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Abstract. We develop two related models of magnetosphere-
ionosphere coupling in the jovian system by combining pre-
vious models defined at ionospheric heights with magneto-
spheric magnetic models that allow system parameters to be
extended appropriately into the magnetosphere. The key fea-
ture of the combined models is thus that they allow direct
connection to be made between observations in the magne-
tosphere, particularly of the azimuthal field produced by the
magnetosphere-ionosphere coupling currents and the plasma
angular velocity, and the auroral response in the ionosphere.
The two models are intended to reflect typical steady-state
sub-corotation conditions in the jovian magnetosphere, and
transient super-corotation produced by sudden major solar
wind-induced compressions, respectively. The key simplifi-
cation of the models is that of axi-symmetry of the field, flow,
and currents about the magnetic axis, limiting their validity
to radial distances within∼30RJ of the planet, though the
magnetic axis is appropriately tilted relative to the planetary
spin axis and rotates with the planet. The first exploration of
the jovian polar magnetosphere is planned to be undertaken
in 2016–2017 during the NASA New Frontiers Juno mission,
with observations of the polar field, plasma, and UV emis-
sions as a major goal. Evaluation of the models along Juno
planning orbits thus produces predictive results that may aid
in science mission planning. It is shown in particular that the
low-altitude near-periapsis polar passes will generally occur
underneath the corresponding auroral acceleration regions,
thus allowing brief examination of the auroral primaries over
intervals of∼1–3 min for the main oval and∼10 s for nar-
rower polar arc structures, while the “lagging” field deflec-
tions produced by the auroral current systems on these passes
will be ∼0.1◦, associated with azimuthal fields above the
ionosphere of a few hundred nT.
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1 Introduction

Much progress has been made in recent years in determining
the nature of magnetosphere-ionosphere coupling at Jupiter,
a topic of central significance in understanding the properties
of its large-scale plasma environment. Observations of auro-
ral phenomena have provided a primary means of investiga-
tion, both at ultra violet (UV) wavelengths using the Hub-
ble Space Telescope (HST), and in the infra red (IR) using
ground-based telescopes. UV images show with increasing
latitude auroral emissions associated with magnetosphere-
moon interactions, a relatively steady main oval that dom-
inates the overall auroral power output and maps magneti-
cally to the middle magnetosphere, and spatially structured
and variable emissions at highest latitudes in the polar cap
(Clarke et al., 1998, 2002, 2004, 2008; Prangé et al., 1998;
Pallier and Pranǵe, 2001, 2004; Waite et al., 2001; Grodent
et al., 2003a, b; Nichols et al., 2007). UV spectra have also
provided information on the energy of the auroral primary
particles, showing that the main oval is produced by pre-
cipitating electrons with average energies in the range∼50–
150 keV (Gustin et al., 2004, 2006). Doppler observations of
IR emissions from ionospheric H+3 ions have also shown that
the jovian main oval is associated with corotation breakdown
of the magnetospheric plasma (Rego et al., 1999; Stallard et
al., 2001, 2003).

Theoretical discussion of these auroral emissions has fo-
cussed principally on the field-aligned acceleration of mag-
netospheric electrons into the polar ionosphere in regions
of strong upward-directed field-aligned current (Kennel and
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Coroniti, 1975; Barbosa et al., 1981), though other stud-
ies have proposed a significant role for turbulent processes
(Saur et al., 2003). The field-aligned currents form part of a
large-scale magnetosphere-ionosphere coupling current sys-
tem associated with momentum exchange between these re-
gions, communicated via the magnetic field. The current
system associated with the main oval is believed to be re-
lated to centrifugally-driven outward radial transport of io-
genic plasma that leads to sub-corotation in the middle mag-
netosphere (Hill, 1979, 2001; Huang and Hill, 1989; Cow-
ley and Bunce, 2001; Southwood and Kivelson, 2001; Cow-
ley et al., 2002; Nichols and Cowley, 2003, 2004). In ad-
dition, upward-directed field-aligned currents are also ex-
pected to flow at the open-closed field line boundary due to
the shear between moderately sub-corotating plasma flow on
outer closed field lines and strongly sub-corotating plasma
flow on open field lines mapping to the tail, which may re-
late to some emissions poleward of the main oval (Cowley
et al., 2003). In particular, it has been suggested that the
structured and variable auroras observed near noon poleward
of the main oval relate to pulsed reconnection at the cusp
magnetopause (Waite et al., 2001; Pallier and Prangé, 2001,
2004; Bunce et al., 2004).

A simple axi-symmetric model of the plasma flow in the
jovian system, the related coupling currents, and the con-
sequent auroral precipitation based on these considerations
has been proposed by Cowley et al. (2005), intended to rep-
resent typical steady-state conditions. This model has also
been extended by Cowley et al. (2007) to consider auroral
effects resulting from sudden compressions of the magneto-
sphere, extending earlier work by Cowley and Bunce (2003a,
b). Because these studies were directed principally toward
understanding observations of auroral emissions and iono-
spheric flows as outlined above, they principally considered
conditions at ionospheric heights, defining, for example, the
model zonal plasma flow around the magnetic axis as a func-
tion of co-latitude. The principal purpose of this paper is to
show how these models can be appropriately extended along
model field lines into the magnetosphere, including the ef-
fect of the rotation of the magnetic axis about the planet’s
spin axis, in order to consider their implications for condi-
tions in the magnetosphere and thus relating them to in situ
observations from spacecraft. For simplicity, however, we
retain the axi-symmetric approximation about the magnetic
axis, thus limiting the region of approximate validity of the
model to radial distances within∼30RJ . While the field-
aligned coupling currents continue to form a central focus
of consideration, they are too weak to measure directly in
magnetospheric plasma particle data. However, they pro-
duce a readily-observable magnetic signature via the pres-
ence of azimuthal fields that bend the field lines out of mag-
netic meridians (e.g. Khurana, 2001, and references therein).
This field therefore represents a key observable in magne-
tospheric data, along with the plasma angular velocity. The
azimuthal fields produced by the auroral current system in

the Cowley et al. (2005, 2007) models have not previously
been computed, but will be evaluated here throughout the re-
gion between the ionosphere and the magnetospheric equato-
rial plane. With regard to relevant observations, we note that
most jovian magnetospheric data to date have been acquired
close to the equatorial plane (excepting the outbound passes
of Pioneer-11 and Ulysses at intermediate latitudes), includ-
ing all the data from the Voyager and Galileo missions (e.g.
Dessler, 1983; Khurana, 2001; Krupp et al., 2001; Frank et
al., 2002). The first true polar observations of auroral plasma
and fields at Jupiter are planned as part of the forthcoming
NASA New Frontiers Juno mission. Here we therefore il-
lustrate our results by evaluation of model parameters along
Juno planning trajectories, the results thus forming potential
aids to Juno mission planning.

2 Theoretical basis of the model

We begin by outlining the nature of the jovian models pro-
posed by Cowley et al. (2005, 2007), and the considerations
on which they are based. The principal model assumptions
are that the field and flow is steady-state and axi-symmetric
about the magnetic axis, these leading to great simplifica-
tions of analysis. Consequently, however, the model is un-
able to represent effects associated with dynamic local time-
dependent phenomena such as the dayside cusp near noon
and substorm-like processes on the nightside (e.g. Pallier
and Pranǵe, 2001, 2004; Woch et al., 2002), nor can it de-
scribe the averaged dawn-dusk flow asymmetry observed in
equatorial particle data that leads to weakened coupling cur-
rents and auroras in the pre-noon sector (Krupp et al., 2001;
Woch et al., 2004; Radioti et al., 2008). Nevertheless, the
model provides a useful initial description of the central re-
gion of the rotation-dominated jovian magnetosphere, and
also serves to illustrate that even a relatively simple model
leads to predicted complexity of in situ observations. With
these assumptions, then, the nature of the calculation is rel-
atively simple. An empirical model of the plasma angular
velocity about the magnetic axis is first constructed, based
on observations, model results, and theoretical considera-
tions. This is then combined with ionospheric parameters
to determine the meridional height-integrated Pedersen cur-
rent flowing in the ionosphere, from which the field-aligned
current density flowing on field lines above the ionosphere
is obtained by calculating its divergence. The field pertur-
bations above the ionosphere produced by the coupling cur-
rent system consisting of the Pedersen currents, field-aligned
currents, and magnetospheric closure currents, can then be
found from Amp̀ere’s law, while the auroral acceleration pa-
rameters are determined from Knight’s (1973) kinetic theory.

In somewhat more detail, in the work presented here the
jovian Pedersen conducting layer is taken to be a surface lo-
cated∼500 km above the 1 bar atmospheric pressure level
(Millward et al., 2002), which itself lies at a polar radius of

Ann. Geophys., 26, 4051–4074, 2008 www.ann-geophys.net/26/4051/2008/



S. W. H. Cowley et al.: Models of auroral current systems in Jupiter’s magnetosphere 4053

66 854 km. Since we are interested only in the sub-corotating
plasma region within∼25◦ co-latitude of each magnetic
pole, we can thus take this surface to be a sphere of radius
Ri=67 350 km, neglecting the polar-flattened figure of the
planet. While this assumption is in common with Cowley
et al. (2005, 2007), the latter authors also assumed a uniform
radial ionospheric magnetic field of strength 1.1 mT. How-
ever, this assumption is unsuitable here, since we wish to map
plasma parameters along field lines between the ionosphere
and magnetosphere, and thus need to adopt a simple model of
the planetary field extending away from Jupiter. The simplest
reasonably realistic internal field for this purpose is a dipole
field that is tilted with respect to the planet’s spin axis, whose
properties are determined here from the dipole coefficients
of the VIP4 empirical model of Connerney et al. (1998). In
this case the magnetic dipole (subscript “D”) axis is tilted
through an angle ofθ ′

D=9.515◦ relative to the planet’s spin
axis, and the field components and flux function are given by

BD r = 2g cosθ

(
RJ

r

)3

(1a)

and

BD θ = g sinθ

(
RJ

r

)3

(1b)

and

FD = gR2
J sin2 θ

(
RJ

r

)
, (2)

where r and θ are spherical polar coordinates referenced
to the northern magnetic axis. The internal azimuthal field
about this axis is, of course, zero. In these expressionsRJ is
Jupiter’s conventional radius equal to 71 323 km, and dipole
coefficientg=426 366 nT using the VIP4 model. We note
that the ionospheric field strength at the magnetic pole is
then given by 2g

(
RJ

/
Ri

)3
=1.012 mT, which thus differs

only marginally from the value employed in the previous
related studies. This value is also representative of typi-
cal polar field strengths in the VIP4 model (see e.g. Plate 2
of Connerney et al., 1998). The flux functionF (r, θ) for
an axi-symmetric field is related to the field components by
B=

(
1
/
r sinθ

)
∇F×ϕ̂, whereϕ̂ is the unit vector in the az-

imuthal direction around the axis, such thatF is constant on
a field line. This function is thus employed to map field lines
between the ionosphere and magnetosphere. Within the mag-
netosphere the field and flux function values are augmented
by an additional contribution from the middle magnetosphere
current sheet, as will be described below, but this is neglected
in the ionosphere where the field is overwhelmingly domi-
nated by the planetary field.

We then assume that in the planet’s rest frame the plasma
at ionospheric heights (in the absence of collisions) rotates
about the magnetic axis with angular frequency1ωi (θi),

whereθi is the co-latitude referenced to the northern mag-
netic axis (as above). The value of1ωi is taken to be posi-
tive when the flow is in the−ϕ̂ direction, i.e. positive when
directed clockwise as viewed from above the north mag-
netic pole. The condition1ωi=0 then corresponds to rigid
corotation, while1ωi positive represents sub-corotation of
the plasma relative to the planet, with1ωi=�J indicat-
ing non-rotation of the plasma in the inertial frame. Here
�J ≈1.758×10−4 rad s−1 is the angular frequency of plane-
tary rotation, corresponding to a rotation period of∼9.93 h.
The same plasma angular velocity about the magnetic axis
is then applies to the whole magnetospheric flux shell map-
ping to the ionosphere at co-latitudeθi , as required by the as-
sumption of a temporally invariant axi-symmetric magnetic
field. Due to the assumed symmetry of the planetary (and
total) field about the magnetic equator, the model plasma an-
gular velocity is also symmetric about the equator (certainly
on closed magnetospheric flux shells), and thus has the same
co-latitude profile with respect to the magnetic pole in both
hemispheres. We also assume that the drag on the neutral
atmosphere within the Pedersen layer due to ion-neutral col-
lisions induces a similar differential rotation of the neutral
atmosphere in the layer, which is a factork times the ion dif-
ferential angular velocity1ωi , where 0<k<1. Atmospheric
sub-corotation about the magnetic axis is unlikely to be a
very realistic assumption due e.g. to the effect of the Coriolis
force on the motion of the neutral gas, but this assumption is
the only way to include such drag effects in an axi-symmetric
model.

With these assumptions the plasma velocity within the
ionospheric Pedersen layer relative to the neutral gas is

V ′

i (θi) = − (1 − k) Ri sinθi 1ωi (θi) ϕ̂ . (3)

The electric field in the neutral atmosphere rest frame is
thenE′

i (θi) =−V ′

i (θi) ×BDi (θi), whereBDi is the plan-
etary dipole field given by Eq. (1) evaluated in the Pedersen
layer, and the ionospheric Pedersen current density then fol-
lows fromjP (θi) =σP E′

i (θi), whereσP is the ionospheric
Pedersen conductivity. We note, however, that because the
magnetic field is not exactly vertical except at the magnetic
pole, the Pedersen current has both meridional and small ra-
dial components, these corresponding to the local horizon-
tal and vertical respectively. To ensure that the total current
has only a meridional (i.e. horizontal) component we assume
that a small field-aligned current flows in the Pedersen layer
which is such that the vertical current is reduced identically
to zero, thus also slightly augmenting the meridional current.
With this assumption, and integrating in height through the
Pedersen layer, the meridional horizontal Pedersen current
intensity flowing in the ionosphere is

ihP (θi) = 6∗

P Ri sinθi 1ωi (θi) |BDi r (θi)| f (θi) , (4)

defined as positive when directed equatorward in both
hemispheres. In this expression6∗

P is the effective
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height-integrated Pedersen conductivity taking account of
the slippage of the neutral atmosphere as described above,
given in terms of the actual height-integrated conductivity
6P by 6∗

P = (1−k) 6P . Functionf ≈1 is the factor that
takes account of the non-vertical field, given by

f (θi) = 1 +

(
BDi θ

BDi r

)2

= 1 +
1

4
tan2 θi , (5)

where use has been made of Eq. (1). We then integrate this
current in azimuth around the magnetic axis to find the total
meridional horizontal Pedersen current at co-latitudeθi

IhP (θi) = 2πRi sinθi ihP (θi)

= 2π6∗

P R2
i sin2 θi1ωi (θi) |BDi r (θi)| f (θi) , (6)

again defined as positive when directed equatorward in both
hemispheres. Current continuity then requires the field-
aligned current density just above the ionosphere to be given
by

jFAC i (θi) = −
1

2πR2
i sinθi

BDi (θi)

BDi r (θi)

(
dIhP

dθi

)
, (7)

whereBDi (θi) =

√
B2

Di r+B2
Di θ is the total field strength in

the Pedersen layer, andjFAC i has been defined such that
positive values indicate currents directed outward from the
planet (in both hemispheres), while negative values indicate
currents directed inward. The corresponding field-aligned
current density in the magnetosphere at a point where the
field strength isB and maps to the ionosphere at co-latitude
θi is then given from current continuity by

jFAC =
B

BDi

jFAC i (θi) . (8)

This formula applies to all points along a field line between
the ionosphere and the region where the currents close across
the field lines in the magnetosphere. On closed middle mag-
netosphere field lines this current closure region corresponds
to the equatorial plasma disk.

While the above discussion has focussed on the Peder-
sen currents, we note that plasma sub-corotation will also
drive azimuthal Hall currents eastward in the model iono-
sphere. However, in the axi-symmetric approximation these
close wholly in the ionosphere and do not contribute to the
field-aligned current density of primary interest here.

We now consider the magnetic field produced by the com-
bined coupling current circuit consisting of the ionospheric
Pedersen current, the field-aligned current, and the magneto-
spheric closure current. It is evident from the geometry of
this solenoidal current system that the related field perturba-
tions are purely azimuthal and contained inside the region of
the current loops. To find this field a point at radiusr and
magnetic co-latitudeθ between the ionosphere and the clo-
sure currents in the equatorial plane we apply Ampère’s law
to a circular path of radiusρ=r sinθ around the magnetic

axis passing through the point, whereρ is the perpendicular
distance from the magnetic axis. It is evident that the total
current passing through the surface bounded by this loop is
just the total Pedersen current flowing in the ionosphere at
the feet of the field lines passing through the point, corre-
sponding to ionospheric co-latitudeθi . The azimuthal field
is then given by

Bϕ (r, θ) = ∓
µo

2π ρ
IhP (θi) , (9)

where the upper sign corresponds to the Northern Hemi-
sphere and the lower to the Southern (andIhP is positive
equatorward in both hemispheres as above). The peakBϕ on
each field line occurs just above the ionosphere, whose value
Bϕi (θi) can be obtained from Eq. (9) by puttingρ=Ri sinθi .
Alternatively we can apply Amp̀ere’s law directly to the
ionospheric current layer, noting that the azimuthal field is
zero underneath the layer, to obtain

Bϕi (θi) = ∓µo ihP (θi) = ∓
µo

2π Ri sinθi

IhP (θi) , (10)

whereihP is the horizontal Pedersen current intensity given
by Eq. (4).

We are also interested in the auroral acceleration param-
eters implied by the above field-aligned currents. In par-
ticular, in relation to the Juno mission, we wish to know
whether the spacecraft is likely to fly above or below the low-
altitude electron acceleration regions, and in the latter case
what the energy of the auroral primaries is likely to be. In
common with previous studies, we estimate these quantities
using Knight’s (1973) kinetic theory, which we now briefly
summarise. If the magnetospheric source populations are de-
scribed as isotropic Maxwellians of densityN and thermal
energyWth (equal tokT), then the maximum current den-
sity and energy flux that can be deposited in the ionosphere
without field-aligned electron acceleration are given by

jFAC 0 = eN

(
Wth

2πme

)1/2
(11a)

and

Ef 0 = 2NWth

(
Wth

2πme

)1/2
, (11b)

wheree andme are the electron charge and mass respectively.
These formulas correspond to the case of a full downward-
going loss-cone, and an empty upward-going loss-cone. If
the required upward current density is larger thanjFAC 0,
then a field-aligned voltage must be present to acceler-
ate the source electrons into the ionosphere, the minimum
value of which for upward currentjFAC i≥jFAC 0 is given by
Knight’s (1973) theory as

8|| min =
Wth

e

[(
jFAC i

jFAC 0

)
− 1

]
. (12)
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This value is appropriate if the “top” of the voltage drop is
located at a radial distance well above the minimum value
given by(

rmin

Ri

)
≈

(
jFAC i

jFAC 0

)1/3

. (13)

Following Lundin and Sandahl (1978), the enhanced precip-
itating electron energy flux corresponding to Eq. (12) is then
given by

Ef =
Ef 0

2

[(
jFAC i

jFAC 0

)2

+ 1

]
. (14)

The values of the source electron density and thermal en-
ergy employed in various regions of the model, and the con-
sequent limiting currents and energy densities, will be dis-
cussed below in Sect. 3 where the specifics of the model are
outlined.

We note in relation to this aspect of the model that the
field-aligned voltages given by Eq. (12) are typically tens
of kV in the jovian context, as will be shown below, much
smaller than the voltages associated with the field-transverse
flows in the middle and outer magnetosphere, of order sev-
eral MV. Consequently, in common with previous works, we
do not include their effect in modifying the flow mapping
between the magnetosphere and ionosphere.

3 Model for steady state conditions

3.1 Flows and currents in the ionosphere

In this section we consider the model proposed by Cowley et
al. (2005), representing typical near-steady flow conditions
in the jovian magnetosphere, though we use slightly modified
parameters to ensure compatibility with the magnetospheric
magnetic model introduced in Sect. 3.2 below. The model
angular velocity about the magnetic axis in the inertial frame,
ωi (θi), related to the differential rotation in the planetary rest
frame1ωi (θi) by ωi (θi) =�J −1ωi (θi), is given by(

ωi (θi)

�J

)
=

(
ωi

�J

)
O

+

[(
ωi

�J

)
OM

−

(
ωi

�J

)
O

] [
1

2

(
1+ tanh

(
θi−θiO

1θiO

))]
+

[
1−

(
ωi

�J

)
OM

] [
1

2

(
1+ tanh

(
θi−θiMM

1θiMM

))]
.(15)

This formula applies specifically to the Northern Hemisphere
(0≤θi≤90◦), and is mirrored about the magnetic equator
so that the overall angular velocity profile is symmetric, as
indicated above. The model parameters in Eq. (15) de-
fine the plasma angular velocity

(
ωi

/
�J

)
O

on open field
lines at highest latitudes, its transition to the outer magne-
tosphere value

(
ωi

/
�J

)
OM

across the open-closed field line
boundary atθi=θiO in a layer of width∼31θiO that defines

the latitudinal extent of the field-aligned currents flowing in
the boundary, and then the transition to near-rigidly coro-
tating flow across the middle magnetosphere region map-
ping to a layer of width∼31θiMM centred onθi=θiMM .
With a few minor modifications compared with Cowley et
al. (2005), the values of these parameters employed here
are

(
ωi

/
�J

)
O

=0.1,
(
ωi

/
�J

)
OM

=0.35, θiO=10.716◦,
1θiO=0.125◦, θiMM=16.1◦, and1θiMM=0.5◦, determined
from a combination of theoretical studies, Voyager and
Galileo observations, and modelling (e.g. Acuña et al., 1983;
Isbell et al., 1984; Kane et al., 1995; Krupp et al., 2001;
Nichols and Cowley, 2003, 2004). We note that the model
angular velocity on open field lines is the same as that of
Cowley et al. (2005), while for definiteness the normalised
value in the outer magnetosphere, 0.35, has been taken to
be intermediate between the two values, 0.25 and 0.5, em-
ployed in the latter study. We also note that the value ofθiO

is such that the polar cap contains 500 GWb of open magnetic
flux as in Cowley et al. (2005), while the positionθiMM and
width ∼31θiMM of the middle magnetosphere layer have
been slightly adjusted to ensure that this layer maps magnet-
ically into the model middle magnetosphere equatorial cur-
rent sheet, as demonstrated in Sect. 3.2 below. With these
values, the model angular velocity profile in the northern
ionosphere is plotted versus co-latitudeθi in Fig. 1a. It can
be seen that the flow strongly sub-corotates on open field
lines, increases sharply to intermediate values in the outer
magnetosphere across the open-closed field line boundary at
10.716◦, and then to near-rigid corotation conditions in the
inner magnetosphere across the middle magnetosphere layer
which has a width of∼1.5◦ in the ionosphere centred on
∼16.1◦.

Figure 1b and c shows the currents driven by this flow
system, specifically the azimuth-integrated horizontal iono-
spheric Pedersen current, and the field-aligned current den-
sity just above the ionosphere, given by Eqs. (6) and (7) re-
spectively. Here we have used an effective ionospheric Ped-
ersen conductivity of6∗

P =0.25 mho, slightly higher than the
value of 0.2 mho employed by Cowley et al. (2005), such that
the currents are comparable with the latter study despite the
slightly weaker model ionospheric magnetic field. In Fig. 1b
it can be seen that the Pedersen current increases with co-
latitude to peak at∼30 MA at the boundary between open
and closed field lines, falls by∼6 MA at this boundary as the
angular velocity rises towards corotation, rises further across
the outer magnetosphere to peak at∼45 MA near the bound-
ary with the middle magnetosphere, and then falls rapidly
across the latter region as the flow rises to rigid corotation.
The field-aligned currents in Fig. 1c are correspondingly di-
rected downward (negative) in regions where the azimuth-
integrated Pedersen current increases with co-latitude, and
upward (positive) in regions where it decreases with co-
latitude. Relatively weak downward currents∼50 nA m−2

thus flow into the ionosphere in the region of open field
lines and in the outer magnetosphere, while relatively strong
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(a) 2.5 5 7.5 10 12.5 15 17.5 20
qiêdeg

0.2

0.4

0.6

0.8

1

wêWJ

(b) 2.5 5 7.5 10 12.5 15 17.5 20
qiêdeg

10

20

30

40

50

IhPêMA

(c)

2.5 5 7.5 10 12.5 15 17.5 20
qiêdeg

-100

100

200

300

400

jFAC iênA m-2

(d)

2.5 5 7.5 10 12.5 15 17.5 20
qiêdeg

-600

-500

-400

-300

-200

-100

100

BfiênT

Fig. 1. Plasma flow and current system representative of steady-state conditions in the jovian system, based on Cowley et al. (2005), plotted
versus co-latitudeθi in the northern high-latitude ionosphere. The panels of the figure show(a) the plasma angular velocity normalised to
the planet’s angular velocity given by Eq. (15), where rigid corotation is indicated by the horizontal dotted line,(b) the azimuth-integrated
horizontal Pedersen current flowing equatorward in the ionosphere given by Eq. (6),(c) the field-aligned current density just above the
ionosphere required by the divergence of the Pedersen current given by Eq. (7), where positive values indicate upward currents and nega-
tive values downward currents, and(d) the azimuthal field just above the northern ionosphere produced by the magnetosphere-ionosphere
coupling current system given by Eq. (10).

upward currents peaking at∼350 nA m−2 flow in narrow lay-
ers at the open-closed field line boundary and across the mid-
dle magnetosphere layer.

The azimuthal field just above the ionosphere produced
by these currents, not previously computed by Cowley et
al. (2005), is shown in Fig. 1d, obtained from Eqs. (9) or
(10). Its value is negative throughout the northern high lat-
itude region shown, corresponding to a “lagging” tilt in the
field caused by ion-neutral collisions in the Pedersen layer in
the presence of sub-corotation. Its magnitude grows with co-
latitude to∼500 nT near the open-closed field line boundary,
then falls by∼100 nT at this boundary as the plasma angu-
lar velocity increases, associated with the layer of upward-
directed field-aligned current in the boundary. The field mag-
nitude then grows once more to∼500 nT across the outer
magnetosphere region, before falling rapidly to zero across
the middle magnetosphere as the plasma angular velocity
rises, in association with the upward-directed field-aligned
current in the layer. We note, however, that the peak az-
imuthal field of∼500 nT corresponds to only∼0.05% of the

planetary field in the ionosphere, such that the field tilts out of
dipole meridian planes above the ionosphere through peaks
angles of only∼0.03◦.

To examine the consequences of the upward currents for
auroral acceleration we must first define the source electron
parameters to be employed in Eqs. (11–14). These are given
in Table 1, where for simplicity we use three sets of constant
values based on Voyager and Galileo data, that are taken to be
characteristic of the three main regions of our model (Cow-
ley et al., 2005). These are dense cool magnetosheath plasma
(0.5 cm−3 and 50 eV) on open field lines, warm tenuous
plasma (0.02 cm−3 and 250 eV) in the outer magnetosphere,
and hot tenuous plasma (0.01 cm−3 and 2.5 keV) in the mid-
dle magnetosphere. The source parameters switch from mag-
netosheath to outer magnetosphere values across the open-
closed field boundary atθi=θiO , and between outer magne-
tosphere and middle magnetosphere values at the poleward
boundary of the middle magnetosphere layer, taken to lie at a
co-latitude ofθi=θiMM−21θiMM=15.1◦ (relative to either
pole). In practice, therefore, the magnetosheath and outer
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Table 1. Properties of the magnetospheric source electron parameters employed in auroral calculations.

Parameter Magnetosheath Outer magnetosphere Middle magnetosphere

Electron densityN (cm−3) 0.5 0.02 0.01
Electron thermal energyWth (keV) 0.05 0.25 2.5
Unaccelerated current densityjFAC 0 (nA m−2) 94.8 8.48 13.4
Unaccelerated energy fluxEf 0 (µW m−2) 9.48 4.24 67.0

magnetosphere source parameters are applied only in the up-
ward current regions lying immediately poleward and equa-
torward of the open-closed field line boundary, respectively,
while the middle magnetosphere source parameters are ap-
plied uniformly across the upward current region mapping to
the middle magnetosphere. Also noted in Table 1 are the val-
ues of the unaccelerated field-aligned current densities and
energy fluxes carried by these populations, given by Eq. (11).
On the basis that 1 mW m−2 of precipitating electrons pro-
duces a UV auroral emission of∼10 kR, it can be seen that
unaccelerated precipitation of these populations will give rise
to emissions typically in the range∼0.1–1 kR, below the few
kR level of present detectability, and much less than typi-
cal jovian main oval and polar emission intensities of several
tens to several hundreds of kR (e.g. Grodent et al., 2003a, b).
It can also be seen, however, that the maximum field-aligned
current density that can be provided by these unaccelerated
populations are all less than the peak upward field-aligned
current densities required by the model, by more than an
order of magnitude for the tenuous magnetospheric popula-
tions, thus requiring significant field-aligned acceleration of
these electrons.

The resulting acceleration parameters are shown in Fig. 2,
where Fig. 2a again shows the model field-aligned current
density, but now on an expanded scale that spans the model
region of upward currents. The corresponding minimum
field-aligned acceleration voltage given by Eq. (12) is shown
in Fig. 2b. At the open-closed field line boundary the volt-
age on the poleward side of the boundary peaks at∼100 V
where the current is taken to be carried by magnetosheath
electrons, while on the equatorward side where it is car-
ried by outer magnetosphere electrons the voltage peaks at
∼10 kV. Voltages of similar order are also present through-
out the middle magnetosphere layer, peaking at∼65 kV at
the centre of the layer. The corresponding precipitating elec-
tron energy flux given by Eq. (14) is shown in Fig. 2c. Sig-
nificant energy fluxes occur only on the equatorward side
of the open-closed field line boundary in a layer of∼0.1◦

(∼100 km) width where the current is taken to be carried
by outer magnetosphere electrons, peaking at the boundary
at ∼3 mW m−2. This precipitation would thus give rise to
a ∼100 km-wide auroral arc at the boundary at∼11◦ co-
latitude with a peak emission intensity of∼30 kR. By com-
parison, electron acceleration in the middle magnetosphere

region results in significant precipitating energy fluxes in a
layer∼1◦ (∼1000 km) wide at∼16◦, peaking at its centre at
∼25 mW m−2 corresponding to a UV emission of∼250 kR.
This precipitation is therefore taken to correspond to the jo-
vian main oval, while that at the open-closed field line bound-
ary is taken to be representative of arcs in the poleward re-
gion.

In Fig. 2d we show the minimum radial distance of
the field-aligned acceleration regions along the high-latitude
field lines given by Eq. (13). For the magnetosheath source
the acceleration region can be located quite close to the
planet, above a radial distance of∼1.5RJ , due to the mod-
est factor through which the precipitating flux must be aug-
mented. For both magnetospheric source populations, how-
ever, the acceleration regions must be located quite high up
along the auroral field lines, typically at radial distances ex-
ceeding∼2–3RJ .

3.2 Flows and fields in the magnetosphere

We now take the flow and current models defined above in
the ionosphere and determine their consequences for mag-
netospheric observations, obtained by mapping along model
magnetic field lines into the magnetosphere. For this pur-
pose we require a reasonably realistic model of the magne-
tospheric field that includes not only the planetary field, but
also the effect of the equatorial current sheet that extends the
field lines outward from the planet in the middle magneto-
sphere. Here for typical steady-state conditions we employ
the VIP4 planetary dipole field given by Eqs. (1) and (2) com-
bined with the field of the model equatorial current sheet pro-
posed by Connerney et al. (1981). In this model the current
region is a cylindrically-symmetric disc of half-thicknessD

centred on the magnetic equator, with inner and outer edges
at perpendicular distances from the magnetic axis ofR1 and
R2, respectively, within which the azimuthal current density
is given by

jϕ (ρ) =
Io

ρ
, (16)

whereIo is a constant with SI units of A m−1, andρ is again
the perpendicular distance from the magnetic axis. In gen-
eral, the axi-symmetric flux function and poloidal fields pro-
duced by this current disc, which we denote byFCAN (r, θ)
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Fig. 2. Auroral acceleration parameters in the upward field-aligned current regions shown in Fig. 1, representative of steady-state conditions
in the jovian system. The panels of the figure show(a) the field-aligned current density as in Fig. 1c but now on an expanded co-latitude
scale,(b) the minimum field-aligned acceleration voltage given by Eq. (12),(c) the corresponding energy flux of the accelerated electrons
given by Eq. (14), and(d) the minimum radial distance along the field lines of the field-aligned acceleration regions given by Eq. (13). The
properties of the magnetospheric source electrons are those given in Table 1, as discussed in the text.

andBCAN (r, θ), must be obtained numerically by evaluation
of the integral expression given by Connerney et al. (1981).
However, excellent analytic approximations for these quan-
tities have been determined by Edwards et al. (2001), and
are employed in the calculations presented here. Conner-
ney et al. (1981) determined best-fit values for the model pa-
rameters by comparison with data from the Voyager-1 and
-2 fly-bys. They found good fits within radial distances
of ∼30RJ usingR1=5RJ , R2=50RJ , andD=2.5RJ , with
µoIo=450 nT for Voyager 1 and 300 nT for Voyager 2. Here
we have re-visited the values of these parameters with re-
gard also to the modelling results of Khurana (1997) and
the Galileo field data presented by Khurana (2001), and
find that the slightly modified parameter setR1=5.25RJ ,
R2=60RJ , D=2.5RJ , andµoIo=350 nT gives a good over-
all description of the data, which we thus employ in the
present study. The model is again taken to apply to radial
distances within∼30 RJ from the planet, beyond which the
effects of solar wind-induced current sheet hinging and tilt-
ing lag have to be taken into account (Khurana, 1997; Khu-
rana and Schwarzl, 2005).

In Fig. 3 we show parameters of the steady-state model
mapped from the ionosphere to the equatorial plane using
the above magnetic model. Figure 3a shows the model field
in the equatorial plane,Bθ , plotted versus radial distance
to 30RJ . The dashed line shows the planetary dipole field
alone, falling as the inverse cube of the distance, while the
solid line shows the total field, which is everywhere reduced
in strength compared with the dipole due to the stretching
of the equatorial field lines by the equatorial current disk.
The modified mapping from the equatorial plane to the iono-
sphere is shown in Fig. 3b, where we plot the co-latitudeθi

of the foot of the field line in the ionosphere (with respect to
either pole) versus equatorial radial distance. This has been
obtained from the constancy of the flux function along each
field line, such that from Eq. (2) we have for a general point
(r, θ) within the magnetosphere

gR2
J sin2 θi

(
RJ

Ri

)
=gR2

J sin2 θ

(
RJ

r

)
+FCAN (r, θ) , (17)

where the small effect of the current sheet field has been
neglected in the ionosphere. The dashed line in Fig. 3b
again corresponds to the dipole field alone for purposes of
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Fig. 3. Model parameters plotted versus radial distance in the equatorial plane for the steady-state model whose ionospheric profiles are
shown in Figs. 1 and 2. The panels of the figure show(a) the magnetic fieldBθ in the equatorial plane (positive southward), where the
solid line shows the total model field including that of the equatorial current sheet, while the dashed line shows the inverse cube field of the
planetary dipole alone,(b) the co-latitudeθi of the field lines mapped from the equator to the ionosphere with respect to either pole, where
the solid and dashed lines show the mapping for the total field and the planetary dipole field alone as in panel (a),(c) the angular velocity
of the plasma normalised to the planetary angular velocity, where the dotted line corresponds to rigid corotation,(d) the azimuth-integrated
radial currentIr flowing in the equatorial plane, equal to the sum of the azimuth-integrated Pedersen currents flowing in the conjugate
northern and southern ionospheres (i.e. twice the current flowing in one hemisphere due to assumed north-south symmetry),(e) the field-
aligned current density mapped from the ionosphere (Fig. 1c) to the equatorial plane using Eq. (8), and(f) the azimuthal field produced by
the magnetosphere-ionosphere current system just north of the magnetic equator assuming for simplicity that the radial current shown in
panel (d) flows in a thin sheet in the equatorial plane.

comparison. In the latter case the equatorial region out
to 30RJ extends poleward to an ionospheric co-latitude of
∼10.5◦, thus encompassing almost the whole of the closed

field region of the ionospheric model. With the inclusion
of the current sheet, however, the mapping reaches only to
∼15.5◦ in the ionosphere, corresponding to a point within
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the middle magnetosphere layer (the main upward current
layer of which spans∼15.3◦–16.9◦), located near its pole-
ward border. As noted above, the parameters of the iono-
spheric model were adjusted slightly compared to Cowley et
al. (2005) to ensure that this layer maps appropriately into
the equatorial plane using the above field model.

Figure 3c then shows the normalised plasma angular ve-
locity plotted versus radial distance in the equatorial plane,
obtained from the value in the conjugate ionosphere (Fig. 1a),
since as noted above in a steady state the angular velocity
must be constant along each field line. The model plasma
flow is then rigidly corotating (dotted horizontal line) in the
inner magnetosphere, begins to decrease toward lower angu-
lar velocities at∼15RJ , and reaches∼40% of rigid corota-
tion at the outer boundary of the modelled region. The cor-
responding azimuth-integrated outward radial current within
the equatorial current sheetIr is shown in Fig. 3d, equal to
twice the equatorward-directed Pedersen current in the con-
jugate ionosphere (Fig. 1b) due to the contributions from
both hemispheres. Here we have assumed for simplicity that
the field-aligned current flows from each ionosphere directly
into the equatorial plane where it feeds a sheet of radial cur-
rent whose azimuth-integrated value is shown in the figure.
More realistically the radial current will flow in a distributed
manner within the equatorial current sheet of half-widthD,
in which case the value shown is the total current flowing out-
ward through the current sheet across the field line that maps
to radiusr in the equatorial plane. The value rises rapidly
beyond∼15RJ as expected from the angular velocity pro-
file, and begins to plateau at∼90 MA near the outer bound-
ary of the region. This behaviour is intended to represent the
equatorial radial current profile derived by Nichols and Cow-
ley (2004) from the Galileo azimuthal magnetic field data
presented by Khurana (2001), and helped motivate the choice
of 0.25 mho for the effective ionospheric Pedersen conduc-
tivity.

The field-aligned current density flowing into the equato-
rial plane from both sides in the above thin equatorial ra-
dial current sheet approximation is shown versus radial dis-
tance in Fig. 3e, given by Eq. (8) withB=Bθ (r). Due to
the large change in field strength along field lines between
the ionosphere and equatorial plane in the relevant region,
by factors of∼104–105, it can be seen that the field-aligned
current density in the magnetosphere is much reduced com-
pared with that in the ionosphere, peaking at∼12 pA m−2

near∼18RJ . Thus while the upward field-aligned current
in the ionosphere exceeds those that can be carried by the
magnetospheric electron source populations by an order of
magnitude or more,∼100 nA m−2 by order of magnitude
compared with∼10 nA m−2 for the outer and middle mag-
netosphere source populations (see Table 1), hence requir-
ing field-aligned electron acceleration, the reverse is true in
the near-equatorial magnetosphere. Here the “current” asso-
ciated with magnetospheric electrons moving in one direc-
tion along the field (i.e. the number flux of those electrons

times the electron charge) remains the same as just given
(∼10 nA m−2), assuming a near-isotropic population, while
the field-aligned current density∼10 pA m−2 is less by three
orders of magnitude. Thus the field-aligned current density
in the magnetosphere is essentially impossible to measure di-
rectly from the associated anisotropies of the magnetospheric
particle distributions, as indicated in Sect. 1. However, the
presence of the magnetosphere-ionosphere coupling current
system is readily observable from the azimuthal field it pro-
duces. This is shown versus radial distance in Fig. 3f for
the region just northward of the equatorial plane, obtained
from Eq. (9) using the same simple thin equatorial current
sheet assumption as discussed above. The field is negative
(i.e. “lagging”) consistent with sub-corotation in the North-
ern Hemisphere, and rises in magnitude from small values in
the inner magnetosphere to peak at∼5 nT near to∼23RJ

before falling slowly again with increasing distance. The
corresponding field south of the equator is, of course, just
reversed in sign compared with that in the north. This pro-
file is in good agreement with the Galileo results for the az-
imuthal field presented by Khurana (2001) (see also Nichols
and Cowley, 2004). We note from Ampère’s law that the az-
imuthal field just outside the equatorial radial current sheet
is related to the total currentIr in the sheet (Fig. 3d) by
Bϕ=∓µoIr

/
4πr, where the upper and lower signs corre-

spond to the region north and south of the equatorial plane
respectively. Thus theBϕ profile is in agreement with the re-
sults of Khurana (2001) for the same reason that theIr profile
is also in good agreement as mentioned above (see Nichols
and Cowley, 2004). In practice, of course,Bϕ is the directly
measured quantity, andIr is derived from it via Amp̀ere’s
law (Khurana, 2001; Nichols and Cowley, 2004).

Since the azimuthal field is a key diagnostic of the
magnetosphere-ionosphere coupling current system, in
Fig. 4a we show a contour plot ofBϕ in a magnetic
meridian plane, specifically for the region 0≤ρ≤30RJ and
−15≤z≤15RJ , whereρ is the perpendicular distance from
the magnetic axis as above andz is distance along the axis
from the equatorial plane. The black dotted rectangle shows
a cross-section through the equatorial current disk where the
azimuthal current given by Eq. (16) flows in the model. The
black solid lines show the magnetic field lines in the merid-
ian, obtained by contouring the flux function. Specifically
we show field lines that map to the ionosphere at co-latitudes
θi of 5◦–25◦ (with respect to both magnetic poles) at steps of
5◦, thus spanning the region from the poles to the inner re-
gion of near-rigidly corotating field lines (see Fig. 1a). While
the inner field lines are quasi-dipolar in form as expected,
the higher-latitude field lines are strongly radially extended
due to the azimuthal currents in the equatorial sheet. The
green lines in the plot are also magnetic field lines, and de-
lineate the field lines on which the major upward-directed
field-aligned currents flow in the steady-state model. Specif-
ically the outer pair of solid green lines in the upper and
lower regions of the figure correspond to the north and south
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Fig. 4. Plots of fields and currents in the magnetic meridian plane for the steady-state model shown in Figs. 1–3, for the region 0≤ρ≤30RJ

and−15≤z≤15RJ , whereρ is the perpendicular distance from the magnetic axis andz is the distance along the axis from the equatorial
plane. The black solid lines in both panels show magnetic field lines mapping to the ionosphere at co-latitudes of 5◦–25◦ relative to the
northern and southern magnetic poles, at steps of 5◦. The field is the sum of the planetary dipole and the field of the equatorial current
sheet flowing within the black dotted rectangle. The green lines, also magnetic field lines, show the regions of upward-directed field-aligned
current in the model, where the solid lines show the central field line of the current layer and the dashed lines the approximate boundaries
on either side. Specifically, the current regions shown by the outer pair of green solid lines in the Northern and Southern Hemispheres
map to the model open-closed field line boundaries atθi=θiO=10.716◦ with respect to both poles, while the corresponding green dashed
lines map toθi=θiO±1.51θiO=10.716◦±0.1875◦ in both hemispheres. Similarly the green solid line in the equatorial region of the plots
maps to the centre of the ionospheric “middle magnetosphere” layer atθi=θiMM=16.1◦, while the corresponding green dashed lines map
to θi=θiMM±1.51θiMM=16.1◦

±0.75◦. In panel (a) the red and blue solid lines show positive and negative contours, respectively, of the
azimuthal fieldBϕ produced by the magnetosphere-ionosphere coupling current system, where from the outer to the inner contours shown,
the field magnitudes are 2, 5, 10, 20, and 50 nT. In panel (b) the contours show the tilt angle of the field out of magnetic meridians produced
by the azimuthal field, given by Eq. (18). From left to right the contours are for tilt angle magnitudes of 0.1◦, 0.2◦, 0.5◦, 1◦, 2◦, and 5◦.

open-closed field line boundaries, respectively, mapping to
the ionosphere atθiO=10.716◦ with respect to the poles,
while the solid green line in the central region of the figure
corresponds to the centre of the middle magnetosphere layer,
mapping to the ionosphere atθiMM=16.1◦. The dashed
green lines on either side of the solid green lines then delin-
eate the approximate width of the associated upward-directed
current layers, given by the field lines mapping to the iono-
sphere at co-latitudesθiO±1.51θiO=10.716◦

±0.1875◦ and
θiMM±1.51θiMM=16.1◦

±0.75◦, respectively. As expected
from the results in Fig. 3, the upward field-aligned current
in the ionospheric “middle magnetosphere layer” maps into
the equatorial plane principally at radial distances beyond
∼15RJ , centred near to∼20RJ , while the polar currents
are confined to higher latitudes well away from the current
sheet. The red and blue lines in the figure then show con-
tours of constantBϕ produced by this current system, de-
termined from Eq. (9), where the red lines in the Southern

Hemisphere correspond to positive field values and the blue
in the Northern Hemisphere to negative field values. From
the outside to the inside, the nested contours plotted show
Bϕ field magnitudes of 2, 5, 10, 20, and 50 nT. In this plot
we have also made a more realistic assumption that the radial
cross-field current in the equatorial plane that closes the field-
aligned current system flows in a distributed manner through
the equatorial current disc. Specifically, we have assumed for
simplicity that along each field line passing through the equa-
torial plane the azimuthal magnetic field within the current
layer is given by Eq. (9) multiplied by the factorf =|z|

/
D,

wherez is again the distance from the magnetic equator. The
azimuthal field then varies near-linearly across the width of
the equatorial current layer, passing smoothly through zero
in the magnetic equatorial plane itself (rather than under-
going a step-change at the equator as assumed for simplic-
ity in Fig. 3). This feature aside, the azimuthal field con-
tours in the plot essentially represent an extension into the
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magnetosphere of the ionospheric azimuthal field shown in
Fig. 1d, diminishing in magnitude with distance along each
field line inversely with the perpendicular distanceρ from
the magnetic axis (Eq. 9).

If we thus consider field lines in the vicinity of the open-
closed field boundary and main oval, for whichρ≈0.25RJ

in the ionosphere, an azimuthal field of∼500 nT in the iono-
sphere (Fig. 1d) drops to∼10 nT at a distance of∼10RJ

from the axis, and∼5 nT at a distance of∼25RJ , as can be
seen in Fig. 4a. However, between these points the strength
of the poloidal field in the dipole meridian plane falls by a
much larger factor, the planetary field itself decreasing in-
versely as the cube of the distance at a given co-latitude.
Consequently, although the field deflections produced by the
azimuthal component are very small at ionospheric heights,
peaking at∼0.03◦ as indicated above, they increase to much
larger values at larger distances. We demonstrate this in
Fig. 4b where we show a contour plot of the field tilt angle
αB , defined by

tanαB = Bϕ

/
Bp, (18)

whereBp=

√
B2

r +B2
θ is the strength of the poloidal field.

Angle αB is thus the angle of the total field vector to the
dipole meridian plane, with the sign the same as that ofBϕ .
In Fig. 4b positive and negative values are again shown by
red and blue contours, respectively, while the magnitude of
the tilt angle contours increases from left to right in the plot
through values of 0.1◦, 0.2◦, 0.5◦, 1◦, 2◦, and 5◦. It can be
seen that the tilt angle is typically a few degrees in the sub-
corotating region of the magnetosphere, decreasing to a few
tenths of a degree at distances within∼3RJ of the planetary
magnetic axis. In the latter regime the contours form piece-
wise quasi-straight line segments parallel to the z-axis. This
follows from Eq. (9) combined with Eqs. (1), (2), and (6),
from which it can be shown that in the high-latitude magne-
tosphere the field tilt angle is given approximately by

tanαB ≈ ∓µo6
∗

P (�J − ω) ρ. (19)

Thus in any such region where the plasma angular velocity is
approximately constant, such as the open field region in our
model and the outer magnetosphere region between the two
layers of field-aligned current, the field tilt angle is nearly in-
dependent ofz, and varies approximately linearly with per-
pendicular distance from the magnetic axis, depending on the
degree of plasma sub-corotation.

4 Model for transient newly-compressed conditions

4.1 Flows and currents in the ionosphere

While the results discussed in Sect. 3 are expected to be
representative of near-steady state conditions, singularly dif-
ferent behaviour is expected to be transiently produced dur-

ing sudden major solar wind compressions of the magneto-
sphere. These may be associated with corotating interaction
regions (CIRs) or coronal mass ejections, and can in some
cases compress the system by a factor of two in linear di-
mension in a few hours (e.g. Nichols et al., 2006). Amongst
the phenomena that may result from such compressions, a
central physical effect anticipated is that of increasing the
angular velocity of the plasma in the closed field region of
the magnetosphere via conservation of angular momentum,
potentially leading to transient super-corotation for major
compressions and thus to a reversal in the sense of the mid-
dle magnetosphere coupling currents. This is the effect ex-
amined by Cowley et al. (2007) and modelled here, where
for purposes of illustration we present results for an angu-
lar velocity model intended to represent conditions follow-
ing a major compression from a subsolar magnetopause ra-
dius of∼85RJ inwards to∼45RJ (shown in Figs. 6 and 9
of Cowley et al., 2007). Such a magnetopause displacement
would result e.g. from a sudden increase in the solar wind dy-
namic pressure from a rarefaction region value of∼0.02 nPa
to a CIR compression region value of∼0.3 nPa across an
interplanetary shock (Huddleston et al., 1998). We empha-
sise that such super-corotation conditions may prevail only
for intervals of∼6–12 h following such compressions before
magnetosphere-ionosphere coupling and sub-corotation con-
ditions re-assert themselves (Cowley et al., 2007). Never-
theless, the conditions during such intervals should be suffi-
ciently different from the norm that they should be very evi-
dent in spacecraft data, such that it is worth brief exploration
here.

To represent the above super-corotation conditions by
a simple analytic function, we modify the constant value(
ωi

/
�J

)
OM

in Eq. (15) to the function(
ωi (θi)

�J

)
OM

= 0.5 + 4 sinθi + 3.9 sin30θi . (20)

We also modify the parameters to the valuesθiMM=15.1◦

and1θiMM=0.6◦. The resulting angular velocity profile is
shown versus ionospheric co-latitude in Fig. 5a, which com-
parison shows contains the essential features of Fig. 6a of
Cowley et al. (2007). The angular velocity is assumed to
remain small on open field lines, but then increases rapidly
to modestly super-corotating values on outer magnetosphere
field lines adjacent to the magnetopause. The plasma then
increasingly super-corotates deeper into the outer magneto-
sphere, peaking at

(
ωi

/
�J

)
≈2 near the boundary between

the outer and middle magnetosphere as predicted by the al-
gorithm of Cowley et al. (2007), before falling to near-rigid
corotation across the middle magnetosphere layer. We note,
however, that by conservation of magnetic flux the open-
closed field line boundary and the outer-middle magneto-
sphere regions do not change position in the ionosphere dur-
ing such compressions.

The associated azimuth-integrated ionospheric horizontal
Pedersen current is shown in Fig. 5b, where again positive
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Fig. 5. Plasma flow and current system in the northern high-latitude ionosphere for the newly-compressed angular velocity model repre-
senting transient super-corotation conditions on outer and middle magnetosphere closed field lines produced by a major solar wind-induced
compression of the magnetosphere, as given by Eqs. (15) and (20). The figure format is the same as for Fig. 1.

values indicate equatorward currents, and negative values
poleward currents. In this case the equatorward current
grows within the sub-corotating region of open field lines
as before, but then reverses sense to poleward in the super-
corotating region on closed field lines. The step in total cur-
rent at the open-closed field line boundary is now∼40 MA,
significantly larger than in the quasi-steady case shown in
Fig. 1, leading to much larger upward field-aligned current
densities at this boundary. The poleward Pedersen current
then increases to a negative maximum of∼80 MA near the
boundary between the outer and middle magnetosphere, be-
fore falling to small values across the middle magnetosphere
as near-rigid corotation conditions are resumed in the inner
region. The consequent field-aligned current densities are
shown in Fig. 5c, where positive currents are again upward
and negative currents downward, and where we also note the
change in vertical scale compared with Fig. 1c. Here the up-
ward current density at the open-closed field line boundary
is increased to peak at∼1.8µA m−2 due to the enhanced
flow shear across the boundary, while the sense of the cur-
rent system on closed field lines is reversed compared with
Fig. 1c, with upward currents on outer magnetosphere field
lines peaking at∼400 nA m−2 near the inner boundary, and
similar downward currents on middle magnetosphere field

lines in the adjacent equatorward region. The azimuthal field
just above the ionosphere produced by this current system is
shown in Fig. 5d. As in Fig. 1d, the azimuthal field is nega-
tive (“lagging”) on sub-corotating open field lines, peaking at
∼500 nT near the open-closed field line boundary. However,
unlike the steady-state case it then reverses to positive (“lead-
ing”) values on super-corotating closed field lines. Peak pos-
itive values in the model are∼900 nT near the boundary be-
tween the outer and middle magnetosphere, corresponding
to a “leading” tilt of the field just above the ionosphere of
∼0.05◦.

The corresponding auroral parameters associated with the
upward current regions are shown in Fig. 6. Figure 6a again
shows the field-aligned current density, now on an expanded
co-latitude scale, while Fig. 6b shows the minimum field-
aligned acceleration voltage. This voltage has now increased
to ∼1 kV just poleward of the open-closed field line bound-
ary where the current is carried by magnetosheath electrons,
and to∼50 kV just equatorward of the boundary where the
current is carried by outer magnetosphere electrons. Lower
accelerating voltages are then present throughout the upward
current region in the outer magnetosphere, being relative low,
∼1–2 kV, in the outer part of the region, while increasing to
∼10 kV near its interface with the middle magnetosphere.
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Fig. 6. Auroral acceleration parameters in the upward-directed field-aligned current regions shown in Fig. 5, representative of transient
super-corotation conditions on outer and middle magnetosphere closed field lines produced by a major solar wind-induced compression of
the magnetosphere. The figure format is the same as for Fig. 2.

We note that while the peak current densities in this region
are comparable to those in the middle magnetosphere in the
quasi-steady state model, the acceleration voltages required
to produce these currents are lower than in the latter case be-
cause of the lower temperature of the outer magnetosphere
source electrons in our model (Table 1). The correspond-
ing precipitating electron energy fluxes shown in Fig. 6c then
peak at∼100 mW m−2 at the open-closed field line bound-
ary, indicating the presence of a narrow very bright auro-
ral arc with peak emission intensities of∼1 MR. At lower
latitudes a secondary broader region of enhanced precipita-
tion is then formed in the outer magnetosphere region, map-
ping immediately poleward of the previous middle magne-
tosphere main oval in Fig. 2c, peaking at an energy flux
of ∼4 mW m−2 corresponding to UV emission of∼40 kR.
Figure 6d then shows that the minimum radial distance of
the auroral acceleration region must exceed∼5RJ at the
open-closed field line boundary where the current is carried
by outer magnetosphere electrons. However, the accelera-
tion region can be located closer to the planet in the more
extended outer magnetosphere region of upward current at
larger co-latitudes, above∼3RJ near its inner edge where
the upward current density peaks.

4.2 Flows and fields in the magnetosphere

In Fig. 7 we show corresponding model parameters versus
radial distance in the equatorial plane in the same format
as Fig. 3. Now, however, we modify the model magneto-
spheric magnetic field to reflect the compressed condition
by adding a uniform southward-directed field of 9 nT to the
steady-state model described above, representing in a sim-
ple way the additional near-planet internal field produced
by the enhanced and inwardly-displaced magnetopause cur-
rent system. The presence of this field then adds a third
flux function term to the right-hand side of Eq. (17) given
by Fc=Bzρ

2
/

2=Bzr
2 sin2 θ

/
2 with Bz=−9 nT. The mag-

nitude of this field is in agreement with the previous dis-
cussion of such compression effects by Cowley et al. (2007)
(see their Fig. 1b). The modifiedBθ field in the equatorial
plane is shown versus radial distance in Fig. 7a. This remains
weaker than the planetary dipole field alone (dashed line) at
all distances, but by a significantly smaller factor in the outer
part of the system than for the steady-state model shown in
Fig. 3a. Correspondingly, the field lines from a given po-
sition in the outer equatorial region now map closer to the
pole than previously, as shown in Fig. 7b. In particular, the
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Fig. 7. Model parameters plotted versus radial distance in the equatorial plane for the newly-compressed magnetosphere model whose
ionospheric profiles are shown in Figs. 5 and 6. The format of the figure is the same as for Fig. 3.

equatorial field line at the largest distance shown of 30RJ

now maps to∼14.5◦ in the ionosphere compared to∼15.5◦

in Fig. 3b. The radial variation of the plasma angular veloc-
ity mapped from the ionospheric profile in Fig. 6a is shown
in Fig. 7c. The plasma now significantly super-corotates be-
yond∼15RJ , peaking at

(
ω

/
�J

)
≈2 near∼25RJ , before

slowly falling again at larger distances. As shown in Fig. 7d,
the azimuth-integrated equatorial radial currentIr is corre-
spondingly reversed in sense compared with quasi-steady
conditions, now being directed radially inwards (negative)
and peaking in magnitude at∼150 MA near∼24RJ . The as-

sociated field-aligned current mapped to the equatorial plane
shown in Fig. 7e is also reversed in sense, being directed
inward to the planet (negative) in the inner region between
∼10 and∼25RJ , peaking in magnitude at∼17 pA m−2 at
∼18RJ , before reversing in sense to outward (positive) in
the outer part of the region. The northern equatorial az-
imuthal field produced by these currents is similarly reversed
in sense to positive as shown in Fig. 7f, thus correspond-
ing to a “leading” field configuration, peaking at∼9 nT near
∼22RJ .
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Fig. 8. Plot of fields and currents in the magnetic meridian plane for the newly-compressed magnetosphere model shown in Figs. 5–7. The
format is the same as for Fig. 4, except for the green lines marking the field-aligned current systems in the central closed field region of the
plot. Here the solid and dot-dashed green lines map to the peak in the closed-field upward- and downward-directed field-aligned currents in
the ionosphere, respectively, as shown in Fig. 6a. The ionospheric co-latitudes are 14.55◦ for the upward current (solid green line) and 15.65◦

for the downward current (dot-dashed green line). The green dashed lines on either side of these lines then show where the peak current
magnitudes (∼400 nA m−2) have fallen to 100 nA m−2. The ionospheric co-latitudes are 13.25◦ and 15.00◦ for the upward current region,
and 15.15◦ and 16.90◦ for the downward current region. Panel(a) showsBϕ contours, where the nested contours in each red (positive) and
blue (negative) region again correspond to field magnitudes of 2, 5, 10, 20, and 50 nT from outside to inside in each case. Panel(b) similarly
shows contours of the tilt angle of the field with respect to the magnetic meridian, where from left to right in each red (positive) and blue
(negative) region the nested contours show tilt angle magnitudes of 0.1◦, 0.2◦, 0.5◦, 1◦, 2◦, and 5◦ (the latter value does not occur in the
open field region shown).

Plots of fields and currents in the dipole meridian plane
for the newly-compressed model are shown in Fig. 8, in the
same format as Fig. 4. The magnetic field lines shown by
the black solid lines again map to 5◦–25◦ in the ionosphere
at steps of 5◦. Comparison with Fig. 4 shows that the in-
ner field lines dominated by the planetary field are not much
affected in the modified model, while those in the outer re-
gion are significantly displaced inward by the added south-
ward field representing the compressed state. The green
field lines indicating the locations of the field-aligned cur-
rent layers are again defined as in Fig. 4 for the outer pair
of layers corresponding to the northern and southern open-
closed field line boundaries, thus mapping in the ionosphere
to θiO=10.716◦ with respect to each pole for the green solid
lines, and toθiO±1.51θiO=10.716◦

±0.1875◦ for the adja-
cent green dashed lines. The green field lines representing
the field-aligned current system in the central regions, how-
ever, are defined with respect to the modified pattern of iono-
spheric field-aligned currents shown in Fig. 6a. Specifically,
the green solid line corresponds to the peak in the upward
field-aligned current in the inner part of the outer magneto-

sphere region mapping toθi≈14.55◦ in the ionosphere, while
the dot-dashed line corresponds to the peak in the down-
ward field-aligned current region in the middle magneto-
sphere layer mapping to∼15.65◦. The pair of green dashed
lines on either side of these lines then somewhat arbitrarily
show where the magnitude of the ionospheric field-aligned
current density drops to 100 nA m−2 from peak magnitudes
of ∼400 nA m−2 in each case (see Fig. 6a), corresponding
to co-latitudes of∼13.25◦ and∼15.0◦ for the region of up-
ward current (the latter line then overlying the black solid
line mapping to 15◦ co-latitude in the ionosphere), and to
∼15.15◦ and ∼16.9◦ for the region of downward current.
These field-aligned current layers then define the region of
strong azimuthal fields located between them shown by the
red and blue solid contour lines in Fig. 8a, where the red
(positive) lines in the northern closed field region and the
blue (negative) lines in the southern closed-field region cor-
respond to the “leading” field configuration associated with
plasma super-corotation. Again, from the outside in, the
nested contour levels correspond to azimuthal field magni-
tudes of 2, 5, 10, 20, and 50 nT. Across the field-aligned
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current layer mapping to the open-closed boundary, however,
sub-corotation is resumed on open field lines in the model,
leading to “lagging” fields of opposite polarity which are in
essence similar to those shown in Fig. 4a. The field tilt an-
gle contours in Fig. 8b show corresponding features. As in
Fig. 4b, from left to right the contours shown in each nested
region correspond to tilt angle magnitudes of 0.1◦, 0.2◦, 0.5◦,
1◦, 2◦, and 5◦, though the latter value does not occur in the
open field region shown. The field tilts are again typically
a few degrees within the closed field region of the magne-
tosphere, though now of opposite polarity to those for the
quasi-steady state case in Fig. 4b, falling to a few tenths of a
degree within a few planetary radii of the magnetic axis.

5 Steady-state model evaluation on the polar Juno orbit

In this section we show how the above models, defined with
respect to the magnetic axis, may be evaluated in space and
time e.g. along a spacecraft trajectory, taking account of the
rotation of the magnetic axis around the planet’s spin axis.
Because of the transient nature of the newly-compressed con-
ditions discussed in Sect. 4, however, here we will illus-
trate our results only for the steady state model of Sect. 3.
Specifically, we will employ the planning trajectories of the
forthcoming NASA New Frontiers Juno mission, which will
be the first spacecraft to obtain true polar observations in
Jupiter’s magnetosphere, including plasma and field data to-
gether with remote sensing observations of UV emissions
in the conjugate ionosphere (http://juno.wisc.edu/). Juno is
due for launch in August 2011, and after Jupiter orbit inser-
tion manoeuvres in late 2016, the spacecraft will acquire data
on thirty-one 11-day science orbits between November 2016
and December 2017, before de-orbit takes place at the end
of the mission. The orbit is planned as very closely polar
relative to the planet’s spin axis throughout, with apoapsis at
39RJ and periapsis at 1.06RJ , these values also remaining
almost constant over the mission. Initially, the line of ap-
sides of the orbit will be close to equatorial, with apoapsis
located at∼5◦ latitude in the Southern Hemisphere (at a lo-
cal time (LT) of∼05:30 h in the dawn sector). However, due
to the oblateness of the planet, the line of apsides will rotate
significantly during the course of the mission, with apoapsis
reaching a latitude of∼35◦ in the Southern Hemisphere (at
04:30 LT) by the mission end.

Given this orbit together with the axi-symmetry of the
model about the magnetic axis, the principal orbit variables
to be considered are the inclination of the line of apsides rel-
ative to Jupiter’s spin equator, taken here for simplicity to
be constant on each orbit, together with the phasing of the
spacecraft position in its orbit relative to the rotation of the
magnetic dipole axis around the planet’s spin axis. As noted
in the introduction, according to the VIP4 model the dipole
axis is tilted through an angle ofθ ′

D=9.515◦ relative to the
spin axis. For simplicity we define the zero of azimuthϕ′

around the planet’s spin axis as the meridian plane that con-
tains the periapsis pass of the spacecraft, the remainder of
the polar orbit (centred at apoapsis) then being contained in
the planeϕ′

=180◦. Newton’s laws then determine the or-
bit of the spacecraft as radial distancerS (t) and co-latitude
θ ′

S (t) relative to the spin axis in theϕ′

S=0◦
−180◦ plane ver-

sus time, for a given inclination of the line of apsides. For
simplicity we also take the zero of timet to coincide with the
periapsis time on each orbit. The azimuth of the tilted dipole
axis around the spin axis (specifically for the northern pole)
is then taken to be given by

ϕ′

D (t) = �J t + ϕ′

D0 , (21)

where�J is again the angular frequency of planetary rota-
tion corresponding to a period of∼9.93 h, andϕ′

D0 is the
azimuth of the dipole axis relative to periapsis at the time of
periapsis. Thus, for example,ϕ′

D0=0◦ corresponds the case
in which the dipole axis lies in the orbit meridian plane at
the time of periapsis, with the northern pole tilted toward the
periapsis point. From geometry the co-latitude of the space-
craft relative to the magnetic axis at any time,θ (t), is then
given by

cosθ (t) = cosθ ′

D cosθ ′

S (t) ± sinθ ′

D cosϕ′

D (t) sinθ ′

S (t) , (22)

whereϕ′

D (t) is given by Eq. (21), and the upper sign corre-
sponds to the periapsis orbit segment whereϕ′

S=0◦ while the
lower sign corresponds to the apoapsis orbit segment where
ϕ′

S=180◦. This, combined with the radial distance of the
spacecraft, then determines the spacecraft’s magnetic map-
ping to the ionosphere in the model through Eq. (17), and
hence the instantaneous values of the model parameters at
the spacecraft.

Clearly the nature of the observations will be determined
principally by the trajectory of the spacecraft relative to the
magnetospheric structures, so we begin our discussion in
Fig. 9 by plotting the spacecraft orbit in the magnetic merid-
ian plane for three phases of the mission. Figure 9a corre-
sponds to the early phase of the mission when the line of
apsides is tilted by 5◦ relative to the equator, with apoap-
sis in the Southern Hemisphere. The trajectory is shown by
the red solid line, which oscillates with the planetary period
due to the rotation of the tilted magnetic dipole axis with the
planet. For definiteness we have takenϕ′

D0=90◦ in Eq. (21),
a value that for simplicity is used for all the results presented
here. This parameter determines the exact phase of the tra-
jectory oscillations relative to the magnetic structures, but
examination of a wide range of cases shows that the over-
all nature of the results is not strongly affected. Periapsis
(i.e. t=0) on the trajectory is marked by the blue dot close to
the planet, with subsequent blue dots being placed along the
trajectory at 10 h intervals, the inbound pass being located
principally north of the equator, and the outbound pass south
of the equator. It can thus be seen that the plot encompasses
a period of approximately∼60 h (i.e.∼2.5 days) on either
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Fig. 9. Plots of the Juno trajectory (red solid line) in the magnetic meridian plane for three different phases of the mission. Panel(a) corre-
sponds to the early mission phase when the line of apsides is inclined at 5◦ to the spin equator, with apoapsis in the Southern Hemisphere,
panel(b) to the middle mission phase when the inclination of the line of apsides has increased to 20◦, and panel(c) to the end of the mission
when the inclination has increased to 35◦. In each case we have chosen dipole phaseϕ′

D0=90◦ in Eq. (21). The blue dot on each trajectory
close to the planet marks periapsis (timet=0), while the other blue dots mark intervals of 10 h on either side. The black and green lines show
magnetic field lines and field-aligned current regions corresponding to the steady-state case as in Fig. 4.

side of periapsis. The 10 h interval has been chosen to al-
low ready comparison with the parameter plots to be shown
in Figs. 10 and 11. It is also, of course, approximately the
rotation period of Jupiter. The black and green lines in the
plot show the magnetic field lines and field-aligned current
regions for the steady-state model, as in Fig. 4. It can be seen

that during the inbound pass the spacecraft position oscillates
between the northern middle magnetosphere region mapping
to the main oval and the northern outer magnetosphere re-
gion that overlays it, where the field lines close through the
equator beyond the edge of the plot. On the outbound pass
the spacecraft is located at somewhat higher latitudes due to
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Fig. 10.Plots of plasma and field parameters versus time for the steady-state model and the middle-mission Juno orbit shown in Fig. 9b, with
the line of apsides tilted by 20◦ andϕ′

D0=90◦ in Eq. (21). The interval shown is±50 h about periapsis. Panel(a) shows the co-latitude of the
spacecraft mapped along field lines to the ionosphere, with respect to either pole. The horizontal dotted lines indicate the boundaries between
the various regions of the model as defined by the plasma angular velocity profile, namely the open-closed field line boundary at 10.716◦

which marks the boundary between “Open” and closed outer magnetosphere (“OM”) field lines, the boundary between the latter region and
the middle magnetosphere (“MM”) at 15.1◦, and the boundary between the middle and “Inner” magnetosphere at 17.1◦. Panels(b) and
(c) then show the normalised plasma angular velocity at the spacecraft, and the precipitating energy flux of accelerated auroral electrons at
the feet of the field lines, respectively. Panels(d–e)show the three components of the magnetic field in spherical polar coordinates referenced
to the magnetic axis, the azimuthal component being that produced by the magnetosphere-ionosphere coupling current system. In the panels
showing the poloidal field components the solid line shows the total field component, while the dashed line shows the field of the equatorial
current sheet alone.

the modest inclination of the line of apsides, and is mainly
confined to the southern outer magnetosphere region beyond
radial distances of∼15RJ . During the periapsis pass, how-

ever, the spacecraft penetrates at low altitude into the region
of open field lines in both hemispheres, thus passing twice
in each hemisphere across the regions of upward-directed
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Fig. 11. Polar pass plots of parameters related to the magnetosphere-ionosphere coupling current system for the steady-state model and
the middle-mission Juno orbit shown in Fig. 9b, with the line of apsides tilted by 20◦ and withϕ′

D0=90◦ in Eq. (21). The interval shown
corresponds to the pre-periapsis north polar pass betweent=−1.2 h and−0.2 h (i.e. one hour in total). The panels of the figure show(a) the
normalised plasma angular velocity,(b) the azimuthal field produced by the magnetosphere-ionosphere coupling current system,(c) the
local field-aligned current density at the spacecraft where positive and negative values indicate upward- and downward-directed currents,
respectively,(d) the minimum field-aligned accelerating voltage required by the field-aligned current density at the ionosphere,(e) the
corresponding precipitating electron energy flux, and(f) the minimum radial distance of the auroral electron acceleration region. The dotted
line in panel (f) also shows the radial distance of the spacecraft during the pass.

field-aligned current mapping to the main oval and the open-
closed field line boundary.

Figure 9b similarly corresponds to the central part of
the mission when the line of apsides is inclined at 20◦

to the equator. On the inbound pass the spacecraft now

passes obliquely through the equatorial magnetosphere from
south to north in the vicinity of∼20RJ , thus traversing the
field lines of the middle magnetosphere layer from pole-
ward to equatorward, while on the outbound pass it oscil-
lates between open and outer magnetosphere field lines in the
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Southern Hemisphere. Figure 9c then corresponds to near
the end of the mission when the line of apsides is further
inclined at 35◦ to the equatorial plane. Here on the inbound
pass the spacecraft is initially located on southern outer mag-
netosphere field lines, crosses the middle magnetosphere and
upward current region corresponding to the main oval at a
radial distance of∼15RJ in the Southern Hemisphere, and
then moves to periapsis through the central inner magneto-
sphere traversing the Io torus centred in the equatorial plane
near∼6RJ . The outbound pass is confined to the region of
open field lines within the portion of the orbit shown.

We now exemplify the results of our model by show-
ing model parameters versus time along the Juno trajectory
shown in Fig. 9b, corresponding to the middle mission in-
terval when the line of apsides has a 20◦ tilt. In the initial
sequence of plots in Fig. 10 we show results for an inter-
val of ±50 h about periapsis, thus characterising the overall
inbound and outbound passes, while in Fig. 11 we examine
the north polar pass at higher resolution. The key model pa-
rameter that determines the field and plasma conditions on
the orbit is the co-latitude of the ionospheric mapping of the
spacecraft footprint relative to either pole, shown in Fig. 10a
using Eq. (17). The horizontal dotted lines in this figure de-
limit the principal regions of the model defined with respect
to the behaviour of the plasma angular velocity, namely the
open field region with a boundary (the open-closed bound-
ary) at 10.716◦, the outer magnetosphere (“OM”) with an
inner boundary mapping to the ionosphere at∼15.1◦, and
the middle magnetosphere (“MM”) layer with inner bound-
ary mapping to∼17.1◦, inside of which the plasma near-
rigidly corotates in the “inner” region. In conformity with
Fig. 9b it can be seen, for example, that the spacecraft is
magnetically connected to the upward current region map-
ping to the middle magnetosphere and main oval for many
hours during the inbound pass (t≤0), makes two rapid passes
across this region just pre-periapsis corresponding to the low-
altitude north polar pass to be shown in Fig. 11, and then
passes once across it at low altitude during the south po-
lar pass post-periapsis. On the outbound pass the spacecraft
then oscillates between the outer magnetosphere and open
field lines. This mapping then determines the model param-
eters at the feet of the field lines, and hence those present
at the spacecraft, exemplified in Fig. 10b and c. The nor-
malised plasma angular velocity at the spacecraft is shown in
Fig. 10b, which oscillates between outer and middle magne-
tosphere values on the inbound pass before ramping up to-
wards rigid corotation as the spacecraft passes into the in-
ner region, while cycling between outer magnetosphere and
open field line values on the outbound pass. In Fig. 10c we
plot the precipitating energy flux at the feet of the field lines,
showing relatively extended intervals of connection to the
main oval on the inbound pass, and repeated passes across
the polar arc at the southern open-closed field line bound-
ary on the outbound pass. In Fig. 10d–e we then show the
three components of the model magnetic field at the space-

craft in spherical polar coordinates referenced to the mag-
netic axis. In the panels showing the poloidal field compo-
nents the solid line shows the total field, while the dashed
line shows the field of the equatorial current sheet alone. The
planetary field dominates within±20 h about periapsis, cor-
responding to radial distances inside∼15RJ from the planet
(Fig. 9b), while the current sheet field dominates outside this
interval, giving rise to the strong periodic reversals in the
radial field in the initial inbound interval due to crossings
through the current sheet. These are absent on the outbound
pass since the spacecraft is then confined to higher southern
latitudes, but the field is still significantly radially distended
by the current sheet. The azimuthal field in Fig. 10c then
shows anti-phase variations with the radial field during the
early inbound pass, corresponding to current sheet traversals
of a “lagging” field configuration, with peak field deflections
of ∼7.5◦ out of the magnetic meridian in either direction.
As in Fig. 4 we have assumed thatBϕ varies as|z|

/
D along

each field line within the equatorial current sheet region. The
azimuthal field then falls to small values within the inner
near-rigid corotation region. On the outbound pass the az-
imuthal field is consistently positive, corresponding to a lag-
ging field and sub-corotational flow in the Southern Hemi-
sphere, and shows considerable small-scale structure as the
spacecraft cycles between the open field region and the outer
magnetosphere, while overall falling relatively slowly with
distance from the planet. Due to the much more rapid fall of
the poloidal field, however, the field tilt angle grows steadily
with time, from small values near periapsis to∼5◦ in the later
outbound pass (see Fig. 4b).

In Fig. 11 we focus at higher time resolution on the pe-
riapsis pass, specifically on the Northern Hemisphere pre-
periapsis interval in which the spacecraft passes inbound
from the northern inner near-rigid corotation region on one
side of the planet, located near the dawn meridian on the
Juno mission, across the field-aligned current structures to
reach open field lines at highest magnetic latitudes, and then
re-crosses these regions on the other side of the planet near
dusk as the spacecraft approaches periapsis near the equator.
The plots in the figure thus correspond to a one-hour interval,
starting and ending 1.2 h and 0.2 h before periapsis, respec-
tively. In Fig. 11a–c we show the normalised plasma an-
gular velocity, the azimuthal field produced by the coupling
current system, and the related current density at the space-
craft, while in Fig. 11d–f we show the corresponding auroral
parameters, namely the minimum auroral acceleration volt-
age, the precipitating electron energy flux, and the minimum
height of the electron acceleration region. The connection
of the parameter variations to the ionospheric plots in Figs. 1
and 2 is now generally clear and does not require elaboration,
the plots serving initially to show the time scales over which
the main oval and polar arc field-aligned currents and precip-
itating particles will be crossed in situ on the trajectory, to-
gether with the corresponding changes in the plasma angular
velocity and azimuthal field. For the main oval currents the
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times scales are∼3 min and∼1 min for the dawn and dusk
passes, respectively, while for the polar arc these times are re-
duced to∼10 s. The corresponding changes in the azimuthal
field are∼200–300 nT across the main oval, and∼50 nT
across the polar arc. However, the overall deflection of the
field out of magnetic meridians produced by the coupling
currents is very small, typically in the range∼0.05◦–0.1◦.
The dashed line in Fig. 11f also plots the jovicentric radial
distance of the spacecraft versus time so that it may be com-
pared with the minimum height of the auroral field-aligned
acceleration regions associated with the upward field-aligned
currents. It can be seen that in all four traversals of the up-
ward current regions, the spacecraft will pass underneath the
acceleration regions at least in the centre of the current layer,
and will thus observe the auroral primary electrons that re-
sult in the main oval and polar emissions. According to our
acceleration model these will have peak energies of∼65 kV
for the main oval and∼10 kV for the polar arc correspond-
ing to the acceleration voltage shown in Fig. 11d, with en-
ergy fluxes sufficient to produce UV emissions of∼250 kR
and∼30 kR, respectively, at the field line feet, as indicated
in Fig. 11e.

6 Summary and conclusions

In this paper we have constructed two related
magnetosphere-ionosphere coupling current models for
the jovian system that directly connect current systems and
related auroral emissions at the ionospheric level with field
and flow effects in the magnetosphere beyond. The first
of these is developed from the magnetosphere-ionosphere
coupling model of Cowley et al. (2005), intended to rep-
resent quasi-steady sub-corotating states within the jovian
system. The second is based on results derived by Cowley
et al. (2007) describing the transient conditions produced
by a sudden major compression of the magnetosphere due
e.g. to a CIR event, in which plasma super-corotation is
induced in the outer and middle regions. The principal
assumption of these models is that of axi-symmetry about
the magnetic axis, thus confining the region of approximate
validity to the central part of the magnetosphere where
effects associated with finite radial information propagation
and solar wind-related asymmetries are unimportant. The
models are formulated in terms of a plasma angular velocity
profile versus magnetic co-latitude in the ionosphere, from
which the ionospheric currents and auroral acceleration
parameters can be calculated using appropriate ionospheric
and magnetospheric plasma parameters. We then combine
this model defined at ionospheric heights with a magne-
tospheric magnetic model consisting of a tilted rotating
planetary dipole field and the field of a similarly tilted
equatorial current sheet extending outward from the Io torus,
to produce a corresponding axi-symmetric model of the

flow, field, and currents in the magnetosphere that is taken to
be valid within radial distances of∼30RJ from the planet.

The key feature of the combined model is thus that it al-
lows a direct connection to be made between in situ obser-
vations in the magnetosphere, most specifically the plasma
angular velocity and the azimuthal magnetic field produced
by the magnetosphere-ionosphere coupling current system,
and the auroral response in the ionosphere. This is a cen-
tral experimental goal of the forthcoming NASA New Fron-
tiers Juno mission, which will make the first observations at
Jupiter from a polar orbit. Our extended model has there-
fore been evaluated along Juno planning orbits, with results
illustrated here for our “steady state” model on a typical mid-
mission orbit in which the line of apsides is inclined at∼20◦

to Jupiter’s equatorial plane. For such an orbit the space-
craft passes centrally through the current-carrying regions
in the equatorial magnetosphere on its inbound pass, then
over both northern and southern auroral regions at low alti-
tudes near periapsis, before exploring open and outer mag-
netosphere field lines on the outbound pass at mid-latitudes.
The model shows, for example, that while the spacecraft re-
mains magnetically connected to the main oval over inter-
vals of many hours within the middle magnetosphere region
on the inbound pass, the low-altitude main oval over-passes
near periapsis take place on time scales of∼1–3 min. Po-
lar arc traversal times scales on these passes are estimated to
be of order∼10 s. In all cases the polar passes occur under-
neath the corresponding auroral acceleration regions (which
also holds true for the transient “compressed” model), the lat-
ter being predicted to form on auroral field lines typically at
radial distances beyond∼3RJ . It is thus anticipated that the
spacecraft particle instrumentation will indeed sample the ac-
celerated auroral primaries during the periapsis passes, with
typical electron energies of∼50–100 keV for the main oval,
and∼10 keV for the polar arcs. The “lagging” angular field
deflections from magnetic meridians produced by the associ-
ated magnetosphere-ionosphere current systems are also pre-
dicted to be of order∼0.05◦–0.15◦ on these passes, asso-
ciated with azimuthal fields above the ionosphere of a few
hundred nT. However, because the planetary field falls as
the inverse cube of the distance from the planet, while the
azimuthal field falls only inversely with distance from the
magnetic axis on a given field line, the relative importance of
the azimuthal field increases with distance from the planet,
reaching∼5◦–10◦ in the middle and outer magnetosphere.
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