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Abstract. The first simultaneous observations of fields and quiring downward acceleration of outer magnetosphere elec-
plasmas in Saturn’s high-latitude magnetosphere and UMrons through a~10kV potential in the current layer at the
images of the conjugate auroral oval were obtained by theopen-closed field line boundary to produce an auroral oval of
Cassini spacecraft and the Hubble Space Telescope (HST1° width with UV emission intensities of a few tens of kR.

in January 2007. These data have shown that the sout <eywords. Magnetospheric physics (Auroral phenomena:
ern auroral oval near noon maps to the dayside cusp boung- yw : 9 P phy b !

ary between open and closed field lines, associated with @ agnetosphere-ionosphere interactions; Planetary magneto-

major layer of upward-directed field-aligned current (Bunce Spheres)
et al., 2008). The results thus support earlier theoretical
discussion and quantitative modelling of magnetosphere-
ionosphere coupling at Saturn (Cowley et al., 2004), thatl
suggests the oval is produced by electron acceleration in the
field-aligned current layer required by rotational flow shear
between strongly sub-corotating flow on open field lines and

ne_ar-corotatmg flow on closec_j field lines. H(—‘::re W(E quantl'along field lines into the polar upper atmosphere. While
tatively compare these modelling results (the “CBO” model) ,, . w - S
diffuse” auroral emissions are formed by precipitation from

with the Cassini-HST data set. The comparison shows gooq]ot lasma bobulations produced inside planetary maaneto-
qualitative agreement between model and data, the princi- P Pop P P y mag

: . I'spheres, bright structured “discrete” auroras are related to
pal difference being that the model currents are too smal . :
the field-aligned current systems that couple momentum be-

by factors of about five, as determined from the magnetic ; o

rturbations observed by Cassini. This | ted t btween the ionosphere and magnetosphere, specifically re-
perturbations observed by &-assinl. S IS suggested to Sions where current is directed upward from the ionosphere
principally indicative of a more highly conducting summer

southern ionosphere than was assumed in the CBO moderl?sumng in downward acceleration of hot magnetospheric

A revised model is therefore proposed in which the height_electrons. It is generally understood that for the giant plan-

. : . L ets the principal momentum exchange is from planetary ro-
integrated ionospheric Pedersen conductivity is mcreaseq bYation topmagrrzetospheric plasma ar? d that for Ec)he plan)étary

a fathr of four from 1 to 4mho, together with more mi- field polarities present at both Jupiter and Saturn, upward
nor adjustments to the co-latitude of the boundary, the flow .
currents flow where the plasma angular velocity decreases

shear across it, the width of the current layer, and the prop- ., ~ . . . s

; . . ith increasing latitude. At such locations a bright “auro-

erties of the source electrons. It is shown that the revise ” ; .

: : - ral oval” may form if the downward acceleration of magne-

model agrees well with the combined Cassini-HST data, re-, . : .
tospheric electrons required by the density of the upward-

Correspondence tdS. W. H. Cowley directed field-aligned current produces precipitating electron

(swhcl@ion.le.ac.uk) energy fluxes of sufficient intensity.

Introduction

Observations of planetary auroras provide a means of re-
motely sensing global magnetospheric dynamics, projected

Published by Copernicus Publications on behalf of the European Geosciences Union.



2614 S. W. H. Cowley et al.: Auroral current systems in Saturn’s magnetosphere

Within this general scenario, two basic processes haveCowley and Bunce (2003), but do not clearly discriminate
been discussed that may lead to a fall in plasma angulathe locations proposed by Cowley et al. (20044, b) and Sit-
velocity with latitude, and the consequent formation of atler et al. (2006). Recently, however, more direct investi-
ring of upward-directed field-aligned current. The first is gation of the origins of Saturn’s auroras has become possi-
plasma production, pick-up, and radial transport from inter-ble through HST imaging coordinated with in situ observa-
nal gas sources such as planetary moons and rings, leadirigpns by Cassini in the high-latitude magnetosphere (Clarke
to sub-corotation of the magnetospheric plasma on closeet al., 2008), when the spacecraft crossed field lines map-
magnetic field lines (e.g. Hill, 1979; Vasyliunas, 1983; Saur ping to the auroral oval and polar cap. In the first such
et al., 2004). This is the process believed to produce thestudy Bunce et al. (2008b) have shown using Cassini field
“main oval” at Jupiter (Cowley and Bunce, 2001, Hill, 2001; and plasma data that the UV oval observed near noon indeed
Southwood and Kivelson, 2001), mapping magnetically intomaps to the boundary between open and closed field lines,
the middle magnetosphere (Clarke et al., 1998; Reagty where a major layer of upward-directed field-aligned current
al., 1998). However, modelling of the same current system aflows out of the ionosphere, thus supporting the discussion
Saturn based on Voyager plasma angular velocity measuresf Cowley et al. (2004a) and the model studies of Cowley et
ments led Cowley and Bunce (2003) to conclude that theal. (2004b).
field-aligned currents are too weak in this case to result in The purpose of this paper is to present a comparison of
significant electron acceleration and auroral emission, andhe unique combined Cassini-HST observations discussed by
also occur at too low latitude to account for the observedBunce et al. (2008b) with the model results of Cowley et
auroral oval. The second possibility is the flow shear ex-al. (2004b). It is shown that while the model is in good qual-
pected to occur at the boundary between closed field linestative accord with the data, some parameters require adjust-
that moderately sub-corotate, and open field lines in the poment to provide detailed quantitative agreement.
lar region that strongly sub-corotate according to both the-
ory and observation (Isbell et al., 1984, Stallard et al., 2003,

2004). Cowley et al. (2004a) thus suggested that Saturn'@ Overview of Cassini and HST observations

main oval maps to this upward current layer at the boundary ) o o

between open and closed field lines, a suggestion shown ifo!lowing orbitinsertion in mid-2004, the early phase of the
subsequent modelling to be plausible in terms of accelerate§2SSini mission was confined to the near-equatorial regions
electron and auroral parameters (Cowley et al., 2004b; Jackef Saturn’s magnetosphere. However, beginning in mid-2006
man and Cowley, 2006). Similar processes may also occur dfe orbit was progressively tilted out of the equatorial plane,

Jupiter, forming a component of the auroras lying poIewardaHOWing exploration of higher latitudes. In January 2007 a
of the main oval (Cowley et al., 2005). sequence of daily observations of Saturn’s UV auroras was

In addition to these scenarios that are associatedmdertake” using the HST, coordinated with high-latitude

with large-scale field-aligned currents and magnetosphere©2ssini observations during Rev 37 of the planet. The sub-

ionosphere momentum coupling, Sittler et al. (2006) haveSet of these data discu§sed by Bunce et al. (2008b) tha}t forms
also proposed that Saturn’s auroral oval is produced by€ basis of the modelling comparison presented here is sum-
plasma heating and acceleration initiated by the interchangg'arised in Figs. 1 and 2 for HST and Cassini data, respec-
instability at the outer edge of Saturn's plasma sheet. intively, and will be overviewed in this section prior to discus-
this case the oval will map magnetically to closed field lines SION Of the theoretical modelling in Sects. 3-5.

within the outer part of the magnetosphere, which Sittler et 1 he auroralimages in Fig. 1 were obtained using the solar-
al. (2006) suggest to lie typically at15 R in the equatorial blind channel of the Advanced Camera for Surveys (ACS)

plane (Saturn’s radiusgs, is equal to 60268km.). These ON consecutive HST *visits” on 16 and 17 January 2004,
field lines thus usually lie several Saturn radii inside the day-@nd show UV emissions in the southern polar region colour-

side magnetopause, the latter boundary being typically |ocoded according to the inten_sity scale on the right. See
cated at~20—25R; in the sub-solar region, depending on Clarke et al. (2008)for an overview of the overall HST cam-
the dynamic pressure of the solar wind (Arridge et al., 2006).P&ign. The images are projected onto a latitude-local time
Badman et al. (2006) have determined the average positiod"d @s though viewed through the planet looking from the
of Saturn’s main oval auroras in the Southern Hemispherdrth, with noon at the bottom and dawn to the left. We note
from sets of UV images obtained by the Hubble Space Telelhat Saturn’s southern pole was tilted toward the Earth (and
scope (HST) (e.g. &ard et al., 2004: Clarke et al., 2005; HST) by ~13° during this interval, giving a reasonable view
fC_E-rI(()de(f,'nt et ﬁl" 20?]5)' rl\l/lapplll’lg _these Ilocatlon.;along model 1Clarke, J. T., Nichols, J. D., @ard, J.-C., Grodent, D.,
ield lines shows that the emISS|qn§ re ate to the outer magHansen, K. C., Kurth, W. R., Gladstone, G. R., Duval, J., Wan-
netosphere anq magnetopause vicinity beyond thg corotatiofawichian, S., Bunce, E. J., Cowley, S. W. H., Crary, F. J.,
breakdown region in the middle magnetosphere ring currenpougherty, M. K., Lamy, L., Mitchell, D., Pryor, W., Retherford, K.,
(Badman et al., 2006; Bunce et al., 2008a). These resultStallard, T. S., and Zieger, B.: The response of Jupiter's and Saturn’s
are thus in agreement with the initial modelling results of auroral activity to the solar wind, J. Geophys. Res., in review, 2008.
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of the southern emissions, but an inadequate view of auroraga) 05:31-05:41 UT 16 Jan 2007
in the north. Even so, the images in Fig. 1 are truncated on
the nightside due to the uncertainty in the polar projections
near the planet’s limb. Dotted circles in the figure are plotted
at 5 intervals of co-latitude from the southern pole. Eachim-
age shows the sum of five individual exposures, obtained for
image A during 05:31-05:41 UT “Saturn time” (HST time
minus 69 min light travel time from Saturn) on 16 January,
and for image B during 03:21-03:30UT on 17 January. It
can be seen that a relatively narrow and well-defined au-
roral oval was present from dawn to noon in both images,
with broader and somewhat more scattered emissions being
present in the post-noon and dusk sector. It can also be seen

that the emissions contracted poleward somewhat during the 1000

~22 h interval between the two images. ' ' 1008 &
The superposed white lines in the panels of Fig. 1 show the(b) 03:21-03:30 UT 17 Jan 2007 Z
trajectory of the Cassini spacecraft mapped along magnetic 1.0 S

field lines into the southern ionosphere. The magnetic model
employed consists of the sum of the “Cassini” internal field
model (Dougherty et al., 2005), and a typical ring current
field determined from Cassini data by Bunce et al. (2007)
(specifically for a typical assumed subsolar magnetopause
position of 21Rg, though other choices make only marginal
differences). Dots are shown every six hours along the tra-
jectory, with the start of days indicated by the “day of year”
(DOY) markers. During the relevant interval spanning the
images on days 16-17 the spacecraft was located at near-
constant radial distances 6fl3Rg in the Southern Hemi-
sphere mapping to high latitudes in the conjugate southern
ionosphere, and moving from dawn to the post-noon sector
(see further in Fig. 2). The mapped location of the space-
craft at the centre time of each image is shown by the redrig. 1. Two HST/ACS UV images of Saturn’s southern auroras ob-
dots plotted on the trajectory. It can be seen from these locatained on consecutive “visits” in January 2007. The emissions are
tions that at the time of image A the spacecraft footprint wascolour-coded according to the intensity scale on the right, and are
located in the “polar cap” well poleward of the auroral emis- Projected onto a latitude-local time grid as though viewed through
sions, at~09:00 LT and~8.5° co-latitude with respect to the the planet looking from the north, with noon qt the pottom and dawn
southern pole. However, by the time of image B the foot- to the left. Dotted C|rcle§ are plotted &t o-latitude mter_vals _from
print had moved just equatorward of the emissions, then beE:e southern po.le'hThe 'Image$ are truncate(:lonlthe ”,'glhtsg)de due to
ing located at-13:00 LT and~14.5 co-latitude. These re- the uncertainty in the polar projections near the planet’s limb. Image

. . - A (upper panel) was obtained in the interval 05:31-05:41 UT “Sat-
sults thus show that in the interval between images A and By, time” (HST time minus 69 min light travel time from Saturn) on

Cassini traversed magnetospheric field lines mapping to Sattg january, while image B (lower panel) was obtained in the interval
urn’s southern auroral oval, from poleward to equatorward in03:21-03:30 UT “Saturn time” on 17 January. The superposed solid
the noon sector. lines show the ionospheric footprint of Cassini mapped magneti-
In Fig. 2 we show Cassini plasma electron and magneticcally to the ionosphere using the internal planetary field combined
field data spanning the times of the two images in Fig. 1,with amodel ring current field as described in the text. White dots
specifically for the 42 h interval from 18:00UT on 15 Jan- are plotted on the trajectory every six hours, with the start of each
uary to 12:00UT on 17 January 2007. Spacecraft positiorfi@Y indicated by the “day of year” (DOY) number. The mapped
data are shown at the foot of the figure. From top to bottom_spa_cecraft position at thg time at which each image was obtained is
. . . . indicated by the red dot in each panel (after Bunce et al., 2008b).
these give the spacecraft local time (LT in decimal hours),
the co-latitude relative to the northern spin and magnetic axis
(Co-Lat in deg), the radial distance from the planet’s centre
(R in Ryg), and the magnetically mapped co-latitude of the tron spectrometer (Young et al., 2004), colour-coded accord-
spacecraft in the southern ionosphere as in Fig); 34 in ing to the scale on the right. We note that the counts at low-
deg). The top panel of Fig. 2 then shows an electron spectroest energies are mainly spacecraft photoelectrons (at energies
gram from 0.6 eV to 26 keV obtained by the CAPS-ELS elec-~30eV and below during the early part of the interval, but

0.1
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Fig. 2. Caption on next page.
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Fig. 2. Overview of Cassini plasma electron and magnetic field observations obtained during the 42 h interval on Rev 37 between 18:00 UT
on 15 January and 12:00 UT on 17 January 2007, spanning the times of images A and B shown in Fig. 1. The centre times at which these
images were obtained are marked by the vertical dashed lines marked A and B at the top of the figure. The top five panels show electron
data obtained by the Cassini CAPS-ELS instrument, specifically an electron spectrograwvfi®oaV to~26 keV colour-coded according

to the scale on the right (the counts at low energies are mainly spacecraft photoelectrons), followed by plots of bulk parameters obtained by
numerical integration over the electron distribution (excluding photoelectrons and background contamination) assuming the distribution is
isotropic. Bulk parameter values are not shown befei®:00 UT on 16 January due to low electron fluxes resulting in low measurement
signal-to-noise. The bulk parameters shown are the electron devsithe thermal energy;;, ., the current density of electrons moving

in one direction along the field lineg, (the field-aligned number flux of these electrons times the electron charge), and the corresponding
field-aligned energy flux of these electrofig . (see text for further explanation of the last two parameters). The right-hand scale on the
energy flux panel shows the corresponding UV auroral emission expected if these electrons precipitate into the atmosphere unmodified
by field-aligned acceleration. The sixth to eighth panels show the three components of the magnetic field in spherical polar coordinates
referenced to the planet’s spin and magnetic axis. The red dashed lineBinahd By panels show the “Cassini” internal planetary field of
Dougherty et al. (2005). No such line is shown in Bygpanel, since the model planetary field is exactly axi-symmetric with zero azimuthal
component. The bottom panel shows the UV auroral intensity at the ionospheric footprint of the spacecraft in the Southern Hemisphere
obtained from the two HST images shown in Fig. 1, mapped magnetically as for the spacecraft footprint in the latter figure. The red line
corresponds to image A and the blue to image B. Spacecraft position data are given at the foot of the figure, specifically the local time (LT in
decimal hours), the co-latitude with respect to the northern spin and magnetic axes (Co-Lat in degrees), the radial distance of the spacecraf
(R in Rg), and the magnetically mapped co-latitude in the southern ionosphere as employed idfig; in(degrees) (adapted from Bunce

et al., 2008b).

at less than~10eV and below after~10:00UT on 16 Jan- celled by electrons moving in the opposite direction along
uary). The four panels beneath this then show electron bulkhe field. Beneath the CAPS/ELS data we also show mag-
parameters obtained by numerical integration over the obnetic data obtained by the Cassini magnetic field investiga-
served distributions (Lewis et al., 2008), where we have astion (Dougherty et al., 2004), specifically the three compo-
sumed that the observed populations are near-isotropic, andents of the magnetic field in spherical polar coordinates ref-
contributions from photoelectrons and background contami-erenced to the planet’s spin and magnetic axis, where for
nation have been removed. Values are not displayed prior teomparison the red dashed lines show the “Cassini” model
~10:00UT on 16 January due to low electron fluxes at theplanetary field. No red line is shown in ti&, panel, since
spacecraft, such that it is impossible to derive reliable mo-the planetary field is closely axi-symmetric and has no mea-
ments with good time resolution. From top to bottom we surable azimuthal component. In the bottom panel of Fig. 2
show the electron density,, the thermal energW,, ., the  we also show the UV intensity at the spacecraft footprint in
field-aligned current density associated with electrons travthe southernionosphere obtained from the two images shown
elling in one direction only along the magnetic field lines in Fig. 1, where the red line corresponds to image A and the
Jile» and the corresponding field-aligned electron energy fluxblue to image B. These plots thus indicate the UV intensity
Eys.. The last two quantities are specifically the velocity- at the spacecraft footprint versus time if the emissions re-
space integrals afv f, and(m.v?/2) v f. over one hemi- mained fixed at those observed in images A or B. The emis-
sphere only of the assumed near-isotropic populations, whersion peaks corresponding to the traversal of the spacecraft
e andm, are the electron charge and massand v, are  footprint across the auroral ovals in the two images are evi-
the electron speed and its field-aligned component, And dent.
is the electron distribution function. If the electrons are near-
isotropic, as assumed, then the distribution function will be The centre times of the two HST images are marked by the
nearly independent of position along field lines down to thevertical dashed lines labelled A and B at the top of the Fig. 2,
ionosphere, assuming no acceleration processes act to mothe interval between them thus spanning the crossing of the
ify the precipitating electron distribution at lower altitudes. auroral oval according to the above discussion. As noted
In this case, the quantities computed correspond to the curabove, at the time of image A the spacecraft footprint in the
rent and energy flux delivered by the precipitating electronssouthern ionosphere was located well inside the main oval in
to the ionosphere as discussed further in Sect. 3 below. Théhe mid-morning sector, as also indicated in Fig. 2 by the low
scale on the right hand side of the energy flux panel then esbV intensities at the spacecraft footprint at that time shown
timates the resulting UV auroral emission, on the basis thain the bottom panel (red trace). The Cassini data at this time
1 mW m 2 produces~10kR (e.g. Rego et al., 1994). In the show a lack of measurable hot electron fluxes together with
magnetosphere itself, of course, the total electron current andorrespondingly “quiet” magnetic field components, as had
net energy flux will be close to zero for a near-isotropic popu-been the case for40 h previously (see Bunce et al., 2008b).
lation, the values shown in the figure being near-exactly canThese conditions indicate that the spacecraft was then lo-
cated on open field lines inside the auroral oval, mapping

www.ann-geophys.net/26/2613/2008/ Ann. Geophys., 26, 283332008
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to Saturn’s southern tail lobe. After this time, the spacecrafthot electron fluxes. As Bunce et al. (2008b) point out, and
moved increasingly toward the equator in the noon and postas will be discussed further below, this is the magnetic sig-
noon sector, and to larger ionospheric co-latitudes relativenature of a major layer of field-aligned current directed up-
to the southern pole (Fig. 1). At10:00UT on 16 January, ward out of the southern ionosphere. The total current flow-
prior to the time of image B, intense fluxes of warm electronsing in the layer is~4-5 MA per radian of azimuth, and with
and “disturbed” field components began to be detected, firsin estimated layer width of1.5°—2° in the ionosphere, the
a structured region of cool magnetosheath-like electrons anéield-aligned current density just above the ionosphere is esti-
hot keV electrons, followed after21:00 UT by continuous mated to be~200-300 nA nm2. As can be seen in the fourth
but variable hot electrons, indicative of hot trapped plasma inpanel of Fig. 2, such current densities typically exceed those
the dayside outer magnetosphere. As discussed by Bunce #tat can be provided to the ionosphere by the unaccelerated
al. (2008Db), this field and plasma sequence indicates that dusource populations by around an order of magnitude, thus
ing this interval the spacecraft crossed the open-closed fieldmplying that these electrons must be accelerated into the
line boundary between the tail lobe and outer dayside magneonosphere to carry the observed current, thus producing the
tosphere, in the region of the dayside cusp in the immediateenhanced UV emissions of the noon oval. Indeed, Bunce et
pre-noon sector. At the time of image B, Cassini was thusal. (2008b) show using the kinetic theory of Knight (1973)
located on closed field lines in the outer dayside magnetothat the source electrons must be accelerated along the field
sphere, with its footprint lying just equatorward of the oval through voltages of typically several kV to produce such cur-
according to image B and the blue trace in the bottom panetent densities, thus amplifying the precipitating electron en-
of Fig. 2. This location is not inconsistent with the presenceergy flux to values capable of producing the few tens of kR
of hot electrons at the spacecraft, however, since examinaemissions observed. With regard to the emissions observed
tion of the electron energy flux values in Fig. 2 shows thatalong the spacecraft footprint shown in the bottom panel of
the in situ populations at this time were capable of produc-Fig. 2, it can be seen that peak intensities-at®—20 kR cen-
ing only sub-kR UV emissions upon precipitation, much lesstred in a region of total half-power widtk3° co-latitude in
than those of the main oval in Fig. 1. the southern ionosphere for both images. However, it should
The in situ data in Fig. 2 thus show that the traversal ofbe recognised that the emission distribution will inevitably
the main oval field lines near noon between the times of im-have been somewhat spread in these images due both to the
ages A and B is associated with the dayside cusp transitioffinite resolution of the instrument, and by projection effects.
between open and closed field lines. However, it is also evi-The instrument resolution contributesl® spread near the
dent that the oval is not simply associated with precipitationnoon oval, while projection effects, particularly due to the
of magnetospheric electrons from the boundary region unfinite height of the auroral curtain, likely contributes a fur-
modified into the atmosphere, since examination of the electher~1.5°. The overall co-latitude spread due to both these
tron energy flux values observed between the times of im-effects is thus likely to be-2° in the vicinity of the noon
ages A and B in Fig. 2 again shows that they are sufficientoval. It is thus clear that the actual auroral distribution along
to produce UV emissions typically from a few tenths to a the spacecraft track could have been significantly narrower
few kR in intensity, much less than the peak oval emissionghan that indicated by the UV profiles in the bottom panel of
of ~15-20 kR observed along the spacecraft track (bottonFig. 2.
panel of Fig. 2). The conclusion thus follows that the oval It is evident from this description that the data in Fig. 2 are
emissions must be due electrons from the observed sourcgualitatively in conformity with the theoretical scenario pre-
populations between the times of images A and B being acsented by Cowley et al. (2004a), in which Saturn’s main oval
celerated along the field lines in the boundary region intomaps to upward field-aligned currents flowing in the open-
the ionosphere at altitudes below that of the spacecraft (loclosed field line boundary region. However, a guantitative
cated at~13Ry). As argued by Bunce et al. (2008b), the comparison is clearly desirable. In the following sections
origin and nature of the acceleration process is also clearlyve thus compare these data with the axi-symmetric model of
indicated in the magnetic data obtained between the times o€ owley et al. (2004b), as seems appropriate to a first discus-
images A and B in Fig. 2, specifically in the behaviour of the sion.
azimuthal field componemg, shown in panel eight. As in-
dicated above, due to its close rotational symmetry about the
spin axis the internal planetary field has no measurable az3 The CBO model
imuthal component, and neither does the near axi-symmetric
ring current field. Nevertheless a strong positRgis ob-  We begin in this section by presenting an overview of the Sat-
served throughout the region of open field lines poleward ofurn magnetosphere-ionosphere coupling model of Cowley et
the cusp, which, with significant temporal or spatial struc- al. (2004b), which for brevity we term the “CBO” model.
ture, drops across the structured cusp region containing codtull details are provided in that paper and by Cowley and
magnetosheath-like electrons to small negative values in th&unce (2003), such that only an outline will be given here.
dayside outer magnetosphere region containing the variabl&he nature of the calculation is essentially simple, based on
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an initial assumption of axi-symmetry of the magnetic field indicated by the theory of Isbell et al. (1984) and the re-
and the plasma flow. First, a model of the plasma angular vesults of Stallard et al. (2004). This then switches sharply to
locity on magnetospheric magnetic field lines is constructedthe outer magnetosphere vaI(.te/Qs)OM =0.8 across the
based principally on Voyager plasma velocity data and the-ppen-closed field line boundary Bt F,=1526 nTRZ, cor-
oretical considerations. This is then combined with modelresponding ionospheric co-latitudes ©12.9 in the north
ionospheric parameters to compute the equatorward-directegind~14.2 in the south (with respect to the southern pole).
horizontal ionospheric Pedersen current intensity versus coThe angular velocity switch takes place on a co-latitude
latitude. The divergence of this current then gives the field-scale of~0.5>, governed by parametek Fp=50nT R§.
aligned current density just above the ionosphere requiredhs indicated by Voyager velocity data (Richardson, 1986;
by current continuity, extending along field lines into the Richardson and Sittler, 1990), the normalised plasma angu-
magnetosphere, from which the auroral acceleration paramar velocity then falls toward middle-magnetosphere values
eters are calculated using Knight's (1973) kinetic theory andof (a)/QS)MM =0.6 nearF~F;=2200nT R§ (~15.6 and
a model of the magnetospheric source electron parameters.~17.3 in the north and south, respectively), on a scale gov-
In somewhat more detail, the model plasma angular veerned by exponent;=50. It then increases gradually once
locity is defined as a function of the magnetic flux func- more towards unity and rigid corotation at lower latitudes
tion F (r.6), related to the poloidal field components by near F~F,=3600nT R (~20.4 and~22.5 in the north
B=(1/r sinf) VF x@, where we use spherical polar co- and south), governed by exponent=8. Translated into
ordinates referenced to the planet’s spin and magnetic axesariations versus co-latitudg in the ionosphere, the result-
Flux function F' is constant on magnetic field lines, and thus ing angular velocity profile is shown in Fig. 3a, where the
so is the plasma angular velocity, as required for a steadydashed line corresponds to the Northern Hemisphere, and the
state axi-symmetric model. In the ionosphere, where thesolid line to the Southern Hemisphere (plotted with respect to
effect of external current systems can be ignored (e.g. tailthe southern pole). Here, as in Cowley and Bunce (2003), the
magnetopause, and ring current), the field is taken to conionosphere has been taken to correspond to a layer 1000 km
sist of axially-aligned and azimuthally symmetric internal above the planetary 1 bar reference spheroid. The sudden in-
dipole, quadrupole, and octupole terms, with north-southcrease in plasma angular velocity across the open-closed field
symmetry being broken by the quadrupole. The flux func-jine boundary is a principal feature of the model. The subse-
tion for the dipole component, for example, is given by quent drop in angular velocity between the outer and middle
Fip (r, 0) =gYR%sin? 0 (Rs /r). The magnetic coefficients magnetosphere maps to a radial distance-d6Rs in the
used here are those of the “Cassini” model of Doughertyequatorial plane in typical models (Bunce et al., 2008a). It
et al. (2005) (i.eg9=21084nT withRs=60268km for the  thus corresponds to the outer part of the ring current region
dipole component, for example), as also employed in thewhere Sittler et al. (2006) place the auroral oval on closed
field mapping in Figs. 1 and 2. The previous papers by Cow-field lines.
ley and Bunce (2003) and Cowley et al. (2004b) employed Employing this model, the horizontal Pedersen current per
the earlier SPV model of Davis and Smith (1990), but theseradian of azimuth (longitude) flowing equatorward in the
models differ only at the~1% level, which therefore does jonosphere is given by
not significantly affect the results presented. Defining the ar- S 220 B, »
bitrary constant in the flux function such that its value is zero j; , = Zphitisbi <1 — <_)) , 2)
on the polar axis and increases monotonically towards a max- COSw; Qs
imum close to the equator, the specific function employed towhereX7 is the effective height-integrated ionospheric Ped-
model the plasma angular velocity normalised to Saturn’s  ersen conductivity (taking account of possible neutral at-

angular velocity2g, is mosphere slippage from rigid corotation due to ion-neutral
drag), p; the perpendicular distance of the ionospheric layer
<w (F)> = <2) from the spin and magnetic axe®, the field strength in the
Qs Qs /o Pedersen layer, anrg the angle of the ionospheric magnetic
n ((g) 3 (i) ) [} <1+ tanh(FiFO ))] field to the local vertical. The value af} is not well known,
Qs/ou \2/0/ 12 AFo such that for simplicity a constant value of 1 mho was em-
o w 1 ployed in the CBO model. However, we use an updated value
((?S)MM B <STS) OM) (1+ (F1/F)™) of Q5~1.615x10~*rad s corresponding to a planetary pe-
w 1 riod of 10.81 h (e.g. Kurth et al., 2007), though this again dif-
+ (1 (QS)MM) @+ (R F)) 1) fers by only~1% from the value employed previously. The

Northern and Southern Hemisphere Pedersen current profiles
where we directly follow the functional forms employed by corresponding to the angular velocity model given by Eq. (1)
Cowley and Bunce (2003) and Cowley et al. (2004b). In thisis shown in Fig. 3b, in the same format as Fig. 3a. It can
expressior(w/szs)o =0.3 is the normalised angular veloc- be seen that the current increases monotonically with co-
ity on open field lines at highest latitudes (smallést as latitude on open field lines te'1 MA per radian of azimuth
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Fig. 3. Parameters of the CBO model of magnetosphere-ionosphere coupling at Saturn plotted versus cé;latitbdéonosphere for the

Northern (dashed lines) and Southern Hemispheres (solid lines), the latter relative to the southern pole. Note that the plots shown here employ
updated internal magnetic field and planetary angular velocity values compared with Cowley et al. (2004b), as described in the text, but that
these result only in insignificant variations at th&% level. The panels of the figure sh@a) the plasma angular velocity normalised to

the planet’s angular velocit2g, given by Eq. (1), where the horizontal dotted line represents rigid corotglipthe equatorward-directed
horizontal ionospheric Pedersen current per radian of azim;iy,thobtained from Eq. (2) with an effective ionospheric Pedersen conductivity

of 1 mho, (c) the field-aligned current density just above the ionospligreequired by the divergence of the horizontal Pedersen current,

given by Eq. (3), where positive and negative values indicate upward and downward-directed currents, respectively, in both hemispheres, anc
(d) the azimuthal magnetic fiel#t,; immediately above the ionospheric Pedersen layer produced by the combined ionospheric current and
field-aligned current system, given by Eq. (4), the value for the Northern Hemisphere being reversed in sign for convenience of plotting.

at the open-closed field line boundary, falls rapidly at the lat-Fig. 3c, and correspondingly show weakl nA m2) near-

ter boundary where the plasma angular velocity increases;onstant downward currents throughout the region of open

grows again to similar values across the outer and middlidield lines, strong£100 nAnT2) upward currents in a nar-

magnetosphere, and falls to small values as rigid corotatiomow layer at the open-closed field line boundary, moderately

is approached at larger co-latitudes. strong 50 nAm2) downward currents in the boundary
The model field-aligned current density just above thebetween the outer and middle magnetosphere in the region

ionosphere then follows immediately from current continu- where Sittler et al. (2006) place the auroral oval, and dis-

ity, given by tributed weaker €10 nAmi~2) upward currents in the mid-
, dle magnetosphere. From the fall in the Pedersen current
. 1 dil, ; . :
i = —— 2 (3) seen in second panel, the total current flowing up the field
pi COSa; ds; lines in the open-closed field line boundary in the model is

where ds; is a meridional element of path length in the ~0.8MArad™. A larger total current-1.2 MArad* also
ionosphere from the pole toward the equator (see Cowleylows up the field lines in the middle magnetosphere region,
and Bunce, 2003, for details). The field-aligned current isbut because it is spread over a much larger area, the associ-
thus directed downward into the ionosphere (negative val-ated field-aligned current density is significantly less.

ues) wherel; , rises with co-latitude from the respective  Field-aligned currents are very difficult to detect in situ in
pole, and upward out of the ionosphere (positive) wheremagnetospheric particle data (unlike their auroral effects be-
1, » falls. These currents for the CBO model are shown inlow low-altitude acceleration regions), as will be illustrated
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Table 1. Properties of the magnetospheric source electron parameters employed in auroral calculations.

Parameter Magnetosheath ~ Outer magnetosphere  Middle magnetosphere
CBO & Revised CBO/Revised CBO & Revised

Electron densityv (cm~3) 0.2 0.01/0.04 0.02

Electron thermal energy;;, (keV) 0.05 1.0/2.0 0.15

Unaccelerated current density;o (nA m—2) 37.9 8.48/48.0 65.7

Unaccelerated energy flux o (mW m—2) 0.00379 0.0170/0.192 0.0197

in the results shown in Sect. 4 below. However, they dothat can be provided to the ionosphere without field-aligned
produce a readily-observable signature in the magnetic fieleelectron acceleration are

above the ionosphere, namely an azimuthal figjdthat is W \ 12

added to the (dominantly) poloidal fields of the planet a”djuio —eN ( th ) (5a)
ring current, which deflects field lines out of magnetic merid- 2mm,

ian planes. Physically, this deflection is caused by the ionopq

spheric torque on the field line feet due to the ion-neutral col-
lisions responsible for Pedersen conductance, and is such th
for plasma sub-corotation the twist produces a posifiyén

the Southern Hemisphere, and a negaflyen the Northern
Hemisphere, thus producing a “lagging” field configuration.
Application of Ampere’s law in the axi-symmetric approxi-
mation yields

1/2
Wi ) . (5b)

%tfo = 2N W, (2]_[ -
These quantities correspond to the case of a full downward-
going loss-cone and an empty upward-going loss-cone, and
are equivalent to the quantitigg, andE . computed from
the observed electron distributions in Fig. 2 on the assump-
B, = Fuol,p / o (4) tion of near-isotropy. If, however, the required upward cur-

, . . . rent density is larger thag);o, a field-aligned voltage must
where/, p is the. Pedgrsen curren'F per raqlan of azimuth Ahen be present to accelerate the magnetospheric electrons
the feet of the field lines in question, apdis the perpen- into the ionosphere. According to Knight's (1973) theory,

dicular distance from f[he rotation and magnetlc axis. Thethe minimum field-aligned voltage which must be present is
upper and lower signs in Eq. (4) are appropriate to the North-

ern and Southern Hemispheres, respectively. The azimutha&) o W Jli 1
field thus varies along each field line inversely wijthin hmin == 1 \Giio/ ’
the region between the ionospheric Pedersen current layer ) o
and where the field-aligned current closes across field lineghis value being appropriate if the “top” of the voltage drop
in the outer magnetosphere. Tl field produced by the is located at a radial distance well above the minimum value
CBO model was not calculated by Cowley et al. (2004b), 9iven by

but is shown in Fig. 3d evaluated just above the model iono- , .\ 13

sphere, the negative values for the Northern Hemisphere<rm—'”> ~ (&) , )

(dashed) being for convenience reversed in sign. The mag- Ri Jiio

nitude peaks at-100nT on open field lines at the open- \yhere R; is the radial distance of the ionospheric current

closed field line boundary, and falls sharply to smaller val-jayer. The enhanced precipitating electron energy flux cor-
ues in the outer magnetosphere as the plasma angular velogssponding to Eq. (6) is then

ity rises towards corotation. This fall i, is the magnetic
signature of the upward-directed field-aligned current flow- E o Jli 2
ing in the boundary. A lower peak iB,, then also occurs Ey= o <_> +1
4 JIjio

in the sub-corotating middle magnetosphere region at larger
co-latitudes, rising and falling in association with the patternfollowing Lundin and Sandahl (1978).
of field-aligned currents in accordance with Aamp’s law. The source parameters employed in the CBO model, based

We now consider the upward-directed field-aligned currenton Voyager electron data, are given in Table 1, together
density in the model in relation to auroral acceleration andwith the corresponding values gfi;o and E¢o. The mag-
precipitation of magnetospheric electrons. Assuming thatnetosheath and outer magnetosphere parameters are applied
the magnetospheric source populations can be described &s the upward current at the open-closed field line bound-
isotropic Maxwellians of density and thermal energy;;, ary, with magnetosheath parameters taken to apply pole-
(equal tokT), the maximum current density and energy flux ward of the boundary and outer magnetosphere parameters

(6)

8
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Fig. 4. Auroral acceleration parameters near the open-closed field line boundary for the CBO model plotted versus cé;latitiine
ionosphere on an expanded scale, for both Northern (dashed lines) and Southern Hemispheres (solid lines). The péa)disestield-
aligned current density as in Fig. () the minimum field-aligned voltag® min required to produce this current density, given by Eq. (6)
with electron source parameters shown in Tabléc)the corresponding precipitating electron energy flux given by Eq. (8),(dnthe

minimum height of the electron acceleration region given by Eqg. (7) in terms of the radial distance of the ionospheric PederBen layer
(equal toRg in a first approximation). Note that magnetosheath source parameters are employed poleward of the open-closed field line
boundary (essentially where the current density peaks), and outer magnetosphere source parameters equatorward of the boundary.

equatorward of the boundary, switching sharply at the cen-scale, while Fig. 4b shows the corresponding minimum field-
tre of the current layer wherE=F, in Eq. (1). The mid- aligned voltage given by Eq. (6), where the step in the plots at
dle magnetosphere parameters are then applied to the uphe centre of the northern and southern upward current layers
ward current region at larger co-latitudes on closed fieldcorresponds to the position where we switch from magne-
lines. Comparison of the current densities in the latter re-tosheath source parameters poleward of the centre to outer
gion with the limiting middle magnetosphere current den- magnetosphere parameters equatorward of the centre, as pre-
sity of ~65.7 nAnT2 shows that field-aligned electron ac- viously indicated. It can be seen that the acceleration volt-
celeration is not required to carry these currents. Furtherages are~100V in the former case and10kV in the lat-
the unaccelerated energy flux of these electrons is suffiter. The corresponding precipitating energy fluxes obtained
cient to produce auroral emissions of onh0.2kR inten-  from Eq. (8) are shown in Fig. 4c. The values in the re-
sity, which is presently undetectable. However, the currentgion where the current is assumed to be carried by mag-
density at the open-closed field-line boundary, peaking anetosheath electrons are of orde®.01 mW nT2, again re-
~150 nA nm2 in the model, exceeds the limiting current den- sulting in currently undetectable UV emissions-e0.1 kR.
sities for both magnetosheath38 nAm2) and outer mag- However, in the region where the current is assumed car-
netospheric{8.5 nAm2) source electrons, thus implying ried by outer magnetospheric electrons the energy flux peaks
that both source populations must be accelerated along thabove~1 mW m2, resulting in auroral emissions in excess
field lines to carry current densities of this magnitude. Theof ~10kR. On this basis Cowley et al. (2004b) concluded
accelerations required and the resulting energy fluxes aréhat Saturn’s main oval is likely associated with the bound-
shown in Fig. 4, where we now focus on the vicinity of the ary between open and closed field lines, specifically with the
open-closed field line boundary. Figure 4a thus repeats theegion where the upward field-aligned current is carried by
current density curves but now on an expanded co-latitudexccelerated outer magnetosphere electrons. In Fig. 4d we
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then show the minimum height of the acceleration region,the field lines. However, of the in situ parameters, plasma
obtained from Eq. (7). It can be seen that while the accel-velocities are difficult to determine from the ion data ob-
eration region for magnetosheath electrons can occur quitéained, and are not presently available. In addition, it can
close to the planet, outer magnetospheric electrons must biee seen that the model upward-directed field-aligned current
accelerated at radial distances in excess2b5Rg. density at the spacecraft peaks~at0 pAnm2 at the open-

closed field line boundary, a value that is typicati.1%

of the current associated with the in situ electron flux mov-
4 Comparison with Cassini data for Revolution 37 ing in one direction along the field lines, shown in the fourth

panel of Fig. 2. The local field-aligned current is thus es-
We now consider the behaviour of the plasma and field pasentially unobservable directly in electron fluxes, as already
rameters at Cassini on Rev 37 expected on the basis ahentioned in Sect. 3. However, the related in situ azimuthal
the CBO model, obtained by mapping the model parame-magnetic field is distinctly observable, growing to peak posi-
ters along magnetic field lines between the ionosphere andve values in the model 6£2 nT on open field lines near the
the spacecraft using the same internal plus ring current fieldpen-closed field line boundary, and then dropping to smaller
model as employed in Figs. 1 and 2. In Fig. 5a we first plotvalues in the outer magnetosphere due to the reduced iono-
the co-latitude of the magnetic footprint of the spacecraft inspheric torque as the plasma angular velocity rises, and in
the southern ionosphere versus UT, over the same 42 h inteassociation with the related layer of upward-directed field-
val as shown in Fig. 2. The corresponding model parametealigned current at the boundary. The observations appropri-
values over the same interval are then shown in subsequerite to the model thus centre on the behaviour of the azimuthal
panels by the dot-dashed lines, while the solid lines in thesdield at the open-closed field line boundary, and its relation to
panels correspond to a revised model that will be discussethe precipitation of accelerated electrons forming the main
later in Sect. 5. Comparison with Fig. 3 then shows that neaiuroral oval.
the beginning of the interval the spacecraft was located in- Thus comparing the key results of the CBO model shown
side the model region of open field lines-a8°-%° South- by the dot-dashed lines in Fig. 5 with the data in Fig. 2,
ern Hemisphere co-latitude, and that it then passed acrossiotted over the same interval, it is clear that the model and
the model open-closed field line boundary-~at4.2 into the data show the same qualitative behaviour. Poskkye
the outer magnetosphere-a02:00 UT on 17 January. The was consistently observed by Cassini in the region of open
spacecraft then remained within the model outer magnetofield lines, which then fell to small values in the outer mag-
sphere for the rest of the interval shown, eventually crossnetosphere across the cusp open-closed field line boundary,
ing the equatorial plane near the inner boundary of the outeindicative of a major layer of upward-directed field-aligned
magnetosphere at a radial distance-db Ry late in the sec-  current flowing in the boundary, with the main UV oval ly-
ond half of 17 January. These locations are then reflected ig at the feet of these field lines. As pointed out by Bunce
the behaviour of the model angular velocity shown in Fig. 5bet al. (2008b), these data thus provide significant support for
(dot-dashed line), whose essential feature is the increase ithe conclusion of Cowley et al. (2004a, b) that Saturn’s auro-
normalised angular velocity from 0.3 to 0.8 as the spaceral oval is associated with a strong shear in rotational flow
craft crossed from model open field lines to closed outeracross the boundary between open and closed field lines,
magnetosphere field lines. The conjugate equatorward Pedand its associated layer of upward-directed field-aligned cur-
ersen current per radian of azimuth in the model is displayedent. These data do not support the suggestion of Sittler et
in Fig. 5c, showing steady growth as the open-closed field-al. (2006) that the aurora are formed on closed field lines in-
line boundary is approached, and a subsequent rapid drop aside the magnetosphere near the outer-middle magnetosphere
closed field lines as the angular velocity increases toward$oundary, the latter usually mapping neal5Rg in the
rigid corotation. The latter drop in ionospheric horizontal equatorial plane and t816°-18 in the southern ionosphere
current is then coincident with the layer of intense upward-(e.g. Bunce et al., 2008a). Indeed, as can be seen from the po-
directed field-aligned current just above the conjugate iono=ition data in Figs. 1 and 2, the spacecraft only approached
sphere shown in Fig. 5d, together with the related enhanceguch field lines from higher latitudes in the second half of
precipitating electron energy flux shown in Fig. 5e that pro-day 17 during its south to north passage through the dayside
duces the main auroral oval in this model. In Fig. 5f and g equatorial region, after the interval examined here and shown
we then show the local field-aligned current density at thein Fig. 2, when the spacecraft was clearly located equator-
spacecraftj;, mapped along field lines from the ionosphere ward of the auroral oval. Still less do these data support the
using(j;| / B) =constant, and the associated local azimuthalnotion of an auroral connection with corotation breakdown
perturbation fieldB, calculated from Eq. (4). in the central middle magnetosphere.

From Fig. 5 it is evident that the potential key observ-  Although qualitative agreement with the CBO model is
ables are the plasma angular velocity, the field-aligned curthus apparent, it can also be seen from Figs. 2 and 5 that
rent density, and the azimuthal field perturbation in situ at thethe model and data differ quantitatively in three significant
spacecraft, together with the auroral emission at the feet ofespects. The first is that the model current layer occurs
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Fig. 5. Model parameters are shown mapped along Southern Hemisphere field lines to Cassini using the same magnetic model as employe
in Figs. 1 and 2, plotted versus UT over the same 42 h interval of Rev 37 as shown in Fig. 2 (d}din&l shows the co-latitude of the
spacecraft mapped magnetically in the southern ionosphere. In subsequent panels the dot-dashed lines correspond to the CBO model shov
in Figs. 3 and 4, while the solid lines correspond to the revised model shown in Figs. 6 and 7. These pan@$ tfeoplasma angular
velocity w normalised to the planet’s angular veloci®g, where the horizontal dotted line represents rigid corotatiorthe equatorward-

directed horizontal ionospheric Pedersen current per radian of azilimyﬂm the conjugate ionospher@) the field-aligned current density

just above the conjugate ionosphgyie, where positive and negative values indicate upward- and downward-directed currents, respectively,

(e) the energy flux of precipitating electrons in the conjugate southern ionosphere, those within the upward-directed field-aligned current
layer being enhanced by field-aligned potentials compared with the source populations given in {iaites field-aligned current density

in situ at the spacecraff, mapped along field lines from the ionosphere us(ij]g/B) =constant, andg) the azimuthal magnetic field,

at the spacecraft produced by the combined Pedersen and field-aligned current system, given by Eq. (4).
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somewhat later in time in Fig. 5 than in the data in Fig. 2,5 Modified magnetosphere-ionosphere coupling model
meaning that it is located at slightly too large a co-latitude,  for Saturn
depending on the amount of open flux that happened to be
present in the polar cap at the time. The observed boundFollowing the above discussion, we thus propose parame-
ary and auroral oval were centred nedak2 in the Southern  ter adjustments to the CBO model that bring better agree-
Hemisphere rather than the model value~df4°. This dif- ment with the Rev 37 data. The first simple change is to
ference lies well within the usual range of oval variability relocate the open-closed field line boundary~t®2° in the
at Saturn (Badman et al., 2005, 2006). Second, it can bé&outhern Hemisphere (thus most closely representing auro-
seen in Fig. 2 that the observed behaviouBgfis not quasi-  ral conditions for the slightly contracted oval inimage B), by
monotonic in the boundary region, but shows an initial fall making the revised choicE;=1100 nTR§ in Eq. (1). We
near~12:00UT on 16 January, followed by a subsequentalso make the current layer in the boundary wider, as sug-
major rise and fall centred near18:00 UT. On a strictly gested by the analysis of Bunce et al. (2008b), by the choice
spatial interpretation this would require the presence of aAFp=140 nTRg. In order to make the total upward current
major layer of upward-directed field-aligned current where larger by factors of-5 as required by the observéy fields,
B, initially falls, followed by comparable or larger down- there are two possible choices. The first is to increase the
ward and upward current layers on either side of the subseeffective height-integrated ionospheric Pedersen conductiv-
quentB, peak, driven by a layered pattern of strongly sub- ity in Eg. (2) whose value is uncertain as noted above, while
corotating flow whereB,, is large, and near-corotating flow the second is to increase the departure of the plasma flow
where B, is small. Physically, this represents unexpectedfrom rigid corotation on open field lines. However, since
and unlikely behaviour, in addition to which there is no ev- plasma anti-corotation on open field lines is not physically
idence in Figs. 1 or 2 for two individual peaks in the conju- plausible, we set the minimum realistic val(ie/ s) , =0
gate UV emission that would correspond to the two compa-in Eq. (1), such that the open field lines do not rotate at all
rable but spatially separated layers of upward-directed fieldin the inertial frame. We also assume that the plasma near-
aligned current. It thus seems most likely that the observafigidly corotates on outer magnetosphere closed field lines,
tions in Fig. 2 correspond to a single current layer that oscil-i.e. (o/Qs),,,=1.0 in Eq. (1). We note that the obser-
lates across the spacecraft, probably related to the planetamations in Fig. 2 indicate small negativg, values in this
period oscillations in field and plasma that are ubiquitous inregion implying weak super-corotation of the plasma, how-
Saturn’s magnetosphere (e.g. Cowley et al., 2006; Gurnetever this again seems somewhat inappropriate for a model
et al., 2007; Southwood and Kivelson, 2007; Andrews etintended to represent near-steady state conditions. In or-
al., 2008; Nichols et al., 2008). This is the hypothesis thatder to match theB, fields observed on open field lines we
will be adopted here, while remaining a topic for future in- then require to increase the effective Pedersen conductivity
vestigation. to X3 =4 mho, noting as above the southern summer condi-
The third difference between the CBO model results intions that prevailed during this period, with the southern pole
Fig. 5 and the Cassini data in Fig. 2, and the most signifi-being tilted by~14° towards the Sun. The other model pa-
cant, is that the magnitude of the observed azimuthal field'ameters in Eq. (1) defining the angular velocity profile in the
on open field lines is typically-5 times larger than that of middle magnetosphere region and its interface with the outer
the model, peaking in the boundary region~atOnT in-  magnetosphere remain unmodified, since as indicated above,
stead of~2 nT in the model. Taken together with the small Cassini did not enter these regions on Rev 37, and hence did
negative values oB, observed in the outer magnetosphere not provide additional information that could inform revised
region (implying slight plasma super-corotation in terms of choices.
the model), the implication is that the total field-aligned cur- Revised model values using the above parameters are
rent flowing in the boundary layer is significantly larger than shown plotted versus co-latitude in the ionosphere in Fig. 6,
that in the model~4-5MArad! as shown by Bunce et in the same format as Fig. 3. For simplicity, the same effec-
al. (2008) using Eq. (4), rather thar0.8 MArad! in the tive Pedersen conductivity of 4 mho is employed in the re-
model (Fig. 3b). Combined with Bunce et al.'s (2008) esti- sults shown for both hemispheres, though as indicated above,
mate of the layer width of+1.5° in co-latitude, wider than  the conductivity of the Northern Hemisphere could be signif-
in the CBO model by a factor of3, this implies field- icantly reduced compared with the southern under the north-
aligned current densities just above the top of the atmospherern winter conditions prevailing. This would have the ef-
peaking near-200-300 nA 2, somewhat larger than the fect of reducing the currents in the north compared with the
peak Southern Hemisphere field-aligned current density ofouth, together with the accelerating voltages and precipitat-
~130nAnT2in the CBO model (Figs. 3c and 4a). ing electron energy fluxes. The model curves in Fig. 6 show
similar basic patterns as Fig. 3, but the Pedersen currents
are enhanced by factors of4, and thus so too is the mag-
nitude of the azimuthal field just above the Pedersen layer,
which now peaks at-500nT just inside the boundary of
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Fig. 6. As for Fig. 3, but now for the revised Saturn magnetosphere-ionosphere coupling current model discussed in Sect. 5. In particular the
effective ionospheric Pedersen conductivity has been increased to 4 mho in both hemispheres.

open field lines, and at300 nT in the outer middle magne- as in Fig. 4. In the revised model, however, we have also
tosphere, assuming that the same elevated ionospheric Pedhodified the electron source population parameters com-
ersen conductivity applies uniformly throughout. The fall in pared with the CBO model in light of the observed values
the Pedersen current across the open-closed boundary is nastiown in Fig. 2. While the previous magnetosheath param-
~4MArad-1, equal to the total upward field-aligned cur- eters employed still seem appropriate in this case, the outer
rent per radian of azimuth flowing in the boundary, a factor magnetosphere parameters (at least as applicable to Rev 37)
of ~5 larger than the~0.8 MArad™! flowing in the CBO  need to be revised upward in both density and temperature.
model. This increase results from the larger flow shear atHere we us&V=0.04 cn 23 andW,,=2 keV in Eq. (5) to ob-
the boundary (factor of two) and the larger Pedersen conductain a new limiting current density of48nAm2 in this
tivity (factor of four), while being reduced somewhat by the region, and a new limiting energy flux 6f0.2 mW n2, as
reduced radius of the boundary. This in turn results in largeralso given in the outer magnetosphere column of Table 1.
field-aligned current densities at the open-closed field boundWe note, however, that this elevated value of the outer mag-
ary compared with the CBO model, but only by a factor of netosphere limiting current density still falls considerably
about two, because of the increased layer width employed irshort of the peak ionospheric field-aligned current density in
the revised model. The field-aligned currents on closed fieldhe open-closed boundary, shown on an expanded co-latitude
lines at lower latitudes are also significantly elevated, withscale in Fig. 7a (as anticipated in the discussion of Fig. 2 in
the downward current at the boundary between the outer an&ect. 3). Thus as in the original CBO model, acceleration of
middle magnetosphere regions now becoming a significantmagnetospheric source electrons at the open-closed bound-
feature, though one whose physical validity requires furtherary is required whether they originate from magnetosheath or
study. We also note that the peak upward current densityouter magnetosphere sources. The field-aligned voltage pro-
in the middle magnetosphere still remains less than the critifiles displayed in Fig. 7b show acceleration over a broader

cal density for downward electron acceleration in this region,co-latitude region than in Fig. 4b, now peaking~a800V
~66 NAnT 2 as given in Table 1.

where the current is taken to be carried by magnetosheath
electrons poleward of the open-closed field line boundary

In Fig. 7 we thus continue to focus on auroral acceleratlon(Where the current density peaks), but still ned0OkV in

at the open-closed field line boundary in the revised model
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Fig. 7. As for Fig. 4, but now for the revised Saturn magnetosphere-ionosphere coupling current model discussed in Sect. 5.

the region where the current is taken to be carried by outer We finally return to Fig. 5, where the parameters of the

magnetosphere electrons. The resulting precipitating energyevised model are mapped along model field lines to the
fluxes shown in Fig. 7c are again weak where the current isCassini spacecraft as for the CBO model, and are shown by

carried by accelerated magnetosheath electrons, peaking #ie solid lines. Here the critical feature is the revisggd
~0.1mW nT2, thus producing UV emissions of ontyl kR. signature at the spacecraft shown in Fig. 5g, which is in-
However, the precipitating energy flux exceedsmWw m2 creased by a factor of about four compared with the CBO
in the region where the current is carried by outer magnetoimodel, and peaks at10nT near the revised boundary of
sphere electrons, thus again resulting in the formation of aropen and closed field lines in good overall agreement with
auroral oval with UV emission intensities of a few tens of the observed values in Fig. 2. This, taken together with the
kR, which is now somewhat wider than in the CBO model. related precipitating electron energy flux profile in Fig. 5e,
We also note that the horizontal lines extending to larger co-showing the formation of a UV auroral oval at the feet of the
latitudes in this plot represent the precipitating energy fluxboundary field lines with peak intensities 80 kR, com-

of the unaccelerated outer magnetosphere source electrongletes our demonstration of the overall agreement between
the revised magnetosphere-ionosphere coupling model pre-

which as indicated above i80.2 mW n12 according to the
revised model values (see also Fig. 2). This is then capableented here with the observations in Fig. 2. The model oval
is somewhat narrower and brighter than the observed oval

of producing UV emission of2 kR intensity in a region ex-

tending a few degrees equatorward of the main oval mappingmissions along the spacecraft track plotted in the bottom
to the outer magnetosphere, if particle pitch-angle scatteringpanel of Fig. 2 (see also Fig. 1), but as discussed above in
is sufficient to maintain a full loss cone. Under favourable Sect. 3, the latter will have been somewhat spread in co-
circumstances this emission might be detectable as a lowhatitude by instrument resolution and projection effects, pos-

intensity “halo” extending equatorward of the main oval lo- sibly by factors of 2—3.
cated at the open-closed boundary. Figure 7d then shows that

the auroral acceleration regions in this case must form at ra-
dial distances exceeding2 Rg, a smaller limiting distance 6 Summary and conclusions

than in the CBO model for the principal outer magnetosphere
source region, due to the higher number flux of the sourcerhe first coordinated Cassini observations on southern high-
latitude field lines in Saturn’s magnetosphere combined with

population.
Ann. Geophys., 26, 283332008
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imaging of the southern polar UV emissions by the HST Gérard et al., 2005), thus suggesting a common or directly
has shown that the main oval at noon is associated with aelated origin. It will thus be of interest in future analysis of
major layer of upward-directed field-aligned current span-Cassini data to determine whether the major layer of upward-
ning the cusp boundary between open and closed field linedirected field-aligned current that has been related here to the
(Bunce et al., 2008b). These findings thus support the conmain oval emissions is also present at the open-closed field
clusions drawn from prior theoretical discussion by Cowley line boundary at other local times.
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