006]. These heavy ions exert an out-
ward centrifugal force because they are accelerated by Saturn’s
magnetic field, which rotates with a period of ∼10.5 h. The
centrifugal forcing radially stretches Saturn’s magnetic field
lines, giving Saturn’s magnetosphere a magnetodisk structure
similar to Jupiter’s magnetosphere. As a result, Saturn’s
magnetosphere is much more compressible than Earth’s
magnetosphere [Arridge et al., 2008b].
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[5] The subsolar distances of Saturn’s magnetopause
observed by Cassini have a bimodal distribution with peaks
at 22 and 27 RS and range from 18 to 29 RS [Achilleos et al.,
2008]. Achilleos et al. [2008] found that solar wind pressure
variations cannot fully explain the bimodal distribution of
the magnetopause distances and suggested that internal mass
loading may be partially responsible. Saturn’s plasma disk
has been observed to extend all the way out to the magne-
topause on the dayside [Krupp et al., 2005], so it is feasible
that the plasma disk is a main driver of magnetopause
location. More recently Kanani et al. [2010] developed a
dynamic pressure model to simulate the location of Saturn’s
magnetopause and found that total pressure inside Saturn’s
magnetosphere showed evidence of a bimodal distribution,
further indicating that the bimodal distribution of Saturn’s
magnetopause distance is due changes within Saturn’s
magnetosphere rather than changes in solar wind pressure.
[6] Cassini observations of the morphology of Saturn’s

magnetosphere during its prime mission can be used to
describe Titan’s environment in Saturn’s dayside magneto-
sphere. During the prime mission, Titan was typically
located inside Saturn’s magnetosphere below the central
current sheet. Saturn’s magnetic field near Titan was typi-
cally stretched into a magnetodisk structure by the centrif-
ugal forcing of cold, heavy ions from Saturn’s inner
magnetosphere. Finally, Titan would have interacted with
the plasma disk more often on the dayside of Saturn’s
magnetosphere because the plasma disk is closer to the
orbital plane when the dayside magnetic field is compressed
by the solar wind.
[7] However, Cassini observations have found that the

properties of Titan’s environment in all regions of Saturn’s
magnetosphere, including on the dayside, are anything but
typical. Spacecraft observations on the dayside of Saturn’s
magnetosphere showed that the magnetic field and plasma
near Titan varies strongly with space and time [Neubauer
et al., 2006; Szego et al., 2005]. Variability in the den-
sity and magnetic field in Titan’s environment has been also
confirmed by recent studies of magnetic field and plasma
data from more than 60 flybys of Cassini [Bertucci et al.,
2009; Rymer et al., 2009; Simon et al., 2010a, 2010b].
[8] In this paper we investigate the properties of Titan’s

environment at 09:00 Saturn local time (SLT) using a three‐
dimensional multifluid/multiscale model of Titan embedded
in a global model of Saturn’s magnetosphere. With this
model we simulate the dynamics of Saturn’s magnetosphere,
examining the effect of changes in the solar wind pressure
and IMF as well as the circulation of Saturn’s plasma disk
and the features of plasma interchange first simulated
globally in a multifluid model by Kidder et al. [2009]. This
model allows us to model the external and internal forcing
of Saturn’s magnetosphere while simultaneously modeling
the properties of Titan’s space environment using good
resolution. The Saturn‐Titan model has previously been
used to illustrate how the properties of the solar wind, IMF,
and the plasma disk strongly affect Titan’s near space
environment when the moon is located in Saturn’s magne-
totail [Winglee et al., 2009]. Titan’s local plasma environ-
ment, induced magnetotail, and ion tail are described for
three periods: a stationary magnetopause, an inward
moving magnetopause, and an outward moving magne-
topause. In work by Snowden et al. [2011, hereinafter

part 2], we present a simulation where Titan is in the
postnoon sector of Saturn’s magnetosphere (13:16 SLT) and
crosses into Saturn’s magnetosheath and then back into
Saturn’s magnetosphere.

2. Model

[9] Magnetohydrodynamic (MHD), multifluid models,
and hybrid models have been developed to study Titan’s
plasma interaction. MHDmodels [e.g., Ledvina and Cravens,
1998; Kabin et al., 1999; Backes et al., 2005;Ma et al., 2004]
have been used to describe the general morphology of Titan’s
induced magnetosphere and to interpret spacecraft data,
particularly in the ionosphere where ion‐neutral collisions
thermalize the plasma and reduce ion gyroradius effects.
Hybrid models have confirmed that ion gyromotion affects
the morphology of Titan’s induced magnetosphere [e.g.,
Brecht et al., 2000; Sillanpää et al., 2006; Simon et al., 2007;
Modolo and Chanteur, 2008].
[10] Each modeling method has its advantages and dis-

advantages. One disadvantage of MHD models is that they
assume that all ion species within the plasma have the same
bulk velocity and solve only one momentum equation for all
ions. This assumption reduces numerical complexity, how-
ever MHD models cannot determine the independent accel-
eration and outflow of individual ion species. Furthermore,
single‐fluidMHDmodels assume that the bulk ion velocity is
equal to the bulk electron velocity. This assumption removes
the Hall term in the electric field equation and ion gyroradius
effects are not included in MHD simulations. Hybrid models
solve for the gyromotion of particles and are able to
include non‐Maxwellian ion distributions. The disadvan-
tage of hybrid models is they must solve for the motion of
a large number of particles in each grid cell in order to obtain
accurate statistics. Therefore, hybrid simulations are typically
limited in size, duration, and/or resolution. Hybrid models
have not yet been used to simulate the dynamics of large
magnetospheres.
[11] Multifluid models such as the local Titan model of

Snowden et al. [2007] and this model bridge a gap
between MHD and hybrid numerical techniques. Multifluid
models track the dynamics of individual ion fluids and an
electron fluid and include the Hall and electron pressure
gradient terms in the generalized Ohm’s law. Therefore,
multifluid models include mass dependent‐asymmetric
behavior. Multifluid models also have similar resolution
and simulation volumes as MHD models. In this model,
we simulate a volume of 400 × 400 × 400 RS (400 RS ∼
9362 RT, 1 RT = 2575 km) and the highest resolution near
Titan is 927 km. However, multifluid models cannot
simulate non‐Maxwellian particle distribution and therefore
currently do not include suprathermal ion and electrons
populations, which may be important in Saturn’s outer
magnetosphere [Kanani et al., 2010].
[12] To accurately study the coupled interaction between

Saturn’s magnetosphere and Titan it is necessary to track
multiple ion populations and to include appropriately high
resolution in the inner magnetosphere and near Titan.
Toward this goal Winglee et al. [2009] developed a multi-
fluid/multiscale model of the Saturn‐Titan system, in which
a local Titan model is coupled to a global Saturn model. The
multifluid aspect of the model includes the dynamics from
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solar wind protons, Saturn’s ionospheric plasma, ions from
Enceladus’ plume, and Titan’s ionospheric plasma. The
multiscale aspect allows the local Titan model to be placed
within the global Saturn model, while retaining resolution of
927 km near Titan.

2.1. Multifluid Equations

[13] The dynamics of each plasma component is described
by equations for mass, momentum and pressure given by:

@�i
@t

þr � �i~vi ¼ 0; ð1Þ

�i
d~vi
dt

¼ eni ~E þ~vi �~B
� ��r pið Þ þ �i~g rð Þ; ð2Þ

@pi
@t

¼ ��r � pi~við Þ þ � � 1ð Þ~vi � rpi; ð3Þ

where the subscript i denotes the ion components, r is the
mass density ~v is the velocity, p is pressure, n is number
density, e is charge, ~g is gravity, ~B and ~E are the magnetic
and electric field. The thermal pressure is assumed to be
scalar and g is assumed to be 5/3. The electrons are assumed
to have sufficiently high mobility along the field lines that
they are approximately in steady state (i.e. dvedt = 0), or in drift
motion. This assumption removes high frequency plasma
and electron waves, and enables the momentum equation for
the electrons to be reduced to:

~E þ~ve �~B�r peð Þ
ene

¼ 0: ð4Þ

[14] Assuming quasi‐neutrality (ne = Sini) and applying
the definition of current (~J = 1

�0
r × ~B) the electron velocity

for a multi‐ion plasma becomes:

~ve ¼
X
i

ni
ne

~vi �
~J

ene
: ð5Þ

[15] Substituting equation (5) into equation (4) we find the
modified Ohm’s law:

~E ¼ �
X
i

ni
ne

~vi �~Bþ
~J �~B

ene
� 1

ene
rpe þ �~J : ð6Þ

Finally, the electron pressure equation is:

@pe
@t

¼ �r � pe~veð Þ þ � � 1ð Þ~ve � rpe: ð7Þ

[16] Faraday’s Law is used to close the set of equations:

@~B

@t
¼ �r�~E: ð8Þ

[17] Ion cyclotron effects are included in multifluid si-
mulations because the ion and electron species are modeled
as separate fluids allowing the Hall term to be retained in
Ohm’s law (6). The inclusion of the Hall term implies that
ions drift due to gradients in the electromagnetic fields on
the order of the ion inertial scale: L < c/wpi where wpi =

4pnie
2/mi. To illustrate this, substitute the generalized Ohm’s

law (6) into the ion momentum equation (2),

�i
d~vi
dt

¼ eni ~vi �~B�
X
i

ni
ne
~vi �~Bþ

"
1

ni

X
i

ni~vi �~B� ne
ni
~ve �~B

#

�r pi þ peð Þ: ð9Þ

where the resistivity and gravity terms have been dropped for
simplicity. The two middle terms in the bracket are zero in
single‐fluid MHD because i = 1 and ni = ne under the
assumption of quasi‐neutrality giving,

�i
d~vi
dt

¼ eni ~vi �~B�~ve �~B
� ��r pi þ peð Þ: ð10Þ

[18] This equation implies that~E = −~ve ×~B and that ri d~vidt =
~J × ~B − r (p). Here ~J is the induced current (~J = 1

�0
r × ~B)

and the ion fluid is tied to the electron fluid, which is frozen
into the magnetic field. The two middle bracketed terms in
equation (9) are nonzero in multifluid models and the Hall
term is preserved in Ohm’s law. The Hall term decouples the
motion of ions and electrons, allowing additional nonsym-
metric currents to form. Multifluid simulations of ion cyclo-
tron effects in Pluto’s plasma interaction have been shown to
be in good agreement with hybrid simulations [Harnett et al.,
2005]. A local multifluid model by Snowden et al. [2007] also
exhibits asymmetric ion outflow due to the large ion gyro-
radius of pickup ions from Titan’s ionosphere that is very
similar to the outflow simulated with the hybrid model of
Modolo and Chanteur [2008].

2.2. Grid System

[19] Titan and Saturn’s magnetosphere are coupled using
a nested grid system with good resolution both near Titan
and in Saturn’s inner magnetosphere. The resolution of each
rectangular nested grid box is shown in Figure 1. In our
cartesian coordinate system Saturn’s rotational axis is in the
z direction, the x axis lies in Saturn’s orbital plane and
points away from Saturn toward the solar direction, and the
y axis completes the set. Saturn is placed at [0, 0, 0] RS. The
smallest grid around Saturn is 12.5 × 12.5 × 12.5 RS large
and has a resolution of 0.25 RS. The largest simulation box
around Saturn extends 75 RS in the solar direction and
325 RS in the antisolar direction so that Saturn’s full
magnetotail can be resolved. To save computation time a
Saturn only simulation was ran for the first 48 h. In this
time period the solar wind and IMF transit though the
simulation over 15 times, penetrating Saturn’s dipole field
and forming Saturn’s magnetosphere until it has reached
quasi steady state. Then Titan was put into Saturn’s magne-
tosphere along with a refinement grid, as shown in Figure 1.
Titan was placed at [14.14, −14.14, 0] RS in Saturn’s second
finest resolved grid box is 25 × 25 × 25 RS large and has a
resolution of 0.5 RS. This orbital position allows us to study
Titan when it is near Saturn’s magnetopause in the prenoon
sector. The smallest grid box is 11 × 11 × 11 RT large and has
a resolution of 927 km. The refined grid around Titan covers
tens of RS, and the resolution of Titan’s grid merges
smoothly into Saturn’s magnetospheric grid system. The
equations are solved using a second‐order Runge‐Kutta
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method. Plasma and field quantities are passed between grid
systems at each time step, ensuring full coupling. By cou-
pling a planetary magnetosphere with the induced magne-
tosphere around a moon, the multifluid/multiscale model has
enabled the study of multiple plasma systems in upstream
and downstream directions at small and large scales.
[20] In this simulation we have neglected the movement

of Titan. We study Titan for 14 h of simulated time, during
which Titan would have moved by 0.86 h of SLT. Moving
this distance should not significantly change the magneto-
spheric conditions near Titan as Titan will still be in the
predawn sector of Saturn’s magnetosphere. However, for
longer simulations Titan’s movement may be important.

2.3. Boundary Conditions

[21] The global Saturn model utilized here [Kidder et al.,
2009] was originally used to determine the effect of
upstream and internal conditions on the centrifugal inter-
change cycle in Saturn’s inner magnetosphere and the
coupled Saturn‐Titan model was previously used to inves-
tigate Titan’s interaction in the premidnight sector of
Saturn’s magnetosphere [Winglee et al., 2009]. The model
includes three ion populations: (a) protons which originate
from the solar wind and Saturn’s and Titan’s ionosphere,
(b) moderately heavy ions such as O+, N+, W+ or CH4

+ (with
an assumed overall mass of 16 amu), hereafter referred to as
the O+ group and (c) heavy ions such as N2

+ and O2
+ (with an

assumed mass of 32 amu), hereafter referred to as the heavy
ion group (Hvy+). The dynamics of the ion fluids are
determined by equations (1), (2), and (3). The model also
includes one electron fluid whose dynamics are determined
by equations (5), (7), and (6).
[22] The presence of ions from Enceladus is incorporated

into the Saturn model by placing an ion torus of O+ with a
density of 2 cm−3 at Enceladus’ orbit (4 ± 0.5 RS). This is

consistent with early observations by Cassini [Young et al.,
2005]. Subsequent observations have shown that the density
of Enceladus’s ion torus is an order of magnitude greater
[Gurnett et al., 2007]. Never the less, in section 3.1, we
show that the density of heavy ions simulated in Saturn’s
outer magnetosphere is consistent with Cassini data. Heavy
ions are also initialized in this region with a density of
0.25 cm−3 so that Saturn’s plasma disk is mostly composed
of O+ with a smaller component of Hvy+ (28 amu) ions.
The ion temperature is initialized to be cold at 18 eV,
however the torus ions are rapidly heated to several hun-
dred eV by the convection of magnetic field through the
system. Where the torus comes into contact with the inner
boundary of the simulation, which is placed at 2.5 RS, the
density and temperature are held constant and reset after each
time step in the simulation. Saturn’s magnetic field is
included as a dipole with a southward polarity and a equa-
torial field strength of 21,000 nT at the inner boundary. The
magnetic axis is aligned with the rotational axis and the
rotation rate of Saturn’s magnetic field is set to 10.5 h.
Saturn’s ionosphere, assumed to be predominantly H+, is
placed at an inner boundary of 2.25 RS. The density of
Saturn’s ionosphere is assumed to be 50 cm−3. The temper-
ature of Saturn’s ionospheric plasma at the inner boundary is
assumed to be 1 eV which is similar to estimates of plasma
temperatures in Saturn’s topside ionosphere based on Cassini
radio occultation measurement [Nagy et al., 2006]. The
density and temperature of Saturn’s ionospheric plasma at
the inner boundary are also held constant throughout the
simulation. We neglect collisional effects of neutral gas and
ring dynamics which are important in Saturn’s inner mag-
netosphere but are beyond the scope of this paper.
[23] The inner boundary of Titan is set to 1.5 RT where

the plasma is approximately collisionless. However, near
the inner boundary a small resistive term is included in the
electric field equation (6) to simulate the effect of ion‐
neutral collisions within Titan’s ionosphere. At Titan’s
inner boundary the density of O+/CH4

+ and Hvy+ ions are set
to 400 cm−3 each and H+ is set to a density of 200 cm−3

with an exponential decrease radially away from the inner
boundary. This gives a total ion density of 1000 cm−3 at the
exobase which is on the order of the density measured by
Cassini [Ågren et al., 2009]. In order to account for the
photoionization profile the ionospheric ion density is ini-
tialized with an exponential decrease from the subsolar to
the antisolar point so that the ion density at the antisolar
point is about half the density at the subsolar point. The
density and temperature of ions at Titan’s inner boundary
are held constant and reset to their initial values after each
time step. The temperature of Titan’s ionosphere at the
inner boundary is initialized to 0.1 eV in accordance with
Cassini measurements of Titan’s ionosphere [Wahlund et al.,
2005]. The boundary conditions for Titan are similar to those
used by Snowden et al. [2007].
[24] The solar wind and interplanetary magnetic field

(IMF) are initialized at the boundary of Saturn’s largest grid
box in the positive x direction. In the simulation, velocity of
the solar wind varies from 450 to 540 km/s and the density
varies from 0.05 and 0.1 cm−3. The solar wind temperature
is set to 1.4 eV. The magnitude of the IMF is set to 0.03 nT
and the orientation of the IMF varies from northward to
southward as described in Table 1. The obliquity of Saturn’s

Figure 1. The grid system in the coupled Saturn‐Titan
model as viewed from the north and projected onto Saturn’s
orbital plane.
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rotational and magnetic axes change seasonally, to simulate
this effect the solar wind direction is incident at an upward
angle of 27°.
[25] At the inner boundaries of Saturn and Titan ions are

initialized with no bulk velocity. Ion outflow from each
ionosphere is achieved by pressure gradients and induced
electric fields associated with the convection of magnetic
fields through either system. For example, the convection of
Saturn’s magnetic field through Titan’s ionosphere causes
ions above Titan’s exobase to convect downstream due to
the curvature (~J × ~B) of field lines hung up in Titan’s
atmosphere which results in a sheet of plasma outflowing in
Titan’s wake. Pressure induced escape along magnetic field
lines also causes ionospheric plasma to outflow filling the
lobe regions of Titan’s induced magnetosphere. The plasma
outflows from Titan at ∼5–15 km/s, which is consistent with
Cassini measurements of the mass loaded flow near Titan
[Hartle et al., 2006]. The thermal velocity of Saturn’s iono-
spheric plasma leads to a small thermal polar wind, which is
enhanced by the convective electric field produced by
merging of Saturn’s magnetic field and the IMF. The polar
wind fills Saturn’s magnetosphere with H+ ions with a tem-
perature of ∼200 eV. The rotating magnetic field accelerates
the O+ and Hvy+ ions initialized at L = 4 ± 0.5 to corotational
velocities and the rapidly rotating heavy ions are centrifugally
forced radially outward forming a plasma disk about Saturn’s
magnetic equator and deforming Saturn’s magnetic field into
a magnetodisk shape.

3. Results and Discussion

[26] In the following sections the evolution of Titan’s
space environment and Titan’s induced magnetosphere and
ion tail is described for a series of changes in solar wind
pressure and IMF direction incident on Saturn’s magneto-
sphere, which cause the magnetopause to move inward for
several hours and then outward for several hours. A summary
of the solar wind conditions is given in Table 1. First we
compare the simulation results to a recent survey of Cassini
measurements of Saturn’s magnetosphere by Thomsen et al.
[2010] in section 3.1. In section 3.2 we describe the plasma
and magnetic field characteristics upstream of Titan. In
section 3.3 we compared the plasma and magnetic field
properties simulated near Titan to Cassini observations.
Section 3.4 illustrates how Titan’s induced magnetosphere is
affected by irregular flows near Saturn’s magnetopause. In
section 3.5 the formation (or lack there of) of a partial ion
torus is examined. In section 3.6 Titan’s effect on Saturn’s
magnetopause is discussed. Finally, in section 3.7 the sim-
ulation results are compared to magnetometer data from
Cassini’s TA flyby, and it is shown that the results of the
simulation are consistent with Cassini magnetometer data.

3.1. Comparison Between Cassini Data and Simulated
Parameters for Saturn’s Magnetosphere

[27] Several reports have been published that quantify the
average plasma parameters in Saturn’s magnetosphere
[Thomsen et al., 2010; Wilson et al., 2008; Morooka et al.,
2009]. In this section we compare the results of this simu-
lation to Thomsen et al. [2010]. Figure 2 shows both the time
averaged simulation parameters and the results of Thomsen
et al. [2010]. As discussed by Thomsen et al. [2010], the
results of this most recent survey are mostly in good agree-
ment with the results of the survey ofWilson et al. [2008] and
Morooka et al. [2009], so we will simply focus on this most
recent report. In order to derive time averaged simulation
results, plasma and field quantities from 3 to 20 RS were
sampled every ∼15 min in the equatorial plane radially at
00:00, 06:00, 12:00, and 18:00 SLT when Titan was in the
simulations (from 48 to 62 h). The mean of these samples
versus radial distance are shown in Figure 2 as solid lines. In
each of the plots the standard deviation from the mean is
shown with error bars.
[28] Figure 2a shows the average ion densities along the

equatorial plane of the three ions in the simulation (H+, O+,
and Hvy+) and ion densities reported by Thomsen et al.
[2010]. The average ion densities from Thomsen et al.
[2010] are taken from Figure 3c of that paper, which in-
cludes ion densities measured by Cassini within 5° latitude
of Saturn’s equatorial plane and when Cassini’s ion mass
spectrometer (CAPS‐IMS) [Young et al., 2004] was looking
directly into the corotational flow direction. In Figure 2a, the
average CAPS data is shown with a larger marker while the
upper and lower bound of the densities observed by CAPS
are shown with smaller markers connected by dotted lines.
Clearly, in the inner magnetosphere there is a significant
difference between the densities of the simulation and the
results of Thomsen et al. [2010]. The density inside of
∼10 RS is about an order of magnitude too small. However,
around 10 RS the H+ and O+ density predicted by the sim-
ulation is well within the range observed by Cassini CAPS.
By 14 RS the O+ density is in good agreement with the
average W+ density reported by Thomsen et al. [2010]. The
H+ density predicted by the simulation remains smaller than
the average H+ density in the Thomsen et al. [2010] survey;
however, the density predicted by the simulation is within
the range of values measured by Cassini starting at ∼12 RS.
[29] The bin‐averaged values of the Thomsen et al. [2010]

survey end at 16 RS. In the next section we will show that
beyond 16 RS, near Titan, the ion density and composition
simulated are in good agreement with Cassini observations.
As shown in Figure 2a the simulation predicts highly variable
H+ and O+ densities that vary between ∼.005 and 0.1 cm−3,
which is in good agreement with the densities measured by
Cassini near Titan [e.g., Rymer et al., 2009].
[30] Figure 2b compares the simulated ion temperatures

and the ion temperatures reported by Thomsen et al. [2010].
The ion temperatures predicted by the simulation are within
the range of temperatures observed by Cassini except for
near ∼6 RS. In both the data and the simulation the ion
temperature is very cold in Saturn’s inner magnetosphere,
then heats up over only a few Saturn radii and flattens out in
Saturn’s outer magnetosphere [Thomsen et al., 2010]. In the
simulation the plasma temperature rises around 4 RS and the

Table 1. Summary of the Solar Wind Parameters During Each
Period of the Simulation

Period Time (h) BIMF (nT) PSW (nPa) RSW (RS) DMP (RS)

1 48–53 [0, 0, 0.03] 0.016 25 5
2 53–59 [0, 0, 0.03] 0.046 19–25 2–5
3 59–62 [0, 0, −0.03] 0.046 19–22 2–4
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ion temperature measured by CAPS appears to rise around
6 to 8 RS. The disagreement between where the region of
hotter plasma begins in the model and the data is due to
difference in density, and therefore, mass loading in Saturn’s

inner magnetosphere described in the previous paragraph.
However, similar to the density measurements the agree-
ment between the simulation and the CAPS data is good in
Saturn’s outer magnetosphere.

Figure 2. A comparison between model parameters and results of the survey by Thomsen et al. [2010].
(a) The mean H+, O+, and Hvy+ density in the simulation orbital plane compared with H+ and water group
(W+) ion densities near Saturn’s equator measured by Cassini CAPS‐IMS as reported by Thomsen et al.
[2010]. The larger markers (crosses and circles) show bin‐averaged data, and the smaller markers
connected by dotted lines show the width of the density distribution detected by Cassini. (b) The same as
Figure 2a except for ion temperature. (c) The mean azimuthal velocity O+ plasma in the simulation’s
orbital plane and error bars to indicate the standard deviation from the mean, the velocity of rigid
corotation, and the azimuthal velocity of water group (W+) ions taken from Thomsen et al. [2010]. (d) The
magnitude of the vertical (BZ) and radial (Br) magnetic field in the simulation’s orbital plane. The
simulated (e) H+ and (f) O+ density in the vertical plane along the Sun‐Saturn axis. White lines indicate
powers of 10.
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[31] Figure 2c shows the simulated azimuthal velocity in
Saturn’s orbital plane along with the rigid corotation
velocity and the velocity reported by Thomsen et al. [2010].
Deriving velocity moments from CAPS data is difficult due
to the instrument’s limited field of view [Thomsen et al.,
2010]. The velocities reported by Thomsen et al. [2010]
are lower than the velocities reported by Wilson et al.
[2008]. Sittler et al. [2006] derived plasma speeds that
were much closer to, and even greater than, corotation from
data taken during Cassini’s orbital insertion. In any case, it
appears that the average simulated velocities throughout
Saturn’s inner and middle magnetosphere are faster than the
most recent average velocities derived from CAPS data [see
also McAndrews et al., 2008]. This is also due to the
underestimate of the Enceladus torus density in Saturn’s
inner magnetosphere. Less density would result in less mass
loading of plasma with 10 RS and, therefore, faster flow
velocities. In addition, a dense neutral population exist
within about L = 10 RS [Johnson et al., 2006], and plasma
observed by Cassini is freshly ionized cold pickup ions.
Cold pickup ions attenuate momentum in Saturn’s inner

magnetosphere, and therefore, decrease the rotational
velocity of the plasma. Including this complex neutral
interaction is beyond the scope of this study. Our model
predicts that the plasma flow may even become super-
corotational in Saturn’s middle magnetosphere. This speed
up of plasma conserves momentum within the simulation, as
the plasma is significantly subcorotational due to mass
loading near 6.5 RS.
[32] At radial distances greater than ∼16 RS the plasma

becomes subcorotational in the simulation and the azimuthal
velocity drops rapidly until it is on average about 120 km/s
near Titan, which is in good agreement with estimates of
plasma velocity near Titan from both Voyager and Cassini
[Hartle et al., 2006]. However, even if the plasma velocity
near Titan is in good agreement with spacecraft measure-
ments, the enhanced plasma velocity in Saturn’s inner
magnetosphere may affect how plasma is transported from
Saturn’s inner magnetosphere to the outer magnetosphere.
Increasing the O+ density initialized at Enceladus’ torus
should increase the centrifugal forcing, and therefore, radial
transport of heavy plasma into Saturn’s outer magneto-
sphere. On the other hand, increasing the plasma density
also mass loads the magnetic field and reduces the rotational
velocity which would decrease the centrifugal force. This
should be further examined in subsequent simulations.
[33] Figure 2d shows the average vertical and radial

components of Saturn’s magnetic field in the orbital plane.
As expected, at further orbital distances the magnetosphere
is heavily affected by the centrifugal forcing of Saturn’s
plasma disk and the average magnitude of the radial com-
ponent of the magnetic field becomes nearly half the aver-
age magnitude of the vertical component.
[34] The plasma sheet is forced into a bowl shape by the

incident solar wind as described by Arridge et al. [2008b].
Figures 2e and 2f show the latitudinal structure of Saturn’s
plasma disk along the Sun‐Saturn plane at 48.28 h simulated
time. Figure 2e shows that the heavy plasma in Saturn’s
plasma disk is tightly confined to the magnetic equator. The
latitudinal extend of the disk decreases with radial distances.
The H+ ions are not only more broadly distributed around
Saturn’s magnetic equator than O+ but the density of H+

peaks above and below the magnetic equator within 12 RS.
This was also seen in the diffusive model of Persoon et al.
[2009] and Sittler et al. [2008]. The hydrogen ions have off‐
equator peaks due to an ambipolar electric field produced by
the charge separation between electron and equatorially
confined heavy ions, which forces the lighter H+ off the
magnetic equator.
[35] The magnetopause in Figures 2e and 2f is at ∼25 RS

which is in agreement with the range of magnetopause
distances measured by Achilleos et al. [2008] (∼18 to 27 RS).
With this magnetopause distance (or at this solar wind
pressure) the dayside of Saturn’s magnetosphere has a
magnetodisk shape which is in agreement with the results of
Arridge et al. [2008b], who found that Saturn’s dayside
magnetosphere has a disk shape when the subsolar distance
of the magnetopause is greater than 23 RS and a quasi‐
dipolar shape when the subsolar distance of the magneto-
pause was less than 23 RS. The magnetopause distance will
vary throughout the simulation as we adjust the solar wind
pressure however it will always be within the range
observed by Achilleos et al. [2008].

Figure 3. Two views of the Saturn‐Titan simulation at
three different times. (a‐c) The global view of the Saturn‐
Titan system. The red isosurface of constant Hvy+ density
equal to 0.01 cm−3 and the background contour is Hvy+ den-
sity. Titan’s ionosphere and Titan’s tail are imaged with the
red isosurface along with heavy ions in Saturn’s plasma
disk. (d‐f) Zoom‐in of the interaction around Titan. The
red surface is a surface of constant Hvy+ density equal to
0.01 cm−3 showing ions outflowing from Titan, and the
white lines are draped magnetic field lines.
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[36] Although it will not be examined extensively in this
paper, the overall plasma flow in the simulation is affected by
both internal mass loading and the direction of the IMF.
During antiparallel IMF, reconnection on the dayside trans-
fers magnetic flux to Saturn’s nightside and thins Saturn’s
plasma sheet similar to the Dungey cycle as shown by
Winglee et al. [2009] and Kidder et al. [2009]. Periodically
large amounts of heavy plasma are released down the tail in
the form of plasmoids, which appears to be due to internal
mass loading as described in the Vasyliunas cycle. The rel-
ative importance of Dungey‐like forcing to Vasyliunas‐like
forcing in the Saturn simulation is the subject of a future
paper.

3.2. Titan’s Magnetospheric Environment During a
Compression and Expansion of Saturn’s Magnetopause

[37] This section describes how Saturn’s magnetosphere
and Titan’s magnetospheric environment changes when
Saturn’s magnetopause compresses and expands. The
description of the simulation is split into three periods: sta-
tionary magnetopause, inward moving magnetopause, and
outward moving magnetopause.
3.2.1. Stationary Magnetopause
[38] As indicated in Table 1, Saturn’s magnetopause is

stationary (∼5 RS from Titan) for 5 h after Titan is placed in
the simulation. The initial configuration of Saturn’s mag-
netosphere and Titan’s induced magnetosphere is shown in
Figures 3a and 3d. Figure 3a shows Saturn’s magnetosphere
from above. The color contour shows the Hvy+ density in
Saturn’s orbital plane and the red surface of constant Hvy+

density shows the inner plasma disk and Titan’s ion tail,
which extends downstream from Titan. Figure 3d shows a

close‐up view of the interaction near Titan. Saturn’s magnetic
field lines (in white) drape around Titan. The red surface is a
surface of constant Hvy+ density equal to 0.01 cm−3 that
shows the extent of Titan’s ionosphere and ions outflowing
downstream of Titan. Figure 4 shows the extent and location
of Saturn’s plasma disk. In Figure 4, a side view of Saturn’s
magnetosphere is shown from the dusk direction. The green
surface is a surface of constant O+ density equal to 0.03 cm−3,
which shows the three‐dimensional extent of Saturn’s plasma
disk. Saturn’s magnetic field lines are shown in white and the
magnetopause and orbital plane are indicated with dashed
lines. At 48.28 h, Saturn’s plasma disk has a bowl shape due
to the incident angle of the solar wind.
[39] We use plasma and magnetic field quantities upstream

of Titan to quantify how Titan’s space environment changes
over time. Figure 5 shows the plasma and magnetic field
characteristics at a point 20 RT upstream of Titan. Figure 5a
shows the magnetic field in Titan‐centered (TIIS) coordi-
nates. In TIIS coordinates, the x axis points in the direction of
corotation, the y axis is directed from Titan toward Saturn,
and the z axis points upward perpendicular to the orbital
plane. Figure 5b shows the stretch and sweepback angles
sampled 20 RT upstream of Titan. The stretch angle is
defined as arctan(Br/B�) and the sweepback angle is defined
as arctan(B�/Br), where Br is the radial component of the
magnetic field pointing away from Saturn, B� is in the
direction of rotation, and B� is in the direction of the cross
product of the � axis and r axis. The stretch angle describes the
radial stretching of the magnetic field due to the centrifugal
stress of rotating plasma. A stretch angle of 0° indicates a
dipolar field and a stretch angle of +/−90° degrees indicates a
completely radial field. The magnitude of the sweepback
angle indicates how far the magnetic field deviates from rigid
rotation. A negative sweepback angle indicates a sub-
corotating magnetic field and a positive sweepback angle
indicates a supercorotating magnetic field. Figure 5e shows
the rate of Hvy+ outflow from Titan’s ionosphere which is
calculated by determining the ion flux out of a 10 × 10 × 10RT

box centered on Titan.
[40] During the first 5 h, when the magnetopause is sta-

tionary, the upstream plasma and magnetic field are stable.
From 48 to 53 h the magnetic field is constant with a total
magnitude of ∼5 nT. During this period, Titan is below the
magnetic equator (as indicated by the negative BX) and Titan
is interacting with magnetic field with a significant radial
component that is subcorotational, as indicated by the stretch
and sweepback angles. Figure 5c shows the upstream plasma
velocity. From 48 to 53 h, the flow direction is stable in the
corotational direction (x direction in TIIS). Finally, the
plasma density, shown in Figure 5d, is relatively constant at
∼0.01 cm−3 with equal amounts of H+ and O+. During this
period of the simulation ion outflow is initially low as Titan’s
ion tail begins to grow but eventually becomes stable around
1025 ion/s.
3.2.2. Inward Moving Magnetopause
[41] At 53 h of simulated time an increase in solar wind

dynamic pressure begins to compress the magnetopause and
Titan’s plasma environment becomes more variable. The
magnetopause compresses from 53 to 59 h and, at its most
compressed, the subsolar point of Saturn’s magnetopause is
19 RS and Saturn’s magnetopause is located less than 2 RS

from Titan. Figure 3 illustrates the changes to Titan’s ion tail

Figure 4. Saturn’s plasma disk is shown with a green sur-
face of constant O+ density equal to 0.03 cm−3 and a back-
ground contour of O+ density. The white lines show
Saturn’s dipole field. The short‐dashed lines show the loca-
tion of the magnetopause (MP). The long‐dashed lines indi-
cate Saturn’s orbital plane.
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and Saturn’s plasma disk during the magnetopause com-
pression. Figure 3b shows that, at 55.49 h, Titan’s ion tail
has grown almost reaching 12:00 SLT. Figure 3e shows ions
still appear to be outflowing from Titan but the outflow
region is very extended and the magnetic field is not as
tightly draped as in Figure 3d. The difference in magnetic
field draping and ion outflow will be further examined in
section 3.4. Figure 4 shows that, at 55.49 h, Saturn’s dayside
plasma disk has thickened and is centered on Saturn’s
orbital plane. Thickening of Saturn’s plasma disk is due to
the increased solar wind pressure which causes Saturn’s
magnetic field to be more dipolar. These results agree with

the findings of Arridge et al. [2008a], who showed that the
dayside field becomes more dipolar under high solar wind
pressure when the subsolar distance of the magnetopause is
less than ∼23 RS.
[42] The compression of Saturn’s dayside magnetosphere

strongly affects Titan’s space environment. The magnetic
field seen in Figure 5a increases from ∼5 nT to 6.5 nT. The
direction of the magnetic field, initially dominated by BY,
becomes dominated by BZ and, as a result, the stretch angle
changes from ∼−50° to ∼−20° on average (i.e. the field lines
are more dipole like). The average sweepback angle changes
from ∼−20° to less than −50° which indicates an increasing

Figure 5. The simulated parameters 20 RT upstream of Titan and the rate of Hvy+ outflow from Titan’s
ionosphere. (a) The magnetic field components in TIIS coordinates, (b) sweepback and stretch angles,
(c) plasma velocity, (d) ion density, and (e) Hvy+ ion outflow from Titan’s ionosphere.
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departure from corotation. However, the magnitude of the
sweepback angle also shows substantial decreases (indicat-
ing the flow is less subcorotational) and even turns positive
(supercorotational) at times marked by arrows.
[43] The strong fluctuations in sweepback angle are cor-

related with sharp increases in the magnetospheric plasma
flow shown in Figure 5c. The sweepback angle indicates how
far the magnetic field deviates from rigid rotation and a
decreasing sweepback angle indicates that the magnetic field
is becoming less subcorotational. Therefore, it makes sense
that the decreases in sweepback angle would be correlated
with an increase in plasma velocity. The flow even becomes
slightly supercorotational (positive sweepback angle) around
59 h because the plasma velocity exceeds the corotation
velocity (∼200 km/s). Figure 5d shows that the increases in
velocity are also correlated with increases in the plasma
density.
[44] The quasiperiodic behavior of Titan’s upstream

parameters can be explained by the rotation of finger‐like
regions at the edge of Saturn’s plasma disk. These finger‐
like regions of cold plasma are caused by a large‐scale
interchange instability. Multifluid simulations and observa-
tions [Burch et al., 2005; André et al., 2005] of the inter-
change instability are described in detail by Kidder et al.

[2009]. In the centrifugal interchange cycle, hot tenuous
plasma sheet plasma in Saturn’s outer magnetosphere
moves inward, replacing cold dense ions from the Enceladus
torus in Saturn’s inner magnetosphere. The cooler, dense
“fingers” can extend into Saturn’s outer magnetosphere
and have been shown to periodically interact with Titan in
corresponding simulations [Winglee et al., 2009]. While
the interchange cycle frequently occurs during IMF that is
parallel to Saturn’s planetary magnetic field [Kidder et al.,
2009], Titan has enhanced interactions with the cold, heavy
plasma fingers when the dayside magnetosphere is highly
compressed, becoming more dipolar with a thickened plasma
disk.
[45] Figure 6 illustrates how Titan periodically interacts

with the plasma disk fingers. In Figure 6, Saturn’s plasma
disk is depicted by a green surface of constant O+ density
viewed from above the orbital plane. The background
contour is O+ density and the location of the magnetopause
is shown with a white line. The velocity and density (shown
in Figure 5) increases when a plasma disk finger sweeps
past Titan. Since the fingers are not limited to Saturn’s
dayside magnetosphere, the strong variability in sweepback
angle may be a common feature throughout Saturn’s mag-
netosphere, which is in agreement with the variability in the

Figure 6. Saturn’s plasma disk is shown from above the orbital plane with a green surface of constant
O+ density equal to 0.03 cm−3. The background contour is the O+ density in the orbital plane. The white
line is the magnetopause.
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sweepback angles at all SLT reported by Bertucci et al.
[2009].
[46] Very low and very high plasma velocities are also

observed near Titan. Within the fingers the velocity is
∼200 km/s and outside of the fingers the velocity is ∼50 km/s.
A velocity of 50 km/s is significantly slower than the average
rotational speed near Titan [Kane et al., 2008]. It appears that,
in between Titan’s interaction with the plasma disk fingers,
the velocity is reduced as long as the magnetopause is moving
inward (from 53 to 59 h). When the magnetopause moves
inward, its motion opposes the rotational magnetospheric
plasma near 09:00 SLT. Therefore, the inward compression
causes a reduction in the overall plasma velocity. The plasma
velocity increases inside plasma disk fingers because the
centrifugal force of fingers counteracts the inward motion of
the magnetopause.
[47] Figure 5e shows that the ion outflow appears to

double or triple when Titan is embedded within the plasma
disk fingers indicating that enhanced flow velocities near
Titan lead to larger ionospheric outflows. The strong dip in
ionospheric outflow near 57.75 h will be discussed in
section 3.4.
3.2.3. Outward Moving Magnetopause
[48] The magnetopause begins to expand at 59 h, when the

IMF turns parallel (southward), because reconnection is no
longer eroding magnetic flux from Saturn’s dayside mag-
netosphere. When the magnetopause expands, the velocity
inside the tenuous regions increases, since the magnetopause
is moving in the same direction as the magnetospheric
plasma.
[49] In addition, the stretching angle in Figure 5b in-

creases after the magnetopause begins to expand, indicating
that the dayside of Saturn’s magnetosphere is returning to a
magnetodisk configuration. However, Figure 4 shows that,
although the magnetopause has expanded, Saturn’s plasma
disk has yet to return the bowl shape seen in Figure 4 at
48.28 h. This is in agreement with Figure 5d, which shows
that during the expansion period the plasma density remains
fairly constant.
[50] The results indicate that the plasma and magnetic

field upstream of Titan at 09:00 SLT can be quite variable
when Saturn’s magnetopause is not stationary. Rotating
cold, interchange fingers cause rapid changes, while the
more gradual changes are due to the relatively slow com-
pression and expansion of Saturn’s magnetopause.

3.3. Comparison of Simulated Parameters Upstream
of Titan and Cassini Observations

[51] The simulated variability near Titan can be compared
to data from Cassini’s many flybys. Rymer et al. [2009]
examined the electron density derived from Cassini’s elec-
tron spectrometer (CAPS‐ELS). They found that the flybys
could be categorized into four different groups (plasma
sheet, lobe‐like, magnetosheath, or bimodal) depending on
the electron energy and flux observed within 3 h of closest
approach. The plasma sheet electron population identified
by Rymer et al. [2009] had a density equal to ∼0.05 cm−3

and the lobe electron population had electron densities
equal to ∼0.004 cm−3. In Figure 5d, the low density regions
outside of the fingers originating from Saturn’s plasma
disk have densities equal to 0.01 cm−3 or less while the

regions in between these fingers have densities equal to
∼0.05 to 0.1 cm−3. Therefore, the rotation of Saturn’s
plasma disk can lead to Titan periodically being in regions
where the density is lobe‐like and plasma sheet‐like.
[52] Bertucci et al. [2009] examined magnetometer data

near Titan’s orbit during the first 3.5 years of Cassini’s
mission to categorize the variability of Titan’s magnetic
environment. Bertucci et al. [2009] calculated stretch and
sweepback angles from the average ambient magnetic field
measured in the range 19 < r < 21 RS and 19 < Z < 21 RS

(where r and Z are horizontal and vertical distances from
Titan), excluding measurements in Saturn’s magnetosheath
or Titan’s induced magnetosphere. At 09:00 SLT, the stretch
angle was observed to vary from 0° to −75°. Since the stretch
angle was consistently negative over the first 3.5 years of the
Cassini mission, Titan’s orbit appeared to be below Saturn’s
magnetic equator. However, Titan’s orbit was at times close
to the magnetic equator (as indicated by stretch angles close
to 0°) and Titan was often inside of Saturn’s plasma disk as
indicated by Rymer et al. [2009].
[53] The stretch angle derived from the simulated magnetic

field in Figure 5a shows similar variability from 0° to −50°.
As previously, explained we find that the compression and
dipolarization of Saturn’s magnetic field due to the increase
in solar wind pressure is responsible for the decreasing
magnitude of the stretch angle. Therefore, on the dayside we
find that the solar wind can have a large effect on the stretch
angle, and therefore the proximity of Titan to Saturn’s
plasma disk. Bertucci et al. [2009] also found that the vari-
ation in stretch angle appeared to depend on SKR longitude,
which may be due to a magnetic field anomaly (which is
obviously not included in this simulation) which perturbs the
field near Titan with a period of 10.7 h.
[54] Bertucci et al. [2009] also examined the sweepback

angle near Titan and found it to be highly variable at all
SLT. In the prenoon sector, the observed sweepback angle
ranged from ∼−50° to ∼45°. The observed variation in the
simulation (∼−60° to ∼75°) is therefore in good agreement
with the Cassini observations, including the observations of
supercorotating plasma indicated by positive sweepback
angles. We attribute these abrupt changes in sweepback
angles to the rotation of finger‐like regions of plasma at the
outer edges of Saturn’s plasma disk.
[55] More recently, Simon et al. [2010a, 2010b] catego-

rized the variability in Cassini MAG data near Titan,
including all flyby’s up to T62 and 79 virtual flybys or
crossings of Titan’s orbit with Titan not present. In partic-
ular, Simon et al. [2010a] noted that Saturn’s plasma disk
appeared to periodically flap vertically near Titan exposing
Titan to plasma in Saturn’s plasma sheet and causing Titan
to occasionally cross Saturn’s magnetic equator. Simon et al.
[2010a] noted that the vertical motion of the current sheet
appeared to occur both on short time scales and periodically
on long time scales (∼10.7 h). We do not simulate strong
rapid vertical motion of the plasma disk and Titan never
crosses the magnetic equator into the northern lobe of
Saturn’s magnetosphere. However, the results of our simu-
lation are still in agreement with the findings of Simon et al.
[2010b]. Simon et al. [2010b] noted that the vertical oscil-
lations of the current sheet mostly occurred on the nightside
of Saturn’s magnetosphere. On the dayside, Titan was rarely
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observed outside of Saturn’s plasma disk. In fact, Titan was
not observed in Saturn’s northern lobe until around autumn
equinox, when Saturn’s obliquity was small and the bowl
shape of Saturn’s magnetodisk was relaxed.
[56] In our simulation Titan remains in Saturn’s southern

lobe as we are simulating conditions appropriate for south-
ern summer. However, during our simulation the current
sheet moves closer to Titan, as indicated by the stretch angle
shown in Figure 5b, due to a combination of the compres-
sion of Saturn’s magnetosphere by the solar wind and the
rotation of Saturn’s plasma disk. The dynamics simulated
here likely cause the smaller scale but more frequent
changes in the current sheet proximity to Titan, while large‐
scale periodic flapping motions are due to the magnetic
anomalies associated with SKR longitude [Bertucci et al.,
2009; Simon et al., 2010a]. An additional simulation
under Saturn equinox conditions with Titan located in the
magnetotail is needed to determine if the dynamics simu-
lated by this model causes north‐south oscillations of the
current sheet that are large enough to cause rapid vertical
motions of the current sheet across Titan.
[57] In the next section, we show how variability in

Titan’s space environment leads to large changes in Titan’s
ion tail and induced magnetosphere.

3.4. Modification of Titan’s Induced Magnetosphere
by Changes in Titan’s Magnetospheric Environment

[58] On the inside of Saturn’s magnetopause, a boundary
layer exist which is analogous to the low latitude boundary
layer observed in Earth’s magnetosphere [McAndrews et al.,
2008]. Inside the boundary layer the flow direction transi-
tions from being in a counterclockwise direction inside the
magnetosphere to a clockwise direction in Saturn’s magne-
tosheath and there is a mix of magnetosheath and magneto-
spheric plasma. Additionally, when the IMF is antiparallel to
Saturn’s planetary field, reconnection at the magnetopause
accelerates plasma out of the orbital plane. Figure 7 shows the

plasma flow inside the boundary later. Themagenta surface is
a surface of constant Hvy+ included to illustrate the extend of
Titan’s ion tail. The color contour in the orbital plane shown
the vertical velocity near Titan. The white line indicates the
location of Saturn’s magnetopause. In most of the region near
Titan the vertical velocity is near zero. However, near the
magnetopause there is a region where the plasma has a strong
southward velocity. The white arrows show the H+ velocity
direction in the orbital plane. Near the magnetopause,
upstream of Titan, the velocity rotates from being clockwise
to counterclockwise. We define the boundary layer to be the
region of irregular flow on the inside of Saturn’s magneto-
sphere. The boundary layer can be wider than 2 RS (∼50 RT)
near Titan and the shearing flows in the boundary can cause
Titan’s ion tail to break up as seen in Figure 7.
[59] When, Titan enters the boundary layer Titan’s induced

magnetosphere changes drastically. Figure 8 shows the
morphology of Titan’s induced magnetosphere inside the
boundary layer at 57.50 h and outside of the boundary layer in
typical magnetospheric conditions at 61.02 h. In Figures 8a
and 8b Titan’s ion tail is illustrated with a magenta surface
of constant Hvy+ density. White arrows and a color contour
indicate the flow velocity near Titan. In Figure 8a the
plasma velocity near Titan is oriented strongly (>100 km/s)
southward near the magnetopause in the boundary layer.
This is in contrast to more typical plasma flow shown at a
later time in 8b when Titan is further from the magneto-
pause. The southward plasma flow causes the morphology
of Titan’s induced magnetosphere to be highly irregular
because, in this region, the plasma flow is no longer per-
pendicular to the magnetic field. Therefore, the magnetic
field does not drape sharply in Titan’s ionosphere because
the plasma flow not carrying the magnetic field down-
stream. This is seen in Figures 8c and 8d, which show the
Hvy+ ion density in the orbital plane and in a vertical plane
along the axis of corotation. In Figure 8c, Saturn’s magnetic
field lines are not draped sharply around Titan like they are
in Figure 8d. Since the magnetic field lines are not curved
around Titan (reducing the ~J × ~B force) and magnetic field
lines are not moving downstream, ions do not outflow in
Titan’s wake. Instead, the ion density directly downstream
of Titan appears patchy. This is confirmed by Figure 5e
which shows that near 57.5 h ion outflow rate has
dropped more than an order of magnitude to ∼1024 ions/s.
Therefore, we find that Titan’s local environment and
Titan’s induced magnetosphere should be strongly affected
by Saturn’s magnetopause even if the magnetopause current
sheet is several RS away from Titan because the boundary
layer inside the magnetopause is several RS thick.

3.5. Formation and Loss of a Partial Titan Ion Torus

[60] Figure 9 shows a global view of Titan’s ion tail from
above Saturn’ orbital plane with surface of constant Hvy+

density and a background contour of Hvy+ density. The
magnetopause is shown with a white line. At 57.98 h Titan’s
ion tail has grown into a partial ion torus that extends past
12:00 SLT. However, the formation of a complete torus is
interrupted when parallel IMF reaches Saturn and Saturn’s
magnetopause begins to expand. The outward movement of
the magnetopause is seen in Figure 9 from 58.63 to 61.5 h.
During this time period, large amounts of Hvy+ ions from
Titan’s ion tail move across the velocity shear in the

Figure 7. Plasma flow near Saturn’s magnetopause. The
magenta surface is a surface of constant Hvy+ density equal
to 0.01 cm−3 and images Titan’s ion tail and part of Saturn’s
plasma disk. The background contour is the velocity in the
z direction (in TIIS). The white line is the magnetopause.
The white arrows illustrate the flow direction.
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boundary layer and flow toward Saturn’s magnetotail. At
the same time, ions from Titan flow along the magnetopause
toward noon giving Titan’s ion tail a T shape.
[61] Interestingly, more ions from Titan escape from

Saturn’s magnetosphere during the expansion period with
parallel IMF than the compression period with antiparallel
IMF despite the fact that the magnetopause is further from
Titan. Heavy ions flowing along Saturn’s magnetopause on
the dawnside toward the tail are seen in Figure 9 only after
parallel IMF reaches Saturn’s magnetosphere at 59 h.
The number of ions from Titan removed from Saturn’s
magnetosphere is difficult to quantify because ions from
Saturn’s plasma disk are also lost. In the future this should be
remedied by separately tracking the ions from Titan and ions
from Saturn’s plasma disk with individual continuity equa-
tions. However, the difference in loss rates during parallel
versus antiparallel IMF is evident in the growth of a long tail
during antiparallel IMF and the lack of a long ion tail during
parallel IMF.
[62] The simulation results indicate that less ions escape

when the IMF is antiparallel because strong out‐of‐plane
plasma velocities near the magnetopause create a barrier
that prevents ions in Titan’s ion tail from crossing the
velocity shear. During parallel IMF the tailward flow in the
boundary layer is a result of draped, southward magne-

tosheath field lines reconnecting with Kronian field lines at
high latitudes. The reconnected magnetosheath flux tubes
have the dipole shape of magnetospheric field lines,
however their momentum is tailward, creating a strong
shear in the plasma flow on the inside of the magneto-
pause. These flux tubes can mix due to instabilities (such
as the Kelvin‐Helmholtz), causing magnetospheric plasma
to flow tailward on the dawn side of Saturn’s magneto-
sphere. This is the primary way ions from Titan are lost
during parallel IMF in our simulation.
[63] During antiparallel IMF, the situation is very differ-

ent. Reconnection between magnetosheath and Kronian
magnetic field occurs at low latitudes. The reconnected field
lines move along the magnetopause toward the poles and the
curvature force of the reconnected field lines accelerates
plasma poleward parallel to the magnetopause. Figure 10
illustrates both how Titan’s ion tail affects magnetopause
reconnection and how reconnection affects Titan’s ion tail.
The color contour in Figure 10a shows H+ ion velocity in
the z direction in the orbital plane during antiparallel IMF.
The regions of strong vertical plasma flow indicates that
reconnection and the poleward movement of magnetic field
lines is accelerating plasma near the magnetopause, which is
shown with a white line. The magenta isosurface illustrates
the extent of Titan’s ion tail, which is deformed and

Figure 8. Two views of Titan’s local environment and plasma outflow at 57.50 and 61.02 h of simulated
time. (a and b) Titan’s ion tail with a surface of constant Hvy+ density and plasma velocity as in Figure 7.
(c and d) Hvy+ density in the orbital plane and along the corotation direction; the white lines are magnetic
field lines.
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extended in the vertical direction, indicating that ions in
Titan’s ion tail are also being accelerated out of the orbital
plane by reconnection. In the simulation this is the only
way ions are lost from Saturn’s magnetosphere during
antiparallel IMF.
[64] The deformation of Titan’s ion tail can also be seen in

Figure 10b. In Figure 10b, the three‐dimensional, translu-
cent yellow surface is a surface of constant velocity where vz
(H+) = +100 km/s and is included to show that the region of
strong vertical flow near Titan is bounded by U‐shaped
magnetic field lines (shown in red). The U‐shaped magnetic

field lines are recently reconnected magnetic field moving
poleward. The white surfaces in Figure 10b are surfaces that
show the regions where Btot < 1 nT, indicating magnetic
nulls in the model where reconnection is occurring. We find
the magnetic nulls occur below Titan’s orbital plane,
therefore the region of southward flow near Titan is due to
plasma refilling the reconnection region.
[65] Therefore, the strong vertical flows near reconnection

regions may affect Titan’s plasma environment. The defor-
mation of Titan’s ion tail indicates that reconnection at
Saturn’s magnetopause is removing ions from Titan’s ion

Figure 9. A global view of the growth of Titan’s ion tail. The red surface is of constant Hvy+ density
equal to 0.01 cm−3 and images Titan’s ion tail. The background contour is the Hvy+ density in the orbital
plane. The white line is the magnetopause.
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tail. These ions may eventually end up in Saturn’s auroral
region or magnetotail. Their final destination is difficult to
track in this simulation because Hvy+ ions from Titan begin
to mix with Hvy+ ions from Saturn’s plasma disk. In the
future it would be beneficial to include individual continuity
equations for ions in Saturn’s magnetosphere and Titan’s
ionosphere. The results of the simulation would be the same
but it would be possible to track the evolution and loss of
plasma from Titan’s ionosphere even as it mixes with
plasma in Saturn’s plasma disk. Although, there are no
known observations of reconnection accelerating ions from
Titan’s ion tail, reconnection that heated and accelerated the
local ion population has been observed at Saturn’s dayside
magnetopause [McAndrews et al., 2008]. The growth of
Titan’s ion tail during antiparallel IMF indicates that
reconnection removes ions from Saturn’s magnetosphere at
a much smaller rate than the tailward flow along the
boundary layer that occurs during parallel IMF.
[66] Titan’s ion tail may also be affecting reconnection at

Saturn’s magnetopause. In the simulation, the reconnection
region is adjacent to Titan’s ion tail but never moves radially
inward of it. This is due to the heavy ions in Titan’s ion tail
that limit the reconnection rate by decreasing the Alfvén
speed, which is shown in Figure 10c. In order for recon-
nection to occur, reconnected field lines must move out of
the diffusion regions and fresh magnetic field lines must
move into the diffusion region. The speed of the field lines
is determined by the Alfvén speed, which is significantly
reduced by the high density of heavy ions in Titan’s ion tail.
Titan’s ion tail may be limiting the rate of reconnection by
slowing the rate at which fresh magnetospheric field lines
move into the diffusion region on the magnetospheric side
and may also slow the poleward drift of reconnected field
lines. Titan’s affect on reconnection rates at Saturn’s mag-
netopause may affect the magnetopause location, a topic that
is discussed further in the next section.

3.6. Titan’s Effect on Saturn’s Magnetopause Location

[67] A primary issue that can be addressed with this
simulation is how Titan affects Saturn’s magnetopause
distance. This question has been examined by Wei et al.
[2009], who performed a statistical analysis of the magne-
topause location measured by Cassini and determined that
the magnetopause was more likely to lie inside of Titan’s
orbit (<20 RS) when Titan is absent from the region com-
pared to when Titan is present.
[68] In Figures 6 and 9 the compression of Saturn’s

magnetopause is much stronger in the postnoon sector than
in the prenoon sector. At 57.87 h the radial distance of
the magnetopause is ∼20 RS at 09:00 SLT and ∼17 RS on
the opposite side of noon at 15:00 SLT. This suggests that
Titan’s long ion tail may have some effect on the location of
Saturn’s magnetopause. However, asymmetry in the mag-
netopause could also be due to dawn‐dusk asymmetries in
Saturn’s plasma disk and it is difficult to determine whether
Titan’s ion tail or Saturn’s plasma disk is determining the
magnetopause location.
[69] Arridge et al. [2008a] determined that centrifugal

force from ions in the plasma disk primarily balances the
dynamic pressure of the solar wind at the magnetopause.
The other possible forces inside the magnetosphere, mag-
netic pressure and the pressure gradient force, were deter-

mined to be negligible. The results of the simulation can be
used to compare the outward centrifugal forces of ions
from Titan to the outward centrifugal force of Saturn’s
plasma disk. The centrifugal force is defined: F = mv2/r,
where v is the velocity of the plasma and r is the orbital
radius. Titan is adding ions with a mass of ∼28 amu to the
plasma disk [Wahlund et al., 2005]. We find that when
Titan is at 09:00 SLT a partial Hvy+ ion torus can form on
Saturn’s dayside with a density ∼0.01 cm−3 near noon SLT.
The density of the partial ion torus is significant compared to
the ambient density in Saturn’s outer magnetosphere. How-
ever, the velocity of the cold Hvy+ ions in Titan’s tail several
RS downstream of Titan is only ∼50 km/s which is far less
than the velocity of ions in the plasma disk. The plasma disk
contains ions with masses of 16 amu that are moving with
velocities of about 150 km/s. Assuming that the density of
plasma sheet ions is 0.01 cm−3, the centrifugal force of ions
in the plasma disk is about 5 times larger than the centrifugal
force of ions in Titan’s ion tail. The centrifugal force of the
plasma disk is even greater when suprathermal plasma
pressure is included, as shown by an updated version of the
model of Arridge et al. [2008a] by Kanani et al. [2010].
[70] Therefore, the plasma disk is the stronger driver of

magnetopause location. As the magnetopause compresses it
conforms to Saturn’s plasma disk. The outer boundary of the
plasma disk is highly irregular and as regions of higher
density rotate to the dayside these regions determine the
location and shape of the dayside magnetopause. This is
evident in Figure 6 where the shape of the compressed
magnetopause is seen to correlate with denser rotating
regions of Saturn’s plasma disk.
[71] On the other hand, the magnetopause never crosses

Titan’s orbit in the simulation even though, at 57.87 h,
Saturn’s magnetopause at 15:00 SLT is well past Titan’s
orbit. Therefore, it appears that Titan may be able increase
the standoff distance of the magnetopause by a few RS in
its vicinity. As the magnetopause moves closer to Titan
the centrifugal stress and pressure of Titan’s magnetotail
increases because the density of Titan’s ion tail increases. The
density of Titan’s ion tail within a few RS of Titan can be
0.1 cm−3 or more. In these regions the centrifugal force
of the slow, heavy ions can exceed the centrifugal force
of the plasma disk and ions from Titan can have a larger
effect on magnetopause distance.
[72] Also, as described in section 3.5, Titan’s ion tail may

affect the location of Saturn’s magnetopause in other ways.
Although, Titan’s tail may not have enough centrifugal
forcing to push Saturn’s magnetopause radially outward.
Titan’s ion tail may prevent (or at least slow) Saturn’s
magnetopause from moving inward. Titan’s ion tail reduces
the Alfvén speed and the reconnection rate, which could
prevent the reconnection region from moving radially
inward of Titan’s ion tail when the IMF is antiparallel to
Saturn’s magnetic field.
[73] Therefore, Titan may be able to prevent itself from

crossing Saturn’s magnetopause by mass loading the mag-
netopause in its vicinity. On the prenoon side of Saturn’s
dayside magnetosphere, Titan’s ion tail is in between Titan
and the subsolar point of the magnetopause and can form a
shield of heavy ions that mass load the magnetopause before
it crosses Titan’s orbit. However, if Titan were on the
postnoon side of the magnetosphere, ions in Titan’s ion tail
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would not mass load the magnetopause in a way that would
prevent a magnetopause crossing. This may be why the two
flybys where Titan was found in the magnetosheath (T32
and T42 [e.g., Bertucci et al., 2008; Rymer et al., 2009])
took place in the postnoon region. In part 2, we describe a
simulation with Titan at 13:16 SLT. In that simulation, Titan
crosses into the magnetosheath after a similar increase in
solar wind pressure.

3.7. Comparison of a Synthetic Flyby and Data
From Cassini’s TA Flyby

[74] There have been several Cassini flybys when Titan
was in the predawn sector of Saturn’s magnetosphere (e.g.
TA, TB, T3, T8, and T10). In Figure 11, we compare the
magnetic field results from a simulated spacecraft flown
through the model in real time with data from Cassini’s TA
flyby and find surprisingly good agreement for such a
dynamic simulation. Although the exact solar wind condi-
tions during the encounter are unknown, the TA flyby was
chosen because northward field was detected in the mag-
netosheath during the inbound portion of the encounter.
Twelve hours of Cassini magnetometer (MAG) data
[Dougherty et al., 2004] are shown, which includes the TA
flyby which took place at 15:30 UTC on 26 October 2004
and two magnetopause crossings which are indicated by the
red lines in Figure 11. The Titan flyby occurs ∼2 RS after
Cassini crossed the magnetopause [Neubauer et al., 2006].
Both the Cassini MAG data and the simulated data are
shown in KRTP (Saturn‐centric spherical coordinates) in
which Br points radially away from Saturn, B� is the
meridional coordinate and positive southward, and B� is
azimuthal and positive in the direction of corotation.
[75] For comparison, the simulation data was sampled

along the spacecraft trajectory starting at 48 h simulation
time and 4:48 UTC time for the Cassini spacecraft. The B�

component of the magnetic field initially starts out positive
in both the simulation and in the data. The positive B� in-
dicates that the spacecraft is in the magnetosphere. Next, in

both the simulation results and the data, the B� turns neg-
ative around 8:24 UT. At this time the inward moving
magnetopause has overtaken the spacecraft. The spacecraft
crosses the magnetopause again on its outbound trajectory
around 10:40 UTC and remains inside the magnetosphere.
After traveling ∼2 RS the spacecraft encounters Titan. The
spacecraft travels just downstream of Titan and inside the
wake of Titan’s induced magnetosphere. In Titan’s wake
the magnitude of the magnetic field is greatly reduced and
the B� component is rotated into the Br direction due to the
draping of the magnetic field in Titan’s ionosphere. The fact
that the model is able to account for both the multiple mag-
netopause crossings made by Cassini and approximate
magnetic field profiles near Titan suggests that the com-
pression of Saturn’s magnetopause to within a few RS of
Titan is indeed occurring. Briefly we will more closely
examine the models prediction near Titan.
[76] The final panel in Figure 11 shows a composite ion

spectrum and each ion component spectrogram for the
sample satellite trajectory through the simulation. To gen-
erate the ion spectrograms a Maxwellian distribution is
assumed and an energy probability distribution (based on
the bulk ion temperature and velocity) is calculated at each
point along the trajectory. The generation of sample spec-
trograms was first developed for the study of Ganymede,
and the reader is referred to Paty et al. [2008] for a more
detailed description. Unlike a CAPS ion mass spectrogram
(IMS) that have a limited field of view, the sample spectro-
grams shows the energy and flux of ions integrated over all
directions. While it is possible to artificially impose a limited
field of view on our sample spectrograms to enable more
precise comparisons with results from the Cassini’s CAPS
instrument [Young et al., 2004], it would require accounting
for the exact orientation of the spacecraft and sweep cycle of
the instrument’s actuator. This more detailed analysis would
be interesting but is beyond the scope of this paper.
[77] The synthetic spectrogram can be compared to

Cassini CAPS IMS data from the TA flyby described by

Figure 10. Three images of magnetopause reconnection near Titan and Titan’s ion tail. (a) The vertical
(z direction) H+ ion velocity in the orbital plane and a surface of constant Hvy+ density equal to 0.1 cm−3,
which illustrates Titan’s ion tail. The white line shows the approximate location of the MP where BZ = 0.
(b) The magenta surface is the same as in Figure 10a, and the yellow surface shows regions where vertical
velocity (VZ) ≥ +100 km/s to indicate where plasma is accelerated by reconnection. The white surfaces
show regions where the total magnetic field is <1 nT, which indicates where reconnection is occurring in
the model. The red lines show recently reconnected “U”‐shaped magnetic field lines. (c) The reduction in
the Alfvén speed in the orbital plane due to the heavy ions in Titan’s ion tail.
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Hartle et al. [2006] and Szego et al. [2005]. Far from
Titan, Hartle et al. [2006] identified two main populations
in Saturn’s magnetosphere. The first population was identi-
fied as H+ and H2

+, with an energy of ∼0.016–6.3 keV for H+.
The second population was identified as O+ with an energy
∼1–4 keV. In the sample spectrogram both of these po-
pulations are apparent inside Saturn’s magnetosphere. The
energy of H+ ranges from ∼.02–.5 keV and the energy of

O+ ranges from ∼.2–10 keV inside the magnetosphere. In
the simulated spectrogram, O+ appears quasiperiodically
due to the rotation of the interchange fingers from Saturn’s
plasma disk. When the sample satellite is in the magne-
tosheath (marked with “MS”) the synthetic spectrogram
shows a population of relatively dense H+ and the heavy
ions are not present. When the spacecraft crosses into
Titan’s wake there is a large decrease in the total ion

Figure 11. (a) Cassini magnetometer data from 26 October 2004 in KRTP coordinates (see text for
description). (b) Magnetic field in the model in KRTP coordinates along a real‐time synthetic trajec-
tory. (c) The total and component ion spectrograms along the same synthetic spacecraft trajectory.
Regions where the spacecraft is in the magnetosheath are marked with MS, and regions where the
spacecraft is in Titan’s mass loaded region are marked with T. At all other times the spacecraft is
in Saturn’s magnetosphere.
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energy and a large increase in the density of ions, particularly
Hvy+ ions.
[78] In the CAPS data the effects of mass loading on the

ambient plasma began around 15:00 UTC where ambient
ion energy decreased about 3 orders of magnitude from the
keV range to ∼10 eV or less. In Figure 11a “T” marks the
approximate mass loaded region in both the Cassini MAG
data and the synthetic magnetic field data and the synthetic
ion spectrograms. In the mass loaded region the magnetic
field begins to rotate as Saturn’s magnetic field piles up and
drapes around Titan’s atmosphere.
[79] Hartle et al. [2006] noted that the inbound and out-

bound deceleration of magnetospheric plasma was asym-
metric in the CAPS spectrograms. The source of the
asymmetry is the extended region of pickup ions on the anti‐
Saturn side of Titan that mass load the plasma over a larger
distance. This asymmetry is also observed in the synthetic
spectrogram. The decrease in energy of the ions in the
spectrogram immediately before the synthetic spectrogram
enters Titan’s ion tail and ionosphere is more gradual on the
anti‐Saturn side of Titan than on the Saturn side. The
asymmetry in the simulation is also caused by pickup ions
on the anti‐Saturn side of Titan which mass load the inci-

dent magnetic field over a larger distance. As described in
section 2, asymmetric features due to ion cyclotron drifts are
observed in multifluid models because the Hall term is
included in the generalized Ohm’s law allowing the motion
of the ion fluids to decouple from the frozen‐in electron
fluid and undergo ion cyclotron drifts. Finally, Cassini was
in Titan’s ion tail and ionosphere from 15:22 to 15:40 UT,
where dense low energy hydrocarbons are observed. The
drop in energy from several keV to about 10 eV is also
observed near that time in our synthetic spectrogram.
[80] The strong signature of H+, O+, and the relatively

strong signature of Hvy+ ions in the simulated spectrogram
around 12:45 UTC is due to ions from Titan moving
tailward inside the boundary layer (as seen in Figure 9 at
60.64 h). Therefore, despite the fact that the spacecraft is
∼1 RS from Titan in the anti‐Saturnward direction and
slightly upstream, heavy ions from Titan can be detected
that have traveled far from Titan because of the variable
flow directions in the vicinity of the boundary layer.
[81] Figure 12 shows the same data as Figure 11 but is

zoomed in near Cassini’s closest approach (CA) and the
magnetic field data has been converted to TIIS coordinates.
The predictions of this model can be compared with local

Figure 12. (a) Simulated magnetic field (solid) and magnetic field from Cassini’s TA flyby (dashed).
Both are shown in the TIIS coordinate system. (b) The total ion spectrograms along the same synthetic
spacecraft trajectory. Cassini’s closest approach (CA) at 15:30 is marked.
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Titan models that show good agreement with MAG data
with Cassini’s TA flyby [Backes et al., 2005; Ma et al.,
2006; Modolo and Chanteur, 2008; Snowden et al., 2007].
Some features of the data are reproduced, for example the
strong decrease in BZ and the increase in BX after CA
which shows that the magnetic field is draping around
Titan’s ionosphere and being rotated from being primarily
vertical to primarily horizontal. The BX , BY , and BZ

components of Saturn’s magnetic field outside of the
interaction are also in good agreement. However, espe-
cially compared to the results of local models with reso-
lution on the order of or less than 100 km [Backes et al.,
2005; Ma et al., 2006; Snowden et al., 2007] there are
regions where the data and the simulations results are not
in good agreement. The biggest difference is the size of
the region that the magnetic field has piled up. The pileup
region is much more extended after closest approach in the
simulation. This may be due to the fact that the resolution
of the simulation is much larger (927 km) than most local
models of Titan’s plasma interaction. The difference may
also be due to differences in magnetospheric flow direc-
tion which would shift the orientation of draped magnetic
field lines.
[82] The good agreement between the steady state models

of Backes et al. [2005], Ma et al. [2006], and Snowden et al.
[2007] indicates that, at least in the case of the TA flyby, the
variability of Titan’s magnetospheric environment did not
have a large affect on the magnetic field in Titan’s iono-
sphere. Even the results of our simulation do not show
signatures of strong variability near Titan because closest
approach takes place near 62 h of simulated time when Titan
been far from the magnetopause for several hours and the
plasma and flow direction are similar to what is shown in
Figures 8b and 8d. However, the magnetic signature of
subsequent flybys have been more difficult to explain and,
in those cases, the variability of Titan’s magnetospheric
environment may be important.
[83] In the total ion spectrogram shown in Figure 12b the

asymmetry in the deceleration of plasma inbound and out
bound of the TA flyby, as described by Hartle et al. [2006],
is apparent. In good agreement with the Cassini CAPS data
described by Hartle et al. [2006] an extended pickup region
is observed before closest approach from 15:00 UTC to
15:15 UT, the tail region is observed between 15:15 UTC
and 15:45 UT. After closest approach on the Saturn facing
side of Titan’s ionosphere there is a much more rapid return
to magnetospheric ion densities and energies which is also
in agreement with the CAPS ion spectrograms of Hartle
et al. [2006].

4. Conclusions

[84] A three‐dimensional multifluid/multiscale model of
Titan embedded in a global model of Saturn’s magneto-
sphere, first described by Winglee et al. [2009], is used to
study the characteristics of Titan’s environment at 09:00 SLT.
The multifluid aspect of the model allows us to include the
dynamics from several ion sources and the multiscale aspect
allows us to study Titan’s interaction within the global Saturn
model, while retaining resolution of 927 km near Titan.
Therefore, we are able to determine how the dynamics of
Saturn’s magnetopause and plasma disk affect Titan’s space

environment at 09:00 SLT and how those changes affect
Titan’s induced magnetosphere.
[85] Titan’s local plasma environment, induced magneto-

tail, and ion tail were described for three periods: a stationary
magnetopause, an inward moving magnetopause, and an
outward moving magnetopause. The results show that the
plasma and magnetic field upstream of Titan are variable
when Saturn’s magnetopause is not stationary. Rotating cold,
interchange fingers cause rapid changes in the plasma
velocity, density, and composition, while the more gradual
changes are due to the relatively slow compression and
expansion of Saturn’s magnetopause. When the magneto-
pause compresses Titan can enter a boundary layer on the
inside of Saturn’s magnetopause, which is characterized by
shearing flows and a mix of magnetospheric and magne-
tosheath plasma. The boundary layer was shown to be several
RS thick. The irregular flow in the boundary layer is shown to
strongly modify the morphology of Titan’s induced magne-
tosphere during periods when the magnetopause is com-
pressed and located within several RS of Titan.
[86] Prior to Cassini’s arrival, it was believed that a

nitrogen ion torus might form at Titan’s orbit [Smith et al.,
2004]. An ion torus at Titan’s orbit has even been incor-
porated into models of Saturn’s magnetosphere [Hansen et
al., 2005]. If such a torus existed the mass loading of the
torus plasma could have a global effect on Saturn’s mag-
netosphere. However, Cassini has not detected a nitrogen
ion torus at Titan’s orbit and the nitrogen ions detected in
Saturn’s inner magnetosphere were determined to have
come from Enceladus [Smith et al., 2007]. Smith et al.
[2007] showed that Titan’s ion torus should be above the
detection threshold of Cassini’s plasma detectors, therefore
either the loss rate from Titan has been overestimated or
ions from Titan are lost from Saturn’s magnetosphere before
they can form a into a full torus. The simulation described in
this paper shows how ions from Titan may be lost from
Saturn’s magnetosphere. We find that more ions from Titan
are lost from Saturn’s magnetosphere during parallel IMF
than antiparallel IMF. During antiparallel IMF, Titan’s ion
tail extends hundreds RT across Saturn’s dayside magneto-
sphere and a relatively small number of ions from Titan’s
may be lost from Saturn’s magnetosphere due to dayside
reconnection. During parallel IMF, ions originating from
Titan leak across the velocity shear in the boundary layer
and are lost from Saturn’s magnetosphere.
[87] Another question that can be addressed with this

simulation is how Titan affects Saturn’s magnetopause
distance. The simulation results indicate that, over most of
the dayside magnetosphere, the centrifugal force of Saturn’s
plasma disk is greater than the centrifugal force of ions in
Titan’s ion tail on Saturn’s magnetopause. The centrifugal
forcing of the heavy ions is limited because the velocity of
the heavy ions is less than the velocity of ions in the plasma
disk. Therefore, the plasma disk determines the magneto-
pause location. However, when the magnetopause is com-
pressed and Titan is in the prenoon sector, ions from Titan
can exert a large force on the magnetopause in its vicinity
and potentially prevent the magnetopause from crossing
Titan’s orbit. In addition, Titan’s ion tail may prevent (or at
least slow) the inward motion of Saturn’s magnetopause
when Titan is in the prenoon sector because heavy ions in
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Titan’s ion tail significantly reduce the Alfvén velocity and,
therefore, the reconnection rate.
[88] Finally, a synthetic trajectory through the simulation

is shown to be in good agreement with magnetometer data
from the TA flyby, including the detection of two magne-
topause crossings. The agreement between the synthetic data
and Cassini data indicates that the magnetopause is very
dynamic near Titan and can move within several RS of
Titan. Due to irregular flows in Saturn’s dawnside boundary
layer, ions originating from Titan were detected very far
from (∼1 RS) and slightly upstream of Titan. This result may
contribute to the analysis of Cassini ion spectra because it
indicates that ions from Titan can be detected very far from
Titan due to the irregular flow pattern near Saturn’s dawn-
side magnetopause.
[89] In part 2, we present a similar simulation with Titan

at 13:16 SLT. In this simulation, Titan crosses into Saturn’s
magnetosheath when the magnetopause is compressed by an
increase in solar wind pressure. After a few hours Titan
crosses back into the magnetosphere when the plasma disk
pushes Saturn’s magnetopause outward. We observe how
the magnetopause crossing and magnetosheath environment
affects the characteristics of Titan’s induced magnetosphere
and compare our simulation results to data from Cassini’s
T32 flyby.
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