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Abstract. The atmosphere of Saturn’s largest moon Titanan essentially unmagnetised body with a thick atmosphere
is driven by photochemistry, charged particle precipitationinteracts with a magnetospheric plasma. The atmosphere
from Saturn’s upstream magnetosphere, and presumably big driven by photochemistry, by charged particle precipita-
the diffusion of the magnetospheric field into the outer iono-tion from the upstream magnetosphere, and presumably by
sphere, amongst other processes. lon pickup, controlled bthe diffusion of the magnetospheric field into the outer iono-
the upstream convection electric field, plays a role in the lossphere. The development of accurate models of the dynam-
of this atmosphere. The interaction of Titan with Saturn’s ical structure, chemistry, formation and mass loss of Titan’s
magnetosphere results in the formation of a flow-inducedatmosphere rely on an accurate knowledge and characteri-
magnetosphere. The upstream magnetoplasma environmesation of the local magnetoplasma environment, in order to
of Titan is a complex and highly variable system and sig- constrain external sources of energy for the system. See Ar-
nificant quasi-periodic modulations of the plasma in this re-ridge et al. (2011a) for a review of Titan's upstream plasma
gion of Saturn’s magnetosphere have been reported. In thisnvironment.

paper we quantitatively investigate the effect of these quasi- The upstream magnetoplasma environment of Titan is
periodic modulations on the convection electric field at Titan.a complex and highly variable system and is modulated
We show that the electric field can be significantly perturbedby internal magnetospheric effects, including apparent lon-
away from the nominal radial orientation inferred from Voy- gitudinal asymmetries, and external forcing by the solar
ager 1 observations, and demonstrate that upstream categoviind. At Titan’s orbital distance (semi-major axis =22 x
sation schemes must be used with care when undertaking0® km = 20.27Rs where 1Rs = 60 268km) the observed
guantitative studies of Titan’s magnetospheric interaction,magnetic field can become radially stretched at locations just
particularly where assumptions regarding the orientation ofoutside Saturn’s magnetodisc current sheet, itself a principal
the convection electric field are made. external field source (Arridge et al., 2008c). Vertical mo-
tions of this magnetodisc (Arridge et al., 2008a; Bertucci et

Keywords. Magnetospheric physics (Electric fields; Mag- 2009; Simon et al., 2010a) can place Titan alternately in-

netosphere interactions with satellites and rings; Planetar)'?,l" : ; , ;
side this current sheet or in the lobe-type regions adjacent to

magnetospheres) i ) -
the sheet, which are relatively devoid of plasma. The plasma
is centrifugally confined in this magnetodisc whereas the en-
i ergetic particles are free to extend to higher latitudes (e.g., ®
1 Introduction Achilleos et al., 2010; Sergis et al., 2011). A number of au- "(B'
Titan is Saturn’s largest moon and the only moon in the solarthor.S have attempted to cla§3|fy the upstream er‘_"'“’”me”t'g
system known to have a thick atmosphere with an extendet‘j-)f Titan (Rymer etal, 2.009’ S|moq etal., 2010a; Garm.er >
exosphere. The formation of Titan’s flow-induced magne-et al., 20}0) using a vazle‘t‘y of criteria to”prodlice c?tegones =
tosphere is the only known case in the solar system wher<§UCh as plasma sheet’, “current sheet ar_ld lobe”. Thgse -
classifications have proven to be useful in understanding ©

flyby-to-flyby variability of Titan’s atmosphere (e.g., West-

Correspondence taC. S. Arridge lake et al., 2011). However, such classifications necessar-
BY (csa@mssl.ucl.ac.uk) ily produce a relatively coarse description of the upstream
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environment, which does not reduce their value but empha2 Modelling variations in the convection electric field
sises that care must be applied in their use, especially for
quantitative studies. We consider time-dependent variations of the convective
Two examples highlight the need for caution. Firstly, en- €lectric fieldE in Titan's rest frame. We work throughout in
ergetic neutral atom (ENA) observations can be used to percy”ndl'iCEl' coordinates aligned with the Current/plasma sheet
form remote sensing of Titan's electromagnetic field environ-but assume that the sheet is minimally distorted during its
ment. However, the models used to interpret these observdlapping motion such that the unit vectors may be defined as
tions show that the morphology of the ENA fluxes are highly follows: e, is nearly radially outward from Saturn and lies
sensitive to the electric and magnetic field environment of Ti-Precisely in the plane of the moving plasma shegis nearly
tan (e.g. Wulms et al., 2010). Hence, making an assumptioparallel to Saturn’s spin axis and orthogonal to the plane of
regarding the electric field orientation and how stationary itisthe sheet, and, is parallel to the corotation direction. In
based on a categorisation might introduce errors in the interthis frame the z-coordinate of Titan may vary considerably
pretation of the ENA observations. As a second example, le@s the current/plasma sheet oscillates about the kronographic
us consider the motion of pickup ions produced from Titan’s €quator.
exosphere. Under a “nominal” radial convection electric field ~ Starting with the definition of and assuming zero radial
orientation pickup ions will be directed away (towards) Titan flow for the magnetospheric plasma one finds the following
on the anti-Saturnward (Saturnward) side. However, whercomponents of the electric field as measured in the rest frame
the electric field is oriented north-south pickup ion trajec- of Titan:
tories are in the plane formed by Titan's spin axis and the .. . .
upstream plasmapflow direction. This not opnly changes the™r =UzBo—uyBz Ey=—uzBy Ez=u,B, @)
region of velocity space one should search for pickup ionsin this expressionk,, E,, E;) and B,, B,, B;) are the
but also can change the location in Titan's atmosphere wherelectric and magnetic field components in cylindrical coor-
pickup ions are deposited thus changing the location of sputdinates. The azimuthal component of the plasma velocity,
tering and heating processes in the thermosphere (e.g, Sittler, is measured in Titan’s reference frame (the plasma speed
et al., 2009; Johnson et al., 2009; and references therein)ess Titan’s orbital speed 5.6 km s 1) andu; is the axial
If the electric field magnitude were also to change then this(north-south) speed of the plasma/current sheet. Therefore
might also increase the magnitude of any atmospheric lossve recover the pre-Cassini radial electric fielt), (= —u, By
due to pickup. with a modification introduced by vertical plasma flow in
During the Voyager 1 flyby of Titan, the convection elec- the presence of an azimuthal field component. This verti-
tric field was thought to be directed radially away from Sat- cal plasma flow also introduces an azimuthal electric field
urn because the plasma flows azimuthally past Titan andvhen combined with a radial field. The azimuthal plasma
the background magnetic field was orientated north-southflow and radial field then combine to produce the axial elec-
Cassini studies of the regions upstream of Titan have showtric field. The presence of a radial component in the magnetic
that the magnetic field there is very frequently in a radial ori- field essentially produces a convection electric field which is
entation (Arridge et al., 2008c; Bertucci et al., 2009; Simon non-radial — a strongeB, and more rapid azimuthal plasma
etal., 2010a). It can also be highly variable, changing from aflow produces a larger axial electric field, and a strdhg
north-south orientation to a radial orientation over timescalesand more rapid axial flow produces a larger azimuthal elec-
of less than one hour (Arridge et al., 2008a; Simon et al.,tric field.
2010b). These sudden variations in the orientation of the One can now ask what the total time derivativelbfs at
magnetic field can produce significant and rapid rotations inTitan as a result of the motion of the plasma sheet and how
the orientation of the convection electric field in Titan’s rest it might change with the controlling parameters in Saturn’s
frame. magnetosphere. Figure 1 illustrates the theoretical setup with
In this letter we explore the effect of such variability in the three configurations. Consider the plasma and current sheet
upstream magnetic field and quantify the associated variabilto be in almost constant axial motion at a spegdBecause
ity in the convection electric field. We refer these results tothe plane of Titan’s orbit is close to Saturn’s equatorial plane
previously established classification schemes and show thafitan will appear to move with respect to an observer in the
classifying Titan’s upstream environment as “current-sheet’co-moving frame of the plasma sheet. At any given time, Ti-
does not guarantee a particular orientation of the electridan may be located at some particular position with respect to
field. These results are therefore of relevance in trying to unthis current sheet; it may be located above, in, or below the
derstand the dynamics and evolution of Titan’s atmosphereentre-plane of the sheet. To determine the time derivative
(e.g., Johnson et al., 2009; Sittler et al., 2009) and for inter-of the electric field in Titan's rest frame we need to evaluate
preting spacecraft data near Titan (e.g., Simon et al., 2007).the total derivativeDE /dt = 0E /ot —u,d E /dz where the
negative sign has been introduced to account for the fact that
when the plasma sheet is moving up with> 0 Titan is actu-
ally moving down through the plasma sheet. We assume that
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Fig. 1. Diagram illustrating the theoretical picture used in this pa-
per. The solid curves indicate magnetic field lines around a current™ _4
sheet in thez =0 plane. The, p) coordinates indicate a conve- -10
nient “sheet coordinate system”. Pafa&] shows the sheet moving
upwards,(b) the sheet at resfc) the sheet moving downwards. In g 5 calculated magnetic field profiles (top) and convection elec-
each case Titan (the grey circle) may be located above the sheefi fie|ds (hottom) as a function of axial distance from the centre of
near the centre of the sheet, or below the sheet. For example, thge ¢ rrent sheet, positive above the current sheet and negative be-
bottom circle in pane{b) would indicate Titan located below the |4, 1 hoth panels red indicates the radial component, blue the ax-
sheet and the sheet at rest with respect to Titan. As a second exarly and green the azimuthal. The electric field is calculated for two
ple, the top C|rc_le in pandh) wou_ld indicate T|tan_located gbove _cases (i) where the current sheet is in rapid axial motign 0)
the sheet but with the sheet moving up to meet Titan, so Titan will 54 jines) and (ii) where the current sheet is at rest with respect to
shortly pass through the centre of the sheet. Titan (uz = 0) (dashed lines). The dotted vertical lines indicate the
extents of the current sheet as defined byRpe<= 0.6B criterion

- . L of Simon et al. (2010a).
the electric field at a fixed point in the sheet to be constant

henced E /9t = 0 and the total derivative then reduces to the
convective derivative associated with the relative motion ofyith a large velocity shear and intense flapping one can ex-
the plasma sheet and satellite. pect rapid changes in the convection electric field strength
We write the total derivativeDE/Dt = —uzdE/dz and  and direction. We show the azimuthal component for com-
replace the spatial derivative of the azimuthal plasma speegjeteness and do not discuss it further since not onlgjs
with (duy/dL)(dL/0z) as the product of the equatorial ve- the smallest electric field component but its derivative is also
locity shear of the azimuthal plasma flow and the stretchingthe smallest. All of these quantities must be evaluated at the
of the magnetic field (a more highly stretched field will result coordinatesg, ¢, z) of Titan in the plasma sheet coordinate
in a larger derivativédL/dz), whereL is the L-shell of the  frame.
magnetic field line (defined here as the equatorial radial dis- T4 estimate the magnitude of such a temporal modulation
tance where the magnetic field line crosses the equator). Hergt the convection electric field we have used a self-consistent
we use Ferraro’s isorotation theorem (Ferraro, 1937) to writeger potential model of Saturn’s magnetospheric plasma
up =ug(L) whereL = L(p,z) implying that the plasma on  ang current sheet (Achilleos et al., 2010). Because this Eu-
a given field line moves at the same azimuthal velocity. Notejg, potential model does not contain azimuthal fields, we
thatdu,/9z is set to zero implying that the axial speed of the have assumed thak, = —0.5B,, however the exact value of
plasma sheet does not change across the height of the plasiigs proportionality does not significantly affect our conclu-
sheet. Applying this formalism and using these assumptiongjons. This estimate is obtained from the sweepback angles
we find: in Bertucci et al. (2009) and Fig. 1. of Arridge et al. (2008a).

=5 0 5
Distance from current sheet centre [Rs]

DE dugp L 3B B We couple this with an empirical structural model for the
L :uZ[BZJ +u¢_z_uz_¢’] . .

Dz L oz z dz flapping of Saturn’s plasma and current sheet (Arridge et al.,
DE B

L = usgr (2)  2011b).

DEz _ _ dug L 9By

DI = ”Z[Bﬂ oL 9z T4 5: ] zcs(t,9,0) = [P—VHtanh<£)]ta“98UN

rH

Hence we can see that there is a strong dependence of +(p — po)tandtiLT cos¥ps(z, ¢, p) 3

the time derivative of the convection electric field on how

quickly the azimuthal velocity varies with (velocity shear, This “wavy magnetodisc” model (3) gives the vertical po-
dugldL), how stretched the field i9{ /9z) and of course sition of the plasma sheet as a function of time and radial
how rapidly the plasma sheet is moving in the axial directiondistance, from whicl, can be easily computed. In this ex-
(uz). There is also a dependence on the vertical acceleratiopression,ry, 6sun, o, and ot are constants which are
of the plasma sheet. Hence in a highly stretched magnetodisgbtained by fitting the model to data, adgs is a phase
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5 - spacecrafii; < 0. For positive current sheet speeds the az-
: ’ imuthal and radial components are reflected about the x axis.

This is because the equations ¥y and E, are modulated

by u, and swap sign when the plasma sheet is moving in a

different direction.

The location of the current sheet/lobe boundary has been
estimated from the criteria of Simon et al. (2010a) where the
current sheet is defined &, <=0.6B. To calculateB we
have ignored the artificiady introduced to solve Egs. (1) and
(2) as this was not calculated self-consistently; doing so re-
sults in an artificially large estimate of the current sheet thick-
ness. At the centre of the sheet the radial component dom-
inates whereas at the sheet/lobe boundary (indicated by the
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DE /dt
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Distance from current sheet centre [R] vertical dotted lines) the radial and axial electric field com-

ponents are roughly equal in magnitude, and in the lobes the
Fig. 3. Calculated electric field derivatives as a function of axial axial component dominates.
distance from the centre of the current and plasma sheet. The top In Fig. 3 the derivatives given by Eqg. (2) are plotted. Be-
panel shows the radial component of the field for reference. Thecguse the derivatives are zero when the current sheet is static
middle and bottom panels show the total time derivative of the radialye plot the case for the sheet moving down over the space-

e e et Sote %Sttt (; <O, sold ne) and moving up over he spacecraf
change of the electric field when the sheet is in rapid axial motion{uZ > 0, dashed ine). The curve fé £, / Dt is not precisely

downwards 47 < 0) and the dashed line when the sheet is moving reflected abOUt the ),('aXIS because of ’m%d_err_n in Eq. (,2)'
upwards { > 0). We exclusively consider the, < 0 case (solid line) consider-

ing the consequences for Titan moving up through the sheet
(also see Fig. 1c).
function which is a function of time (varying between 0 and _ At the centre of the current sheet neae 0 the electric
27 over one “magnetospheric period”, equal to/2), lo-  field is radial and the largest derivativelist, /dt consistent
cal timeg, time 7, and radial distancp. In this expression, ~With Ez > 0 above the equator arfd; < 0 below the equator
Q = dWpg/dt is the angular frequency of Saturn’s global (odd-symmetry). In the lobes outside of the vertical dotted
magnetospheric oscillations. lines (from the criteria of Simon et al., 2010a) the electric
Because this is time-dependent it can be differentiated td'¢!d derivatives are of a similar magnitude and are approxi-
give the vertical speed, of the plasma sheet (Eq. 4) required Mately 0.1mVm=h==. This is a substantial fraction of the
to calculate Eq. (2). In this derivative the “DC” warping term Magnitude of the convection electric field showing that large
(Arridge et al., 2008b) from Eg. (3) is a constant and becomeg@Pid changes i occur over hour-long timescales. It is

zero. The maximum speed of this current sheet is obtainedtéresting to note that within the current shétchanges
whenWps=90° and maximum acceleration whemps= 0°. rapidly, reaching a significant fraction of its lobe field value

We use values oo = 12 Rs andémit = 12° as obtained by within the current sheet (see Fig. 2), whereas the largest
Arridge et al. (2011b). Using these values at Titan's orbital c1@nges inE, are found near the lobe. Consequently for

distance we findi,(Wps=90°) = 17 kms L, a spacecraft located in the current sheet with the plasma
sheet moving rapidly over the spacecraft, large changes in
uz (t, 0, p) = — (o — po) tardriLT SiN¥ps(t, ¢, p) (4) E, and rotations of up to 45in the orientation ofE will

be found before the spacecraft has entered the lobe. This
has important consequences for the classification of Titan's
upstream environment where although the upstream environ-
3 Results ment may be jointly classified as current sheet (e.g., Simon
et al. 2010a) and plasma sheet (e.g., Rymer et al., 2009),
In Fig. 2 we present the magnetic field profile through thewhich might lead to assumptions regarding the orientation
current sheet from the Euler potential model and the calcu-of the convection electric field, the orientation of this field
lated convection electric fields. As expected from Eq. (1) may be highly non-stationary. In such circumstances the
only the radial and azimuthal electric field components ex-use of these criteria may affect studies which make assump-
hibit any dependence on the speed of the sheet, between matiens about the orientation and magnitudefffor example
imum and zero speed cases, due to the presenceamthese  the interpretation of ENA observations (e.g., Wulms et al.,
expressions. In each case the effect is fairly modest betweeR010), pickup ion trajectories and subsequent ionospheric
the static and moving current sheet cases. Note that thedeeating and loss (e.g. Sittler et al., 2009; Johnson et al.,
have been plotted for the current sheet moving down over th009; and references therein), modelling of the orientation of
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