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Abstract. A wide variety of interactions take place between
the magnetized solar wind plasma outflow from the Sun and
celestial bodies within the solar system. Magnetized planets
form magnetospheres in the solar wind, with the planetary
field creating an obstacle in the flow. The reconnection ef-
ficiency of the solar-wind-magnetized planet interaction de-
pends on the conditions in the magnetized plasma flow pass-
ing the planet. When the reconnection efficiency is very low,
the interplanetary magnetic field (IMF) does not penetrate the
magnetosphere, a condition that has been widely discussed
in the recent literature for the case of Saturn. In the present
paper, we study this issue for Saturn using Cassini magne-
tometer data, images of Saturn’s ultraviolet aurora obtained
by the HST, and the paraboloid model of Saturn’s magneto-
spheric magnetic field. Two models are considered: first, an
open model in which the IMF penetrates the magnetosphere,
and second, a partially closed model in which field lines from
the ionosphere go to the distant tail and interact with the
solar wind at its end. We conclude that the open model is
preferable, which is more obvious for southward IMF. For
northward IMF, the model calculations do not allow us to
reach definite conclusions. However, analysis of the obser-
vations available in the literature provides evidence in favor
of the open model in this case too. The difference in magne-
tospheric structure for these two IMF orientations is due to
the fact that the reconnection topology and location depend
on the relative orientation of the IMF vector and the plane-
tary dipole magnetic moment. When these vectors are paral-
lel, two-dimensional reconnection occurs at the low-latitude
neutral line. When they are antiparallel, three-dimensional
reconnection takes place in the cusp regions. Different mag-

netospheric topologies determine different mapping of the
open-closed boundary in the ionosphere, which can be con-
sidered as a proxy for the poleward edge of the auroral oval.

Keywords. Magnetospheric physics (solar wind–
magnetosphere interactions; planetary magnetospheres;
auroral phenomena)

1 Introduction

The nature of the interaction of the solar wind with plane-
tary magnetospheres in interplanetary space is a key ques-
tion in heliospheric physics. This interaction has a specific
behavior for each planet, depending on the parameters of the
solar wind in the planetary environment and on the plane-
tary properties. For Mercury, the principal factors involved
are its small distance from the Sun, which determines the
solar wind properties together with the small planetary mag-
netic field and the strong interplanetary magnetic field (IMF)
of which the radial component is dominant. For Venus and
Mars, which are unmagnetized (except for small-scale fields
in the southern hemisphere in the case of Mars), perturba-
tions of the solar wind and IMF resulting from its interac-
tion with the planet’s conducting ionosphere lead to the for-
mation of an induced magnetosphere. For the well-studied
case of the Earth, the magnetized solar wind is the main
source of terrestrial magnetospheric dynamics. For the outer
planets, their strong fields, major internal sources of plasma
(for example moons embedded within the magnetospheres of
Jupiter and Saturn), and fast spin can also affect the interac-
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tion with the solar wind (e.g., Khurana et al., 2004; Krupp
et al., 2004; Belenkaya, 2004, 2009; Connerney et al., 2017).

The question of how auroras are generated at each magne-
tized planet has been widely discussed in the literature (e.g.,
Saur et al., 2003; Hultqvist, 2008; Clarke et al., 2004, 2009;
Clarke, 2012; Mauk and Bagenal, 2012) and may generally
be expected to be closely connected with the type of so-
lar wind–magnetosphere interaction present. The main oval
emission at Jupiter is an exception, as it is thought to be
generated by the braking of plasma rotation in the equato-
rial magnetosphere due to the radial transport of plasma from
the moon Io (Hill, 2001; Cowley and Bunce, 2001), though
higher-latitude auroras may be linked to the solar wind inter-
action. As the volume of relevant data and theoretical inter-
pretation grows, it appears that there is a specific source of
aurora for each magnetized planet. For the Earth, the auro-
ras are powered principally by the flow of the magnetized
solar wind, which generates strong field-aligned currents
flowing between the ionosphere and magnetosphere that are
connected with the auroral emissions (e.g., Dungey, 1961;
Alfvén, 1967; Cowley, 1981; Cowley and Hughes, 1983;
Cowley and Lockwood, 1992, 1996; Feldstein et al., 2014;
Feldstein, 2016). For Jupiter, the auroras are powered mainly
by the energy of planetary rotation (Hill, 2001; Cowley et al.,
2003a), though the solar wind effects are also observed in
the Jovian magnetosphere (e.g., Cowley and Bunce, 2003a;
Belenkaya, 2004) and in the open ionospheric field line re-
gion, which occupies part of the area inside the main oval
emission (e.g., Cowley et al., 2003b). Grodent et al. (2003),
Pallier and Prangé (2001), and Vogt et al. (2011) suggested
that the so-called auroral “swirl” region coincides with the
region of open ionospheric flux, which observations show to
occupy approximately one-third of the area inside Jupiter’s
main oval. This interpretation was supported by the calcula-
tions of Belenkaya et al. (2006a) using the paraboloid model
of Jupiter’s magnetospheric magnetic field (see Alexeev and
Belenkaya, 2005, and references therein) with an interplan-
etary magnetic field (IMF) value ∼ 0.5 nT, which is charac-
teristic of Jupiter’s solar wind environment. The breakdown
of Jupiter’s magnetospheric plasma rotation in the equato-
rial magnetosphere creates strong upward field-aligned cur-
rents flowing from the ionosphere (Hill, 2001; Cowley et al.,
2003a; Cowley and Bunce, 2003a) to the inner region of
Jupiter’s magnetodisc located at the Alfvén radius (Alexeev
and Belenkaya, 2005; Belenkaya and Khodachenko, 2012).

For Saturn, the role of internal processes is also impor-
tant, particularly the outflow of gas from the moon Ence-
ladus, but the influence of the solar wind and IMF is highly
significant too. Calculations made by Cowley and Bunce
(2003b) showed that the upward field-aligned currents asso-
ciated with the breakdown of rigid corotation in the equa-
torial magnetosphere as measured by Voyager (Richardson,
1986; Richardson and Sittler Jr., 1990) and more recently
by Cassini (e.g., Müller et al., 2010; Wilson et al., 2017) do
not produce the observed ultraviolet (UV) aurora in Saturn’s

main oval, unlike the case of Jupiter. Instead, Saturn’s auroral
oval is most probably related to the effects of the solar wind
and IMF, as at Earth. Magnetospheric structure depends on
the type of reconnection (2-D or 3-D), which in turn is de-
termined by the IMF component along the planetary dipole
magnetic moment. Cowley et al. (2003a, b, 2004a, 2008),
Cowley and Bunce (2003b), and Bunce et al. (2008) sug-
gested that Saturn’s oval is placed close to the ionospheric
boundary of open magnetic flux where the plasma angu-
lar velocity is expected to fall sharply with increasing lat-
itude. Calculations using the paraboloid model of Saturn’s
magnetospheric magnetic field (Alexeev et al., 2006) sup-
port this suggestion (e.g., Belenkaya et al., 2011, and ref-
erences therein). Based on Cassini and HST data, Cowley
et al. (2005) discussed the dependence of UV auroral and
Saturn kilometric radiation emissions on the solar wind dy-
namic pressure and explained it in terms of pressure-induced
enhanced tail reconnection in a rotation-dominated mag-
netosphere. The authors emphasized that the influence of
the north–south IMF component on Saturn’s magnetosphere,
which changes rapidly on timescales of tens of minutes up
to several hours, is controlled on the timescale of the solar
wind passage along the tail of several days, which is thus
hard to distinguish. For this reason, the IMF dependence of
the auroral dynamics must be studied by considering the cor-
responding large response time.

Reconnection on the dayside is influenced by the forma-
tion of plasma depletion layers (PDLs) in the magnetosheath
immediately upstream of the magnetopause. The prominence
of the PDL has been shown to be determined by how the
magnetic flux transfer rate caused by reconnection compares
with the rate of competing magnetic flux advection by the
solar wind (Anderson et al., 1997). As PDLs have a lower
plasma β than the magnetosheath near the bow shock, they
promote higher magnetic reconnection rates (Scurry et al.,
1994), which in turn act to diminish the PDL. Various space-
craft have succeeded in detecting PDL signatures at various
different planets, as we now briefly discuss. At Mercury’s
magnetopause, the observed reconnection rate is substan-
tially higher than at Earth (Slavin et al., 2009; DiBraccio
et al., 2013), yet it is still insufficient to transfer and dis-
tribute the entire magnetic flux pileup around the magneto-
sphere quickly enough. Consequently, the pileup still gener-
ates a persistent large-scale PDL, which in turn leads to fur-
ther growth of the average magnetopause reconnection rate
(Gershman et al., 2013). Examination of Venus Express mag-
netometer data has also led to the identification of a clear
boundary at the top of the magnetic barrier between the inner
and outer magnetosheath regions characterized by their sig-
nificantly differing levels of wave activity and magnetic field
draping (Zhang et al., 2008). Phan et al. (1994) found that
at Earth a plasma depletion layer arises for strong northward
IMF and becomes disturbed for southward IMF. Magnetic
pileup and the associated plasma density decrease upstream
of Mars first reported from MGS spacecraft measurements by
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Vignes et al. (2000) have been shown to be permanent struc-
tures, although the location of the nightside pileup bound-
ary appears to be highly dynamic. It has been suggested by
Øieroset et al. (2004) that the induced Martian magneto-
spheric obstacle may be created by the slowdown of plasma
flow due to the mass loading from atmospheric neutrals and
the subsequent stagnation of the magnetic field carried by
the plasma. Finally, in contrast to its terrestrial counterpart,
the PDL at Jupiter’s magnetopause has been found not to re-
spond significantly to variations in the magnetic shear across
the magnetopause. The magnetic flux transport rate due to
reconnection in this case appears to be lower than the rate of
magnetic flux advection due to the solar wind flow. This may
imply that conditions for magnetopause reconnection are less
favorable at Saturn compared to those at the Earth (Masters
et al., 2014).

No clear understanding of the interaction processes be-
tween the magnetized solar wind and Saturn’s magneto-
sphere has been achieved to date. Scurry and Russell (1991)
suggested that the reconnection efficiency near Saturn is low
due to the usual high magnetosonic Mach number of the so-
lar wind flow at these distances, though this conclusion has
been disputed by Grocott et al. (2009). For related reasons,
Masters et al. (2014) have expressed doubt about the impor-
tance of reconnection at Saturn’s magnetopause. They noted
that despite reconnection signatures being observed in Sat-
urn’s magnetosphere (e.g., McAndrews et al., 2008; Radioti
et al., 2011, 2013; Badman et al., 2013), the reconnection
efficiency at Saturn may be much lower than at Earth due
to the different solar wind conditions at these planets. In-
vestigation of this subject is also significant for other mag-
netic planets and exoplanets located in the flow of magne-
tized plasma. In this paper we consider two modes of solar
wind–magnetosphere interaction at Saturn, namely with zero
and with nonzero permeability of the magnetopause to the
IMF.

2 Comparison of open and partially closed Saturn
magnetospheric models

The open paraboloid model of Saturn’s magnetospheric mag-
netic field was constructed and described by Alexeev et al.
(2006) and has been used by Belenkaya et al. (2006b, 2007,
2008, 2010, 2011, 2013, 2014) in a number of subsequent in-
vestigations. The sources of magnetic field in this model are
(i) the planetary magnetic field, (ii) the tail current system,
(iii) the ring current, and (iv) the magnetopause shielding
currents. The IMF is also allowed to partially penetrate the
magnetosphere, with a penetration coefficient k (the recon-
nection efficiency); i.e., the penetrating field is taken to be k
times the IMF vector. The value of k is taken to be 0.2 as in
the terrestrial magnetosphere, though this value is not known
with certainty. An analytic solution for the value of the pen-
etrating part of the IMF into the terrestrial magnetosphere

was given by Alexeev (1986). Calculations using the Kro-
nian paraboloid model show that the ionospheric open field
line area is almost insensitive to variations in k (excluding
the case k = 0), especially for northward IMF (see Sect. 5).
The Alexeev et al. (2006) model was used in papers by Be-
lenkaya et al. (2006b, 2007, 2008, 2010, 2011, 2013, 2014)
to compare the high-latitude edge of Saturn’s auroral oval
with the model open-closed ionospheric field line boundary,
the results of which supported the idea that these boundaries
are located rather close to each other (Cowley and Bunce,
2003a; Cowley et al., 2004a; Bunce et al., 2008). The IMF
data used in these studies were obtained from Cassini mag-
netometer data when available, while the auroral boundaries
were determined from Hubble Space Telescope (HST) UV
images. Cowley et al. (2004a) suggested that strong upward
field-aligned currents associated with the auroral emissions
are generated due to the azimuthal velocity shear between
closed and open field lines. Closed field lines corotate with
modest lag from rigid corotation, while on the open field
lines corotation partially breaks dawn (with ∼ 30 % of rigid
corotation; Stallard et al., 2004; Hunt et al., 2015), as they
are dragged tailward by the solar wind. The strong upward
field-aligned currents flowing at the boundary between the
two different types of field lines are carried by downward-
accelerated magnetospheric electrons, which excite auroral
emissions at ionospheric height in the auroral oval. The
detailed correspondence has been investigated using multi-
instrument Cassini data by Jinks et al. (2014), who found
that the upward field-aligned currents are located just equa-
torward of the polar cap boundary, with an offset of ∼ 1.5–
1.8◦ colatitude. The polar cap was determined by Jinks et al.
(2014) as follows. “The polar cap boundary can be clearly
observed in the step in the upper cutoff of auroral hiss emis-
sions from the plasma wave data, a sudden increase in elec-
tron density, an anisotropy of energetic electrons along the
magnetic field, and an increase in incidence of higher-energy
electrons from the low-energy electron spectrometer mea-
surements as we move equatorward from the pole”. In this
paper the term “polar cap” is taken to be the area bounded
by the auroral oval. Since the strong upward currents associ-
ated with the auroral oval are located on closed field lines just
equatorward of the open-closed boundary (Jinks et al., 2014;
Hunt et al., 2015), this polar cap region will consist almost
wholly of open field lines.

However, strong field-aligned currents at the boundary be-
tween topologically different field regions could arise not
only in the case of an open magnetosphere. If we suppose
that Saturn’s magnetopause is not permeable to the IMF but
that the IMF can interact with the magnetospheric field at
the end of the magnetospheric tail, then the field lines map-
ping to the distant tail can be considered as open, as shown
in Fig. 1. The situation in which open field lines arise in a
closed magnetosphere was already investigated for the case
of the Earth by Alexeev et al. (1998). Figure 1a and b demon-
strate the structure of a “partially closed” Saturn magneto-
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Figure 1. Partially closed magnetospheric model for (a) southward
and (b) northward IMF.

sphere for southward and northward IMF, respectively. The
magnetopause is surrounded by an outer boundary layer lo-
cated between the dashed curves, within which the draped
IMF lines are compressed. At the end of the tail beyond the
dot-dashed line, there is a tail boundary layer perpendicu-
lar to the line of the tail, through which the IMF interacts
with the magnetospheric field. By analogy with the Earth’s
closed magnetosphere, due to viscosity the motion on the
closed field lines may be anti-sunward at higher latitudes
and sunward at lower latitudes. Closed field lines coming
to the end of the tail meet the interplanetary lines there ap-
proaching the equatorial reconnection region from the north
and south after passing the magnetosphere. As a result, lines
open through the tail boundary layer may arise. For north-
ward IMF (Fig. 1b) the tail lines can map away from the tail
boundary layer to finally become interplanetary field lines,
while for southward IMF (Fig. 1a) there is a specific point at
which magnetic field lines are gathered in the equatorial tail
boundary layer, beyond which the IMF is restored. Due to
this kind of tail reconnection, the solar wind potential drop
across the magnetosphere can be applied to the separatrix
surfaces dividing different topological types of field lines,
along which strong field-aligned currents flow that could be
associated with auroral oval emissions. The lobe lines in the
partially closed model start at the planet and eventually pass
into the solar wind. For this reason they can be considered to
be open lines. We now try to check which of these two modes
of solar wind–magnetosphere interaction occurs at Saturn,
open or partially closed as in Fig. 1. To do this we compare
the open-closed boundaries calculated for these two modes
with the auroral oval location observed in a series of HST
images.

3 Calculations using the paraboloid model

We have selected several HST UV images as listed in Table 1,
eight images for southward IMF and seven images for north-
ward, for which the open-closed boundary in the ionosphere
was calculated using the open paraboloid model and pub-
lished in papers by Belenkaya et al. (2007, 2008, 2010, 2014)
(denoted in the table and figures here by B[2007], B[2008],
B[2010], and B[2014]). The corresponding IMF vectors were
determined in each case from Cassini magnetometer data

when the spacecraft was located in the solar wind upstream
of the planet. The detailed description of how these IMF
vectors were determined is given in the papers cited. From
left to right, the columns of Table 1 give the UV image
case number employed here, the corresponding date (year-
month-day), the hemisphere in which the aurora was ob-
served (southern or northern), the image time (UT), the cor-
responding IMF vector (nT), the magnetospheric state (ex-
panded, compressed, or intermediate) for which the model
set of parameters was used, the dipole tilt angle 9, and the
paper in which paraboloid model calculations were presented
together with the image identifier (e.g., “image f” or “visit
H4”). The IMF vectors are given in Kronocentric Solar Mag-
netospheric (KSM) coordinates (Bx , By , Bz), whereX points
from the planet’s center towards the Sun, the X−Z plane
contains Saturn’s spin/magnetic axis, and Y completes the
right-hand triad. The dipole tilt angle, 9, is measured be-
tween the planetary magnetic moment axis and the Z axis in
the KSM coordinate system.

The ionospheric open-closed field line boundaries calcu-
lated using the paraboloid model for both the open and par-
tially closed magnetosphere models are shown in Fig. 2 for
the case of southward IMF and in Fig. 3 for northward IMF.
The sets of model parameters employed in these calcula-
tions were determined for each case in the corresponding pa-
pers using compressed, intermediate, and expanded magne-
tospheric states depending on the solar wind dynamic pres-
sure and according to the classification given in Belenkaya
et al. (2008). For southward IMF in Fig. 2, the open flux area
for the partially closed magnetosphere bounded by the or-
ange curve is larger, mainly in the dawn–dusk direction, than
for the open magnetosphere case bounded by the red curve.
The relative shift is dawnward (duskward) for negative (posi-
tive) IMF By in the northern hemisphere and vice versa in the
southern hemisphere. The difference between the two mod-
els is more strongly expressed for southward IMF when the
ratio |Bz| / |Bx |> 1. This condition is realized for cases 1, 5,
6, and 8 from Table 1 (see Fig. 2). On the other hand, for the
northward IMF cases in Fig. 3 the boundaries for both mod-
els are almost the same, except for a small region in the noon
sector where the open magnetosphere model gives a small
extension to the open field region. Comparing these bound-
aries with the observed UV oval emissions in both figures,
it appears that the open magnetosphere model, which allows
for IMF penetration, better describes the area inside the au-
roral oval for southward IMF (Fig. 2), while for northward
IMF both models give rather similar results (Fig. 3).

It should be mentioned that the tail length Ltail for the par-
tially closed Kronian magnetosphere is much shorter than for
the open tail, as in the first case the solar wind does not drag
the magnetospheric field lines in the anti-sunward direction.
However, some kind of viscous effect exists, which is not so
effective as the solar wind–IMF effect. For the open mag-
netosphere with k 6= 0, the time taken by the solar wind to
traverse the length of the tail is ttail = Ltail/Vsw, where Vsw
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Table 1. The case numbers of the UV images considered in this paper are listed together with the date, the hemisphere in which the aurora
was observed, UT, KSM IMF components, magnetospheric state corresponding to the set of model parameters employed, tilt angle 9, and
the reference and image identifier.

Case Date UT KSM IMF Set of 9 Reference
number (year-month-day), (h:min:s) components parameters (◦) and image

hemisphere (nT) identifier

1 2004-01-18 04:40:14 0.0; −0.4; −0.4 expanded 24.9 B[2008],
southern image f

2 2008-02-12 21:47:38 0.2; −0.8; −0.2 compressed 6.5 B[2010],
southern image A

3 2008-02-13 00:47:44 0.3; −0.8; −0.1 compressed 6.5 B[2010],
southern image B

4 2011-04-07 06:26:11 −0.2; −0.6; −0.2 compressed −10.8 B[2014],
northern visit H4

5 2012-04-02 10:48:56 −0.0; −0.3; −0.5 intermediate −15.5 B[2014],
northern visit I6

6 2012-04-03 10:45:49 −0.1; −0.4; −0.4 intermediate −15.5 B[2014],
northern visit I7

7 2012-04-03 13:54:13 −0.3; −0.3; −0.2 intermediate −15.5 B[2014],
northern visit I8

8 2004-01-26 19:02:32 0.5; −2.0; −1.4 compressed 24.8 B[2007],
southern image k

9 2004-01-30 19:01:19 −0.3; 0.7; 0.7 intermediate 24.8 B[2007],
southern image m

10 2008-02-14 07:10:05 −0.1; 0.3; 0.3 compressed 6.5 B[2010],
southern image C

11 2008-02-15 05:32:52 −0.1; 0.1; 0.2 compressed 6.5 B[2010],
southern image D

12 2011-04-01 05:03:51 0.1; 0.2; 0.2 intermediate −10.7 B[2014],
northern visit H1

13 2011-04-03 03:23:19 0.0; 0.2; 0.1 intermediate −10.8 B[2014],
northern visit H2

14 2011-04-05 06:30:29 −0.3; −0.9; 0.4 intermediate −10.8 B[2014],
northern visit H3

15 2012-04-01 10:47:15 −0.2; −0.1; 0.2 intermediate −15.5 B[2014],
northern visit I5

is the solar wind velocity. This time is equal to the time tpc
during which the other end of the open field line crosses the
polar cap of length Lpc (for northward IMF at Saturn), mov-
ing from the dayside to the nightside. Thus

Ltail/Vsw = Lpc/Vpc, (1)
Ltail = LpcVsw/Vpc, (2)

where Vpc is the velocity of the open field lines across the
polar cap. We also have

Vpc = Epc/Bpc, (3)

where Epc is the electric field in the polar cap, and Bpc is
the average polar cap magnetic field. Also, Epc =8pc/Lpc,
where 8pc is the polar cap potential drop given by 8pc =

kVswWtailBsw, where Wtail is the tail width to which the so-
lar wind potential drop is applied, k is the coefficient of IMF

penetration as above, and Bsw is the IMF component perpen-
dicular to Vsw. Estimations show that Ltail ∼ 1500RS, where
RS = 60268 km is Saturn’s 1 bar equatorial radius (Cowley
et al., 2004a, b).

Calculations of the magnetospheric magnetic field lines in
the noon–midnight meridian plane are shown for southward
IMF in Fig. S1 and for northward IMF in Fig. S2 (see the
Supplement). Examples from these figures are presented here
in Figs. 4 and 5. Figure 4a and b show cases 8a and 8b, re-
spectively. Figure 5a and b show cases 10a and 10b, respec-
tively. The red curves in Fig. 5a mark separatrices, i.e., lines
dividing magnetic field lines of different topological types. In
Figs. S1 and S2 in the Supplement the left column shows re-
sults for the open field model, while the right column shows
results for the partially closed model. From Fig. S1 it fol-
lows that for northward IMF conditions the neutral line in the
equatorial tail is located between ∼ 17.5 and ∼ 35RS with
a mean value of ∼ 26RS. For southward IMF (Fig. S2) the
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Figure 2. Saturn UV auroral images obtained by the HST for southward IMF, with noon on the bottom and dusk on the right. The closed
red curve in all figures in this paper shows the open flux boundary for the open magnetosphere model with k = 0.2 using a multipole Saturn
magnetic field (Burton et al., 2010) and a spheroidal ionosphere. The closed orange curve in all figures in this paper shows the open flux
boundary for the partially closed model in which the IMF does not penetrate the magnetopause.

Figure 3. Saturn UV auroral images obtained by the HST for northward IMF in the same format as Fig. 2.
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Figure 4. Projection onto the noon–midnight magnetospheric meridian of magnetic field lines starting from this plane (case 8 in Table 1);
panel (a) shows results for the open magnetosphere model with penetration coefficient k = 0.2, while panel (b) shows results for the partially
closed model with k = 0. The IMF vector is (0.5; −2.0; −1.4) nT.

Figure 5. The same as in Fig. 4, but for case 10 from Table 1 with IMF vector (−0.1; 0.3; 0.3) nT. The red lines in panel (a) mark separatrices.

situation is more complicated (e.g., Belenkaya et al., 2014),
since the neutral line does not exist either at the dayside mag-
netopause or in the tail, but neutral points occur in the cusps
in the open model. For southward IMF, the tail length deter-
mined by the intersection of the last open field line with the
magnetopause could be at an even greater distance than for
northward IMF.

For the partially closed model with k = 0, the tail length
is much shorter. From calculations of the model field line
structure for k = 0 it follows that the boundary between open
(through the tail) and closed field lines, which can be consid-
ered as a measure of the tail length in this case (see Fig. 1), is
located somewhere between X =−20 and −80RS (see the
right-hand columns of Figs. S1 and S2). In the Earth’s mag-
netosphere, the nightside X line where reconnection takes
place during substorms is located between 10 and 30RE
(where RE is Earth’s radius equal to 6371 km). Since the
ratio of the magnetospheric scales of these two planets is
∼ 2.5, the corresponding boundary between open and closed
field lines should be placed in Saturn’s tail at distances of
25–75RS from Saturn’s center in accordance with the model
calculations.

4 Southward and northward IMF

Interaction of the solar wind and IMF with Saturn’s mag-
netosphere in the case in which the IMF does not penetrate
the magnetopause has some similarities with the magnetized
plasma flow past nonmagnetized Venus or comets. At Saturn
for the case where k = 0, reconnection can act at the end of
the equatorial tail as indicated in Fig. 1. Zhang et al. (2012)
describe reconnection in the tail of Venus, while Jia et al.
(2009) similarly discuss the tail of comet 2P/Encke. In spite
of the fact that Saturn possesses a strong magnetic field, the
reconnection in its short tail for k = 0 resembles the effects
in these unmagnetized systems.

Smith et al. (2016) analyzed 2094 observations of recon-
nection in Saturn’s magnetotail, finding that the night neu-
tral line is located between 20 and 30RS from the planet’s
center. These events were found in Cassini data limited to
a radial distance within 68RS from the planet. Calculations
in the paraboloid model for northward IMF, as noted above,
give the position of the night neutral line (separatrix) in the
equatorial tail between∼ 17.5 and 35RS in good accordance
with these observations. Arridge et al. (2015) also described
observations of a tail reconnection event observed over an in-
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Figure 6. Example of the 3-D structure of Saturn’s magnetosphere for southward IMF in case 1 (see Table 1).

terval of 19 h, with a diffusion region at a radial distance of
29RS. This example directly shows the closing of open flux
in Saturn’s tail.

The first direct evidence for reconnection in Saturn’s tail,
a dipolarization event observed by Cassini, was reported by
Bunce et al. (2005). Jackman et al. (2007, 2008) and Jackman
(2015) also described reconnection effects in the tail, while
Arridge et al. (2015) reported the direct crossing of recon-
nection diffusion region by Cassini as outlined above. Cow-
ley et al. (2015) also argued that the down-tail spatial scale
of plasmoids determined from Cassini data could be much
less than their true size, thus potentially providing an expla-
nation for why the mass loss carried by plasmoids appears
insufficient to balance the Enceladus plasma source.

Here we have shown that the two models of solar wind–
magnetosphere interaction considered, the open model and
the partially closed model, give very similar open field line
areas in the high-latitude ionosphere for northward IMF but
different for southward IMF. For both models the angular
velocity change at the open flux boundary will lead to the
formation of strong upward field-aligned currents. For north-
ward IMF (Fig. 3) these currents almost coincide and are lo-
cated close to the oval, while for southward IMF (Fig. 2) the
situation is more complicated, with the open model giving
field-aligned currents that could more likely be interpreted
as connected with the poleward edge of the oval emissions
than those for the partially closed magnetosphere. In Fig. 2,
for example, the open model appears preferable in cases 1,
2, 5, and 8, for which the open-closed boundary for the open
model (red curve) is located closer to the poleward edge of
the auroral oval than for the partially-closed model (orange
curve). In making these comparisons between model and im-
age boundaries, we note that the poleward boundary of the
auroras at a particular local time has been taken as the usually
well-defined point at which the emission intensity increases
well above near-background values, the latter being shown
as blue in cases 1, 8, and 9 in Figs. 2 and 3 and as black
in the other images. The background intensity is typically a
few kR, depending somewhat on instrumental and physical

conditions. The corresponding auroral intensity at the effec-
tive boundary is then also somewhat variable at ∼ 15 kR in
plots 1 and 8 in Fig. 2, ∼ 3 kR in plots 2 and 3, and ∼ 30 kR
in plots 4–7. However, since the gradient in emission inten-
sity at the boundary is usually sharp, as can be seen in the
images, these differences will not strongly affect the results.

Smith et al. (2016) show that reconnection in Saturn’s
magnetotail generally occurs sporadically. We emphasize
here that reconnection in the tail takes place only for north-
ward IMF, since for southward IMF reconnection must hap-
pen in the cusps. Figure 6 demonstrates 3-D reconnection at
the neutral points located in both cusp regions under south-
ward IMF conditions (0.0, −0.4, −0.4) nT measured dur-
ing case 1. The 3-D reconnection at the neutral points is
characterized by open field lines from the northern polar
cap mapping to the southern magnetopause, while open field
lines from the northern magnetopause map to the south-
ern polar cap (see the “3-D Lines Animation” in the Sup-
plement). Convection across the pole will be sunward. Fig-
ure 7 shows the principal difference in the Kronian magne-
tospheric magnetic field structure caused by the IMF turning
to the northward direction. Calculations were performed for
case 9 when the IMF had the components (0.3, 0.7, 0.7) nT.
The magnetosphere under such conditions is similar to the
Dungey (1961) model for southward IMF interacting with
the Earth’s magnetospheric field. The reconnection is of a
2-D type and occurs at the dayside and nightside neutral
points connected by the low-latitude quasi-neutral line. Open
field lines from the northern (southern) polar cap intersect
the northern (southern) magnetopause. Convection across the
pole will be anti-sunward. Reconnection in the tail is asso-
ciated with field dipolarization on one side of the neutral
point and plasmoid formation on the other. On the noon mag-
netopause FTEs could arise for northward IMF conditions.
The absence of FTE observations at Saturn’s noon magne-
topause (as reported, e.g., by Huddleston et al., 1997; Lai
et al., 2012) could mean that the partially closed magneto-
sphere model may be realized for northward IMF. Accord-
ing to Fig. 1b, dayside reconnection should then be absent,
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Figure 7. Example of the 2-D structure of Saturn’s magnetosphere
for northward IMF in case 9 (see Table 1). Separatrices are shown
in red.

while in the tail some kind of reconnection may occur. At the
end of the tail as a result of reconnection between open field
lines going through the northern and southern lobes, closed
and interplanetary field lines arise. As a consequence, field
dipolarization and plasmoid generation could be observed, as
supported by Cassini observations. It should be noted, how-
ever, that some observations of reconnection at the dayside
magnetopause for northward IMF do nevertheless exist (e.g.,
McAndrews et al., 2008). Meredith et al. (2014) studied the
northern polar cap and found that post-noon auroral arcs exist
for northward IMF, but not for southward IMF. They sug-
gested that these were associated with low-latitude recon-
nection occurring for northward IMF. Their location in the
dusk sector was also suggested to be due to the small ve-
locity shear at the dusk magnetopause, which promotes the
occurrence of reconnection at the boundary. The images in
Figs. 2 and 3 in the present paper generally show similar
differences. Taking this argument into account, we conclude
that the open model is probably appropriate for northward
IMF also. Meredith et al. (2014) explained that the absence
of FTEs at the Kronian magnetopause was likely due to the
different timescales of such phenomena relative to the case
of Earth due to the much larger magnetospheric length scales
involved. As noted above, the open-closed field line bound-
aries calculated for the two models using the paraboloid
model do not show great difference for northward IMF. For
this reason, we cannot definitely determine which model is
dominant in this case.

For southward IMF, this study provides some evidence that
the open magnetospheric model gives a better explanation
for the observed dawn–dusk asymmetry of the area bounded
by the auroral oval than the partially closed model. For this
reason, we conclude that for southward IMF, reconnection
occurring in the cusps may be more significant for Saturn’s
magnetosphere. We note that McAndrews et al. (2008) re-
ported observations indicating the presence of reconnection
poleward of the cusp in the form of heated field-aligned elec-

tron flows observed outside the magnetopause under condi-
tions of low magnetic shear. Palmaerts et al. (2016) noted that
observations of high-latitude aurora show that reconnection
near the cusp often occurs at Saturn under southward IMF
conditions.

For Earth, the plasma depletion layer in the magnetosheath
just outside the dayside magnetopause is thinner for south-
ward IMF when reconnection occurs at the noon magne-
topause (we note that the internal planetary fields at Earth
and Saturn are oppositely directed). The plasma density de-
creases and magnetic field strength increases within it. An
investigation of Cassini measurements in Saturn’s magne-
tosheath by Masters et al. (2014) found that in this case there
is no difference in the plasma depletion layer for northward
and southward IMF, which is contrary to the results of re-
lated Voyager measurements that indicated an IMF effect
(Violante et al., 1995). Masters et al. (2014) inferred that re-
connection at the dayside magnetopause is not effective at
Saturn. We emphasize that this may concern only northward
IMF conditions, but not necessarily southward IMF condi-
tions. Thus, the conclusions of Masters et al. (2014) do not
mean that the reconnection in cusps, which is characteris-
tic of southward IMF conditions, is not effective at Saturn.
Masters et al. (2014) noted that contrary to the case of Earth,
magnetosheath flow is predominant over Saturn’s poles due
to magnetospheric flattening. In this situation the role of cusp
reconnection for southward IMF could be enhanced at Sat-
urn.

Our calculations using the paraboloid model show that
the boundaries between open and closed field lines for the
open and partially closed magnetospheric models are located
close to each other for northward IMF, but not for south-
ward IMF if |Bz|> |Bx |, where Bx and Bz are the radial and
north–south IMF components, respectively (specific mag-
netospheric structures arising for |Bz|< |Bx | in the terres-
trial magnetosphere are considered by Belenkaya, 1998). For
cases in which the open model appears preferable (cases 1,
2, 5, and 8), the north–south component was greater or equal
to the radial. The other cases are not included because for
cases 3 and 4 the boundaries for both models coincide, for
case 6 there are no emissions in the region where the bound-
aries differ from each other, and in case 7 emissions occur
inside both boundaries.

In addition to visual inspection of the data, in the remain-
ing four cases for southward IMF we have also made quan-
titative comparisons of the latitudinal position of the model
boundaries with the poleward boundary of the auroras to ver-
ify which model brings closer agreement. The boundaries
were approximated with cubic splines and the calculations
carried out with a longitudinal resolution of 1◦. We find for
case 1, for example, that the mean of the absolute error is
∼ 3.7◦ for the open model and∼ 5.3◦ for the partially closed,
thus verifying the conclusions of visual inspection.
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Figure 8. Ionospheric open field line area calculated for cases (a) 1 and (b) 8 (see Table 1) for different values of the IMF penetration
coefficient into the Kronian magnetosphere: k = 0.0, 0.01, 0.05, 0.1, 0.2, 0.4, 0.8, and 1.0 (k = 0 corresponds to the partially closed model,
k 6= 0 to the open model).

Figure 9. Ionospheric open field line area calculated for all cases from Table 1 for different values of the IMF penetration coefficient into the
Kronian magnetosphere; k = 0.2 (red curve) and k = 0.8 (green curve).
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Figure 10. Comparison of the statistical UV auroral oval obtained by Carbary (2012) from Cassini UVIS data from 2007–2009 with model
calculations of the open-closed field line boundary for (a) the northern and (b) the southern hemispheres. The model time was selected to be
1 July 2008 (the middle of the interval of Cassini observations), and the set of the model parameters corresponds to the expanded state of the
magnetosphere, i.e., low solar wind dynamic pressure (see text). The northward-directed IMF vector assumed has components (−0.1, −0.4,
0.4) nT. The red line marks the open flux boundary for the open model, while the orange line is for the partially closed model.

Figure 11. As for Fig. 10, but for a southward IMF vector (−0.1, −0.4, −0.4) nT.

5 Discussion

Here we briefly discuss the properties of the paraboloid
model and some results obtained from this model. Figure 8
presents the ionospheric open field line area for case 1
(Fig. 8a) and case 8 (Fig. 8b) from Table 1 calculated for
k = 0.0, 0.01, 0.05, 0.1, 0.2, 0.4, 0.8, and 1.0. These rep-
resentative values of the IMF penetration coefficient allow
us to conclude that starting from k ∼ 0.05, the ionospheric
open-closed boundary practically does not change. We chose
k = 0.2, similar to the case of the Earth, because mapping of
the open-closed boundary to the ionosphere does not allow
us to determine the correct value of k, since variation of the
value k over the region 0.05< k < 1 does not influence our
result.

This conclusion is supported by Fig. 9, in which for all
cases from Table 1 open fluxes are calculated for k = 0.2
(red lines) and k = 0.8 (green lines). We see that these lines

are almost coincident with each other, and that for northward
IMF (cases 9–15), in analogy with southward IMF for the
Earth, the open flux area is almost constant. For southward
IMF (cases 1–8), also in analogy with northward IMF for the
Earth, the open flux becomes smaller and only a part of the
open flux for northward IMF, as the other part of it transfers
to IMF lines penetrating the magnetosphere.

The paraboloid model has been used for different magne-
tized planets and has given results that allowed us to explain a
lot of observational data. In particular, it has been extensively
applied to Saturn (Alexeev et al., 2006; Belenkaya et al.,
2006b, 2007, 2008, 2010, 2011, 2013, 2014). The advan-
tages of the model relate to its block structure; i.e., the mag-
netic field of each magnetospheric current system is calcu-
lated using its own program (block). The condition divB = 0
is valid everywhere in the model domain, where B is the total
magnetospheric field. In addition, at the magnetopause each
magnetospheric magnetic field source has a normal compo-
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nent equal to zero. Magnetospheric model parameters de-
pend on both outer and inner magnetospheric conditions.
The paraboloid model is the only global model that currently
gives the magnetospheric magnetic field everywhere inside
the magnetopause.

The limitations of the paraboloid model are the following.
It is a static model describing the quasi-equilibrium mag-
netospheric state. For this reason, it does not reflect short-
term variations in the solar wind and its magnetic field. It
gives some average magnetospheric state corresponding to
the concurrent conditions in interplanetary space. As the
model magnetopause is a paraboloid of revolution, its radius
in the distant tail is greater than the observed value. For the
same reason, the asymmetry of the real magnetopause is ne-
glected.

For the Earth, the results obtained using the paraboloid
model indicate an ionospheric open-closed boundary usually
located close to the poleward auroral oval edge for southward
IMF, but shifted to higher latitudes for northward IMF. Sim-
ilar effects also occur at Saturn, but due to the antiparallel
directions of the dipole moments of these planets, southward
and northward IMF change their roles.

We have also compared the statistical positions of the Kro-
nian auroral ovals in both polar caps determined from Cassini
UVIS data from 2007 to 2009 by Carbary (2012) with
the open-closed boundaries calculated using the paraboloid
model for the open (red curve) and partially closed (or-
ange curve) configurations. For calculations we took an ar-
bitrary time close to the middle of this interval (1 July 2008)
and an arbitrary typical northward IMF (−0.1, −0.4,
0.4) nT (Fig. 10) and southward IMF (−0.1, −0.4, −0.4) nT
(Fig. 11). In panels (a) and (b) of Figs. 10 and 11 we show the
northern and southern polar hemispheres, respectively. The
statistical pictures are taken from Fig. 1 of Carbary (2012).
We see that for northward IMF (Fig. 10) both curves almost
coincide, except on the dayside, and are located close to the
poleward edge of the oval in the midnight, dawn, and dusk
sectors. At noon they are located poleward of the emission in
both hemispheres. For southward IMF (Fig. 11), the same is
true for the partially closed model (orange curve), while the
open model (red curve) gives smaller open flux. In the sta-
tistical sense, the contribution of southward IMF to Saturn’s
magnetosphere is less than for northward IMF (the size of the
open “window” at the magnetopause, the polar cap area and
voltage, and related quantities), so in the statistical picture
northward IMF plays the main role. For these calculations
we took the model parameter set corresponding to the ex-
panded state of the magnetosphere, as on average low solar
wind dynamic pressure is more typical. The set of parame-
ters for the expanded magnetosphere is as follows: distance
to the magnetopause subsolar point Rss = 28RS, distance to
the outer edge of the ring current Rrc1 = 24.5RS, distance to
the inner edge of the ring current Rrc2 = 6.5RS, radial field
at the outer edge of the ring current Brc1 = 2.2 nT, distance
to the inner edge of the tail current sheet R2 = 22.45RS,

and the magnetic field of the tail current system at the in-
ner edge of the tail current sheet Bt = 5.3 nT (Belenkaya
et al., 2008). Quantitative comparison of the calculated or-
ange open-closed boundaries in the two hemispheres with the
poleward auroral boundaries presented in Carbary’s (2012)
Fig. 3 yields the following latitudinal deviations. For the
northern polar cap at noon 6–7◦, at dawn 4–5◦, at midnight
1–2◦, and at dusk 1–2◦. For the southern polar cap the devi-
ations at noon are 5–7◦, at dawn 4–5◦, at midnight 0◦, and at
dusk 0–2◦.

6 Conclusions

Here we have investigated one aspect of the interaction be-
tween the solar wind and the outer planets in the solar system,
concentrating particularly on the case of Saturn. Our results
show that this phenomenon is rather complex and depends
significantly on the components of the IMF and their rela-
tionships.

Masters et al. (2014) and the references therein state that
the power of auroral emissions at Saturn does not demon-
strate clear dependence on the IMF direction. Here we have
shown that at least the modeled open flux area at the iono-
spheric level is sensitive to strongly southward IMF. Some
evidence of such dependency is found in corresponding UV
images obtained by the HST. Using Cassini IMF data, HST
UV auroral images, and paraboloid model calculations, we
find that penetration of the IMF into the magnetosphere prob-
ably occurs for strong southward IMF. For northward IMF
and IMF with a strong radial component, the approach pre-
sented does not allow us to make a definite conclusion about
which of two models, open or partially closed, is preferable
for Saturn; however, observations show that for southward
IMF high-latitude reconnection does occur (e.g., Palmaerts
et al., 2016).

Code availability. Those who would like to work with
the paraboloid model may contact us (Igor I. Alexeev at
alexeev@dec1.sinp.msu.ru and/or Vladimir V. Kalegaev at
klg@dec1.sinp.msu.ru).
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