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[1] The magnetospheric mapping of Jupiter’s polar auroral emissions is highly uncertain
because global Jovian field models are known to be inaccurate beyond ∼30 RJ.
Furthermore, the boundary between open and closed flux in the ionosphere is not well
defined because, unlike the Earth, the main auroral oval emissions at Jupiter are likely
associated with the breakdown of plasma corotation and not the open/closed flux boundary
in the polar cap. We have mapped contours of constant radial distance from the
magnetic equator to the ionosphere in order to understand how auroral features relate to
magnetospheric sources. Instead of following model field lines, we map equatorial
regions to the ionosphere by requiring that the magnetic flux in some specified region at
the equator equals the magnetic flux in the area to which it maps in the ionosphere.
Equating the fluxes in this way allows us to link a given position in the
magnetosphere to a position in the ionosphere. We find that the polar auroral active
region maps to field lines beyond the dayside magnetopause that can be interpreted as
Jupiter’s polar cusp; the swirl region maps to lobe field lines on the night side and can be
interpreted as Jupiter’s polar cap; the dark region spans both open and closed field
lines and must be explained by multiple processes. Additionally, we conclude that the
flux through most of the area inside the main oval matches the magnetic flux
contained in the magnetotail lobes and is probably open to the solar wind.
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1. Introduction

[2] Observations of Jupiter’s aurora at ultraviolet, infra-
red, and visible wavelengths show that the emissions can be
classified into three main types: the satellite footprints, a
main oval (main emissions), and the mysterious polar
emissions [Clarke et al., 1998]. These auroral observations,
along with interpretive theoretical studies, have helped to
constrain global magnetic field models and improve our
understanding of magnetospheric dynamics.
[3] Despite the recent advances made by analyzing

ground‐based and space telescope observations, several
fundamental questions remain unanswered regarding the size
and location of the Jovian polar cap and the mapping of
various polar auroral features. For example, the main auroral

oval emissions at Jupiter are not associated with the open/
closed flux boundary in the polar cap, as they are at the Earth,
but are thought to be associated with the breakdown of plasma
corotation in the middle magnetosphere [Clarke et al., 2004].
In auroral images, the boundary between open and closed flux
in the ionosphere is not well defined, though the region of
open flux is generally thought to be small. Additionally, the
mapping of high‐latitude auroral features to equatorial source
regions is highly uncertain because global field models are
known to be inaccurate beyond ∼30 RJ (1 RJ = 71,492 km).
The purpose of this paper is to investigate the link between
regions in Jupiter’s equatorial magnetosphere and the polar
aurora.
[4] In order to identify the magnetospheric sources of

auroral features, we have mapped contours of constant
radial distance from the magnetic equator to Jupiter’s ion-
osphere by performing a flux equivalence calculation. This
approach enables mapping of the dayside magnetopause,
thereby establishing possible locations of a portion of the
open/closed flux boundary in Jupiter’s polar cap. The
mapping results should be useful in understanding models
of dynamics and the open or closed nature of the Jovian
magnetosphere.
[5] This paper is organized as follows. In section 2, we

summarize the available auroral observations and the out-
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standing questions in the field and discuss the motivation for
our work. In section 3, we describe the flux equivalence
calculation we use to map the auroral features to their
magnetospheric sources; in section 4, we present the map-
ping results; and in section 5, we compare the mapping to
auroral observations and describe the size and location of
Jupiter’s polar cap. In section 6, we discuss the results in the
context of current models of magnetospheric dynamics and
suggest other applications for the mapping results. We
conclude with a summary.

2. Background

2.1. Main Oval Emissions

[6] The main oval emissions at Jupiter fall in a relatively
constant, narrow (1°–3° latitudinal width) band that is fixed
with respect to System III longitude [Grodent et al., 2003a].
In the northern hemisphere, the main emissions are not
actually shaped like an oval but display a kidney bean shape
due to a “kink” that is also fixed in longitude; this shape can
be seen in Figure 1, which is a polar projection of the UV
auroral emissions in the northern hemisphere. The main
emissions in the southern hemisphere are more oval shaped.
A recent study [Grodent et al., 2008b] revealed several
morphological variations in the main oval as a function of
local time: the dawnside portion forms a narrow arc, the
postnoon portion consists of auroral patches, and the dusk
portion appears to broaden and break from the main oval.
Additionally, there is a discontinuity, believed to map to the
prenoon local time sector, where the brightness is less than
∼10% of the main oval brightness [Radioti et al., 2008a].
Therefore, it was suggested that the term “main oval” should
be replaced by the term “main emission.” In both the UV and
the visible domains, the main oval emissions may be

accompanied by a fainter and variable secondary arc pole-
ward of the main oval [Pallier and Prangé, 2001; Vasavada
et al., 1999]. Quasi‐parallel arcs are also seen in the diffuse
emissions located equatorward of the main oval on the dusk
side, which have been attributed to electron scattering by
whistler mode waves [Radioti et al., 2009].
[7] The Jovian main auroral emissions are not believed to

be associated with magnetospheric interaction with the solar
wind but instead with the breakdown of plasma corotation in
the middle magnetosphere. Plasma from the Io torus diffuses
radially outward through flux tube interchange and must
decrease its angular velocity in order to conserve angular
momentum. Because the field is frozen into the flow, field
lines in the magnetosphere are swept back azimuthally as
the plasma’s angular velocity decreases. A current system
develops that features a field‐aligned current coming out of
the ionosphere on L shells beyond ∼20, an outward radial
current in the equator, and a returning field‐aligned current
into the ionosphere at larger L. The upward (out of the
ionosphere) field‐aligned current is carried by downward
moving accelerated electrons that produce the main oval
emissions. In the equatorial plane, the radial current pro-
vides a j × B force in the direction of corotation, increasing
the azimuthal velocity of the plasma back toward corotation.
[8] Several theoretical studies have supported the view

that corotation breakdown drives the main emissions at
Jupiter. Cowley and Bunce [2001] used simple data‐based
models of the plasma velocity and north‐south magnetic
field component to calculate the magnitude of outward
field‐aligned currents in the middle magnetosphere. Inside
of ∼20 RJ they represented the equatorial Bz as an axi-
symmetric dipole with a contribution from a current sheet
model [Connerney et al., 1981], and outside of ∼20 RJ

they represented Bz as a function of radial distance based
on a fit to Voyager 1 data [Khurana and Kivelson, 1993].
They found that the field‐aligned currents associated with
the breakdown of corotation peaked at radial distances of
∼30–50 RJ in the magnetosphere and that these currents
map to a magnetic colatitude of ∼16°, roughly consistent
with the observed location of the main emissions. How-
ever, they also concluded that a field‐aligned potential
drop would be required to accelerate the electrons to high
enough energies to drive the aurora. Hill [2001] performed
a similar calculation under slightly different assumptions
regarding the plasma rotational velocity [Hill, 1979]; he
similarly concluded that the upward (out of the ionosphere)
field‐aligned current would be largest at L = 30 and that
the main oval emissions could therefore be expected to
map to ∼30 RJ.
[9] These theoretical arguments have been supported by

observations. For example, the discontinuity in the main
oval brightness appears to map to a local time region where
the field‐aligned current reverses direction and flows
downward into the ionosphere [Radioti et al., 2008a;
Khurana, 2001]. This downward current does not require
that magnetospheric electrons be accelerated along the field,
thus decreasing the brightness of the main oval in this
region.

2.2. Satellite Footprints

[10] Auroral emissions have been observed at the foot-
prints of Io, Ganymede, and Europa [Connerney et al.,

Figure 1. UV auroral emissions in Jupiter’s northern hemi-
sphere as imaged by the Hubble Space Telescope. The three
polar auroral regions (active region, dark region, swirl
region) have been labeled, and their locations for this par-
ticular time are delineated by the colored contours. This is
a polar projection with CML 160°; the Sun’s direction is
indicated by the white arrow. Modified from Figure 5 of
Grodent et al. [2003b].
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1993; Clarke et al., 2002]. The satellite footprints are useful
for constraining global field models because the satellites’
orbital locations are known and a footprint’s ionospheric
location can therefore be linked reliably to a radial position
in the magnetosphere. The longitudinal position can also be
inferred, although with some small uncertainty as a conse-
quence of the signal propagation time between the satellite
and Jupiter’s ionosphere. Thus, satellite footprints provide a
check for field model accuracy at the orbital distances of Io
(5.9 RJ), Europa (9.4 RJ), and Ganymede (15 RJ), and as a
result, one can confidently map from the inner magneto-
sphere to the ionosphere.
[11] The VIP4 field model [Connerney et al., 1998] was

developed to match the Voyager 1 and Pioneer 11 magnetic
field observations and to ensure that the model field lines
traced from 5.9 RJ matched the Io footprint in the iono-
sphere. The model does a good job of fitting the Io footprint,
except in the auroral kink sector that gives the Io footprint
its characteristic kidney bean shape. Recently, Grodent et al.
[2008b] showed that addition of a magnetic anomaly in the
northern hemisphere can improve the agreement between
the model and footprint observations in the northern hemi-
sphere, especially in the kink sector.
[12] Even with recent improvements such as the inclusion

of a magnetic anomaly, the available field models are still
accurate only within distances of ∼30 RJ in the equatorial
plane. Beyond these distances, there are no satellite footprints
to constrain the field models, and azimuthal currents stretch
field lines and compromise the mapping. Some global mag-
netic field models [Khurana, 1997; Alexeev and Belenkaya,
2005] have incorporated these currents, although these
models also have limitations. For example, the Khurana
[1997] model did not include the effects of magnetopause
currents, meaning that the model cannot be used in the day-
side outer magnetosphere. The Alexeev and Belenkaya [2005]
model includes the magnetopause current but neglects the
dawn‐dusk asymmetry of the equatorial magnetic field and
presents the field configuration for a 0° dipole tilt and a 100RJ

subsolar standoff distance. Both models were based on
magnetic field data from a limited number of spacecraft
flybys.

2.3. Polar Aurora

[13] We turn now from the satellite footprints, whose
ionospheric positions can be mapped to the magnetosphere
with a high level of confidence, to the highly variable and
mysterious polar auroral emissions, whose magnetospheric
mapping is uncertain.
[14] Based on the average brightness and temporal vari-

ability, the northern hemisphere UV polar emissions can be
organized into three regions: the active, dark, and swirl re-
gions [Grodent et al., 2003b]. Their shapes and locations vary
with time and as Jupiter rotates (see Grodent et al. [2003b],
Figure 5, for an example of how the three regions shift). In the
next few paragraphs, we will describe these three regions,
which are illustrated and labeled in Figure 1, and the current
theories of their magnetospheric sources.
[15] The active region is very dynamic and is character-

ized by the presence of flares, bright spots, and arc‐like
features. It is located just poleward of the main oval and
maps roughly to the noon local time sector. There have been
several interpretations of this region. Pallier and Prangé

[2001] suggested that the bright spots of the active region
are the signature of Jupiter’s polar cusp, or possibly dayside
aurora driven by an increase in the solar wind ram pressure.
Waite et al. [2001] used the magnetohydrodynamic model
of Ogino et al. [1998] to map an observed polar flare to near
the cushion region, ∼40–60 RJ in the morning sector, and
postulated that the flare could be produced by a magneto-
spheric disturbance due to a sharp increase in the solar wind
dynamic pressure. Alternately, Grodent et al. [2003b] in-
terpreted the polar flares as the signature of “explosive”
magnetopause reconnection on the day side, based on their
approximately minutes‐long characteristic time scale. They
also suggest that the arc‐like structures could be the signa-
ture of a Dungey cycle dayside X line, following the argu-
ments of Cowley et al. [2003].
[16] The dark region is located just poleward of the main

oval in the dawn to prenoon local time sector. As its name
suggests, the dark region is an area that appears dark in the
UV, displaying only a slight amount of emission (0–10 kR)
above the background level [Grodent et al., 2003b]. In
comparison, the main oval brightness is typically 50–500 kR
[Grodent et al., 2003a], and the active region flares have a
brightness of a few hundred kilorayleighs [Grodent et al.,
2003b]. The dark region displays a crescent shape that
contracts and expands as Jupiter rotates but appears fixed in
local time [Grodent et al., 2003b]. The jovicentric location
of the dark region roughly matches the area where Pallier
and Prangé [2001] observed faint inner ovals, or arcs; the
most poleward arcs are roughly aligned with the poleward
edge of the dark region. Pallier and Prangé [2001] sug-
gested that these arcs map to closed field lines in the outer
magnetosphere (out to ∼70 RJ based on the VIP4 model).
[17] Other interpretations of the dark region turn to

models of global magnetospheric dynamics to explain the
observations. For example, Grodent et al. [2003b] associ-
ated the UV dark region with the rotating dark polar region
(r‐DPR) [Stallard et al., 2003], an area of subcorotating
ionospheric flows, as measured by the Doppler shifts of
infrared emission spectra. The dawnside r‐DPR, and thus
the dark region, is thought to be linked to the Vasyliūnas
cycle [Vasyliūnas, 1983] return flow of depleted flux tubes
[Cowley et al., 2003]. In the Vasyliūnas cycle [Vasyliūnas,
1983], mass‐loaded flux tubes are stretched as they rotate
into the night side; they eventually pinch off, and recon-
nection occurs in the midnight‐predawn local time sector,
releasing a plasmoid that can escape down the tail, while
empty flux tubes rotate back around to the day side. Simi-
larly, Southwood and Kivelson [2001] argued that the main
oval emissions map to the plasma disk, which would mean
that the dark region, just poleward of the main oval, maps to
the cushion region. The cushion region is an area of south-
ward oriented and strongly fluctuating field in the outer
magnetosphere in the postdawn to noon local time sector
where the field becomes more dipole like than in the inner
magnetosphere. It has been associated with empty flux tubes
that were emptied by Vasyliūnas‐type reconnection as they
rotated through the night side [Kivelson and Southwood,
2005].
[18] The swirl region is an area of patchy, ephemeral

emissions that exhibit turbulent, swirling motions. The swirl
region is located poleward of the active and dark regions and
is roughly the center of the polar auroral emissions. It is
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generally interpreted as mapping to open field lines. Pallier
and Prangé [2001] interpreted the area poleward of their
inner arcs as being analogous to a polar cap for Jupiter; this
area roughly matches the location and shape of the swirl
region. In comparing the UV and IR observations, Grodent
et al. [2003b] associated the UV swirl region with the fixed
dark polar region (f‐DPR), an area in which the ionospheric
flows are nearly stagnant in the magnetic pole reference
frame [Stallard et al., 2003]. The stagnant flows in the f‐DPR
(swirl region) then suggest that the area maps to open field
lines associated with Dungey cycle return flows [Cowley et al.,
2003], which are expected to flow across the ionosphere
slowly because the Jovian magnetotail, is approximately
hundreds or thousands of Jovian radii in length.
[19] An additional feature of the polar auroral emissions is

the presence of transient spots located at the equatorward
edge of the dark region. Because of their location, emitted
power, and periodic recurrence, these polar dawn spots have
been associated with the internally driven reconnection
process and especially with the inward moving flow initi-
ated during reconnection [Radioti et al., 2008b, 2010].

2.4. Outstanding Questions and Motivation
for This Work

[20] Many questions regarding the nature and causes of
Jupiter’s auroral emissions remain unanswered, despite the
advances made from over a decade of Hubble Space Tele-
scope (HST) observations and complementary theoretical
studies. One such question is the size and location of the
open/closed flux boundary in the ionosphere. The extent to
which Jupiter’s polar cap is open to the solar wind is a
question of particular importance because the answer will
have consequences for our understanding of global mag-
netospheric dynamics at Jupiter. For example, if Jupiter’s
magnetosphere is closed, as suggested by McComas and
Bagenal [2007], then one expects Jupiter’s polar cap to be
small (∼10° across). McComas and Bagenal [2007] pro-
posed that magnetic flux that is opened via dayside recon-
nection with the solar wind is closed by reconnection on the
magnetopause, near the polar cusps, rather than by recon-
nection in the tail. However, if cusp reconnection is unable
to close all of the flux opened on the day side, as Cowley
et al. [2008] argued, and the magnetosphere is open, then
Jupiter’s polar cap would correspond to a more significant
fraction of the area inside the main auroral oval. In the
discussion above, we introduced the polar auroral swirl
region, which observations suggest may be associated with
the polar cap and open field lines [Pallier and Prangé,
2001; Cowley et al., 2003; Stallard et al., 2003]. If these
interpretations are correct and the swirl region is indeed
associated with open field lines, the question then becomes
why this region is not aurorally dark.
[21] A related outstanding issue is how and to what extent

the solar wind influences the main emission brightness and
position. It has been predicted that solar wind compressions
will decrease auroral emissions: the inward moving plasma
will increase its angular velocity to conserve angular
momentum, decreasing the strength of the field‐aligned
current system that drives themain auroral emissions [Cowley
and Bunce, 2001; Southwood and Kivelson, 2001]. Several
studies have used spacecraft, such as Ulysses, Cassini, and
New Horizons, as upstream solar wind monitors when

examining the auroral response in both the IR and UV to
changing solar wind conditions. For example, Baron et al.
[1996] observed fluctuations in the H3

+ emission intensity
on short time scales that correlated well with the solar wind
dynamic pressure as measured by Ulysses during its Jupiter
encounter. Additionally, Gurnett et al. [2002] found that the
hectometric radio emission, measured by the Galileo plasma
wave science instrument, and auroral extreme ultraviolet
emissions, measured by the Cassini ultraviolet imaging
spectrograph, increased at the same time that an interplane-
tary shock reached Jupiter. Simultaneous HST observations
of the aurora and Cassini data of the upstream solar wind
conditions showed that the auroral emissions brightened by a
factor of ∼2 during a period of changing solar wind dynamic
pressure; however, it remains unclear whether the brighten-
ing was associated with the magnetospheric compression or
with the magnetospheric expansion [Nichols et al., 2007].
More recently, Clarke et al. [2009] compared HST auroral
observations with a solar wind model [Zieger and Hansen,
2008] based on data propagated from 1 AU and used New
Horizons measurements to decrease timing uncertainties of
the propagated solar wind model. They found that the total
auroral power increased in response to forward shocks but
not reverse shocks and that auroral brightening due to dawn
storms are independent of solar wind conditions. Nonethe-
less, it remains possible that some parts of the aurora respond
to forward shocks and other parts respond to reverse shocks.
[22] Other unanswered questions include the following.
[23] 1. Where do the polar auroral features (active, dark,

and swirl regions) map to in radial distance and local time in
the equatorial plane?
[24] 2. Do the main oval emissions map to similar equa-

torial radial distances at all longitudes?
[25] 3. What are the magnetospheric sources of the mul-

tiple auroral arcs? Where do they map, and what processes
produce them?
[26] To address these questions, we have mapped con-

tours of constant radial distance from the magnetic equator
into the ionosphere. To accomplish this mapping, we per-
formed a flux equivalence calculation, outlined in section 3,
rather than tracing field lines from a model. Our method
allows us to relate auroral features to their magnetospheric
sources at a large range of radial distances and local times,
a result that was previously inaccessible due to the lack of
field models accurate beyond ∼30 RJ. For example, we
provide a reliable mapping of the three polar auroral regions,
improving on the current models, which are only able to
infer that the polar aurora emissions map to equatorial regions
beyond ∼30–50 RJ because they lie poleward, of the main
oval. We also are able to map the location of the dayside
magnetopause, thereby establishing possible locations of a
portion of the open/closed flux boundary in Jupiter’s polar
cap.

3. Methods

[27] Our objective is to map auroral features to their
magnetospheric sources. One approach to such a mapping is
to trace equatorial magnetic field lines from the magneto-
sphere to the ionosphere, as is frequently done in studies
of the terrestrial magnetosphere. However, that method
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requires an accurate global Jovian magnetic field model,
and field models are highly uncertain at radial distances
beyond ∼30 RJ. The error arises, in part, because an
azimuthal current flows through the equatorial plasma and
stretches field lines at all local times. Though the avail-
able global field models are accurate only in the inner to
middle magnetosphere, spacecraft observations of the
magnetotail are available out to ∼150 RJ, and we wished to
consider auroral features that may map to the outer mag-
netosphere. We, therefore, took a different approach in our
mapping. We started our mapping at the orbit of Ganymede,
where the link to the auroral ionosphere can be determined
from emissions identifiably linked to the moon. Thereafter,
rather than following field lines along a field model, we
mapped equatorial regions beyond Ganymede’s orbit to the
ionosphere by requiring that the magnetic flux threading a
specified region at the equator must equal the magnetic flux
in the area to which it maps in the ionosphere. Details of the
procedure we used for the mapping follow.

3.1. Establishing the Radial and Local Time
Dependence of the Equatorial BN

[28] Measurements of the Jovian magnetic field are avail-
able at radial distances out to ∼150 RJ and at nearly all local
times. Previous studies [Khurana and Kivelson, 1993;
Kivelson and Khurana, 2002] have quantitatively described
how Bz falls with radial distance (z is aligned with the spin
axis and, on average, is normal to the current sheet), but little
has been done to model changes with local time. Such
changes are especially relevant for nightside modeling of
BN, the component of the magnetic field normal to the
current sheet, which is known to be larger in the dusk
hemisphere than in the dawn hemisphere.

[29] An important step in our mapping procedure is the
calculation of the magnetic flux through the magnetic
equator, which is a nonplanar surface in which the field
magnitude reaches its minimum value along every flux tube.
Calculation of the equatorial magnetic flux requires an
accurate estimate of the average equatorial value of BN,
accounting for changes with radial distance and local time.
We developed a two‐dimensional model of the equatorial
BN by fitting field measurements to a functional form that
represents the dependence of the field on radial distance and
local time. The data come from all spacecraft that have
provided multiday measurements of the Jovian magnetic
field: Pioneer 10, Pioneer 11, Voyager 1, Voyager 2,
Ulysses, and Galileo. We restricted ourselves to data within
15° latitude of the jovigraphic equator, beyond 20 RJ, and
with a time resolution of 24 s or better. To calculate BN, we
took 15 min running averages of BR, B�, and BF; interpo-
lated the data to a time resolution of 8 s or better; and then,
for each pass through the equatorial current sheet, we cal-
culated the field magnitude from the three field compo-
nents. Smoothing and interpolating the data in this fashion
allowed us to more precisely identify BN, defined as the
minimum in the field magnitude during a current sheet
crossing (within a few minutes of a BR and BF reversal).
[30] In Figure 2, we have plotted the averaged BN values

so determined (Figure 2, left) and the two‐dimensional fit to
those measured values (Figure 2, right) in the equatorial
plane. Figure 2 indicates how BN varies with radial distance
and local time. Figure 2 also shows the two most probable
magnetopause locations (thick solid black lines) corre-
sponding to a compressed and expanded magnetopause [Joy
et al., 2002]. The dayside magnetopause standoff distance is
∼60 RJ for the compressed magnetosphere and ∼90 RJ for

Figure 2. (left) Values for BN from spacecraft measurements and (right) equivalent values from a model
fit plotted versus radial and local time in the equatorial plane. Probable magnetopause locations (one com-
pressed, one expanded) are drawn in black [Joy et al., 2002]. In both the data and the model, the field in
the current sheet is strongest in the noon to dusk local time sector and weakest in the early morning.
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the expanded magnetosphere. In Figure 3, we have plotted
the BN data (circles) and model (solid and dashed lines) as a
function of radial distance for four different local time bins.
The solid lines are taken for the median local time in each
bin, with the dashed lines indicating how the model changes
across each local time bin (i.e., for the 0200–0400 bin, the
dashed lines are 0200 and 0400, and the solid line is 0300).
Both Figures 2 and 3 show that the measured BN falls
roughly exponentially with radial distance and is strongest
in the noon to dusk local time sector (Figure 3, bottom left,
1400–1600 LT). The observations plotted here represent a
range of solar wind and magnetospheric conditions, which
could explain some of the variation in BN at a given position
in the equatorial plane. For example, one expects the field
strength to increase in response to a magnetospheric com-
pression from the solar wind. Analogously, internally driven
dynamics may influence the magnetospheric configuration
[Woch et al., 1998; Kronberg et al., 2007].
[31] The fit was done using a routine that computes a

nonlinear least squares fit to the data with a gradient‐
expansion algorithm. We assumed a functional form,

BN R; ’ð Þ ¼ AR BþC cos ’�Dð Þð Þ þ E þ F cos ’� Gð Þ½
þ H cos 2� ’� Ið Þð Þ þ J cos 3� ’� Kð Þð Þ�
� e�

R=150 ; ð1Þ

where BN is in units of nT; R is the radial distance in RJ; ’ is
the local time, measured from midnight, in radians; and A,

B, C, D, E, F, G, H, I, J, and K are constants that are
determined by the fitting routine. Their values are pro-
vided in Table 1. This functional form was chosen to
account for field changes with radial distance and local time,
and to ensure that BN approaches zero as R approaches
infinity. The fit does a good job of reproducing the local
time and radial dependences seen in the data; both the
observed and model field are strongest near ∼1500 LT
(Figure 3, bottom left) and weakest in the post midnight
sector (Figure 3, top left).

3.2. Mapping Using the Flux Equivalence Calculation

[32] As remarked above, rather than tracing field lines
using a global field model, we have mapped from the
equator to the ionosphere by means of a flux equivalence

Figure 3. BN data (dots) and model (solid and dashed lines) as a function of radial distance for four local
time bins. The solid lines indicating the model BN are taken for the median local time in each bin, with the
dashed lines indicating how the model changes across each local time bin (i.e., for the 0200–0400 bin, the
dashed lines are 0200 and 0400, and the solid line is 0300).

Table 1. BN Fit Parameters

Parameter Value

A 1.030e6
B −3.756
C −0.120
D 3.562
E 3.797
F −4.612
G 0.825
H 0.606
I 0.473
J 0.847
K 0.913
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analysis. A flux equivalence analysis has been used previ-
ously to estimate currents, flows, and magnetic mapping of
Jupiter’s ionosphere [Cowley and Bunce, 2001], although
they used a simplified axisymmetric magnetic field model to

estimate the magnetic flux. A key contribution of our work is
that we calculate the magnetic flux using a two‐dimensional
databased BN fit that accounts for local time asymmetries.
This will allow us to reliably map the source(s) of dawn‐dusk

Figure 4. Illustration (not to scale) of the method used to map equatorial magnetic flux to the ionosphere
by equating flux in the two regions. We begin by tracing along a field model from 15 RJ in the equator,
where the accuracy of the field model can be tested against observations of Ganymede’s auroral footprint;
this step is illustrated by the green lines. Next, we calculate the flux through the equator in the magne-
tosphere through a specified area pixel, labeled dA1 here. We then determine how far to move the iono-
spheric boundary poleward, by solving for dn according to equation (6). This gives us the mapping of a
pixel linked to the 20 RJ equatorial circle (in blue); further iterations of the calculation (illustrated in red)
provide the mapping of successively distant equatorial circles.
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asymmetries in the auroral emissions. In this section, we
describe the calculation used to map from the equator to
the ionosphere.
[33] To begin, we identified the ionospheric footprint of

an equatorial circle at 15 RJ, the orbit of Ganymede and a
distance where field models are reasonably accurate, by
following model magnetic field lines from the equator to the
ionosphere. This step is represented in Figure 4 by the solid
green field lines, which connect the 15 RJ equatorial curve
(black circle) to the 15 RJ ionospheric reference contour
(black). In the northern hemisphere, we trace field lines
from the field model of Grodent et al. [2008b], described
above in section 2.2. This field model uses a version of
the VIP4 plus current sheet model [Connerney and Acuña,
1998] with modified Schmidt coefficients and the addition
of a magnetic anomaly in the form of an additional dipole
located close to the surface to improve the agreement
between the model and the satellite footprints in the northern
hemisphere. Since the model is underconstrained, Grodent
et al. [2008b] presented two possible solutions for the
location and orientation of the perturbation dipole; we have
used the one poleward of the Io footpath. For mapping to
the southern hemisphere, we used the VIP4 plus current
sheet model [Connerney and Acuña, 1998] with the orig-
inal (unmodified) Schmidt coefficients, rather than the
modified VIP4 model with magnetic anomaly, which
had been constructed without regard to how the northern

magnetic anomaly might affect the field in the southern
hemisphere.
[34] We have a high level of confidence in the accuracy of

our 15 RJ reference contour because it matches observa-
tions of Ganymede’s auroral footprint. Figure 5 presents the
positions where the traced model field lines reach the iono-
sphere (triangles) and the observed locations of Ganymede’s
footprint (circles) for comparison. The footprint data for the
northern hemisphere come from Grodent et al. [2008b,
Table 1], and for the southern hemisphere, the data come
from the same set of HST FUV images acquired with the
Space Telescope Imaging Spectrograph (STIS) and Advanced
Camera for Surveys SIII (ACS) instruments. The points are
separated by 10° in longitude in the equator. To guide the
eye, the symbols are plotted in a repeating sequence of
six colors: red, yellow, green, blue, purple, and black. For
the observations (circles), the color used in the plot indicates
the longitude of the satellite at the equator. For the model
results (triangles), the color indicates the initial equatorial
longitude used in tracing the model field lines from the
equator to the ionosphere. The observations should be
compared to the closest mapped triangle of the same color.
[35] At most longitudes, the point obtained by tracing

the field model falls close to the observed footprint. The
largest errors in the northern hemisphere are at the
extreme ends of the curve defined by the footprint path,
and for all points but one, the model (triangles) falls at

Figure 5. Comparison of the observed Ganymede footprint locations (circles) with the points where the
model field lines traced from the location of Ganymede for successive observations reach the ionosphere
(triangles). To guide the eye, the symbols are plotted in a repeating sequence of six colors (red, yellow,
green, blue, purple, and black), rather than a continuous color bar. The observations (circles) should be
compared to the closest mapped triangle of the same color, indicating that the equatorial longitude of
Ganymede for a given observed footprint (circle) is the same as the initial equatorial longitude used in
the field model tracing (triangle). The points are separated by 10° in longitude at the equator. For most
points, the mapped ionospheric footprint comes close to matching the observed footprint.
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larger System III (SIII) left‐handed longitudes than the
observed footprint locations (circles). In both hemispheres,
the error is mostly in the direction along the curve rather
than in the latitudinal direction. However, as demonstrated
by Bonfond et al. [2009], in the case of the Io footprint,
most of this longitudinal shift cannot be attributed to the
propagation time delay of the Alfvén waves. They sug-
gested that the shift was due to inaccuracies of the mag-
netic field models. Such inaccuracies of the internal field
models essentially affect our local time mapping with an
estimated average local time error of ∼0.7 h, and a maxi-
mum of ∼1.6 h, although we can be confident in the
validity with which radial distance and ionospheric latitude
are linked.
[36] The next step was to calculate the equatorial mag-

netic flux for pixels of radial increment 5 RJ and an initial
longitudinal width of 5–15°. The pixels’ azimuthal width
was allowed to vary in order to ensure that the ionospheric
pixels were relatively evenly spaced. The schematic illus-
tration of Figure 4 explains the approach used (not to
scale). In Figure 4, a typical pixel in the equator, labeled
dA1, is drawn in blue. The flux through the equator is
given by

dFequator ¼ BN ;equator R; ’ð Þ � dAequator; ð2Þ

where the normal component of the magnetic field at the
equator, BN,equator, is a function of radial distance R and

local time ’ given by the fit of equation (1). We
approximate the equatorial flux by

dFequator ¼ BN ;equator R; ’ð ÞR dr d’: ð3Þ

In the mapping from 15 to 20 RJ, no shifts in local time
were used. At larger radial distances, the equatorial pixels
were shifted azimuthally in the equator according to a
simple field bendback model. We developed this field
bendback model using a simple functional form to fit
measured BR and B� values, again using the nonlinear least
squares fitting procedure. The data used in the fit are the
same as those shown in Figure 8 from the study by
Khurana and Schwarzl [2005]. Our field bendback model
is shown in Figure 6, where we have plotted the field line
projections onto the equatorial plane. This field bendback
model varies with both radial distance and local time, and,
as a result, the equatorial area pixels do not have a fixed
longitudinal width. The bendback model reproduces the
data well and includes a strongly bent back field in the
postmidnight sector and a bent forward field in the dusk
local time sector. We have illustrated the effects of
including the field bendback in Figure 4, where the dashed
black and white lines between 15 and 20 RJ represent the
field bendback in the equatorial plane and dictate how two
pixels at the same local time in the equator can be found
misaligned in the ionosphere. Because the bendback
changes with longitude, the azimuthal widths of area ele-
ments dA2 and dA1 may differ.
[37] After evaluating the equatorial magnetic flux through

a typical pixel, we matched the ionospheric flux by moving
along a normal to the ionospheric reference curve. Equating
the equatorial magnetic flux with the ionospheric flux
determines how far poleward we should place the auroral
boundary of each ionospheric pixel to obtain the ionospheric
mapping of the 20 RJ circle at the equator. This poleward
distance, which we call dn (Figure 4, top, inset), is determined
by the flux equivalence calculation as follows: the iono-
spheric magnetic flux is given by

dFionosphere ¼ BR;ionosphere R ¼ 0:95RJ ; �; ’ð Þ � dAionosphere; ð4Þ

where � and ’ are the colatitude and azimuthal angle in
spherical coordinates, respectively. We estimate the radial
component of the ionospheric field, BR,ionosphere, using the
same internal field models (different for north and south) used
for mapping the 15 RJ circle to the ionosphere. The iono-
spheric area element, dAionosphere, is computed as the product
of dl, the length in the direction along the ionospheric con-
tour, and dn, the length in the poleward direction to be
determined (Figure 4, top, inset). Following Grodent et al.
[2008b], we used a sphere of radius 0.95 RJ to approxi-
mate Jupiter’s oblate surface (∼0.935–0.9585 RJ) over the
range of latitudes (90° to ∼53°) of interest in the northern
hemisphere. For consistency, we also use a sphere of
radius 0.95 RJ when calculating the flux through
the southern hemisphere. This approximation introduces a
negligible (less than 1%) error in the calculated flux at the
surface, though for certain specific applications, mapping
to a different reference surface may be required.

Figure 6. Field bendback model, projected into the equato-
rial plane, based on a fit to the data presented by Khurana
and Schwarzl [2005]. Field lines are the most bent back
near dawn and are bent forward near dusk. Two probable
magnetopause locations are drawn in red [Joy et al., 2002].
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[38] We can approximate equation (4) as

dFionosphere ¼ BR;ionosphere R ¼ 0:95RJ ; �; ’ð Þ � dn dl: ð5Þ

Finally, we set dFequator = dFionosphere, and solve for dn

dn ¼ BN ;equator Requator; ’equator

� �
R dr d’

BR;ionosphere R ¼ 0:95; �; ’ð Þ dl : ð6Þ

It is this final calculation that gives us the location of a
portion of the ionospheric contour corresponding to the 20 RJ

circle at the equator (Figure 4, blue curves).

[39] Iteration of the calculation provides the ionospheric
mapping of successively distant circles (illustrated in Figure
4 by the red curves representing the mapped 25 RJ equa-
torial circle). We continue the flux equivalence calculation
out to a radial distance of 150 RJ, the limit of the magnetic
field data coverage in the magnetotail and the valid region of
our BN fit. However, the Jovian magnetotail is estimated to
extend for thousands of RJ [Lepping et al., 1983], so we
have mapped only a small fraction of the magnetotail. We
expect that this omission will have only a minor effect on
the results because the equatorial flux will be relatively
small at distances beyond 150 RJ and give quantitative
arguments to that effect in section 5.2.

Figure 7. Polar view of the flux mapping results for the expanded magnetosphere (dayside magneto-
pause standoff distance of ∼90 RJ) for four different viewing orientations. Local noon is indicated by arrows
and is in the same direction for all four panels; dawn is to the left, and dusk is to the right. Contours are
colored to indicate the equatorial radial distances to which they map, ranging from 20 RJ (solid black) to
150 RJ (red) in 10 RJ increments. The outer dashed black line is the 15 RJ reference contour, which
matches the Ganymede footprint. In all four panels, the contours are closer together on the left/top left
side, which maps roughly to the postmidnight to dawn local time sector, than on the right side, which
maps roughly to the noon to dusk sector. This is expected because the equatorial BN, and thus the mag-
netic flux through the equator, is strongest in the postnoon to dusk local time sector. Black stars indicate
the location of the magnetic pole, at 9.6° colatitude and 212° SIII longitude. All four panels are plotted on
the same scale.

VOGT ET AL.: IMPROVED MAPPING OF JUPITER’S AURORA A03220A03220

10 of 24



[40] Inspection of equation (6) shows that dn is propor-
tional to BN,equator, which is itself a function of radial dis-
tance and local time. The variation of BN,equator with local
time shown in Figure 2 makes it evident that the ionospheric
contours mapping to a constant radial distance in the equator
will have the largest separation in the ionosphere in the
postnoon to dusk local time sector, where BN,equator attains
its maximum value.

4. Results

[41] We have mapped the equatorial magnetospheric flux
at radial distances between 20 and 150 RJ into the iono-
sphere. The results depend on how the ionospheric region
of interest is oriented with respect to the Sun, or local
noon, because the flux equivalence calculation involves
BN, which is a function of local time. The effect of the
orientation is familiar from images of the aurora at dif-
ferent central meridian longitudes (CMLs), i.e., the Jovian
longitude facing the direction of the Earth. Therefore, in

Figures 7–9 (northern hemisphere) and 10–12 (southern
hemisphere), we present mapping results for four different
viewing orientations, with local noon at 0°, 90°, 180°, and
270° SIII left‐handed longitude. In Figures 7–12, we have
plotted the contours corresponding to constant radial dis-
tances, every 10 RJ from 20 RJ to 150 RJ. The outermost
black dashed line is the 15 RJ reference contour, matching
Ganymede’s auroral footprint, obtained by tracing a field
model as outlined in section 3.2.
[42] In Figures 7, 8, 10, and 11, we use color to represent

the equatorial radial distance to which different portions of
the auroral contours map, ranging from 20 RJ (black) to
150 RJ (red). In Figures 9 and 12, we use color to represent
the equatorial local time to which different portions of the
auroral contours map. The field lines to the left generally
map to the morning and predawn sector, while field lines
to the right generally map to the dusk sector. The contours
of constant radial distance (10 RJ equatorial separation)
have the largest separation on the right (approximately
dusk) side because of the local time asymmetry in the

Figure 8. As in Figure 7 but for a compressed magnetosphere (dayside magnetopause standoff distance
of ∼60 RJ). The area of open flux, or the white area interior to the colored contours, is larger for the
compressed magnetopause case than for the expanded magnetopause.
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equatorial BN, which is strongest in the afternoon sector
(Figure 2). As a result, the area of open flux is shifted
toward the predawn to dawn side (left/top left).
[43] We terminate the contours where the field lines

map to the magnetopause of Joy et al. [2002] (∼60 RJ at
noon and ∼85 RJ at dawn/dusk for the compressed case
and ∼90 RJ at noon and ∼130 RJ at dawn/dusk for the
expanded case). The white or empty area interior to the
colored contours maps beyond 150 RJ on the night side
and beyond the magnetopause on the day side; we interpret
these areas as open flux and will justify this interpretation in
section 6. The magnetopause lies closer to the planet for the
compressed case than for the expanded case, and therefore
the area of open flux is larger for the compressed magne-
topause (Figures 8 and 11) than for the expanded magne-
topause (Figures 7 and 10).

[44] When comparing the areas of open flux between the
compressed and the expanded cases, it is important to note
that we use the same flux equivalence calculation method
and model BN field strength in both cases. The assumption
that BN is not affected by displacement of the magnetopause
is undoubtedly an oversimplification, as one would expect
that the field strength would increase in response to a mag-
netospheric compression from the solar wind. For example,
Hanlon et al. [2004] found that an interplanetary shock
observed by Cassini during its approach to Jupiter produced
an ∼3 nT increase in the magnitude of Bz (from an average
magnitude of ∼2–5 nT) as recorded by Galileo, inside the
Jovian magnetosphere at ∼60–80 RJ and ∼2000 LT.
However, our model BN is itself an average of values
relevant to all possible magnetopause locations, so it is not
possible to correct consistently for changes of the size of

Figure 9. As in Figure 7, but the colors now indicate the equatorial local time mapping along the
contour. The region on the left/top left side where the contours are closest together maps to the post-
midnight to dawn local time sector (black to blue), where the equatorial BN is weakest. Small colored
circles indicate the point closest to local midnight (red or black circles), dawn (dark blue), noon (blue‐
green), and dusk (light green/yellow).
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the magnetosphere. As discussed in section 3.2, and as is
evident from equation (6), the separation of the iono-
spheric contours, dn, is proportional to BN. This means
that if we underestimate BN, for the compressed case, then
we also underestimate dn and overestimate the area of
open field lines; equivalently, we probably underestimate
the area of open flux for the expanded case. As a con-
sequence, the configurations we considered here can be
seen as the extreme cases.
[45] Changes in the viewing orientation influence the

mapping results, as can be clearly seen in the difference
between subsolar longitude 0° and subsolar longitude 180°
in the northern hemisphere. For both orientations, the io-
nospheric contours of constant radial distance are farthest
apart near noon local time, where the equatorial field
strength is the strongest, and are closest together at nightside
local times, where the equatorial field strength is weakest.
However, for subsolar longitude 0°, the spacing between
contours on the day side is at least twice as large as for
subsolar longitude 180°. Similarly, the nightside contours
are much closer together for subsolar longitude 0° than for
subsolar longitude 180°. This occurs because the iono-
spheric BR is not uniform, as can be seen in Figure 13. For

subsolar longitude 180°, the ionospheric field in the region
mapping near noon is at least 15 Gauss, while for subsolar
longitude 0° the ionospheric field in the region mapping
near noon is ∼7 Gauss. Because dn is inversely proportional
to BR, the weak ionospheric field for subsolar longitude 0°
means that the ionospheric contours near the day side will
be farther apart for subsolar longitude 0° than for subsolar
longitude 180°.

5. Analysis

[46] With models of the link between different magneto-
spheric regions and their magnetic footprints in the iono-
sphere established, it is of interest to compare the results to
UV and IR auroral observations. The comparison can be
used to describe the size and location of Jupiter’s polar cap.

5.1. Comparison to Auroral Observations

[47] Auroral emissions in the UV provide a direct signa-
ture of magnetospheric particle precipitation [Prangé et al.,
2001]. Additionally, the typical spatial resolution of the
HST UV auroral images taken with STIS is 0.024 arcsec/
pixel [Clarke et al., 2002], while the platescale of the

Figure 10. As in Figure 7 but for the southern hemisphere, as seen by an observer looking up at the
planet. The Sun’s direction is now toward the top of the page, dawn is to the left, and dusk is to the right.
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NSFCam instrument at the Infrared Telescope Facility is
only 0.148 arcsec/pixel [Satoh and Connerney, 1999].
Therefore, in this section we focus our discussion on UV
auroral emissions and only briefly discuss a comparison
with the ionospheric flow patterns and resulting open/closed
flux boundary inferred from IR auroral observations.
[48] As discussed in section 2.3, the UV polar auroral

emissions can be categorized by their brightness, morphol-
ogy, and temporal variability into three regions: the active,
dark, and swirl regions. The shapes, sizes, and locations of
the three polar regions vary with solar wind conditions and
as the planet rotates; the mapping also varies (Figures 7–12).
Therefore, in this section we will compare the mapped
contours to UV auroral observations at two different CMLs,
or the Jovian longitude in the direction toward the Earth. We
will restrict the discussion to auroral observations in the
northern hemisphere, for which more observations are
available than for the southern hemisphere as a consequence
of the viewing geometry [Grodent et al., 2003b].
[49] In Figures 14a–14c and 15a–15c, we present our

mapping results for two different viewing orientations,
CMLs 160° and 220° SIII left‐handed longitude, respec-

tively, and in Figures 14d and 15d, we show the corre-
sponding UV auroral observations (modified from Figure 5
in the study by Grodent et al. [2003b]). Figures 14a and 15a
show mapping results for an expanded magnetopause and
the contours colored to indicate the equatorial radial distance
to which they map; Figures 14b and 15b show the same
mapping results, but the colors indicate the equatorial local
time mapping. Figures 14c and 15c follow the same format
as Figures 14a and 15a but present mapping results for a
compressed magnetopause. The Sun direction is indicated
by black arrows.
[50] To facilitate comparison with the UV and IR auroral

observations, we have added contours relating the auroral
observations to our mapping results. Grodent et al. [2003b]
drew contours delineating the active (green), dark (yellow),
and swirl (red) regions in the polar aurora, as shown in
Figures 14d and 15d. (These regions are also discussed in
section 2.3.) In Figures 14a–14c and 15a–15c, we have
overplotted the contours of Grodent et al. as thick curves
at the same jovicentric coordinates to outline the three
polar auroral regions (substituting black for yellow to out-
line the dark region). The inner dashed black contour in

Figure 11. As in Figure 8 but for the southern hemisphere.
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Figures 14a–14c is the jovicentric location of the fixed dark
polar region from the IR auroral observations of Stallard et al.
[2003]. As discussed in section 2.3, because of the stagnant
flow within this region, it is believed to contain open field
lines. The f‐DPR location was derived from observations
taken at CMLs of ∼160° to ∼180° and should only be com-
pared to mappings representing similar CMLs (T. Stallard,
personal communication, 2010). Therefore, we have not
included it in Figure 15 (CML 220°).
[51] Figure 14 shows mapping results and auroral observa-

tions for CML 160°. In this orientation, the Sun direction is
oriented to the bottom of the page and slightly to the right, as
indicated by a black arrow. The auroral active region maps
to field lines just outside the dayside magnetopause, plau-
sibly open field lines in the polar cusp. The swirl region
maps to tail field lines at distances larger than 150 RJ,
plausibly open field lines; the Stallard et al. [2003] f‐DPR
lies within that region. The dark region maps to both open
and closed field lines near dawn local time, and the degree to
which it is on open field lines changes greatly between the

compressed and uncompressed expanded cases. We will
comment on this further in section 5. In Figure 14e, the
composite of auroral observations and mapping results show
that the main oval radial mapping changes with local time/
longitude. The main oval maps to ∼15–30 RJ near dawn,
∼30–50 RJ near noon, and 50–60 RJ at ∼1500 LT.
[52] Figure 15 shows mapping results and auroral observa-

tions for CML 220°. In this orientation, the Sun is toward
the bottom right, and one can see that the auroral emissions
have rotated with the planet. Now the dusk local time sector
maps roughly to the top right, whereas dawn local time maps
roughly to the bottom left (Figure 15b). As in Figure 14, the
boundaries of the auroral polar regions have been marked by
the thick green (active region), black (dark region), and red
(swirl region) lines.
[53] By comparing the UV observations for the two

CMLs, we can see that the shapes and relative sizes of the
polar regions shift as the planet rotates from CML 160° to
CML 220°. For example, the active region (outlined in
green) has become elongated in longitude and shifted

Figure 12. As in Figure 9 but for the southern hemisphere.
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equatorward. Our mapping contours have also shifted in
Figure 15 compared to the position and configuration shown
in Figure 14. As a result, we find that the polar auroral
regions map to generally the same magnetospheric region(s)
for CML 220° as they did for CML 160°. The active region
still maps to field lines just beyond the (compressed) day-
side magnetopause boundary, though it maps to a wider
range of local times, from slightly postdawn through dusk,
than in Figure 14. The swirl region again maps to field lines
on distances beyond 150 RJ. The dark region now maps
almost entirely to field lines outside the dayside magneto-
pause or beyond 150 RJ for both the compressed and
expanded cases, whereas for CML 160° a portion of the
dark region mapped to field lines within the dayside mag-
netopause or inside of 150 RJ. Whereas the dark region
mapped to postmidnight to prenoon local times for CML
160°, it now maps roughly to the midnight to dawn local
time sector. The main oval mapping again varies with local
time, from ∼20–30 RJ near dawn to ∼30–50 RJ prenoon and
∼50–60 RJ postnoon.
[54] The auroral observations for CML 220° include two

spots, one in the dawn sector and one nightside spot, that
are thought to be the signature of magnetic reconnection in
the tail [Grodent et al., 2004]. The spot locations from
Figures 15c and 15d are indicated in Figures 15a, 15b, and
15e by magenta ovals. However, because the spots are so
close to the limb, their locations in the polar projection are
subject to error because of stretching due to limb fitting.
Taking this error into account, we find that the polar dawn
spot maps to ∼50–80 RJ and ∼0200–0400 LT and the
nightside spot maps to ∼50–90 RJ and ∼2100–2400 LT. That
both spots map to equatorial regions planetward of the sta-
tistical X line supports the association with inward moving

flow released during tail reconnection, as was shown by
Radioti et al. [2010] for the polar dawn spots and recently by
Radioti et al. [2011] for the nightside spots.
[55] On the basis of the above comparison with auroral

observations, we interpret the polar auroral active region as
forming Jupiter’s polar cusp and the swirl region as Jupiter’s
polar cap. It is also clear that there are several ways in which
to explain the absence of emissions in the dark region.
Where the dark region maps to open field lines, the relative
lack of auroral emissions can be explained by an excep-
tionally low plasma density. On closed field lines coupled to
the dark region, one potential explanation for the relative
lack of auroral emissions is the presence of downward (into
the ionosphere) closure currents, analogous to the terrestrial
black aurora that are also associated with downward field‐
aligned currents on closed field lines [e.g.,Marklund, 2009].
Our interpretation is in line with the previous discussion of
Cowley et al. [2003], who suggested that aurorally dark
regions at Jupiter might be associated with either open
field lines or downward (into the ionosphere) currents on
depleted flux tubes as part of the Vasyliunas cycle return
flow. In Figure 16, we present a schematic illustration of
the relationship between polar auroral features and their
magnetospheric sources. Figure 16 shows both closed
(dark blue) and open (light blue) field lines emerging from
the dark region, on either side of the open/closed flux
boundary (dashed pink line). An open field line is also
shown emerging from the swirl region, which we have
interpreted as the polar cap. The active region is labeled as
the polar cusp.
[56] Our flux equivalence calculation assumes an equa-

torial field value BN averaged over all solar wind and
magnetospheric conditions, even though we have analyzed

Figure 13. Ionospheric BR strength in the northern hemisphere, with mapping contours overplotted in
black. The magnetic field is given by the model described in section 3.2. The direction of the Sun is
indicated by the white arrows. For subsolar longitude 180°, the ionospheric field is strongest in the region
that maps near local noon, where the equatorial field strength is also strongest. Half a Jovian rotation later,
at subsolar longitude 0°, the ionospheric field is weakest in the region that maps near local noon. As a
result, the ionospheric contours mapping near noon are farther apart for subsolar longitude 0° than for
subsolar longitude 180°.
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our results for boundaries at locations consistent with high
and low solar wind dynamic pressure. Our results, there-
fore, are not fully consistent with any specific solar wind
condition. Nonetheless, in this section we have drawn

comparisons to the polar auroral observations taken at a
specific moment in time, under a specific set of solar wind
conditions, and we cannot expect our model to represent
the actual boundaries for those conditions. We expect that

Figure 14
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the shapes and locations of the three polar regions will
change in time. This error is not expected to greatly affect
our interpretation of the active and swirl regions, although
we are less confident in our dark region mapping and
interpretation because for one CML, the dark region maps
partially inside 150 RJ, but for the other CML, it maps
almost entirely beyond 150 RJ.

5.2. Size and Location of Jupiter’s Polar Cap

[57] In section 5.1, we identified the polar auroral swirl
region as the Jovian polar cap because it maps to lobe field
lines beyond 150 RJ that we believe to be open, in part
because this region is characterized by extremely low den-
sity plasma, <10−5/cm3 [Gurnett et al., 1980]. In this section
we will assume that most of the region beyond 150 RJ in the
tail and outside the dayside magnetopause are open and
discuss in more detail the size and shape of the polar cap, to
which the open flux maps in both the northern and southern
hemispheres. We will also compare the flux through the
polar cap to the estimated lobe flux based on spacecraft
measurements in the magnetotail.
[58] Results of the flux equivalence calculation show that

the region of open flux is skewed toward the dawn side. In
both hemispheres, the extent of the open region is roughly
40° in longitude and 20° in latitude, though the shape and
size change with viewing angle (Figures 7–12) and with the
assumed magnetopause standoff distance (compare the
compressed magnetopause mappings in Figures 14 and 15
to those for the expanded magnetopause).
[59] The flux equivalence calculation was performed

only out to R = 150 RJ, the limit of data availability and
the valid region of the BN fit; however, the Jovian mag-
netotail is known to extend far beyond this distance.
Estimates of the Jovian tail length range from ∼900 RJ,
based on Cassini data [Krupp et al., 2004], to ∼9000 RJ,
based on Voyager 2 data [Lepping et al., 1983]. More
recently, New Horizons found that Jupiter’s magnetotail
possesses a coherent structure until at least ∼1600 RJ [McNutt
et al., 2007]; the spacecraft’s trajectory took it into the
magnetosheath beyond this distance. By assuming that field
lines that cross the equator beyond 150 RJ are open, we have
undoubtedly overestimated the region of open flux in the
ionosphere.
[60] We can correct for this overestimate and account for

the magnetic flux that closes through the tail by assuming a
radial dependence for BN and integrating the function from
150 to 9000 RJ. Kivelson and Khurana [2002] found that Bz,

which on average is normal to the current sheet and can be
considered equivalent to BN, is given by

Bz Rð Þ ¼ 4:32� 104 R�2:44; ð7Þ

where Bz is in nTs and R is in Jovian radii. The magnetic
flux closing through the equator in the magnetotail is
therefore given by

Fequator ¼
ZR¼9000

R¼150

Bz Rð ÞR d� dR ¼
ZR¼9000

R¼150

4:32� 104 R�1:44 d� dR;

ð8Þ

where we have carried out the integration to the greatest
proposed tail length in order not to underestimate the
amount of closed flux in the tail. Inclusion of the additional
flux from 150 to 9000 RJ shrinks the size of the polar cap by
only approximately a few degrees of latitude, as we show by
the red shaded region in Figure 17. The shape and bound-
aries of the red shaded region should not be taken literally;
they are provided merely as illustrative examples such that
the area of the red shaded region matches the ionospheric
flux to the additional closed equatorial flux between 150 and
9000 RJ. We then identify the light and dark green shaded
regions in Figure 17 as the polar cap. Its area is equivalent to
that of a circle around the pole with an ∼11° latitudinal
width, only slightly smaller than the ∼15° latitudinal width
of the polar cap at the Earth.
[61] If the polar cap is accurately identified, the open flux

linked to that region in the ionosphere should equal the tail
lobe flux. We calculate that the open flux through the region
we have identified as the polar cap in the northern iono-
sphere is ∼1.41 × 105 nT RJ

2 (∼720 GWb); this number as-
sumes that the area of open flux is associated with a
compressed magnetopause and excludes the area that maps
to radial distances from 150 to 9000 RJ (Figure 17, red
shaded region). We calculated the open flux by summing
BR dA over the open region (Figure 17, light and dark
green shaded regions), in bins of 1° of longitude by 1° of
latitude. As discussed in section 4 above, the area of open
flux is larger for the compressed magnetopause (Figure 17,
green shaded regions) than for the expanded magnetopause
(only the light green shaded region), so our estimate is on
the high end of the range of expected values. A similar
calculation for the southern hemisphere finds that the

Figure 14. Mapping results compared to auroral observations. (a) Mapping results for the expanded magnetopause loca-
tions of Joy et al. [2002]. The color of each contour indicates the radial distance, ranging from 20 RJ (black) to 150 RJ (red).
The interior dashed black line indicates the location of the dark polar region in the study by Stallard et al. [2003]. (b) As for
Figure 14a but for the compressed magnetosphere. (c) Contours for the expanded magnetopause color coded by the local
time of the equatorial field line crossing. (d) UV auroral observations modified from Figure 5 in the study by Grodent et al.
[2003b]. (e) A composite of the UV observations from Figure 14d and the mapping results of Figure 14a. The figures are
presented with 160° SIII longitude directly to the bottom of the page and the direction of the Sun toward the bottom of the
page and slightly to the left as indicated by arrows. The latitude and longitude grid separation is 10°. The boundaries of the
three polar auroral regions are drawn in at the same jovicentric coordinates in all panels. The active region maps to just
beyond the dayside magnetopause boundary, the swirl region maps to field lines outside of 150 RJ, and the dark region maps
to both open and closed field lines. The main oval maps to ∼15–30 RJ near dawn, ∼30–50 RJ near noon, and 50–60 RJ at
∼1500 LT.
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amount of open flux through the southern hemisphere is
∼1.49 × 105 nT RJ

2 (∼762 GWb). The calculated values
closely match the amount of open lobe flux in the magneto-
tail: magnetometer data show that BR ∼ 7 nT at R = 80 RJ,

where the magnetotail width varies from 115RJ (compressed)
to 165 RJ (expanded) [Joy et al., 2002]. Assuming a com-
pressed magnetosphere with a width of 115 RJ, the lobe flux,R
B · dA, is 7 nT × p × (115 RJ)

2 × 1/2 = 1.45 × 105 nT RJ
2

Figure 15. As in Figure 14 but for CML 202°. The active region continues to map just beyond the
dayside magnetopause, and the swirl region maps to tail field lines outside of 150 RJ. The dark region
now maps almost entirely to field lines beyond 150 RJ in the predawn local time sector. The main oval
maps to ∼20–30 RJ near dawn, ∼30–50 RJ prenoon, and 50–60 RJ postnoon. Also shown are a polar dawn
spot and a nightside spot, which map to distances inside of a statistical X line, consistent with the
interpretation that these spots are the auroral signature of inward flow released during tail reconnection.
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(∼741 GWb), very close to the amount of open flux through
both the northern and southern ionosphere.

6. Discussion

[62] In section 4, we presented the flux equivalence cal-
culation results, and in section 5, we compared the mapping
to the auroral observations. We found that the polar auroral
swirl region can be interpreted as the Jovian polar cap, and
the polar auroral active region can be interpreted as linked to
the Jovian polar cusp. In this section we address the previ-
ous assumption that most of the empty area interior to our
contours maps to open flux. We also address the mapping of
the cushion region. The section concludes with a brief
comment on potential applications of our mapping results.
[63] What can we learn about global dynamics by map-

ping auroral features?
[64] Auroral observations can provide clues to the extent

of the solar wind interaction with Jupiter’s dayside magne-
topause. For example, polar flares in the active region could
be the signature of magnetic reconnection on a magneto-
pause Dungey cycle X line [Grodent et al., 2003b] or the

signature of a magnetospheric disturbance due to a sharp
increase in the solar wind dynamic pressure [Waite et al.,
2001]. However, we have mapped the active region to an
area beyond the dayside magnetopause, so it appears that
only the most equatorward polar flares could map to the
magnetopause.
[65] In our analysis, we interpreted empty areas (those

mapping beyond the magnetopause or beyond 150 RJ on the
night side, roughly in the same location as the UV swirl
region and the IR f‐DPR) as being on open field lines. As
quantified in section 5.2, this is an oversimplification
because the magnetotail extends beyond 150 RJ; however,
the amount of flux from 150 to 9000 RJ is relatively small,
so we feel justified in approximating the open/closed flux
boundary by the 150 RJ contour on the night side and by the
magnetopause boundary on the day side. The empty areas
may still not map to open field lines, however, if one as-
sumes that Jupiter’s magnetosphere is closed, following the
arguments of McComas and Bagenal [2007]. They suggest
that magnetic flux opened via dayside reconnection with the
solar wind is closed on the magnetopause, near the polar
cusps. As a result, Jupiter’s polar cap would be expected to
be small, only ∼10° across, rather than the ∼40° longitude by
∼20° latitude we have suggested (Figure 17), and we feel
that it is unlikely that the polar cap would be so small.
Cowley et al. [2008] pointed out that it is difficult for cusp
reconnection to close all of the flux opened on the day side.
We do not find evidence to support the claim of Delamere
and Bagenal [2010], who similarly proposed that Jupiter’s
magnetosphere is closed, that the f‐DPR maps to the cush-
ion region and region of viscous interaction between the
solar wind and the magnetospheric flanks. Additionally, we
have shown the flux through the empty area in both the
northern and southern hemispheres very closely matches the

Figure 17. Summary of mapping results between the
aurora and its magnetospheric sources for subsolar longitude
180°. The area mapping to closed field lines is shaded pink,
and the region of closed flux accounted for by integrating Bz

from 150 to 9000 RJ is shaded in red. The green shaded
areas indicate the area mapping to beyond 150 RJ or beyond
the magnetopause, which we have interpreted as open flux.
The dark green area maps to the region between the two pre-
ferred magnetopause locations (∼60–90 RJ at noon) and may
be on open or closed field lines depending on which magne-
topause location one assumes. Color scheme following
Bagenal [2007, Figure 10].

Figure 16. Schematic (not to scale) illustrating the map-
ping of Jupiter’s polar auroral regions, which are outlined
with colored contours as in Figure 14, to their magneto-
spheric sources. The open/closed flux boundary is shown as
a dashed pink line. We interpret the active region as the
Jovian polar cusp, the swirl region is interpreted as the open
field lines of the polar cap, and the dark region maps to both
open and closed field lines. Poleward of the open/closed
flux boundary, open field lines (light blue) exit the iono-
sphere from both the dark and swirl regions and are pulled
back toward the night side. A second field line, equatorward
of the open/closed flux boundary, is shown emerging from
the dark region. The light green arrow shows the upward
(out of the ionosphere) field‐aligned current associated with
the main oval emissions, which are also on closed field
lines. The orange arrow shows the closure or downward
(into the ionosphere) field‐aligned current, which could
explain the relative lack of auroral emissions on closed field
lines in the dark region.
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open magnetic flux contained in the magnetotail lobes,
further suggesting that this empty area in the ionosphere
maps to open field lines. If we are correct, the question then
becomes what processes produce the swirl region auroral
emissions.
[66] The main oval emissions are associated with corota-

tion enforcement currents and are not expected to map to a
constant radial distance [Grodent et al., 2003a]. Indeed, our
analysis shows that the main oval mapping varies with local
time. Near dawn, the main emissions map to ∼20–30 RJ,
while near dusk they map farther out, ∼50–60 RJ. These
results suggest that either the radial location of the corota-
tion enforcement currents varies with local time, or the
plasma outflow rate differs among local time sectors, or
both. In a recent study of 9 years of HST data, Grodent et al.
[2008a] found that the main oval location has shifted over
time by as much as 3° in latitude. They proposed that the
latitudinal shift could be explained by variations in the
current sheet density or thickness and not just by a response
to changing solar wind conditions. Similarly, we suggest
that the main oval variation with local time seen here could
be explained by a local time dependence on these current
sheet properties or the plasma outflow rate.
[67] Thus far, we have concentrated on mapping auroral

features to their magnetospheric sources, though it is also of
interest to consider how certain magnetospheric features,
such as the cushion region, map into the ionosphere. The
cushion region is located in the postdawn to noon local time

sector, at ∼40–60 RJ when the magnetopause is compressed
and ∼70–90 RJ when the magnetopause is expanded. It has
been suggested through theoretical arguments that the
cushion region may be associated with the polar auroral dark
region [Kivelson and Southwood, 2005]. However, our re-
sults show that the cushion region does not map to the
auroral dark region but instead to the area just poleward of
the main oval and just equatorward of the active region.
Figure 18 shows a polar mapping for subsolar longitude
with the cushion region mapping shaded in gray. For this
mapping, we have assumed a compressed magnetosphere,
such that the cushion region is located at a radial distance of
40–60 RJ, and have amended the BN model to more accu-
rately match the measured cushion region field values. As
previously discussed in section 4, the BN model represents a
fit to data from all solar wind conditions, including mag-
netospheric expansions when the cushion region is located
farther out, at 70–90 RJ. Therefore, we amended our BN

model by approximating the field in the cushion region as
8 nT, typical of the larger field values in the 40–60 RJ region
(Figure 3). The yellow shaded region indicates the area of
additional closed flux calculated by using this more realistic
cushion region field value, with the assumption that the
cushion region extends from 40 to 60 RJ at local times
0600–1400. Figure 18 shows that the cushion region does
not map to a large enough area to account for the polar dark
region. We have accounted for possible underestimates in
the field model and find that the correction does not sig-
nificant affect our results.
[68] In order to facilitate use of our model, we have cre-

ated a website that allows a user to magnetically map a point
in Jupiter’s ionosphere to the magnetosphere, and vice
versa. This online mapping tool is available at the following
link: http://www.igpp.ucla.edu/people/mvogt/mapping/.
[69] Although we defer further applications of our mag-

netic flux equivalence procedure, we note that the approach
can be applied to additional matters of interest in Jovian
dynamics. For example, it will be useful in establishing how
the mapping of magnetospheric reconfiguration events
[Kronberg et al., 2005] and an associated X line [Woch et
al., 2002; Vogt et al., 2010] compare to observed auroral
polar dawn spots [Radioti et al., 2008b]. Previous studies
have mapped the polar dawn spots to their magnetospheric
source regions (and vice versa) by tracing field lines from
the available field models [Radioti et al., 2008b; Ge et al.,
2010]. However, these models are not accurate beyond
∼30 RJ, and both the tail reconnection events and the polar
dawn spots occur on L shells beyond this distance. In
section 5.1, we briefly discussed the mappings of two spots,
a polar dawn spot and a nightside spot, seen in Figure 15.
These spots both map to inside of the Vogt et al. [2010]
statistical X line, consistent with the view that they are the
signatures of inward flow associated with tail reconnection
[Radioti et al., 2010, 2011].
[70] Finally, we note that even with a novel approach such

as the flux equivalence calculation we have performed here,
we are still limited by the accuracy of the available internal
field models. In our flux calculation, we assumed an initial
ionospheric contour mapping to 15 RJ based on the available
internal field models. The field model used faithfully maps
Ganymede’s ionospheric footprint to an equatorial distance
of 15 RJ, but as discussed in section 3.2, even at this dis-

Figure 18. Cushion region mapping for subsolar longitude
180°, highlighted in gray. Assumed is a compressed magne-
tosphere, such that the cushion region is located at 40–60 RJ

and 0600–1400 LT. The yellow shaded region indicates the
area of additional closed flux calculated by using a more
realistic cushion region field value in the magnetosphere
rather than an averaged value (see text).
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tance the local time mapping is subject to an error of up to
∼1.6 h. Therefore, another potential application of our
mapping is to compare our results to a mapping obtained by
simply following a field model from the equator to the
ionosphere. Such a comparison would help us understand
the limitations of the current Jovian field models and could
facilitate the development of an improved model.

7. Summary

[71] This paper provides a reliable mapping between
Jovian polar auroral features and their magnetospheric
sources and establishes the size and location of Jupiter’s
polar cap and polar cusp. We have used a flux equivalence
calculation based on the requirement that the magnetic flux
through an area in the ionosphere equals the flux through the
equatorial region to which it maps. This approach is pre-
ferred to tracing model field lines because the available
magnetic field models are inaccurate at distances beyond
∼30 RJ.
[72] Calculating the magnetic flux through the equator

required a model for BN, the component of the magnetic
field normal to the current sheet. We developed a model,
based on a fit to the available spacecraft data that accounts
for changes with radial distance and local time. The local
time dependence was of particular importance for accurately
mapping local time asymmetries in the auroral emissions.
[73] We mapped equatorial field lines from 15 RJ, where

auroral data have provided improved field models that can
accurately reproduce the location of Ganymede’s auroral
footprint, out to 150 RJ in the tail, the farthest limit of
available spacecraft observations. However, this distance
represents only a small fraction of the Jovian magnetotail,
which is known to extend as far as ∼9000 RJ. The additional
equatorial flux between 150 and 9000 RJ was found to
shrink the size of the polar cap by only approximately a few
degrees of latitude and does not greatly affect our conclu-
sions relating to the need for an extended region of open
flux in the polar cap.
[74] Our mapping reproduces several key auroral features.

The region of open flux is shifted toward dawn because the
equatorial BN (normal to the current sheet) is strongest in the
afternoon local time sector. We find that the main oval
mapping varies with local time, moving outward from ∼15–
30 RJ near dawn to ∼50–60 RJ postnoon. The polar auroral
active region maps to just outside the dayside magneto-
pause, a region that we identify as the Jovian polar cusp.
The polar auroral swirl region maps to open tail field lines
and is interpreted as the Jovian polar cap. These inter-
pretations are consistent with some earlier predictions based
on auroral observations (see section 2.3). The dark region
mapping remains ambiguous, as it appears to be partly on
open field lines and partly on closed field lines, and the
mapping varies over a Jovian rotation period.
[75] Factors such as solar wind conditions are expected to

affect the mapping results, but without an upstream solar
wind monitor, it is difficult to determine quantitatively how
changing solar wind conditions influence BN and modify the
flux equivalence calculation. Therefore, in this paper, we
presented a calculation using BN values averaged over all
solar wind conditions, and our results are not fully repre-
sentative of any particular solar wind condition. Despite the

inconsistency of using averaged BN with specific magneto-
pause locations, we carried out magnetic flux mapping for
two preferred magnetopause locations and for four different
phases of a Jovian rotation period (similar to considering
different viewing geometries or CMLs) to obtain contours
that can be compared with auroral observations. Our con-
tours change shape and orientation in ways that are dis-
tinctly similar to changes observed in the UV aurora, which
gives us considerable confidence in the validity of the
mapping we have done. We, therefore, believe that our
conclusions regarding the source regions of auroral activity
described by Grodent et al. [2003b] and by Pallier and
Prangé [2001] are realistic.
[76] In addition to mapping the source of the polar auroral

features, we argued that a significant fraction of the area
inside the main oval emissions must map to open field lines.
We have interpreted the empty area, or the area mapping
beyond the magnetopause or beyond roughly 150 RJ down
the tail, as being on open field lines. Further justifying our
interpretation is the fact that the flux through this empty
area in both hemispheres very closely matches the open
magnetic flux contained in the magnetotail lobes. We con-
clude that the size of Jupiter’s polar cap is equivalent to a
symmetric circle about the pole with an ∼11° latitudinal
width (though the Jovian polar cap itself is asymmetric).
Alternate interpretations include the model of McComas
and Bagenal [2007], who suggested that Jupiter’s magne-
tosphere is closed and that the “empty” area in the iono-
sphere maps to closed field lines formed by a second
reconnection with the solar wind at high latitudes (i.e., near
the cusp), or of Delamere and Bagenal [2010], who also
suggested that Jupiter’s magnetosphere is closed but that the
empty area maps instead to the cushion region and region of
viscous interaction between the solar wind and the mag-
netospheric flanks. We feel that this is unlikely, particularly
in view of the evidence that the flux through the empty area
in the ionosphere is effectively the same as the flux through
the lobes of the magnetotail.
[77] Finally, we have made our mapping results freely

available online at http://www.igpp.ucla.edu/people/mvogt/
mapping/. This Web site allows users to magnetically map a
point in Jupiter’s ionosphere to the magnetosphere, and vice
versa.
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