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Giant planet 
magnetospheres
The magnetospheres of Jupiter and
Saturn are… 
• Extremely large
• Dominated by rotation (~10 hrs)
• Weakly influenced by the solar wind
At Io and Europa (inside of 10 RJ):
• Magnetospheric magnetic field is

• VERY STRONG! (Io: ~1800 nT, Europa: ~400 nT)
• Mostly southward.

• Io’s volcanos are the major plasma source for the whole 
magnetosphere!
• 1 ton of plasma every second generated from the Io 

neutral cloud.

~ 100 RJ
~ 7,000,000 km!

http://lasp.colorado.edu/~bagenal/ 

population of the Io plasma torus could produce most of Europa’s
O2. But, this cooler population is easily diverted by the electrody-
namic interaction with Europa and prevented from reaching the
surface. This feedback has not been adequately explored. The lack
of evidence for plumes on subsequent HST observations (Roth
et al., 2014b) and the claim by Shemansky et al. (2014) of a very
weak atmosphere raise further debates about atmospheric pro-
cesses at Europa.

The purpose of this paper is to present a summary of current
knowledge of the plasma environment near Europa’s orbit to
enable deeper studies of the plasma interaction with the moon
and its atmosphere. Section 2 surveys what we know about the
outer regions of the Io plasma torus from remote sensing tech-
niques. In Section 3 we survey in situ measurements of plasma
conditions from the Voyager, Ulysses and Galileo spacecraft
obtained between 8.9 and 9.9 RJ. In Section 4 we present our cur-
rent understanding of the Io–Europa plasma environment from
models of the physical chemistry in this region. In Section 5 we
take three sample cases (hot, low density; medium; cold, high den-
sity) and extrapolate the plasma along the magnetic field under
various model assumptions about the ion distribution functions
to predict the possible range of conditions Europa might experi-
ence as the plasma sheet flaps over the moon. We also compare
the observed and model variations in electron density with longi-
tude. Finally, in Section 6 we present a summary of the ranges of
plasma conditions predicted at Europa’s orbit.

2. Remote sensing

2.1. Torus emissions

Ground-based telescopic detections of emissions (at visible
wavelengths) from S+ (Kupo et al., 1976) and O+ (Pilcher and
Morgan, 1979) gave the first indication that Io is a substantial
source of plasma. As Voyager approached Jupiter in 1979, the UV
Spectrometer reported strong UV emissions from the Io plasma
torus (Broadfoot et al., 1979). Emissions from this dense (electron
density Ne ! 2000–4000 cm"3) plasma have been monitored across
the spectrum (reviewed by Thomas et al. (2004) and Schneider and

Bagenal (2007)). Observations in the ultraviolet include semi-
continuous observations of several months by the Cassini
Ultraviolet Imaging Spectrograph (UVIS, Steffl et al., 2004a,b;
Shemansky et al., 2014) and the recent EXCEED instrument on
the Japanese Hisaki spacecraft (Yoshikawa et al., 2014; Yoshioka
et al., 2014). Recent ground-based monitoring of optical S+ emis-
sions are reported by Nozawa et al. (2005) and Yoneda et al.
(2010). Combining observations of line emissions with best esti-
mates of excitation rates has led to increasingly accurate estimates
of ion composition, electron density and temperature (e.g.
Shemansky, 1987; Taylor et al., 1995; Herbert and Hall, 1998;
Steffl et al., 2004b). These studies have shown that the ion compo-
sition and radiative output of the torus is very sensitive to the pres-
ence of small amounts of suprathermal electrons (!1% of total
electron density, Ne, in the Io torus) which are observed to vary –
particularly in the outer torus – with longitude and time
(Shemansky, 1987, 1988; Steffl et al., 2004b, 2006, 2008).

Especially controversial has been the relative amount of O+ vs.
O2+ (called OII and OIII by spectroscopists) in the torus (e.g.
Shemansky et al., 2014). The situation is summarized by Steffl
et al. (2004b), which we feel is worth quoting here:

Determination of the relative ion abundance of O(II) and O(III)
from EUV spectra has been historically difficult (Brown et al.,
1983). This is due primarily to the paucity of bright emission
lines from these ions in the EUV/FUV region of the spectrum.
In marked contrast to the sulfur ion species present in the torus,
O(III) has just three relatively bright spectral features in the
wavelength range covered by UVIS: the brightest centered at
834 Å and the other two at 703 and 1666 Å. Singly ionized oxy-
gen has but one bright spectral feature, located at 833 Å. Initial
analysis of the Voyager UVS spectra focused on determining the
abundance of O(III) by fitting to the multiplet at 703 Å. The O(II)
abundance was then derived by determining the extra emis-
sion required to fit the feature at 833 Å. Unfortunately, the O
(III) multiplet at 703 Å is heavily blended with signifi-
cantly brighter emissions from S(III) centered on 702 Å. Thus,
this approach requires knowledge of the amount of S(III)
along the line of sight and accurate atomic data for O(II), O
(III), and S(III). These difficulties led to the initial analyses
of Voyager UVS spectra concluding that the ratio of O(II) to O
(III) in the Io torus was less than 1 (Shemansky, 1980;
Shemansky and Smith, 1981; Broadfoot et al., 1981).
Since that time, numerous additional analyses of torus observa-
tions at UV and optical wavelengths have confirmed that O(II) is
actually the dominant ionization state of oxygen, with O(III)
being a relatively minor constituent (Brown et al., 1983;
Smith and Strobel, 1985; Shemansky, 1987; McGrath et al.,
1993; Thomas, 1993; Hall et al., 1994; Herbert et al., 2001;
and others).

If we consider only the EUV channel of UVIS, the spectral emis-
sions model concludes that O(III) is the dominant ionization state
of oxygen in the Io torus. This unphysical result occurs because
the model maximizes the amount of O(III) in order to minimize
the model/spectrum discrepancy at 702 Å. With the inclusion of
the FUV channel, there are two additional O(III) spectral lines
located at 1661 and 1666 Å. These lines, first detected in the Io
torus by Moos et al. (1991), place a strong constraint on the
amount of O(III) present in the torus. Unfortunately, they are rela-
tively faint and barely above the level of noise in the UVIS spectra.
Therefore, the values we derive for the mixing ratio of O(III) or O(II)
as a function of radial distance should more properly be thought of
as an upper or lower limit on the actual value. With this caveat in
mind, there is still significantly more O(III) and less O(II) compared
to the Voyager model of Bagenal (1994). The [O(II)]/[O(III)] ratio,

Fig. 1. Schematic of the plasma environment between Io and Europa. About 0.6–
3 ton/s of neutral material is produced at Io, of which 1/2–2/3 leaves the system as
escaping neutrals after charge-exchange reactions, while 1/3–1/2 is transported
outwards as ions. Europa’s escaping atmosphere provides 20–50 kg/s of H2

molecules and O atoms. Inwardly-diffusing energetic protons charge exchange
with this neutral cloud (or perhaps the iogenic plasma) to produce further escaping
energetic neutral atoms (ENAs).

2 F. Bagenal et al. / Icarus 261 (2015) 1–13
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Moon-magnetosphere plasma interactions

magnetospheric plasma

Sputtering:
Magnetospheric ions 
liberate neutrals, feed a 
tenuous atmosphere.
[Cassidy et al. 2013, 
Vorburger & Wurz 2018]

Ionization:
Electrons & photons ionize 
neutrals, populating the 
ionosphere.

BJ

E = -uplasma x BJ

≠
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given by Mauk et al. (2005), this gives resonant energies of about:
Mimas (1.04 MeV), Tethys (0.84 MeV), and Dione (0.63 MeV), for
equatorial pitch angles of 60!. The upper limits of the dose integra-
tion are chosen as 10 MeV for Mimas and 7 MeV for Tethys and
Dione, as discussed above.

The Mimas and Tethys contours are different from those previ-
ously presented. In addition to the value of Q being lower (due to
the more rapidly falling energy spectra used here), the pattern of
falloff with moon latitude is very different. For instance, the con-
tours in Schenk et al. (2011) have a slower falloff with increasing
moon latitude. The more rapid falloff of Q with latitude away from
the moon equator is much more consistent with the idea that the
lens has sharper edges, as is observed optically. The Dione lens pre-
sented here is new and this work shows it is somewhat competi-
tive in dose rate with the Tethys one.

Schenk et al. (2011) did not find a lens feature in the color ratios
on Dione, even though one is predicted by our study. We next de-
scribe some differences in the environments of these moons that
could be consistent with a weaker lens at Dione. The planetary di-
pole is a factor of 2 weaker at Dione’s orbit than Tethys’s orbit. Gi-
ven that Saturn is an active system with injections and a partial
ring current, it is possible that the actual particle drift paths are
much less coherent than in the dipole idealization used in our
model. The lower magnetic field also results in higher plasma betas
and therefore more magnetic field perturbations in Dione’s wake,

compared to those at the inner moons. This leads to more dis-
turbed electron trajectories arriving at the leading hemisphere,
through the moon’s wake (Krupp et al., 2013). Furthermore, while
the predicted contour levels are fairly similar at Tethys and Dione,
there is a larger contribution to them from slightly lower energy
electrons at Dione (due to value of the resonant energy at each dis-
tance). Lower energy electrons do not penetrate as deeply into the
surface. Finally, as we showed in Section 3, the angle of incidence is
a factor in populating the lens. As the pitch angle distributions vary
with distance from the planet, so too does the incident angle on the
surface and the corresponding penetration depths. For example, if
electron pitch angle distributions become more field-aligned mov-
ing outward from Saturn at the relevant energies, we would expect
shallower penetration in the direction anti-parallel to the surface
normal around the moon equator.

6. Discussion

The lens effect, which we presume here is due to the cumulative
effects of electron weathering of surface ice over time, has been ob-
served optically. Schenk et al. (2011) found a lens feature in global
IR/UV color maps of the surfaces of Mimas and Tethys. Howett
et al. (2011, 2012) found a thermal anomaly with approximately
the same dimensions as the lens on Mimas and Tethys, and

Fig. 5. Contours of Q, with levels in units of log10 (MeV/cm2 s), based on the energy spectra in Fig. 4 and a model that integrates the energy flux (j times E) through the surface.
The zero longitude in these figures placed at 270!W, the center of the satellite’s trailing hemisphere.

160 C. Paranicas et al. / Icarus 234 (2014) 155–161

Precipitation, Sputtering, Space Weathering
Thermal Plasma (<100 eV) Suprathermal plasma

(Please see also my poster!) Paranicas et al., Icarus, 2014

Magnetospheric Measurements System (LEMMS) sensor on MIMI.
This sensor can detect electrons in approximately the tens of keV
to the tens of MeV energy range. Almost all the data presented here
are from the F detector located at the low-energy end of LEMMS.
Particles are magnetically deflected before reaching the solid-state
detector to separate them by species and energy. The F detector
data used in this paper was processed by the pulse-height-analyzer
(pha) system. Electron count rates obtained in this manner can be
separated with high energy resolution. For instance, there are ten
energy channels between about 500 and 1000 keV. In addition to
the pha data, a small group of channels from the high-energy
end of LEMMS are included and represent electrons measured in
a detector stack.

In Fig. 4, we show LEMMS electron data averaged and binned
covering the mission years 2004–2013. Intensity is expressed as
electrons per cm2 s sr keV. Long-time averages are used so that la-
ter in this analysis they will approximate the effects of weathering
over time. Data used for this study were obtained along the orbital
distances of Mimas (r ! 3.08RS), Tethys (r ! 4.89RS), and
Dione (r ! 6.26RS), where RS is Saturn’s equatorial radius
(RS ! 60,268 km), in very narrow radial corridors. We do not in-
clude Enceladus in this study because of potential complications
associated with rapid resurfacing and because magnetic perturba-
tions in the moon’s plasma wake can alter electron drift paths be-
fore they reach the moon. Rhea is somewhat outside the main
radiation belts of the planet and therefore not a focus of this work.

The two high-energy channels we will consider here are E6
(nominally 1.6–21 MeV electrons) and E7 (nominally 7–20 MeV
electrons). Our analysis has shown that at the orbits of Tethys
and Dione, E7 is measuring at instrument background. We do not
include E7 in our energy spectra at those distances (only at Mi-
mas). This also suggests to us that beyond Tethys’s orbit, the flux
of >7 MeV electrons is negligible.

Since the channels E6 and E7 have wide energy passbands, the
mean energy of the channel depends upon the details of the parti-
cle energy spectrum (e.g., Van Allen et al., 1974). Cheng et al.
(1987) showed that if the particle energy spectrum can be approx-
imated as,

j ¼ joE#k ð1Þ

between the energies, [E1, E2], then, if k – 1, a mean energy Em can
be defined by,

Em ¼
ð1# kÞðE2 # E1Þ

E1#k
2 # E1#k

1

 !1=k

ð2Þ

Using this definition, when the count rate measured by the instru-
ment is converted to an intensity, jm, the energy Em is the energy at
which j(Em) = jm.

For all three moons, we assume the spectral exponent to be
used can be found from the spectral slope of the highest energy
pha points. In Fig. 4a, for instance, we carry out a linear fit (in

Fig. 4. Energy spectra obtained near the radial distances of three satellites: (a) Mimas, (b) Tethys, and (c) Dione. The blue (red) circles correspond to mission-averaged LEMMS
pha (rate) data. The channel E6 is plotted in red at all three moons and E7 is plotted at Mimas only. Fits to the data are shown as a dashed line and a solid line, the latter is the
product of a power law and an exponential (see Table 1 and text). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

158 C. Paranicas et al. / Icarus 234 (2014) 155–161

Paranicas et al., GRL, 2001



Signatures of Plumes
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Hubble observations6,7 imply that plumes may erupt over a 
range of Europa latitudes and longitudes within the region of 
elevated nighttime temperatures11. Thus, we regard the location of 
the base of the plume as weakly constrained and take the location 
of the base as parameters. Images from Saturn’s moon Enceladus20 
show that plumes have complex structures. Their axes diverge from 
radial and there can be localized structures within a single plume. 
Assuming that Europa plumes may exhibit similar properties, we 
allow the central axis of our simulated plume to be inclined relative 
to the radial direction. The plume is given a conical structure and 
the opening angle and scale height are taken as free parameters 
(see Methods).

Based on the constraint on the approximate location of the 
plume imposed by the MAG and PWS data, a number of differ-
ent combinations of plume parameters were tested. The results 
presented here were extracted from the run in which the plume 
emerged from a longitude of 245° W and a latitude of 5° S, some-
what east of the plume imaged6 in a region with elevated nighttime 
temperatures (90–110° on Europa’s thermal maps11). The plume is 
tilted in the azimuthal direction by 15° and in the latitudinal direc-
tion by 25°. The location of the plume used is shown on maps of 
Europa’s surface features in Fig. 3. The central column density of 

the modelled plume is 3 ×  1020 m−2, which falls within the range of 
column densities (1.5 ×  1020–2.3 ×  1021 m−2) inferred from spectro-
scopic observations5,6.

The modelled magnetic fields extracted from the MHD simu-
lations with and without a plume were compared with the mea-
sured field in Fig. 1. The measured and modelled plasma densities 
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Fig. 2 | Galileo plasma wave data and derived plasma density for the  
E12 flyby. a, Electric field power spectra. The upper hybrid frequency (fUH) 
that establishes the electron density is marked by black dashed (from 
the previous study14) and solid lines (this study). A pink arrow at 12:02!UT 
indicates the central time of the magnetic perturbation in Fig. 1.  
b, Comparison of the plasma number density inferred from the PWS spectra 
(black dashed line from the previous study14 and black solid line from the 
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Fig. 3 | Location of the modelled plume on Europa’s surface. a,b, 
Perspectives from a longitude of 270°!W (a) and from above the northern 
pole (b). The surface features shown on the sphere were extracted from 
a global map of Europa compiled by the United States Geological Survey. 
The cyan iso-surface of constant neutral density illustrates the shape and 
location of the modelled plume, and the magenta traces show the Galileo 
trajectory. The green ellipse in a indicates the location of a putative  
plume imaged by Hubble6.
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We placed a plume in the region of Europa’s thermal anomaly11 
using the structural and density parameters consistent with plume 
properties inferred from the previous telescopic observations5–7. 
Our simulation assumes that upstream conditions are steady, with a 
background plasma density of ~600 cm−3. The strong upper hybrid 
frequency emissions in Fig. 2a indicate that the background den-
sity remained quite steady at this value until 12:06 ut, after which 
it began to decrease, dropping to ~100 cm−3 by the end of the pass. 
It is not clear whether the change of background density was a 
temporal or spatial feature, such as exit from a possible region of 
anomalously cold, high-density plasma referred to as a cold dense 
blob19. In either case, the density decrease should not have affected 

the analysis of the plume because it occurred only after the pertur-
bations we were focusing on had diminished. The region of abrupt 
large-amplitude fluctuations that we link to a plume lasted < 3 min, 
ending by ~12:03 ut, after which high-frequency fluctuations of 
the magnetic field are consistent with nominal background noise. 
For the purpose of this investigation, changes in the background 
conditions that were encountered about 0.7 Europa’s radius (RE) 
beyond the signature of the plume and some 3 min after the space-
craft exited the region perturbed by its presence should not affect 
the results. As shown below, the simulation reproduced the rapidly 
changing magnetic field and plasma density signatures identified in 
the Galileo E12 data.
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We placed a plume in the region of Europa’s thermal anomaly11 
using the structural and density parameters consistent with plume 
properties inferred from the previous telescopic observations5–7. 
Our simulation assumes that upstream conditions are steady, with a 
background plasma density of ~600 cm−3. The strong upper hybrid 
frequency emissions in Fig. 2a indicate that the background den-
sity remained quite steady at this value until 12:06 ut, after which 
it began to decrease, dropping to ~100 cm−3 by the end of the pass. 
It is not clear whether the change of background density was a 
temporal or spatial feature, such as exit from a possible region of 
anomalously cold, high-density plasma referred to as a cold dense 
blob19. In either case, the density decrease should not have affected 

the analysis of the plume because it occurred only after the pertur-
bations we were focusing on had diminished. The region of abrupt 
large-amplitude fluctuations that we link to a plume lasted < 3 min, 
ending by ~12:03 ut, after which high-frequency fluctuations of 
the magnetic field are consistent with nominal background noise. 
For the purpose of this investigation, changes in the background 
conditions that were encountered about 0.7 Europa’s radius (RE) 
beyond the signature of the plume and some 3 min after the space-
craft exited the region perturbed by its presence should not affect 
the results. As shown below, the simulation reproduced the rapidly 
changing magnetic field and plasma density signatures identified in 
the Galileo E12 data.
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Fig. 1 | Galileo MAG data for the E12 flyby. Black lines show the MAG data. Green and red lines, respectively, show traces extracted from the MHD 
simulations without and with a plume included. Results are presented in EphiO coordinates, with x parallel to Europa’s orbital velocity, y directed towards 
Jupiter and z completing the right-handed system. The interval of anomalous changes (~12:00 to 12:03!UT) is bounded by vertical dashed lines, and closest 
approach is marked by ‘CA’ and a grey arrow. In the range used for these measurements, the MAG sensor digitization step8 was 0.25!nT. Between 11:55 and 
12:05!UT, one or another of the 3 sensors saturated at the spacecraft rotation period. This required special processing, which increased the uncertainty to a 
level of a few nT. X, Y, Z and R given at the bottom of the figure indicate the spacecraft location and its radial distance from Europa’s centre in units of RE in 
EphiO coordinates.
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Figure 13. Magnetic field components in the xy plane at z = −0.89 RE for three different MHD model runs (see Figure 12)
with a radially symmetric atmosphere (a) and additional atmospheric inhomogeneity at different locations (b and c)
during the E26 flyby. The dashed white line shows the trajectory of E26.

The MHD model that results from a simulation with a radially symmetric atmosphere (blue line in Figure 12)
fit the overall signature very well similar to the results of Schilling et al. [2007] and Rubin et al. [2015].
A prominent double-peak structure is evident in the measured Bx component. Neither Schilling et al. [2007] nor
Rubin et al. [2015] could fit this double-peak signature with a global atmosphere. When we include a dense
inhomogeneity on the southern hemisphere (longitude ! = 35∘ and colatitude " = 125∘) within the atmo-
sphere, our model is able to produce a double-peak structure in Bx but width and amplitude differ compared
to the observations (see magenta line in Figure 12). The first peak in our model is a result of the maximum of
Bx that occurs in the southern main wing, and the second peak is a result of the maximum in the southern
Alfvén winglet. The ionospheric closure currents increase the effect of the atmospheric inhomogeneity.
The By component of the model with an atmospheric inhomogeneity is also perturbed on smaller scales
compared to the model with a radially symmetric atmosphere. By shifting the location of the inhomogeneity
more to the upstream side at the longitude!=55∘ and colatitude "=135∘ (green line), the double-peak struc-
ture changes. The By component provides a better fit to the data but the perturbation of the Bz component in
the MHD model is not in agreement with the measured perturbation. Hence, the exact magnetic field signa-
ture is very sensitive to the location of the prescribed atmospheric inhomogeneity. The modifications of the
magnetic field due to the variation of the location of the atmospheric inhomogeneity is shown in Figure 13.
It displays the magnetic field components in the xy plane at the altitude z = −0.89 RE for the three differ-
ent cases discussed in Figure 12. The inhomogeneity generates an area of enhanced Bx and Bz in this plane

BLÖCKER ET AL. ALFVÉN WINGLETS WITHIN ALFVÉN WINGS 23

Journal of Geophysical Research: Space Physics 10.1002/2016JA022479

Figure 13. Magnetic field components in the xy plane at z = −0.89 RE for three different MHD model runs (see Figure 12)
with a radially symmetric atmosphere (a) and additional atmospheric inhomogeneity at different locations (b and c)
during the E26 flyby. The dashed white line shows the trajectory of E26.

The MHD model that results from a simulation with a radially symmetric atmosphere (blue line in Figure 12)
fit the overall signature very well similar to the results of Schilling et al. [2007] and Rubin et al. [2015].
A prominent double-peak structure is evident in the measured Bx component. Neither Schilling et al. [2007] nor
Rubin et al. [2015] could fit this double-peak signature with a global atmosphere. When we include a dense
inhomogeneity on the southern hemisphere (longitude ! = 35∘ and colatitude " = 125∘) within the atmo-
sphere, our model is able to produce a double-peak structure in Bx but width and amplitude differ compared
to the observations (see magenta line in Figure 12). The first peak in our model is a result of the maximum of
Bx that occurs in the southern main wing, and the second peak is a result of the maximum in the southern
Alfvén winglet. The ionospheric closure currents increase the effect of the atmospheric inhomogeneity.
The By component of the model with an atmospheric inhomogeneity is also perturbed on smaller scales
compared to the model with a radially symmetric atmosphere. By shifting the location of the inhomogeneity
more to the upstream side at the longitude!=55∘ and colatitude "=135∘ (green line), the double-peak struc-
ture changes. The By component provides a better fit to the data but the perturbation of the Bz component in
the MHD model is not in agreement with the measured perturbation. Hence, the exact magnetic field signa-
ture is very sensitive to the location of the prescribed atmospheric inhomogeneity. The modifications of the
magnetic field due to the variation of the location of the atmospheric inhomogeneity is shown in Figure 13.
It displays the magnetic field components in the xy plane at the altitude z = −0.89 RE for the three differ-
ent cases discussed in Figure 12. The inhomogeneity generates an area of enhanced Bx and Bz in this plane

BLÖCKER ET AL. ALFVÉN WINGLETS WITHIN ALFVÉN WINGS 23

Blöcker et al., JGR-SP, 2016

Jia et al., Nature Ast., 2018

No plume With plume



Magnetic Fields

temperature of 1250° to 1450°C, suggesting that
beneath the crust there lies a fully or partially
molten layer [the asthenosphere (7, 8)], but its
existence and state are matters of considerable
debate (9–12). Here we interpret magnetic field
measurementsmade near Io as strengthening the
evidence for such a layer.

Induction caused by Jupiter’s rotating magnetic
field was previously used to identify electrically
conducting subsurface oceans in the icy satellites
Europa, Ganymede, and Callisto (13–15). At Io,
too, the inductive response can be used to infer
the properties of its interior, because the conduc-
tivities of subsurface layers depend on the tem-
peratures and the melt states of their constituent
rocks (16–19). The conductivities of dry solid
ultramafic rocks increase from 10−9 S/m at room
temperature (20) to ~10−3 S/m at 1200°C and
~10−2 S/m at 1400°C at pressures prevailing in
Io’s upper mantle (17, 18). Ultramafic rock melts
have conductivities in the range of 1 to 5 S/m at
1200° to 1400°C, and partially molten rocks have
conductivities ranging from 10−4 to 5 S/m, de-
pending on factors such as temperature, com-
position, melt fraction, and melt connectivity
(17–19).

Magnetic data useful for induction studies
were obtained by the Galileo spacecraft from Io
on four passes, labeled I24, I27, I31, and I32.
The I24 and I27 passes are especially useful
because they probed low Io latitudes, where the
induction signaturemaximizes, and occurredwhen
Io was outside of the dense part of the jovian
plasma sheet near the time of maximum induc-
ing field (>500 nT). For these near-equatorial
flybys, in the Cartesian coordinate system called
IϕW, with x parallel to Io’s orbital velocity, y di-
rected toward Jupiter, and z completing the or-
thogonal triad, induction contributed minimally
to the Bz component, allowing us to focus on
the fit to the observed Bz profile to validate our
plasma interaction model and on the Bx and By

components to establish the magnitude of the
inductive response. I31 and I32 are less val-
uable for induction studies because they probed
polar regions where the expected induction
field is weak as compared with the field per-
turbations imposed by interaction with jovian
plasma.

Near Io, field perturbations arise from both
external and internal sources. Magnetohydro-
dynamic (MHD) perturbations result from the
interaction of Io’s atmosphere with Jupiter’s co-
rotating plasma (21). There, the jovian plasma is
slowed by mass loading, charge exchange, and
interaction with Io’s conducting ionosphere.

Alfvénic perturbations called Alfvén wings cou-
ple Io to Jupiter’s ionosphere, exerting forces that
drive mass-loaded plasma toward corotation
(22). We calculated this interaction field from a
three-dimensional MHD simulation model (23)
analogous to that used successfully for inter-
preting data acquired near Ganymede (24). An
additional perturbation source is the inductive re-
sponse of Io to the first three rotational harmonics
(12.953, 5.619, and 4.962 hours) in Jupiter’s field.

The vector amplitudes (in nanoteslas) of the three
harmonics are (309, 734, 118), (70, 106, 11), and
(10, 14, 1) in the IfW coordinate system. The
second and third harmonics are excited by the
quadrupolar and octupolar terms of Jupiter’s in-
ternal dynamo. To model the inductive response
to this multifrequency primary field, we used
multiple-shell models of internal conductivity
(25). In the models, the cold crust had zero con-
ductivity and a thickness of 50 km (6). To obtain

Fig. 1. (A) Observations (solid black curves) and model fields (colored lines) for the I24 pass. The
dashed green line represents the jovian background field near Io. The MHD model (no induction) is
plotted with solid green lines. The MHD models that include the inductive field from the following are
shown: a warm solid mantle at 1200°C (conductivity = 0.002 S/m, dotted blue lines), a hot solid
mantle at 1400°C (conductivity = 0.007 S/m, dashed blue lines), an asthenosphere with a 5% melt
fraction (conductivity = 0.1 S/m) overlying a hot solid mantle (dotted red lines), an asthenosphere
with a 20% melt fraction (conductivity = 0.43 S/m) overlying a hot solid mantle (dashed red lines),
and a perfectly conducting shell located underneath the crust (solid red lines). (B) Same as (A), except
for the I27 pass.
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