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DiscussionsMagnetic interconnection of Saturn’s polar regions: comparison of
modelling results with Hubble Space Telescope UV auroral images
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Abstract. We consider the magnetic interconnection of Sat-
urn’s northern and southern polar regions controlled by the
interplanetary magnetic field (IMF), studying in particular
the more complex and interesting case of southward IMF,
when the Kronian magnetospheric magnetic field structure
is the most twisted. The simpler case of northward IMF is
also discussed. Knowledge of the magnetospheric magnetic
field structure is very significant, for example, for investiga-
tion of the electric fields and field-aligned currents in Sat-
urn’s environment, particularly those which cause the au-
roral emissions. Here we modify the paraboloid magneto-
spheric magnetic field model employed in previous related
studies by including higher multipole terms in Saturn’s inter-
nal magnetic field, required for more detailed considerations
of inter-hemispheric conjugacy, together with inclusion of a
spheroidal boundary at the ionospheric level. The model is
employed to map Southern Hemisphere auroral regions ob-
served by the Hubble Space Telescope (HST) in 2008 under
known IMF conditions to both the equatorial plane and the
northern ionosphere. It is shown that the brightest auroral
features map typically to the equatorial region between the
central ring current and the outer magnetosphere, and that au-
roral features should be largely symmetric between the two
hemispheres, except for a small poleward displacement and
latitudinal narrowing in the Northern Hemisphere compared
with the Southern Hemisphere due to the quadrupole field
asymmetry. The latter features are in agreement with the con-
jugate auroras observed under near-equinoctial conditions in
early 2009, when IMF data are not available.

Keywords. Magnetospheric physics (planetary magneto-
spheres)

1 Introduction

In this paper we study Saturn’s ultraviolet (UV) auroral emis-
sions observed by the Hubble Space Telescope (HST) in
one hemisphere, and their mapping along field lines into
the equatorial magnetosphere and the conjugate ionosphere.
From Earth’s orbit, it is usually only possible to observe au-
roras in one hemisphere, the southern auroras prior to the
recent equinox in mid-August 2009, and the northern auro-
ras afterwards. However, close to equinox, emissions from
both hemispheres can be observed, if obliquely, with such
images being obtained in the interval January–March 2009
(Nichols et al., 2009). It is assumed that Saturn’s auroras are
caused by accelerated magnetospheric electrons associated
with strong upward-directed field-aligned currents. In order
to better understand the origins of these currents and their
location in the magnetosphere, bright auroral regions ob-
served in HST images are mapped along field lines into Sat-
urn’s magnetosphere and the conjugate ionosphere using a
newly refined version of the paraboloid magnetospheric mag-
netic field model that has been employed in previous related
studies (e.g. Alexeev et al., 2006; Belenkaya et al., 2006,
2007, 2008). These studies show that the mapping depends
strongly on the interplanetary magnetic field (IMF) penetrat-
ing the magnetosphere, with the most complex and interest-
ing case occurring when the IMF is directed southward, in
the same direction as the planet’s equatorial field. Unfortu-
nately no contemporaneous IMF data are available during
the HST equinoctial campaign mentioned above, so that here
we further study images of the southern aurora obtained in
2008 during intervals when the Cassini spacecraft was lo-
cated just upstream of the near-noon bow shock (Belenkaya
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1448 E. S. Belenkaya et al.: Magnetic interconnection of Saturn’s polar regions

et al., 2010, 2011). The knowledge obtained can then be used
to further consider the equinoctial images in future studies.

Southward IMF for Saturn is analogous to northward IMF
for Earth, since the magnetic dipole axes are oppositely di-
rected for these two planets. The interaction of the IMF with
the terrestrial magnetosphere has been studied for a long time
(e.g. Dungey, 1961; Cowley, 1973; Alexeev and Belenkaya,
1983; Belenkaya, 1998a, b; Blomberg et al., 2005). In par-
ticular, Figs. 1 and 2 of Blomberg et al. (2005), based on the
results of Alexeev and Belenkaya (1983), illustrate the differ-
ence in the terrestrial magnetospheric magnetic field struc-
ture for southward and northward IMF using a simple spher-
ical magnetic field model. As in the case of northward IMF
for Earth, for southward IMF at Saturn two magnetic neutral
points occur in the cusp regions, as also demonstrated by the
paraboloid model under these conditions (e.g. Belenkaya et
al., 2011). As the IMF at Saturn rotates from northward to
southward, the two magnetic neutral points move from the
low-latitude magnetopause to the cusp regions and are lo-
cated inside the magnetosphere, leading to reconfiguration
of the magnetic and electric field structure and convection,
and modification of the interaction between the polar regions.
Here we pay main attention to the latter point.

Kurth et al. (2009) noted that the processes generating Sat-
urn’s auroras are not well known yet. Gérard et al. (2004)
showed that Saturn’s auroral precipitation is usually stronger
in the morning hours, and noted that the degree of devel-
opment of the morning arc could be connected with the
north–south orientation of the IMF. Cowley et al. (2004a,
b) suggested that Saturn’s auroral oval is caused by upward-
directed field-aligned currents occurring at the open–closed
field line boundary, thus being strongly connected with the
IMF, with the dawn–dusk asymmetry being associated with
the effects of Dungey-cycle flow. The Kelvin–Helmholtz
(KH) instability on the morning (mainly) and afternoon
flanks of the magnetopause represents an alternative mech-
anism for auroral generation, as discussed, e.g., by Galo-
peau et al. (1995) in the context of Saturn kilometric radi-
ation (SKR) emission. The latter authors noted in particu-
lar that the pre-noon SKR sources, which are caused by en-
ergetic electron precipitation, are magnetically conjugate in
the Northern and Southern Hemispheres. In this scenario,
brighter auroral emissions at dawn than at dusk are antici-
pated due to the enhanced flow shear at dawn between the
magnetosheath and sub-corotating magnetospheric plasma.
To clarify the nature of Saturn’s bright UV emissions it is
necessary to determine the places to which they are mapped
in the equatorial magnetosphere (or/and magnetopause) for
different IMF orientations. In the present paper we study this
question.

2 IMF dependence of the projection of Saturn’s polar
zones to the magnetospheric equatorial plane

We begin by discussing the magnetic mapping that corre-
sponds to Southern Hemisphere HST “image A” obtained at
∼ 21:48 UT on day 43 of 2008 under southward IMF con-
ditions, studied previously by Belenkaya et al. (2011). The
Kronian solar magnetospheric (KSM) (X, Y , Z) field com-
ponents measured by Cassini were (0.20, 0.85, 0.24) nT, this
vector representing a one-hour average taking account of
the propagation delay between measurement at the space-
craft and arrival of effects in the ionosphere (see Belenkaya
et al., 2010, for details). Here we use the same paraboloid
magnetosphere field model as the latter authors (for details
see Alexeev et al., 2006, and Belenkaya et al., 2006), but
provide calculations of the mapping not only for the south-
ern but also for the northern polar regions. The paraboloid
model has been tested on several different planetary mag-
netospheres. It has provided good agreement with observa-
tions not only for the Earth’s magnetosphere (e.g. Alexeev
et al., 2001), but also at Saturn (Alexeev et al., 2006; Be-
lenkaya et al., 2006, 2007, 2008, 2010, 2011), Jupiter (e.g.
Alexeev and Belenkaya, 2005) and Mercury (Alexeev et al.,
2008; Belenkaya et al., 2013). For the above case studied by
Belenkaya et al. (2010), the model parameters chosen cor-
respond to a high solar wind dynamic pressure (∼ 0.1 nPa),
with a distance from the planet’s centre to the subsolar mag-
netopause ofRss= 17.5RS. The distances to the outer and
inner edges of the ring current are taken to beRrc1 = 12.5RS
andRrc2 = 6.5RS, respectively, with the radial component
of the ring current field just outside the thin current sheet
at its outer edge beingBrc1 = 3.62 nT. The distance to the
inner edge of the tail current sheet isR2 = 14RS, with the
field due to the tail current system at this distance, just out-
side the equatorial current sheet, beingBt/α0, whereα0 =

(1+2R2/Rss)
1/2 andBt = 8.7 nT. HereRS is Saturn’s 1-bar

equatorial radius equal to 60 268 km. The coefficient of IMF
penetration appropriate to Saturn,kS, is not known with cer-
tainty, but is taken to be equal to 0.2, corresponding to val-
ues determined directly at Earth (e.g. Cowley and Hughes,
1983; Petrukovich, 2011). Field lines are computed to a max-
imum distance of 2000RS down-tail, experimentation show-
ing that the area of the open field region hardly changes if
larger values are employed. Cowley et al. (2004a, b) esti-
mated the length of Saturn’s tail to be∼ 1500RS, consis-
tent with this choice. The corresponding boundary between
open and closed field lines was then shown by Belenkaya et
al. (2011) to be in reasonable agreement with the poleward
boundary of auroral emissions observed in image A.

In Fig. 1 we show field mappings to the KSM equatorial
plane, bounded by the parabolic magnetopause shown by the
outer black line, viewed from the north with the Sun to the
right. Panel (a) shows a large-scale view extending beyond
∼ 500RS down-tail, while panel (b) shows a closer view of
the near-planet region. The internal black curve across the
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Fig. 1. Projections of polar regions into Saturn’s equatorial plane
for conditions corresponding to HST image A of Belenkaya et
al. (2011), in which the KSM IMF vector has (X, Y , Z) compo-
nents of (0.20,−0.85,−0.24) nT. Panel(a)shows an extended view,
while panel(b) shows a view of the nearer-planet region. The green
and red lines mark the boundary between open and closed field lines
mapped from the north and south polar regions, respectively. Re-
gion “1” between the red and green lines forx > −312RS thus
corresponds to the region of closed field lines, while region “3”
between these lines forx < −312RS contains interplanetary field
lines that pass through the tail. Regions “2a” and “2b” correspond
to open field lines mapping to the northern and southern polar caps,
respectively. Projections of constant latitude circles from the north
and south are shown by the blue and orange lines, respectively,
marked with the corresponding latitudes at 2◦ intervals. Purple and
grey curves show corresponding northern and southern lines of con-
stant MLT at 3 h intervals, as marked, where “n” and “s” correspond
to “north” and “south” respectively.

tail marks the inner edge of the tail current sheet, while the
two black circles in panel (b) mark the inner and outer edges
of the model ring current. The equatorial plane is divided into
four regions by the green and red lines, mapping to the open–
closed field line boundaries in the Northern and Southern
Hemispheres, respectively. Region “1” corresponds to closed
field lines, “2a” to open field lines mapping to the north po-
lar cap, “2b” to open field lines mapping to the south polar

Fig. 2.As in Fig. 1 but for IMF vector (0.20, 0.85,−0.24) nT.

cap, and “3” to interplanetary lines that thread the tail. The
blue and orange curves then show the mapping of constant
latitude circles from the northern and southern polar iono-
spheres, respectively, from±70◦ to ±82◦, at steps of 2◦. For
±70◦ to ±74◦ the curves for the two hemispheres almost co-
incide, while for±76◦ and above they are significantly dif-
ferent from each other. The lines starting from+82◦ do not
intersect the equatorial plane at all, while the lines from−82◦

in the MLT range from∼ 8 to 11 h do pass through the equa-
torial plane as shown. Similarly, the purple and grey lines
show mappings of lines of constant MLT from the Northern
and Southern Hemispheres, respectively, at steps of 3 h.

A separatrix field line connecting the northern and south-
ern magnetic nulls intersects the equatorial plane where the
green and red curves meet. A potential drop equal to the po-
tential drop between the two magnetic nulls is applied to the
“ends” of the separatrices. So, along a separatrix strong field-
aligned currents flow. For the case studied, at the southern
polar cap these currents are associated with the dawn, while
at the northern polar cap with the dusk.

As noted above, the bright auroras at Saturn are most of-
ten seen in the dawn sector in both hemispheres, when they
can be observed simultaneously (e.g. Nichols et al., 2009). It
can be seen in Fig. 1 that the dawn part of the northern polar
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Fig. 3.As in Fig. 1 but for IMF vector (0.20,−0.85, 0.24) nT.

region is projected to the dawn and central equatorial mag-
netosphere to down-tail distances up to−400RE in this case,
while the dawn part of the southern polar region is projected
closer to thex axis of the KSM system. The dawn–noon
and dusk–noon flanks for positivex (Fig. 1b) are connected
with the high-latitude closed southern and northern regions,
as both the blue (northern) and orange (southern) curves –
projections of constant latitude circles – are located there.
It is then of interest to consider the corresponding case for
southward IMF and positiveBy . In Fig. 2 we thus show pro-
jections to the equatorial magnetospheric plane for the IMF
vector (0.20, 0.85,−0.24) nT, in the same format as Fig. 1, in
which the field lines are mirror images in the noon–midnight
plane. Now the dawn part of the southern polar region is
mapped to the dawn equatorial flank of the magnetosphere up
to −500RE, while the dawn portion of the northern polar cap
is projected closer to thex axis of the KSM. In Fig. 2b it is
seen that the dawn–noon and dusk–noon flanks for positivex

are connected with the high-latitude closed field line regions
of both polar caps. Thus, for southward IMF, the flanks of
the magnetosphere withx > 0 are connected with both high-
latitude closed regions independent on the sign ofBy IMF.
This fact could be taken into account if one would like to
explain the dawn polar emissions for southward IMF by the
velocity shift between the solar wind flow and the co-rotating
magnetospheric plasma flow on the dawn magnetopause.

Figure 3 shows how the projections are modified for north-
ward IMF, specifically for the IMF vector (0.20,−0.85,
0.24) nT, using the same line formats as in Figs. 1 and 2. Only
the constant-latitude curves for±74◦ are slightly distinct
from each other, while the others almost coincide. Similar
comments apply to the constant MLT lines; only the curves
for 3 h MLT are distinct from each other in this case, while

the others almost coincide. In this case the pre-noon (post-
noon) sectors of the high-latitude closed field line regions of
both hemispheres are mapped to the dawn (dusk) flank of the
Kronian magnetosphere, as is usually expected.

3 Model calculations for the multipole planetary field
and spheroidal ionosphere

Irrespective of the origin of Saturn’s auroras, whether ve-
locity shears, plasma injections, KH waves as discussed
above (see also, e.g., Masters et al., 2012), or ultra-low fre-
quency (ULF) waves in the outer magnetosphere (Meredith
et al., 2013), it is evidently important to map accurately be-
tween the planet’s polar regions and the equatorial plane, and
between conjugate ionospheres. In order to do this we have
newly augmented the paraboloid model employed previously
to include not only the internal planetary dipole field, but also
the well-determined axial quadrupole and octupole compo-
nents, the quadrupole term now removing north–south sym-
metry. We also take account of the distinctly flattened figure
of the planet, where the ionospheric layer of maximum au-
roral luminosity is taken to be a spheroid of revolution about
the spin axis. In this section we describe and discuss the mod-
ified model, while in Sect. 4 we apply it to further investiga-
tion of the HST images analysed by Belenkaya et al. (2011).

The magnetic field inside the Kronian magnetosphere is
represented as a sum of fields produced by currents flowing
in Saturn’s coreB int (internal), and external fields produced
by magnetospheric current systemsBext (the latter field be-
ing described in detail by Alexeev et al., 2006, and Belenkaya
et al., 2006):

B = B int + Bext. (1)

The internal field outside the planet can be described as the
gradient of a scalar potential represented as a series of spher-
ical harmonics:

B int = −∇8, (2)

where

8 = RS

(
g10cosθ

(
RS

r

)2

+
1

2
g20

(
3cos2θ − 1

)(RS

r

)3

+
1

2
g30cosθ

(
5cos2θ − 3

)(RS

r

)4
)

. (3)

The internal magnetic field components in spherical coordi-
nates can then be written as

Bint r = 2g10cosθ

(
RS

r

)3

+
3

2
g20

(
3cos2θ − 1

)(RS
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)4
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(
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, (4)
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Fig. 4. Open field regions in Saturn’s northern (left) and southern (right) polar caps for various field and ionospheric surface models.
(a) Orange (outer) oval marks the open flux boundary for the dipole field model and a spherical ionosphere. Blue (intermediate) oval marks
the open flux boundary for the dipole plus quadrupole field and a spherical ionosphere. Black (inner) oval is for the open flux boundary for
the multipole (dipole, quadrupole, octupole) field model and a spherical ionosphere.(b) The same for the southern polar cap except that now
the oval for the dipole field and the spherical ionosphere (orange) is intermediate, the dipole plus quadrupole for the spherical ionosphere
(blue) is the outer oval, and the multipole with spherical ionosphere (black) oval is the inner.(c) For northward hemisphere the orange outer
oval marks the open flux boundary for the dipole field and spherical ionosphere model, while the green intermediate oval marks the open
flux boundary for the dipole field and a spheroidal ionosphere, and the brown inner oval is the open flux boundary for the multipole (dipole,
quadrupole, octupole) field and spheroidal ionosphere model.(d) The same for the southern polar cap.

Bint θ = g10sinθ

(
RS

r

)3

+ 3g20sinθ cosθ

(
RS

r

)4

+
3

2
g30sinθ

(
5cos2θ − 1

)(RS

r

)5

, (5)

Bint ϕ = 0. (6)

As indicated by these equations, the most recent determi-
nation of the internal field of Saturn by Burton et al. (2010),
obtained from Cassini field measurements inside the orbit of
Enceladus (r < 3.95RS), includes three non-zero terms cor-
responding to axial dipole, quadrupole, and octupole com-
ponents. This gives an axially symmetric field with no az-
imuthal component, but with a north–south asymmetry corre-
sponding approximately to a small displacement of the dipole
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1452 E. S. Belenkaya et al.: Magnetic interconnection of Saturn’s polar regions

centre along the axis into the Northern Hemisphere. The
three coefficients are 21 136 (g10), 1526 (g20), and 2219 nT
(g30) (Table 1 of Burton et al., 2010). Following the ear-
lier discussion of Cowley and Bunce (2003), here we also
take the spheroidal ionosphere to be an ellipse of revolu-
tion located at a height of 1100 km above the 1-bar sur-
face (Ǵerard et al., 2009). Following the IAU convention
for the latter surface, the equatorial and polar radii of the
ionosphere are thus taken to beRe = 61368 km= 1.0182RS
andRp = 55464 km= 0.9203RS, respectively, as presented
in the paper by Radioti et al. (2011).

We now use the modified model to calculate the open
field line regions for conditions corresponding to HST im-
age A, as discussed above in relation to Fig. 1. Results are
shown in Fig. 4 for the northern (left) and southern (right)
polar caps, respectively. In the top panel the open field area
is shown for the spherical ionosphere and for the dipole
field (orange oval), for the dipole plus quadrupole magnetic
field (blue oval), and for the dipole, quadrupole and octupole
terms (black oval). In Fig. 4a it is seen that in the Northern
Hemisphere the quadrupole term decreases the open field line
area relative to the case of a dipole field (the blue oval lies
inside the orange oval), while in the Southern Hemisphere
(Fig. 4b) the situation is opposite, with the quadrupole in-
creasing the open flux area relative to the dipole term (the
blue oval lies outside the orange oval). This is due to the
quadrupole term increasing the field strength compared with
the dipole in the Northern Hemisphere, while decreasing it
in the Southern Hemisphere, approximately equivalent to a
northward axial shift of the dipole centre. In the Northern
Hemisphere (Fig. 4a) the angular radius of the open field
line region decreases by∼ 0.5◦ due to the quadrupole term,
while in the Southern Hemisphere (Fig. 4b) it increases by
∼ 0.8◦. Related behaviour was found for Mercury by Alex-
eev et al. (2008), and its effect on the Hermean polar caps
was described by Belenkaya et al. (2013). The octupole term
decreases the open flux area in both polar caps (black oval is
inside all the others in Figs. 4a, b), since it increases the field
strength symmetrically in both hemispheres.

In the lower panels of Fig. 4 the open flux in the North-
ern (Fig. 4c) and Southern (Fig. 4d) Hemispheres is shown
for the dipole field and the spherical ionospheric model (or-
ange oval), for the dipole field and the spheroidal iono-
spheric model (green oval), and for the multipole (dipole,
quadrupole, and octupole) internal field and the spheroidal
model (brown oval). It is seen from both Figs. 4c and 4d
that the spheroidal form decreases the open flux radius in
both hemispheres by∼ 1.5◦ (the green oval is inside the or-
ange oval), and that the multipole terms (quadrupole plus oc-
tupole) additionally decrease it by∼ 1.5◦ for the northern
polar cap (Fig. 4c) and by∼ 0.5◦ for the southern polar cap
(Fig. 4d). Thus, in both polar caps the brown oval marking
the open flux boundary for the multipole field and spheroidal
ionosphere is located inside the ovals for the dipole field with
different forms for the ionospheric level. The total decrease

of the angular radius of the boundary is∼ 3◦ in the North-
ern Hemisphere (Fig. 4c) and 2–2.5◦ in the Southern Hemi-
sphere, where the decrease is bigger on the nightside than on
the dayside (Fig. 4d).

The dawn–dusk asymmetry in the open field regions in
Fig. 4 is due to the IMFBy field component. The angular ra-
dius of the northern open field region in the noon–midnight
direction is∼ 8.2◦, while in the dawn–dusk direction it is
∼ 8.8◦ (Fig. 4c). In the Southern Hemisphere the angular ra-
dius of the open flux in the noon–midnight direction is∼ 9.1◦

while in the dawn–dusk direction it is∼ 10◦ (Fig. 4d). Thus
the average radius of the southern open flux region is bigger
than the northern radius by∼ 1◦. Nichols et al. (2009), study-
ing the first equinoctial auroras observed simultaneously in
both hemispheres, found that the southern oval is∼ 1.5◦ big-
ger than the northern one, which is in good accord with our
result.

4 Mapping bright southern auroral features to the
equatorial plane and to the Northern Hemisphere
using the augmented model

HST southern auroral image A obtained on day 43 of 2008
is shown in Fig. 5 (see also the top panel of Fig. 2 of Be-
lenkaya et al., 2011). Dotted circles and radial lines show
lines of constant latitude and longitude, respectively, at 10◦

steps, while red crosses mark the boundaries of the oval.
Here we highlight in green three bright regions in the image,
specifically where the brightness lies within 16 % of a local
maximum in UV intensity in the image, corresponding to a
large dawn auroral patch, a narrow dusk arc aligned in the
noon–midnight direction, and a small bright spot near noon.
At 6 h MLT the bright patch is located between−74.7 and
−81.3◦, while near 10 h MLT it is located between−73.7 and
−76.3◦. The orange and brown ovals in Fig. 5 correspond to
the same ovals as in Fig. 4d, marking the open field bound-
aries for the dipole plus spherical ionosphere model, and the
multipole plus spheroidal ionosphere model, respectively. It
is seen that the latter model leads to better coincidence be-
tween the calculated open flux boundary and the poleward
boundary of the aurora.

Figure 6 shows the southern polar region in the same for-
mat as the panels of Fig. 4, where the boundaries of the
bright auroral regions in image A in Fig. 5 have been marked
with symbols corresponding to the starting points of mapped
field lines that will be discussed below. The poleward and
equatorward boundaries of the dawn patch are marked by
green squares and triangles at half-hour intervals of MLT, the
boundaries of the dusk arc are similarly indicated by brown
squares and purple triangles, while the near-noon spot is in-
dicated by the red circle. The former points are numbered
for ease of identification of the mapped field lines in subse-
quent figures. The brown oval marks the boundary of open
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Fig. 5.Plot showing HST UV image A of Saturn’s southern aurora,
projected onto a spheroidal surface 1100 km above the atmospheric
1-bar level, with noon at the bottom and dawn to the left. The view
is thus ‘through’ the planet from the north. Dotted lines show a
latitude–longitude grid at 10◦ intervals. The locations of the pole-
ward and equatorward boundaries of the emission are shown by red
crosses, determined at 10◦ intervals of longitude from a 5 kR lim-
iting emission intensity. The superposed solid orange curve shows
the open field region forkS = 0.2, dipole planetary field and spher-
ical ionosphere. The brown curve marks the open field region for
the multipole magnetic field and spheroidal ionosphere. Green ar-
eas mark regions of bright emission (a large dawn auroral patch, a
narrow dusk arc aligned in the noon–midnight direction, and a small
bright spot near noon) with brightness higher that 16 % of the local
maximum brightness in each region.

field lines for the multipole field and spheroidal ionosphere
model, as shown in Fig. 5.

Figure 7 shows the projection of these points along field
lines into the equatorial plane shown previously in Fig. 1,
using the same symbol types and numbers. Panel (a) again
shows an overall view, while panel (b) shows a close-up of
the near-planet region. It can be seen that the equatorward
boundary of the dawn patch (green triangles) maps into the
dawn–noon sector of the ring current region, while the pole-
ward boundary maps close to the boundary of the open field
region. Part of the poleward boundary is located on open field
lines (green squares numbered 2 to 5), which maps close to
the boundary of the southern open field region 2b, shown by
the red line in Fig. 7a. Green square 1 is on closed field lines
mapping close to this boundary near midnight, while green
squares 6 to 15 are also on closed field lines, now mapping
close to the boundary with open field lines from the northern
polar cap (region 2a), shown by the green line in Fig. 7a. With

Fig. 6.Southern polar region for image A in the same format as the
panels of Fig. 4, with the boundaries of the bright auroral regions
shown by the green regions in Fig. 5 marked at half-hour intervals
of MLT by numbered symbols. The brown oval shows the bound-
ary between open and closed field lines for the multipole field and
spheroidal ionosphere model, as in Fig. 5.

increasing number along the latter sequence, the points move
towards noon and into the ring current region, where they
meet the mapped points from the equatorward dawn patch
boundary. Green squares with numbers 8 to 15 are located in
the pre-noon magnetospheric flank withx > 0 andy < 0. It
can also be seen in Fig. 7b that the near-noon spot (red cir-
cle) maps inside the noon ring current. The dusk arc (brown
squares and purple triangles) is located on closed field lines
between the dusk boundary of open flux from the southern
polar cap shown by the red line, and the outer edge of the
dusk-side ring current.

Although we have no observations of the northern emis-
sions corresponding to southern image A, it is of interest
to examine the predictions of the model obtained by map-
ping the above auroral features into the northern ionosphere.
These are shown in Fig. 8 using the same symbol types
and numbers, and where the brown oval shows the region
of open field lines determined from the multipole field plus
spheroidal ionosphere model (the same as the brown oval in
Fig. 4c). Comparison of Figs. 6 and 8 shows overall that cor-
responding points map to higher latitudes in the northern than
in the Southern Hemisphere, due to the quadrupole asym-
metry in the internal field. It can also been seen that for the
equatorward boundary of the dawn patch (green triangles),
the MLT shift of the footprints is not significant. The same is
true of the large-numbered points of the poleward boundary
(green squares), but as these points approach the open–closed
boundary they become strongly displaced around it, to mid-
night for point 7, and to dusk for points 6 and 1, due to these
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Fig. 7.As in Fig. 1 but with the boundary points of the bright auroral
regions (a large dawn auroral patch, a narrow dusk arc aligned in
the noon–midnight direction, and a small bright spot near noon)
mapped into the equatorial plane superposed.

lines passing close to the magnetic null points. Of course,
points 2–5, located on southern open field lines, do not map
into the northern ionosphere at all. Overall, the dawn patch
retains a similar shape in the Northern Hemisphere, but is
narrower. The mappings of the near-noon spot and dusk arc
follow related expectations.

Consistent with the previous conclusions of Belenkaya
et al. (2011), these mapping results indicate that the pole-
ward part of the dawn patch emissions in image A could be
generated by velocity shears at the boundaries of the open
flux region and the dawn–noon equatorial magnetospheric
flank. However, the equatorward parts of these emissions as
well as the near-noon spot are likely associated with field-
aligned currents generated in the dawn–noon sector of the
ring current. Modulation of the field-aligned currents in the
latter region by ULF waves, driven, for example, by the drift-
bounce resonance mechanism, can then lead to drifting auro-
ral patches in this region, as recently discussed by Meredith
et al. (2013).

For comparison with these results for image A obtained
under southward IMF conditions, we now also consider re-
lated results for “image C” of Belenkaya et al. (2011), ob-

Fig. 8. Northern polar region corresponding to image A, show-
ing the auroral boundary points plotted in Fig. 6 mapped along
field lines into the northern ionosphere. The brown oval shows the
boundary between open and closed field lines for the multipole field
and spheroidal ionosphere model.

Fig. 9. HST UV southern auroral image C obtained at∼ 07:10 UT
on day 45 of 2008 shown in the same format as Fig. 5. Bright emis-
sion regions now are a dawn arc, near-noon spot, and a dusk patch.

tained at∼ 07:10 UT on day 45 of 2008 under northward
IMF conditions, specifically for KSM IMF vector (−0.11,
0.28, 0.25) nT. Figure 9 shows the UV image in the same for-
mat as Fig. 5, where the orange and brown ovals again mark
the boundary of open field lines in the Southern Hemisphere
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Fig. 10. Southern auroral boundaries for image C, shown in the
same format as Fig. 6.

Fig. 11.Southern auroral boundary points for image C mapped into
the equatorial plane, in the same format as Fig. 7.

for the dipole field and spherical ionosphere and for the mul-
tipole field and spheroidal ionosphere, respectively, the latter
again increasing the agreement with the high-latitude auroral
edge locations shown by the inner red crosses. Green areas
now mark regions with brightness higher that 6 % of a local
maximum, defining a dawn arc, near-noon spot, and a dusk
patch. The large size of the dusk patch compared with im-
age A may be connected with the positive IMFBy present,
opposite to the negativeBy present for image A. For field-
line mapping purposes, the boundaries of these auroral re-
gions are marked with symbols in Fig. 10, in the same format
as Fig. 6.

Figure 11 shows these points mapped along the model
field into the equatorial plane, where the red line divides

Fig. 12.Southern auroral boundary points for image C mapped into
the northern ionosphere, in the same format as Fig. 8.

closed (region 1) and interplanetary field lines (region 3). The
dawn arc maps centrally to the dawn ring current, while the
near-noon spot maps to the pre-noon ring current. The equa-
torward boundary of the dusk patch maps to the dusk ring
current, while the high-latitude boundary maps between the
dusk ring current and the open flux boundary, with points
numbered 1–4 being located on open field lines not mapping
into the equatorial plane. Overall, these results suggest a con-
nection between these bright auroral features and Saturn’s
ring current. Figure 12 shows the mapping of these features
into the Northern Hemisphere in the same format as Fig. 8.
We see that the auroral pattern in the Northern Hemisphere is
similar to the original structure in the Southern Hemisphere,
except that the shapes of the northern auroral features are
narrower in latitude.

5 Discussion and conclusions

This paper is devoted to a question of current importance –
the determination of the origin of Saturn’s aurora (see, e.g.,
Kurth et al., 2009, where the solar wind–magnetosphere-
ionosphere interaction for Saturn is discussed in detail). For
this purpose we have mapped bright auroral emission zones
observed in one hemisphere into the equatorial magneto-
sphere, since knowing the location of the projected aurors
can lead to better understanding of the physical processes
responsible for the emissions. As noted by us earlier (Be-
lenkaya et al., 2011), existing theories of the Kronian auroral
generation include inner co-rotation breakdown as discussed
previously by Hill (1979) and Cowley and Bunce (2001) for
Jupiter, centrifugal interchange (Curtis et al., 1982; Sittler et
al., 2006), the KH instability at the magnetopause (Galopeau
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et al., 1995; Masters et al., 2012), and co-rotation breakdown
near the open–closed boundary (Cowley and Bunce, 2003;
Cowley et al., 2004a, b, 2008). Knowing the regions magnet-
ically conjugate with the auroral zones can clarify which of
these mechanisms act in Saturn’s magnetosphere and where.
In addition, mapping emissions along field lines from one
hemisphere to the other will aid interpretation of simultane-
ous observations of northern and southern auroras.

To these ends we have further analysed two HST UV
southern auroral images obtained in 2008, when IMF data
were measured simultaneously by the Cassini spacecraft just
upstream of the noon bow shock, one under southward and
the other under northward IMF conditions. We have firstly
compared these images with results obtained using a newly
modified version of the paraboloid field model in which
the most recently determined multipole planetary field terms
are included (specifically axial dipole, quadrupole, and oc-
tupole), together with a spheroidal surface representing the
planetary ionosphere close to the surface of maximum auro-
ral luminosity. It is found that this model provides a better
coincidence between the open flux boundary and the high-
latitude auroral oval boundaries than previous models using
a dipole field only together with a spherical surface. The de-
crease in angular radius of the open field boundary due to tak-
ing these factors into account is∼ 3◦ latitude in the Northern
Hemisphere and 2–2.5◦ in the Southern Hemisphere, where
the decrease is bigger on the nightside than in the dayside.
Inclusion of the quadrupole term also removes the north–
south symmetry in the planetary field, such that the open
field region and auroral boundaries lie closer to the pole in
the Northern Hemisphere compared with the southern. For
image A for southward IMF, for example, we find that the
poleward edge of the bright dawn patch is located on average
2.6◦ closer to the pole in the Northern Hemisphere than in the
Southern Hemisphere, ranging between 0.4 and 4.7◦. For the
equatorward boundary of this dawn patch the average pole-
ward shift is 3.1◦, ranging between 2.0 and 4.6◦. However,
such mappings cannot be directly tested using the equinoc-
tial images from 2009, because simultaneous IMF data are
unfortunately not available.

We have also used the magnetic field model to map the
observed southern bright auroral boundaries into the equato-
rial plane and also into the northern ionosphere. For image A
for southward IMF the equatorward boundary of the bright
dawn patch maps to the dawn–noon sector of the ring cur-
rent, while its poleward boundary maps close to the boundary
of the open field lines. Emissions in the poleward part of the
dawn patch may then be generated by the velocity shears near
the open–closed field boundary, while the equatorward part
of the emission appears to be generated by field-aligned cur-
rents mapping to the dawn ring current. The dusk arc in this
image is found to map between the outer edge of ring current
and the open field boundary, while the near-noon spot maps
to the noon ring current.

For southern image C obtained during northward IMF, it
is shown that the narrow dawn arc maps into the dawn sector
of the equatorial ring current, while the near-noon spot maps
to the pre-noon ring current. The bright dusk patch in this
case maps in the equatorial plane between the open field line
boundary and the inner edge of the ring current. The appear-
ance of the large dusk patch in image C may be connected
with positiveBy , opposite to image A for negativeBy . How-
ever, this is a preliminary conclusion, as we have only two
examples studied here. The mapping of the dawn arc in this
case into the middle of the ring current, unlike in image A
where the dawn patch extends close to the boundary of open
field lines, suggests that different possibly IMF-dependent
mechanisms may be operating in these cases.

It is also shown that for both southward and northward
IMF, the projection of the southern bright auroral regions into
the Northern Hemisphere gives almost hemispherically sym-
metric features, although the corresponding northern zones
are narrower than their southern counterparts. These results
are in overall conformity with the previous results of Nichols
et al. (2009) from analysis of simultaneous auroral features
observed under near-equinoctial conditions.
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