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[1] We present observations from three Cassini flybys of Titan using data from the radio
and plasma wave science, magnetometer and plasma spectrometer instruments. We
combine magnetic field and cold plasma measurements with calculated conductivities and
conclude that there are currents of the order of 10 to 100 nA m 2 flowing in the ionosphere
of Titan. The currents below the exobase (~1400 km) are principally field parallel and Hall
in nature, while the Pedersen current is negligible in comparison. Associated with the
currents are perpendicular electric fields ranging from 0.5 to 3 xV m .

Citation: Agren, K., et al. (2011), Detection of currents and associated electric fields in Titan’s ionosphere from Cassini

data, J. Geophys. Res., 116, A04313, doi:10.1029/2010JA016100.

1. Introduction

[2] Evidence of an ionosphere around Titan was first
provided by occultation experiments on board Voyager 1
when it flew past the moon in 1980. An upper bound for
the electron density in Titan’s upper ionosphere of 2400 +
1100 cm™ at an altitude of 1180 + 150 km was found
[Bird et al., 1997]. More than 20 years later, in 2004, the
earliest in situ measurements of Titan’s ionosphere were
made during Cassini’s first targeted flyby of the moon
[Backes et al., 2005; Wahlund et al., 2005; Waite et al.,
2005]. The Voyager and Cassini flybys of Titan have led
to extensive measurements as well as the development of
numerous ionospheric models [e.g., Ip, 1990; Keller et al.,
1998; Galand et al., 1999; Banaszkiewicz et al., 2000;
Cravens et al., 2005; Vuitton et al., 2007, /fgren etal.,2007;
Coates et al., 2009; Cravens et al., 2009; Robertson et al.,
2009; Wahlund et al., 2009; Cui et al., 2010; Edberg et
al., 2010]. The Cassini radio occultation experiment found
a main ionospheric peak around 1200 km with a density of
a few thousand cm > and another ionospheric peak with a
density of 700-3000 ¢cm > in the region of 500-600 km
[Kliore et al., 2008]. Furthermore, Lopez-Moreno et al.
[2008] used Huygens data to identify another ionospheric
peak at 60-80 km altitude. Agren et al. [2009] showed that
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the dayside ionosphere, ranging from solar zenith angles
(SZA) from 0 to 50 degrees, had a typical electron density
between 2500 and 3500 cm >. This corresponds to a plasma
density on average four times higher than that seen on the
nightside at SZA > 100 degrees, where typical densities
reached 400-1000 cm >. Several mechanisms contribute to
the ionization of Titan’s atmosphere. At altitudes around the
main ionospheric peak (~900-1400 km), the main sources
of ionization are considered to be photoionization by EUV
from the Sun, with associated photoelectron ionization, and
particle impact ionization by electrons and ions from Saturn’s
corotating magnetosphere. [Cravens et al., 2005; Wahlund
et al., 2005; Galand et al., 2006; Agren et al., 2009]. At
lower altitudes, ionization by meteoric impacts, cosmic rays
and energetic ions have been suggested to be important for
the formation of the ionosphere [see, e.g., Molina-Cuberos
et al., 2001, and references therein]. In addition, Cui et al.
[2009, 2010] showed that convection of plasma from the
dayside might be of importance for sustaining the iono-
sphere on the nightside.

[3] Titan does not exhibit any large intrinsic magnetic
field [Ness et al., 1982; Backes et al., 2005] but is normally
embedded within the magnetosphere of Saturn, meaning
that the magnetic field of the planet in the subcorotating
flow drapes around the moon and gives rise to an induced
magnetosphere. Titan orbits Saturn once every ~16 days,
therefore its orbital speed of around 6 km s™' is much slower
than the speed of the corotating plasma (~120 km s ).
However, the configuration of this induced magnetosphere
differs depending on where Titan is located with respect to
Saturn’s magnetosphere. It has been shown by Bertucci
[2009] that the direction and magnitude of the magnetic
field upstream of Titan will vary depending on whether
Titan is located above or below the current sheet of Saturn.
This means that the magnetic and plasma environment
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around Titan is very dynamic and complex and may vary
substantially from flyby to flyby. Some flybys of Titan show
different magnetic field configurations before and after the
pass, which may imply that the magnetic background
changed during the time of the flyby. For further discussion
of such effects, see, e.g., Arridge et al. [2006, 2008],
Bertucci et al. [2008], and Bertucci [2009]. We have chosen
to concentrate on three flybys, namely, T18, T20, and T21,
all of which show analogous flyby configurations and very
similar magnetic conditions before and after the passage of
the moon.

[4] Rosengvist et al. [2009] performed calculations of
conductivities of Titan’s ionosphere, by combining electron
density and magnetic field data. They identified an iono-
spheric dynamo region ranging from 1450 + 95 km down to
approximately 1000 km. In this region electrical currents
perpendicular to the magnetic field were expected to be
important, as both the Pedersen and the Hall conductivities
were found to be high; 0.002-0.05 S m ™' and 0.01-0.3 S
m ', respectively.

[5] The Cassini spacecraft has been orbiting Saturn and its
moons since 2004, giving a good coverage of Titan with
more than 70 flybys to date. Data gathered during these
passes have shown that the draped magnetic field around
Titan is of the order of a few nT. Furthermore, the electron
density profiles of Titan show similarities with those of
Earth. Both bodies show a distinct electron peak density,
although at very different altitudes, ~1000 km for Titan
compared to ~300 km for Earth, due to Titan’s much denser
atmosphere. These facts, together with the calculated con-
ductivities by Rosenqvist et al. [2009] that were mentioned
above, give us reasons to believe that current systems that
have been found around magnetized planets, like Earth, can
be found also in the ionosphere of Titan. We expect the
topologies to be quite different, as the magnetospheres of
Earth and Titan are vastly different in shape and magnetic
field strength. Another important difference is that the
magnetic field of the currents around Titan is of the same
order of magnitude as the draped magnetospheric field
strength.

[6] In this paper we make a first attempt to derive iono-
spheric currents around Titan. In order to do so, we are
forced to make assumptions on the geometry of the current
systems, as our information is derived from one single
spacecraft. The results will have implications for future
studies of, e.g., Mars, Ganymede, and Europa, where similar
current systems are probable.

[7] We use information on the short-term variation of the
magnetic field around Cassini’s closest approach (CA) of
Titan in order to calculate magnitudes of the electric currents
in the deep ionosphere of the moon. These are later com-
bined with conductivities, to determine the current compo-
nents (Hall, Pedersen and parallel) and the possible
associated electric fields. We present estimates of the direc-
tions and magnitudes of the currents and the electric fields
and discuss possible generation mechanisms. We note that in
detailed prior models of the current system at Titan by Ip
[1990] and Keller et al. [1994], the currents that switch off
the field within the ionosphere are carried by horizontally
drifting electrons at heights where the ions are collision
dominated; that is, they are Hall currents.
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[8] The paper is arranged as follows. In section 2 we
introduce the instrumentation used. Sections 3—6 deal with
the configuration of the flybys and present the measure-
ments and calculations leading up to the main results of the
study. In section 7 we provide a discussion of the results
before ending with a summary in section 8.

2. Instrumentation

[s] This paper is based on measurements from three
instruments, namely, the Cassini magnetometer (MAG), the
electron spectrometer (ELS) from the Cassini plasma spec-
trometer (CAPS) subsystem and the radio and plasma wave
science (RPWS) instrument package.

[10]] MAG supplies vector components of the magnetic
field with a time resolution of 1 sample s ' [Dougherty et al.,
2004], which are used to calculate the currents flowing in the
ionosphere of Titan. CAPS/ELS is an electron spectrometer
that measures electrons in the energy range 0.6 eV to 28 keV
with a spatial coverage of 160 by 5 degrees [Young et al.,
2004].

[11] The RPWS instrument package consists of three
electric field sensors, three magnetic field sensors, a spher-
ical Langmuir probe (LP), as well as high, medium, wave-
form and wideband receivers for processing the data. The
data presented in this study are mainly derived from the LP.
However, the electric antennas are at times used to confirm
the measurements, as they provide a supplementary way of
obtaining the electron density from upper hybrid emissions
[Gurnett et al., 1982]. From the voltage-current character-
istics of the LP a number of plasma parameters can be
derived. These are the electron number density, n., the
electron temperature, 7, the ion density, #;, the ion tem-
perature, T, the ion speed, v;, and the average ion mass, m;.
Furthermore, the LP gives information on the spacecraft
potential, Usc. For a more detailed discussion of the deri-
vation of the parameters, see, e.g., Agren et al. [2009] and
Wahlund et al. [2009] while for a more extensive descrip-
tion of the RPWS instrument package, see Gurnett et al.
[2004]. The electron spectra from CAPS/ELS, together
with the RPWS/LP measurements, help to identify different
plasma regions around Titan.

3. Flyby Configuration

[12] In this paper we focus on flybys T18, T20 and T21.
Figure 1 shows the configuration of the flybys in the x-y
and y-z planes in Titan centered Titan interaction coordinates
(TOS) where x is along the direction of the corotational
flow, y is toward Saturn’s center and z completes a right-
handed orthogonal set.

[13] Another commonly used system is the kronocentric
radial theta phi (KRTP) system, which is defined as follows.
r is directed radially away from Saturn, 6 is in the meridi-
onal direction and ¢ is in the azimuthal direction. Close to
Titan, the KRTP directions are approximately the same as
the TIIS, except for the sign, i.e., rkrTp ~ —YTHS> OKRTP ~
—zris and Ggrrp ~ XS

[14] A third system that will be applied in this paper is a
Titan-centered spherical coordinate system. It is defined as
follows. r is directed radially away from Titan, 6 is in the
meridional direction and ¢ is in the azimuthal direction,
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Figure 1. Configurations of the flybys T18, T20, and T21
in the (top) y-x and (bottom) y-z plane in the TIIS coordi-
nate system. Titan is marked by the black circle, and the
average position of the exobase (~1400 km) is indicated
by the dashed circle. The straight lines give the spacecraft
trajectories, with the arrows showing in which direction
Cassini moves. The blue stars mark the entering of Titan’s
exo-ionosphere (region B), and the orange crosses indicate
when Cassini goes below the ionospheric electron density
peak, which is when we also see a change in the direction
of the magnetic field.

with the polar axis in the +x direction. As can be seen in
Figure 1, T18, T20 and T21 have similar flyby configura-
tions, with the main difference being that the T18 pass goes
over the pole, the T20 pass is close to the wakeside, and the
T21 pass is on the ramside of the moon. Closest approaches
of the flybys are around 960 km, 1020 km and 1000 km,
respectively.

[15] Choosing this set of flybys simplifies the comparison
between them for two main reasons. First of all, they occur
at similar Saturn local times (SLT) of 2.28 h, 2.20 h and
2.05 h, which are all located on the tailside in the post-
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midnight sector of the planet. The configuration between the
direction to the Sun and its photoionization, and the direc-
tion of the particle impact ionization from the subcorotating
plasma flow are similar for these flybys. Second, they
occurred during very similar upstream magnetic field con-
ditions that were nearly identical before and after the Titan
flyby. This is not the case for all Cassini flybys, even the
ones occurring at the same SLT, due to the fact that mag-
netic field conditions around Titan change depending on
where and at what local time in Saturn’s magnetosphere the
moon is located. The electron density of the corotating
Kronian plasma has been shown to vary by about 2—3 orders
of magnitude at a periodicity of approximately 10.7 h,
which influences the magnetic conditions around Titan
[Morooka et al., 2009; Andrews et al., 2010].

[16] During a Titan flyby, Cassini typically moves with a
relative velocity of 6 km s '. Hence, the timescales of the
flybys are of the order of ~0.5 h, which is less than the
10.7 h plasma timescale.

[17] Rymer et al. [2009] made a classification of the
electron environment during 54 Titan passes based on ELS
measurements. According to this, the three flybys chosen in
our study are from very similar classes, which also facil-
itates the comparison. Both T20 and T21 are classified as
mixed between plasma sheet and lobe-like, whereas T18 is
defined as purely lobe-like. However, a recent study by
Edberg et al. [2010] showed that the deep ionospheric
plasma of Titan is similar in structure, at least in terms of the
relation between the electron density and temperature,
regardless of which ambient regime it is found in.

[18] Even more importantly, we have chosen these three
flybys for one additional common feature. Near closest
approach the magnetic field strength is declining. As pre-
dicted by the models, what we see is the exclusion of the
transverse field from the lower ionosphere. In section 5 we
will calculate the currents that can be associated with these
changes in magnetic field direction, but first we will provide
a more detailed description of the data used.

4. Titan Flyby Data

[19] Here we show the combined measurements from the
ELS, LP and MAG instruments during flybys T18, T20, and
T21. We start by describing the plasma data and then the
magnetic field data are discussed. Figures 2a—4a show a
CAPS/ELS electron spectrogram, where the color scale is on
the right. Figures 2b—2d, 3b-3d, and 4b—4d show LP data,
i.e., ne, T, and Ugc, in that order. Figures 2e, 2f, 3e, 3f, 4e,
and 4f show the magnetic field data in Titan-centered
spherical coordinates and KRTP coordinates, respectively,
with the » component shown in blue, the # component
shown in green, the ¢ component shown in orange, and the
total field shown in black. By combining data from the LP
and ELS instruments we can identify three regions around
the moon, whose border crossings are marked by vertical
lines and surrounded by shaded uncertainty regions in the
plots. Region A is characterized by upstream, undisturbed
magnetospheric conditions. It occurs when Titan has not yet
started to influence the plasma typical of Saturn’s magne-
tosphere and is characterized by a low (<1 cm ) electron
density and high (~200 eV) electron temperature, which can
also be verified by the electron spectra and the positive
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Figure 2. Time series of ELS, LP, and MAG data during the T18 flyby. (a) ELS electron spectrogram,
(b) LP electron density, (c) LP electron temperature, (d) LP spacecraft potential, and MAG magnetic field
components in (e) Titan-centered spherical coordinates and (f) KRTP coordinates (B, in blue, By in green,
and B, in orange) and total field strength (+B, and —B,) in black. For explanations of the vertical lines
and regions A, B, and C, see the text.
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Figure 5. Data from the inbound leg of flyby T18. Altitude profiles of (a) parallel (blue), Pedersen
(green), and Hall (orange) conductivities, (b) parallel (blue), Pedersen (green), and Hall (orange) currents,
(c) parallel (blue) and perpendicular (green) electric fields, and (d) magnetic field components in Titan-
centered spherical coordinates (B, in blue, By in green, and B, in orange) and total field strength in black.

spacecraft potential. In the next region, denoted B, the data
show that the dense and cold plasma around Titan starts to
dominate the measurements. In particular, the electron den-
sity shows a strong increase (about 2 orders of magnitude) at
the same time as the electron temperature drops to values
below 1 eV. Simultaneously, the spacecraft potential starts to
change from being predominantly positive in the magneto-
sphere of Saturn to becoming negative in the cold plasma
region around Titan. In the ELS observations (Figures 2a—4a),
the region is characterized by the disappearance of spacecraft
photoelectrons (with typical energies of around 1-2 eV),
which is an instrumental effect due to the change in space-
craft potential, and the appearance of a new population of
electrons from Titan’s ionosphere (centered at around 3 eV)
and a decrease in flux of very high (>50 eV) energy elec-
trons that characterize new plasma regimes. Region C, the
ionosphere proper, is clearly seen in flybys T18 and T21,
and is only just entered in T20. In this region the spacecraft
goes below the ionospheric electron density peak inbound
and we see a decrease in electron density with decreasing
radius, followed by an increase leading up to the outbound
electron density peak. The spacecraft potential (~—1 eV),

as well as the electron temperature (~0.1 eV), is close to
constant, and the disappearance of very low energy (<2 eV)
ionospheric electrons can be seen in the ELS spectra in this
region. Furthermore, the high energy precipitating electrons
disappear in the observations due to collisions in the atmo-
sphere above the spacecraft. The vertical stripes seen in the
ELS spectrogram in region C are due to the detection of
heavy negative ions [Coates et al., 2007, 2009].

[20] Figures 2f—4f show the magnetic field data in KRTP
coordinates. As discussed above, all flybys occurred during
very similar ambient magnetic field conditions; that is, the
magnetic field components are similar in sign and magni-
tude between all flybys.

[21] Changing to the Titan centered spherical coordinate
system, the component of the magnetic field in the r
direction (blue line) is at most times small and close to a
nonzero constant, as can be seen in Figures 2e—4e. This
leads to the assumption that the principal gradient of the
magnetic field is in the radial distance; that is, principle field
variations will be in the By and B4 components varying with
r, indicating currents that locally mainly flow horizontally
with respect to Titan’s surface. This is an essential initial
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Figure 6. Same as Figure 5 except for T18 outbound.

assumption, which needs to be made as we base our
observations on data from one spacecraft only. However, as
can be seen in Figures 2—4, this assumption may not be valid
throughout all flybys. During the inbound leg of flyby T20
and the outbound leg of flyby T21 the change of the com-
ponent in the » direction is comparable to the changes in the
other directions. For the remainder of this paper we will
therefore concentrate on flyby T18 (both inbound and out-
bound), the outbound leg of flyby T20 and the inbound leg
of flyby T21, where our initial assumption is most likely
fulfilled. The data used correspond to approximate times
of 23 September 2006 at 1851:30-1906:30 UT (T18),
25 October 2006 at 1558:30-1605:30 UT (T20), and
12 December 2006 at 1134:00-1140:30 UT (T21).

5. Calculations of the Currents

[22] Our expectation that By and B, are functions of 7, as
was discussed above, implies ‘horizontal’ ionospheric cur-
rents in the 6 and ¢ directions. By calculating the curl of the
magnetic field we infer the currents in the deep ionosphere
of Titan according to Ampere’s law

1

where jip = 47 x 1077 H m ' is the permeability of free

space. The displacement term has been neglected and a
quasi-steady system assumed. Following the discussion at
the end of section 4, the principal gradient of the magnetic
field is expected to be in the radial direction. This means
that the field mainly varies with radial distance and hence
we infer currents that locally flow mainly horizontally.
Thus, equation (1) can be expressed as

Jzi[; <f%(rB¢))é+% <§ (”Be)>¢§}7 )

where 6 and ¢f are spherical unit vectors. As we know the
components of the magnetic field from MAG data, we infer
expressions for jy and j4, as well as the total current, ji.
Following from this, the component of the current parallel to
the magnetic field is

iy = (i-b)b, (3)
where b is the unit vector along B
-~ B
h=— 4
B @
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Figure 7. Same as Figure 5 except for T20 outbound.

and B is the measured field,
component becomes

so that the perpendicular

=i (5)

As discussed above, Rosenqvist et al. [2009] calculated
conductivities for a total of 17 flybys, including the ones
treated in this study. Figures 5a—8a show the Hall, oy
(orange), the Pedersen, op (green), and the parallel, o
(blue), conductivities for T18, the outbound leg of T20 and
the inbound leg of T21, respectively. These conductivities
are used to estimate the Hall and Pedersen currents of the
flybys. The expression for the total current is

j:O'HEH-FO'Hi)XEL-FO'pEL, (6)

where the first term is the parallel current, the second is the
Hall current, the third is the Pedersen current and E and E |
are the parallel and the perpendicular electric field compo-
nents. £ is the electric field in the rest frame of the neutral
gas. Following from this, we derive an expression for the
perpendicular current

i =oubxE, +opE,, (7)

which can be solved for E |

E, =
lea-l—a%{

o [@n —bx h]- (8)
oH

Combining equations (5), (7), and (8) we achieve expres-

sions for the Hall and Pedersen currents. Using the parallel

conductivity, we may also calculate the parallel electric

field, Ey, according to

E =L )

6. Results

[23] Figures 5b—8b and 5c—8c show the magnitudes of
the electric currents and the resulting electric fields plotted
versus altitude as calculated from equations (2)—(9).
Figures 5d-8d show the magnetic field data in Titan-
centered spherical coordinates (same as in Figures 2—4) to
put the data in a better relation to that from the time series
plots. Below 1400 km, approximately where the exobase is
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Figure 8. Same as Figure 5 except for T21 inbound.

located and collisions become important, the currents are
mainly parallel and Hall in nature, meaning that they in
principle are flowing parallel to the magnetic field and
perpendicular to both the magnetic and the electric field,
respectively. When comparing the currents from this study
to the ones given by the model by Keller et al. [1994]
there is a good agreement in both magnitude and altitude
as well as the thickness of the current layer.

[24] The Pedersen current is close to zero near CA, but
grows larger at altitudes above 1400 km for all investigated
flybys, as the Pedersen conductivity starts to exceed the Hall
conductivity. In this region the plasma becomes noncon-
ductive across the magnetic field; that is, the parallel con-
ductivity becomes much larger than the perpendicular one
[Rosengvist et al., 2009]. This would instead indicate a
possible current layer of different origin farther away from
Titan. However, caution must be taken when interpreting the
data at those altitudes, as transport starts to become impor-
tant. Currents and electric fields above the exobase are
therefore shaded in Figures 5-8.

[25] The sharp increase in currents at the lowest altitudes
is a consequence of the fact that the variation in the r
direction goes to zero when the spacecraft reaches CA,

leading to the breakdown of equation (2) when applied to
our data. The derived current estimates in this region are
therefore shaded and not reliable. However, as can be seen
in Figures 5-8, this artificial feature is only detected in a
very limited altitude region and does not influence our main
conclusions.

[26] The resulting electric fields, in the rest frame of the
neutrals (Figures 5c—8c), are seen to be predominantly
perpendicular and increase with altitude above the exobase.
Below the exobase, the electric fields attain values ranging
from approximately 0.5 to 3 xV m '. The increase of the
parallel electric field that can be seen at low altitudes is
again shaded and considered to be artificial, for the same
reasons that the derived currents could not be trusted around
CA. Estimations of the electric field by using

E+vxB=0 (10)

with an ionospheric plasma speed below the exobase, v, of
~1 km s ' given by the LP measurements and a typical
value of B =5 nT (Figures 2e—4e), predict an electric field of
the order of 5 ;V m™', which is in accordance with the
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observations below the exobase and the fact that o > o
and £ < E at low altitudes.

7. Discussion

[27] In section 6 we derived first estimates of currents
flowing in Titan’s ionosphere. We investigated three flybys
with similar measured magnetic field characteristics, but
with the main differences that they occurred on the ramside,
over the pole, and in the wake of the moon. We observed the
strongest currents in the wake (up to 120 nA m %) while the
ramside currents (~40 nA m™?) and the polar currents (~60 nA
m %) were less intense. Below the exobase, the currents are
mainly Hall and parallel in nature, which seem to be displaced
in phase. This is most clearly seen for flyby T18 inbound
(Figure 5) and T21 (Figure 8), where the currents show
opposed maxima and minima below the exobase. The mag-
nitude of the perpendicular electric field below the exobase is
0.5-3 vV m ' in all flybys.

[28] If we assume that the current is carried by electrons
only, in absence of wave-particle interactions, we estimate a
bulk speed of approximately 100 m s™' (from j = encv.)
which is less than the ion acoustic speed (~600 m s ')
confirming that an ion acoustic instability is probably not
active in this region and stable current densities can exist.

[29] There are many mechanisms that could give rise to
the currents observed. As Titan acts as a massive con-
ductor in the subsonic flow of Saturn’s magnetospheric
plasma, the plasma flow around the moon will be deflected
and produce draping of the embedded magnetic field and
an exclusion of the field from inside the moon. The
magnetic field is screened from the lower ionosphere, but
penetrating from above due to diffusion. The currents that
we observe are consistent with such diamagnetic screening
currents, that could flow mainly as Hall currents in the
upper ionosphere.

[30] In addition, the draping produces a tail, where a
cross tail current would close partially over the outer sur-
face. Furthermore, such a cross tail current could interact
with the ionosphere via field aligned currents, to some
extend similar as in the Earth’s magnetotail. The plasma in
the magnetosphere of Saturn at the distance of Titan typ-
ically moves with a velocity of ~100 km s™' [Kane et al.,
2008; McAndrews et al., 2009], and the upstream magnetic
field is of the order of 5 nT, giving a maximum induced
electric field strength of 500 £V m™', which is more than
enough to match our observations. A current system gen-
erated by associated shielding currents may set up mag-
netic fields that are oppositely directed to the upstream
field around Titan, which is what is observed. In other
words, the magnetic field on the outside, compressed and
draped over the ionosphere is reduced under the ionosphere
by currents in the plasma. If the ionosphere would be a
perfect conductor, the magnetic field would be shielded out
perfectly. However, this is not the case here as the mag-
netic field remains nonzero.

[31] Another mechanism that might give rise to currents
is due to neutral winds in the ionosphere of Titan. Miiller-
Wodarg et al. [2008] showed that the neutral wind velocity,
Vn, below the exobase reaches ~150 m s !, which is
comparable to the ion wind speed measured by Crary et al.
[2009] of ~100 m s ' in the same region. If we use v, =
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150 m s™' to calculate the perpendicular electric field by
using

EL:—VHXB7 (11)
we get an estimate of the field of 0.75 1V m™', which is at
the lower limit of what is observed. Hence, we do not
believe this process to be the sole generation mechanism,
but it might be of additional importance, preferably at low
altitudes.

[32] A further possibility is to consider the currents as a
result of the diffusion of fossil field lines. According to
Bertucci et al. [2008], fossil fields oppositely directed to the
ambient field may diffuse down into Titan’s ionosphere.
The resulting change in magnetic configuration may lead to
a current, which could be measured.

[33] Examining how the magnetic field behaves long
before and long after the Cassini flyby of Titan can help us
constrain which generation mechanism is most probable.
Looking at the flybys from this study we can conclude
that the measured fields all show stable conditions. Within
3 h before and after CA we do not see any considerable
changes in the magnetic field direction, which means that
possible fossil fields of different orientation must be older
than that. Bertucci et al. [2008] have estimated the con-
vecting time of magnetic field lines in Titan’s ionosphere
to range between 20 min and 3 h. However, one must also
keep in mind that the measurements show the environment
along the Cassini orbit, which is not exactly the same as the
one Titan is engulfed in.

[34] One important aspect of the current calculations is the
initial assumption of how the currents are flowing. As was
discussed above, our calculations only hold under the con-
dition that the radial component of the magnetic field, B,, is
small and fairly constant. This leads to the assumption that
the horizontal field components, By and B, are varying
mainly with », which through equation (2) results in currents
that flow horizontally. This is why we chose to exclude the
outbound leg of T20 and the inbound leg of T21, as the
radial component shows a change comparable to the chan-
ges in the other directions during these legs. We believe this
is a good first approximation for the selected data set. As
there is a direction in which the magnetic field changes the
least, we are certain that the assumption of a plane stratified
horizontal current system holds. To achieve a more exact
calculation one would need to do a minimum variance
analysis of the magnetic field vector, but for the purposes of
this paper the method we employed is valid.

8. Conclusions

[35] We have examined CAPS/ELS electron spectra,
MAG magnetic field measurements and cold plasma mea-
surements by the RPWS/LP of Titan flybys T18, T20 and
T21. During these passes Cassini flew over the pole, on the
wakeside and on the ramside of the moon, respectively.
They all occurred at a SLT close to 2 h and showed similar
upstream conditions of the magnetic field. By combining
the data sets we could identify three regions around Titan.
Far away from the moon the region is characterized by
upstream, undisturbed magnetospheric conditions with low
(<1 cm™) electron densities and high (~200 eV) electron
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temperatures. In this region Titan has not yet started to
influence the plasma typical of Saturn’s magnetosphere.
Closer to the moon, when the exo-ionosphere is entered, a
new population of electrons from Titan’s ionosphere can be
identified. The electron density shows a strong increase and
the electron temperature drops to values below 1 eV at the
same time as the spacecraft electrons disappear due to
changes in the spacecraft potential. Below the ionospheric
peaks, the electron temperature does not vary much and the
electron density decreases. At these altitudes the observed
high-energy electrons disappear due to collisions above the
spacecraft.

[36] We have shown that, indeed, during at least some
instances, there are strong horizontal currents of the order
of 10-100 nA m? flowing in the ionosphere of Titan. This
is to the best of our knowledge the first observations of
ionospheric currents at the moon. Below approximately
1400 km the currents are principally parallel and Hall, i.e.,
flowing parallel to the magnetic field and perpendicular to
both the magnetic field and the electric field, respectively.
At higher altitudes the Pedersen current seemingly becomes
more prominent, which may instead be due to current layers
produced by the interaction boundaries between Saturn’s
magnetosphere and Titan’s ionospheric plasma. However,
our data is yet insufficient to make such local discrimina-
tions. More detailed, and hopefully some day even multi-
spacecraft data, will be required to address these and further
questions in the future. Associated with the ionospheric
currents are electric fields of the order of 0.5-3 xV m ..
In the region below 1400 km the electric fields are pre-
dominantly perpendicular to the magnetic field.
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