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Abstract Usingmeasurements of the Galileomagnetometer and plasmawave instrument, it is shown that
the flux of the Jovian auroral radio emissions is correlated with the azimuthal component of the magnetic
field (Bφ) measured in the plasma disk, the situations of large magnetic twist of the disk (large ΔBφ, the
difference between the measured and the model field) corresponding to enhanced radio intensities
(frequency> 300 kHz). For the four orbits discussed here (three in the postmidnight and one in the
premidnight sector), representing ~44 days of observations, from 25 to 85 Jovian radius in the magnetodisk,
the radio intensity observed during periods of small radial current (ΔBφ< 1 nT) is typically a factor of 5 to 10
smaller than that observed at large radial current (ΔBφ> 5–6 nT). It is proposed that these variations are the
direct consequences of enhanced magnetosphere/ionosphere coupling current systems linked to episodes
of larger outward mass outflows in the disk, resulting in larger parallel currents and, thus, in enhanced auroral
activity. The application of Hill’s model shows that the observed variations of Bφ can be explained by
increasing the mass outflow rate from ~150 kg/s (quiet periods) to more than 2 t/s (“energetic” events), for
Pedersen conductance ranging from 0.1 to 1 S. This is consistent with the canonical values given in the
literature. It is estimated that these modulations of the mass flow rates lead to variations of the power
dissipated in the disk from ~1014 to 1015W due to the torque exerted by themagnetic coupling with Jupiter’s
ionosphere, with a conversion rate into the power radiated by the radio waves of the order of 10�6.

1. Introduction

The dynamics of Jupiter’s magnetosphere is organized mainly by the way the plasma resulting from the
ionization of the gases produced by Io’s volcanic activity is transported radially and driven in rotation by
its magnetic coupling with Jupiter [Bagenal and Sullivan, 1981; Hill et al., 1983; Belcher, 1983; Krimigis and
Roelof, 1983; Vasyliunas, 1983]. As initially studied by Hill [1979], this rotating magnetosphere is character-
ized by a large-scale magnetosphere-ionosphere (M-I) coupling current system that transfers angular
momentum from Jupiter to the outflowing plasma, which contributes to maintaining the magnetodisk
near corotation. This current system consists of an equatorward directed ionospheric Pedersen current
that links to a radial current in the disk and closes through upward field-aligned current in the outer mag-
netosphere (Figure 1). Combined with the equatorial magnetic field, the radial current exerts a J×B tor-
que on the disk and acts to maintain its partial corotation. Some important characteristic features of this
system are the bending back of the magnetic field lines out of the meridian plane [Khurana et al., 2004;
Krupp et al., 2004] and the existence of a bright permanent auroral oval associated with the region of
upward directed currents [Hill, 2001; Grodent et al., 2003; Clarke et al., 2004; Nichols et al., 2009].

Hill’s initial model has been improved to include realistic magnetic models [Pontius, 1997; Cowley and Bunce,

2001; Cowley et al., 2002] and to include the effects of the radial mass flow _M:
� �

and the effective Pedersen

conductivity (Σ) on the angular velocity radial profile [Nichols and Cowley, 2003, 2004]. The consequences of
field-aligned potential differences in the upward current region [Nichols and Cowley, 2005; Ray et al., 2010]
and the inclusion of anisotropic magnetospheric pressures [Nichols, 2011; Nichols et al., 2015] have also been
considered. A common feature of these models is that the radial equatorial current and, thus, the resulting
magnetic field bend-back (or the magnetic twist of the disk) are directly associated with the mass outflow
_M: , with a radial profile of angular velocity that also depends on the Pedersen conductance, Σ. The model
systematically shows that larger mass outflows lead to larger delays from corotation, enhanced M-I current
systems, and more intense upward directed field-aligned currents.
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According to the current knowledge of auroral processes, variations in the M-I coupling efficiency should
have strong observational consequences. As inferred by observations made at Earth [Evans, 1974;
McFadden et al., 1999; Ergun et al., 2000a] parallel electric fields form in regions of upward field-aligned cur-
rents, leading to parallel particle accelerations. Knight [1973] formulated how the current density is linked to
the field-aligned potential in a magnetic mirror geometry [see also Chiu and Schulz, 1978; Lyons, 1980]. This
concept was applied in the Jovian context by Nichols and Cowley [2005] and adapted to consider the large
centrifugal potentials by Ergun et al. [2009] and Ray et al. [2009, 2010, 2015], with the conclusion that the

canonical mass outflows _Me1000 kg=s
� �

may explain the development of field-aligned potentials of several

tens of kV and the generation of the main auroral oval.

The auroral particle acceleration process is also intimately associated with the generation of plasma waves,
including radio emissions [Gurnett, 1974; Roux et al., 1993]. More specifically, as shown from Viking and
FAST spacecraft observations at Earth, the parallel electron acceleration combined with the conservation
of the first adiabatic invariant creates plasma conditions that are favorable to the generation of radio waves
by the cyclotron maser instability [Louarn et al., 1990; Ergun et al., 1998, 2000b; Delory et al., 1998].
Consequently, situations of enhanced auroral activity should lead to intensifications of the auroral kilometric
radiation (AKR). This has been verified by Kurth and Gurnett [1998], with the proof that the AKR intensity is a
good proxy of auroral activity. Similar scenarios most probably apply at Jupiter and Saturn [Zarka, 1998;
Gurnett et al., 2002; Kurth et al., 2005; Lamy et al., 2013]. Onemay thus expect that the intensities of the auroral
radio emissions at Jupiter—mostly at hectometric and decametric wavelengths (the so-called HOM and
DAM)—and Saturn (the kilometric radiation or SKR) are also good proxies of auroral activity in general and,
more specifically, of the intensity of the upward field-aligned currents.

In the present article, we explore this scenario linking mass outflow to the intensity of radio emissions. We
analyze Galileo data to examine whether the disk magnetic twist is correlated with the radio intensity. As
sketched in Figure 1, our goal is to relate variations of the magnetic configuration of the disk (its twist, in par-
ticular) to modulations of overall auroral activity, as indicated by the power in radio emissions. The principle is
simple. Increases of the azimuthal magnetic field in the disk are inherently associated with the strength of the
radial current in the disk, which requires an enhanced M-I coupling current system. This should be associated

Figure 1. Sketch of Jovian magnetospheric activity, (top left) with the global configuration of the M-I coupling current
system showing field lines and associated auroral processes in a meridian plane near the ionosphere and (top right) in a full
cut from north to south. (bottom right) The magnetic configuration and local currents are sketched in a 3-D element of the
magnetodisk.
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with more intense auroral activity and powerful auroral radio flux. According to Hill’s model, this variability
should reflect modulations in the mass outflow rate.

This interpretation assumes that the disk magnetic twist is predominantly linked to internal processes
which, given the importance of the rotation and mass loading effects at Jupiter, appears to be the most
natural. However, this model requires some comments. The Galileo observations have indeed revealed
that the magnetosphere presents a significant dawn/dusk asymmetry, which has been interpreted as a
consequence of its interaction with the solar wind [Khurana et al., 2004]. A larger magnetic bend-back
is observed in the postmidnight and morning sector so that the magnetic twist cannot be systematically
attributed to the rotation and mass loading effects only. Both solar wind variations and magnetopause
processes may perturb the azimuthal field [Delamere et al., 2015a, 2015b] with likely a positive correla-
tion with the radio intensity since it is established that the Jovian radio emissions are, in part, correlated
to the solar wind perturbations [see, for example, Genova et al., 1987; Gurnett et al., 2002; Prangé et al.,
2004; Hess et al., 2014].

It appears difficult to disentangle external from internal processes. One solution is to consider that the
relative importance of both effects certainly varies with the distance from the magnetopause and that
the external effects on the magnetic bend-back vary with local time (LT). It is expected to be maximum
near the magnetopause in the morning sector and, comparatively, minimum and even inverse in the
evening sector. Since we are essentially interested by internal effects, we thus consider observations
made at moderate distances from Jupiter, in the disk “proper,” from 20 to 60–70 Jovian radius (RJ), at
±3 h from midnight local time, then relatively far from the magnetopause. In section 2, we first consider
observations obtained in the postmidnight sector and establish the correlation between the magnetic
twist (bend-back perturbations) and the radio flux. However, we also discuss observations performed
in the evening sector that shows the same phenomenology, with a larger magnetic bend-back in peri-
ods of intense radio flux. This is not the expected effect of external perturbations and supports the
hypothesis of dominant internal effects.

In section 3, we compare the predictions of Hill’s model to the measured azimuthal magnetic field. This is

used to infer the range of parameters ( _M: and Σ*) that are consistent with the observations. The energetic con-
sequences are discussed in section 4, with estimates of the power dissipation in the M-I current system and
the conversion rate into particle acceleration and radio flux.

2. Observations
2.1. Detailed Analysis of a Radial Disk Crossing

In this section, we describe the observations performed during a particular radial crossing of magnetodisk
to show the possible relationship between the radio flux and the magnetic twist of the disk. The wave
and magnetic field measurements performed from day of year (DOY) 77 to 92, 1997, on an inbound
Galileo orbit, from ~85 to 25 Jovian radius (RJ) in the postmidnight sector (from 03:00 to 04:00 LT), are
displayed in Figure 2 (see Kivelson et al. [1992] and Gurnett et al. [1992] for descriptions of the magnet-
ometer and plasma wave instruments).

The high-frequency part of the wave spectrogram is displayed in Figure 2a. It shows two Jovian radio
emissions: (1) the broadband hectometric “HOM” emission above ~300 kHz and (2) the narrowband kilo-
metric “nKOM” emission from 50 to 200 kHz. As already mentioned, HOM is an analogue of AKR at Earth
[Zarka, 1998]. It is most certainly generated by the cyclotron maser instability along auroral magnetic field
lines, with a global flux that gives a proxy of the auroral activity. The nKOM has a very different origin. It is
organized in bursts with an ~10 h periodicity, coming from sources that rotate in the outer Io torus at
~8–9 RJ [Reiner et al., 1993].

In Figure 2b, the spectrogram, restricted to frequencies below 10 kHz, shows the continuum radiation and
various locally emitted plasma waves. The low-frequency cutoff in the continuum is at the plasma frequency.
The ~5 h periodicity corresponds to the regular crossings of the plasma sheet. The variations are particularly
large when Galileo approaches Jupiter closer than 60–70 RJ, with oscillations from ~1 to 2 kHz (meaning elec-
tron density ~0.01–0.05 cm�3) in the central sheet to less than 100Hz (<10�4 cm�3) in the lobe regions.
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The HOM intensity shown in Figure 2c is obtained by integrating the spectral intensity from 300 kHz to
5.6MHz. It is normalized to 10 RJ, using a correction for the square of the Galileo/Jupiter distance. A sliding
1 h window average is applied to eliminate short-scale fluctuations. Since the emission is strongly modulated
by the planet’s rotation, we also show the maximum intensity (in blue) and the average intensity (in red),
measured over each Jovian rotation. They will be denoted mI and aI, respectively, and expressed in (V/m)2.

One notices that the HOM intensity may vary by a factor as large as 10 over time scales of a few Jovian
rotations. As discussed in the Introduction, this likely reflects variations in auroral activity and, by exten-
sion, in the intensity of the M-I current system coupling. In the present case, the activity would thus be
particularly important on DOY 78, 82, 86, and 90 (red line) when HOM bursts are observed. This corre-
sponds to the occurrence of “energetic events” as described by Louarn et al. [1998, 2000, 2001]. Their
phenomenology includes the simultaneous observations of (1) a burst in the intensity of HOM and a
broadening toward lower frequencies; (2) the formation of a new source of nKOM, seen at a different
system III longitude than the previous ones; and (3) fluctuations in the cutoff frequency of the conti-
nuum emission that can be interpreted as local plasma density perturbations. Note that “simultaneously”

Figure 2. PWS and MAG observations from DOY 77 to 92, 1997. (a) Spectral intensity measured by PWS from ~50 kHz to
5.6 MHz (electric component). (b) Spectral intensity measured by PWS from 5 Hz to 10 kHz. (c) “HOM” intensity from
300 kHz to 5.6 MHz (in black: averaged over a sliding 1 h window, in blue: maximum over a Jovian rotation, in red: averaged
over a Jovian rotation). Absolute values of the (d) radial (Br) and the (e) azimuthal (Bφ) magnetic components (SYS3
coordinates); in black: MAG measurements, in red: Khurana’s model field, in blue (Figure 2d): total field. (f) Magnetic
bending angle: ζ = atan(Bφ/Br) and (g) normalized twist: (Tw = Bφ/r.Br in RJ

�1). In blue: measured values, shown as black
bars: their averaged values measured between two sheet crossings, in red: the model values averaged over the same
interval. (h) Range and MLT of Galileo.
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means here “within a Jovian rotation” since the emission beaming and the rotation have to be consid-
ered. The red lines show the first indication of the events; it is not necessarily the HOM burst itself and
may be the low-frequency extension of the HOM or the new nKOM source. These events are often fol-
lowed by sequences of sudden thickening followed by progressive thinning of the plasma disk, as seen
after ~DOY 78.3 and 82.5 (see Louarn et al. [2000] for details) that can be interpreted as variations in the
plasma content of the magnetodisk. They are also systematically linked to energetic particle injections
seen in the outer part of Io’s torus [Mauk et al., 1999; Louarn et al., 2001, 2014].

In Figures 2d and 2e, the absolute values of the radial (Br) and the azimuthal (Bφ) magnetic components are
plotted. They are compared to Khurana’s model (in red), calculated using the code available at the website of
the Laboratory for Atmospheric and Space Physics (see details in Khurana et al. [2004]). Absolute values are
used for a better visualization of the long-term variations. In reality, Br is alternatively positive and negative,
according to the north/south position of Galileo with respect to the current sheet, and Bφ varies in antiphase
with Br, as expected if the magnetic twist is consistent with a lag from corotation.

Br and Bφ generally present well-defined “square” profiles, with short intervals where they decrease to zero as
Galileo crosses the center of the current sheet. The disk is thus relatively thin so that Galileo regularly enters into
the lobes. This is also consistent with the modulations of the upper hybrid frequency seen in Figure 2b. The
availability of measurements well above or below the center of the current sheet is useful for obtaining reliable
estimates of the total current flowing in the sheet from the lobe-to-lobe variations of the magnetic field.

The correlation between the radio flux and the magnetic field is particularly obvious from DOY 84 to 90, as
Galileo approaches Jupiter from ~70 to ~40 RJ. The radio intensity increases by 1 order of magnitude from
mI~0.3 × 10�7 and aI~0.1 × 10�7 (V/m)2 on DOY 84 tomI~2.7 × 10�7 and aI~1× 10�7 on DOY 86.5. This max-
imum corresponds to the energetic event. The flux then decreases to mI~0.6 × 10�7 and aI~0.2 × 10�7 until
DOY 90, just before the next energetic event. Over the same time period, Br and Bφ rise from their model
values at DOY 84 (respectively, 7 and 2.5 nT) to reach maxima at the energetic events (respectively, 13 and
8 nT, meaning ~5 nT above the model). They then return close to model values at DOY 90.

The same radio-Bφ correlation is observed in the energetic events occurring on DOY 90 and, although less
obvious, DOY 82. Thus, Bφ increases from ~4nT on DOY 89.5 to 9 nT on DOY 91.5 (~5 nT above the model)
as the radio intensity also increases from mI ~0.5 × 10�7 to 3 × 10�7 (V/m)2. Similarly, Bφ is close to 5 nT on
DOY 82.2 (~3 nT above themodel value) and decreases to 2.5 nT on DOY 84.5, when simultaneously, the radio
intensity decreases from mI ~3.9 × 10�7 (V/m)2 to 0.3 × 10�7 and aI from 0.9 × 10�7 to 0.1 × 10�7.

One can also study the correlations with the magnetic bending angle: ζ = atan(Bφ/Br) and the normalized
twist: Tw= Bφ/(r.Br), shown in Figures 2e and 2f. The normalized twist is often used in the literature since it
corrects for the tendency of the magnetic spiral angle to increases linearly with radial distance. For conveni-
ence, we again present the absolute values of these quantities, both being negative in reality for the whole
time period. Since these quantities fluctuate considerably near the center of the current sheet, values calcu-
lated with small Br (Br< 2 nT) are excluded. The small horizontal black bars in the plots are 2 h averages, cal-
culated between successive sheet crossing, when Galileo is expected to be well above or below the current
sheet. The red dashed lines show the model values.

The quasi-linear increase of the bending angle with distance to Jupiter is obvious in Figure 2e and well repro-
duced by the model. Superposed on this regular variation, the bending angle shows increases of more than
10° that are correlated with the energetic events. For example, for the period DOY 84–90, the bending angle
is close to the model value on DOY 84.0 (~18°) when the radio intensity is very low; it then reaches ~25° (~9°
above the model) on DOY 86.5 when the energetic event occurs, before a slow return to the model value on
DOY 90 as the radio intensity decreases. Similar, but weaker, responses are observed around days 82 and 90,
with bending angles about 5° above the model values when the radio intensity maximizes and close to the
model value when mI decreases below 1× 10�7 (V/m)2.

The correlation with the normalized twist is also clear (Figure 2g). The model value is ~0.0055 (with distances
expressed in RJ) and only slowly varies with radial distance. This is about the observed value at DOY 84, when
the radio intensity is minimal. It then increases to ~0.011 at 86.5, before a slow return to the model value on
DOY 90. In general, values greater than 0.008 are observed at or slightly after each event. One can also notice

Journal of Geophysical Research: Space Physics 10.1002/2016JA023106

LOUARN ET AL. RADIO FLUX AND DISK DISTORTIONS 9655



that the normalized twist increases after the first event, on DOY 78, when the radio flux also intensifies. This
variation is harder to detect from the bending angle.

To be complete, one may notice that the radio flux also correlates with the total magnetic field. For example,
at DOY 86.5, the peak in the radio flux is observed when the total field is also at a local maximum or, more
precisely, when the difference with the model field is maximum. This particular event has been studied by
Ge et al. [2007] who proposed an analogy with the substorm “growth phase.”

2.2. Other Examples in the Postmidnight Sector

We extend the previously reported observations by first analyzing two additional examples of periodic
encounters of the plasma sheet along a largely radial pass through the disk (Figure 3), corresponding to
the periods DOY 166–176, 1997, and 251–259, 1997, in the postmidnight sector (from 03:00 to 05:00 LT).
The observations are plotted as functions of radial distance, with the time (DOY) indicated at the top of
the plots. Two events occur during the first time period, at DOY 171 and 175, at distances from Jupiter ~55
and 30 RJ. During the second time period, an event occurs at DOY 256, at a distance of ~48 RJ.

The interval DOY 170–175 provides a particularly good example of link between the radio flux and the mag-
netic twist. This 5 day period corresponds to a Jupiter approach from ~65 to 30 RJ. At DOY 170, the radio
intensity is at minimum:mI ~1× 10�7 and aI ~0.4 × 10�7 (V/m)2 when Bφ; the bending angle and the normal-
ized twist are close to the model. Br is ~20% above the model. The radio intensity then systematically
increases to reach a local maximum at DOY 171.6:mI ~5× 10�7 and aI ~1.5 × 10�7. During the same interval,
Bφ also increases to a local maximum (~11 nT, thus ~7 nT above the model), as does the bending angle (~30°
or ~14° above the model) and the normalized twist (~0.012 or ~0.0065 above the model). Both Br and the
total field also increase to ~30% above the model. The radio intensity then remains large with a decreasing
trend interrupted by partial recoveries, until DOY 174.4, withmI ~2.1 × 10�7 and aI ~0.9 × 10�7. The total field,

Figure 3. PWS and MAG observations from DOY 166 to 176, 1997, and DOY 251 to 259, 1997. The same quantities as in
Figure 2 are displayed, with the same color code: (a) “HOM” intensity from 300 kHz to 5.6 MHz, absolute values of the (b)
radial (Br) and the (c) azimuthal (Bφ) magnetic components (SYS3 coordinates), and (d) magnetic bending angle: ζ = atan
(Bφ/Br) and (e) normalized twist: (Tw = Bφ/r.Br in RJ

�1). The abscissa is the Galileo/Jupiter distance. The dates are given in the
top part of each plot.
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Br, and Bφ decrease for about 20 h following the event, with values approaching themodel, but again increase
to a plateau until 174.4, with Bφ ~8nT, a bending angle ~22° (~8° above the model) and a normalized twist
~0.009 (~0.0055 above the model). At 174.4, the radio intensity sharply decreases, with mI ~0.8 × 10�7 and
aI ~0.2 × 10�7, until the next event at 175.3. Simultaneously, Bφ, the bending angle, and the normalized twist
also decrease to reach values close to but slightly larger than the model, and, as in the start of the plotted
interval, the field magnitude and Br remain somewhat larger than the model predictions.

A similar radio-twist correlation is observed from DOY 251 to 259. Most of the time, Br, Bφ, the bending angle,
and the normalized twist are close to the model values and the radio intensity is relatively low:mI< 1× 10�7

and aI< 0.3 × 10�7. However, from DOY 255.5 to 257.2, at 44–53 RJ, the magnetic field becomes ~30% larger
than the model, with an ~10° increase of the bending angle. This significant enhancement of the magnetic
twist is well correlated with an intensification of the radio flux that starts at 255.7, from mI~0.4 × 10�7 and
aI< 0.2 × 10�7 to peak at 256.2 with intensities 4–5 times larger: mI~1.6 × 10�7 and aI~0.6 × 10�7. This more
intense radio flux is then observed for ~20 h during which time both the bending angle and the twist remain
~25–30% above the model values.

In conclusion, the observations described in Figures 2 and 3 appear to be consistent with the model sketched
in Figure 1. The time periods of large Bφ and, thus, of strong radial currents flowing in the disk are apparently
well correlated with enhancements in the auroral radio flux. This suggests that they are also associated with
intensifications of the parallel currents connecting the disk to the ionosphere and, thus, likely to correlate well
with strong auroral activity.

2.3. Correlation Between Radio Intensity and Twist

Our purpose is now to quantify the correlation between the radio flux and the magnetic twist or Bφ. We
thus analyze observations made in the disk proper, from 30 to 70 RJ, and we determine the radio intensity
(mI and aI) as functions of Bφ and the twist (Tw). This is done by first identifying each incursion into either
the northern or southern lobe, defined as the time interval separating two successive crossings of the
plasma sheet. Periods of ±2 h from the centers of these time intervals are used to determine the maximal
and averaged values of Bφ and Tw and periods of 5 h (~1/2 Jovian rotation) are used to determine mI and
aI. Series of 30 to 40 points are then obtained for successive portions of the selected orbits, correspond-
ing to a time cadence of ~5 h.

The plots in Figure 4 show the radio intensity as a function of the difference between the measured and the
model twist: ΔTw= Twmeasured� Twmodel. The green lines show the linear fits:

aI ¼ aI0 þ Λ
Bφ
ρBr

� Bφ
ρBr

� �
mod:

� �
¼ aI0 þ Λ ΔTw: (1)

Although the points are somewhat scattered, it is clear that the radio flux tends to increase with ΔTw. The
scatter is reduced when the averaged fluxes are considered (rightmost plots). One may notice that consider-
ing individually each orbit, the average flux at ΔTw ~0 is systematically below the flux at ΔTw >0.004, i.e.,
when the twist is almost twice the model value.

Fits of equation (1) to the data in Figure 4 give typical values: aI0~1.5 × 10�8 (V/m)2 andΛ~1.25 × 10�5. In this
formula, aI0 can be interpreted as the HOM intensity of the quiet magnetosphere, normalized to 10 RJ. The
typical value of Λ corresponds to an increase of the average radio intensity by a factor 5 from the low twist
intervals (when the twist is close to the model value or Tw ~0.005) to the large twist intervals (Tw> 0.01).
When applied to the maximal intensity (mI), the linear fit shows that Λ varies from 1.8 × 10�5 to 3.9 × 10�5

with the orbit, the latter value indicating that the maximum HOM intensity may increase by a factor 15, from
small to large twist situations.

The bottommost plots of Figure 4 include measurements from all of the different orbits. The tendency for the
flux to increase with twist is still present. However, the typical fluxes differ from one orbit to another in a way
that is not described by the twist only. For a given twist, the flux measured during the period of 168–171 is
systematically larger than during 253–258. To explain this observation, one may notice that Br at the same
distance is generally larger during the first period than the second one (Br is several nanotesla above the
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model during the first period and close to the model during the second one). To get the same twist, larger Bφ
are then needed for the first period, meaning larger parallel current and, thus, more radiation flux.

This possible mixed Br/Bφ effect is not present in Figure 5, where the averaged radio intensity is plotted as
a function of the difference between the averaged Bφ (left) or maximal Bφ (right) and the model value.
The linear fits, similar to equation (1), are shown with the normalized chi-square value indicated in each
plot. One again observes the clear correlation between the radio intensity and Bφ, with intensities gener-
ally below 2× 10�8 when for ΔBφ< 1 nT and above 10�7 for ΔBφ> 6 nT. The slope of the fit is typically
0.12 × 10�7 (V/m)2/nT, with an intensity of ~10�8 for ΔBφ= 0. The use of the averaged Bφ or the maximum
Bφ does not significantly change the quality of the fits. This may be an indication that the radial current
flows over a large range of local time or that possible intensifications in longitude of radial current have
little effect on the global radio flux.

Similar analyses have also been performed considering the total magnetic field (BT) and the radial
component (Br) only (Figure 6). In general, more scattered plots are obtained, with larger chi-square values
(by typically 0.06 to 0.1) than with ΔBφ. The comparison with the plots in Figure 5 (plots for ΔBφ) clearly shows
a significant loss of correlation between ΔBT or ΔBr and the radio flux. One can even consider that there is no

Figure 4. Plot of the radio intensity as a function of the difference between the measured twist (in RJ
�1) and the model

values. (left) The maximal intensity and (right) the averaged intensity are plotted. The bottommost plots display all three
orbits. The green lines are the linear fits.
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correlation between the radio flux and BT or Br for modest increases above the model values (ΔBT, ΔBr< 4 nT)
and that the tendency of global increase of the radio flux is observed for situations of large current only
(ΔBT, ΔBr> 5 nT).

In conclusion, this quantitative analysis confirms the observations described in the previous sections. For
the three orbits discussed here, representing 34 days of observations, the radio intensity observed during
periods of small radial current (ΔBφ< 1 nT) is typically a factor 5 to 10 smaller than the one observed at
large radial current (ΔBφ> 5–6 nT). The comparison with ΔBT and ΔBr does not show convincing correla-
tions with the radio flux, except that situations of large total or azimuth currents (ΔBT, ΔBr> 5 nT) gener-
ally correspond to large fluxes (fluxes larger than the averaged measured during the considered orbit).
This analysis shows that increase in Bφ and, thus, in parallel current is what is correlated with the radio
flux with, probably, the tendency that Bφ and Br (thus the radial and azimuthal currents) increase together
in cases of particularly strong activity.

2.4. Example in the Premidnight Sector

In Figure 7, we present the period DOY 178–188, 1997, corresponding to the outbound radial disk
crossing that follows the first example given in Figure 3. Galileo is now in the evening sector, at

Figure 5. Plot of the averaged radio intensity as a function of the difference between the measured Bφ and the model
values. (left) The intensity versus difference in nanotesla between the averaged Bφ and the model is plotted. (right) The
difference in nanotesla between the maximum Bφ and the model is plotted. The normalized chi-square value of the linear
fit (in green) is indicated in each plot.
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18:00 to 23:00 LT and 20 to 80 RJ. Figures 3a and 3b show the HOM observations, using the same
format as in Figure 2. A first event occurs on DOY 179.5, with a large radio intensity seen till DOY
182.5 and a moderate one on DOY 183.5. In Figures 3c and 3d, Br and Bφ are displayed and compared
with the model (in red). If Br is generally close to the model even if it presents less defined square-
shaped variations, Bφ shows significant variations from the model with the same correlation with the
radio intensity as described in the postmidnight sector. In absolute value, Bφ is ~10 nT above the
model, at DOY 179, when the first event occurs. Then, after a short decrease on DOY 180, it remains
~5 nT larger than the model until DOY 182.5, during the period of the maximum radio flux. After DOY
183, it returns to close to the model as the radio flux decreases.

Due to large short-scale magnetic fluctuations, the instantaneous tilt angle (shown in cyan in Figures 2 and 3)
is very spiky. We prefer to estimate the tilt angle by averaging Br and Bφ over 3 h periods centered between
each crossings of the current sheet center. In Figure 3e, these estimates are shown in blue and compared with
the model. Contrary to Figures 2 and 3, the actual values of the magnetic field and tilt angle are displayed
since one may expect to observe both bend-back and bend-forward perturbations (respectively, negative
and positive tilt angles) in the evening sector. As already mentioned, only bend-back perturbations were
observed in the previous examples.

Figure 6. (left) Plot of the averaged radio intensity as a function of the difference in nanotesla between the measured total
B and the model values (Bred). (right) Plot of the averaged radio intensity as a function of the difference in nanotesla
between the measured radial B component and the model values (Btot). The normalized chi-square value of the linear fit
(in green) is indicated in each plot.
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In Figure 3e, one notices the existence of a few short periods of bend-forward perturbations. They are, how-
ever, never observed when the azimuthal perturbations are large. Most of the time the tilt angle is negative
and shows bend-back perturbations up to 5–10° larger than the model when the radio flux is intense, as
before DOY 183. These large bend-back perturbations are observed from 20 to 60 RJ between 18:00 and
22:00 LT. Later, a bend-back is still observed but smaller than the model values.

Overall, the phenomenology thus remains unchanged: the bend-back perturbations are correlated with the
radio intensifications. Since the Bφ perturbations that would be induced by solar wind effects, due for exam-
ple to larger dynamic pressure, are expected to bend forward in the evening sector, this observation supports
the hypothesis of a dominant role of the internal processes in the magnetic twist, at least at distances smaller
than ~60 RJ. This justifies an interpretation based on Hill’s model, as developed in the next sections.

Figure 7. PWS and MAG observations from DOY 178 to 188, 1997. The same quantities as in Figure 2 are displayed, with
the same color code: (a) spectral intensity; (b) “HOM” intensity from 300 kHz to 5.6 MHz; (c) radial (Br) and (d) azimuthal (Bφ)
magnetic components (SYS3 coordinates); and (e)magnetic bending angle: ζ = atan(Bφ/Br), calculated from a 3 h averaging.
Negative angles correspond to bend-back tilt. (f) Range and LT.
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3. Model and Interpretation
3.1. Basic Equations

In this section, we summarize the classical model of the M-I current system coupling first proposed by Hill
[1979, 2001] and Vasyliunas [1983] and later extended by Pontius [1997], Cowley and Bunce [2001], Cowley
et al. [2002], Nichols and Cowley [2003, 2004, 2005], Nichols et al. [2009, 2015], and Ray et al. [2009, 2010].
The formulation developed below follows Nichols and Cowley [2004, 2005].

The magnetic field is specified by a flux function F(ρ, z) defined by B
→ ¼ 1=ρð Þ∇→ F�e→φ, where ρ is the dis-

tance from the magnetic axis (assumed to be coaligned with the rotation axis as a first approximation), z
is the distance from the magnetic equator, and φ is the azimuthal angle. The condition F(s) = constant (s is
the distance along the field line) defines a flux shell; it is used to magnetically map the ionosphere
(subscript “i”) to the equatorial plane (subscript “e”) by the equation F(s) = Fi= Fe. Considering a pure
dipole field at the ionosphere and assuming that F= 0 on the magnetic axis, Fi is given by

Fi ¼ BJρ2i ; (2)

where BJ is the dipole magnetic field strength at the equator at the surface of the planet (BJ= 4.26 × 105 nT).
The flux in the equatorial plane is linked to the z component of the magnetic field by

Bz e ¼ 1
ρe

dFe=dρe; (3)

and for a dipole field, Fe ¼ BJρ�1e .

Following Hill’s work, the ionosphere height-integrated Pedersen current flowing in the equatorward direc-
tion can be related to the magnetospheric angular velocity (ω) by

iP ¼ 2ΣBJρi Ω� ωð Þ ; (4)

where Σ is the effective height-integrated Pedersen conductivity and takes into account the neutral atmo-
sphere slippage andΩ is the Jovian angular velocity. Themagnetic field in the polar ionosphere is considered
to be nearly vertical and equal to twice the surface field at Jupiter’s equator (BJ).

Assuming symmetry between the northern and southern ionospheres for simplicity, the current continuity
equation that relates the radial current iρ flowing in the disk, integrated over the sheet thickness, to the
Pedersen current is ρeiρ= 2ρiiP, so that using equations (2) and (4):

iρ ¼ 4ΣΩFe
ρe

1� ω
Ω

� �
: (5)

From Ampère’s law, the azimuthal magnetic field (Bφ) just above the plasma sheet is then

Bφ ¼ ±2μ0
ΣΩFe
ρe

1� ω
Ω

� �
: (6)

The signs “+” and “�” correspond to the northern and southern hemispheres, respectively.

The field-aligned current can be calculated from the divergence of iρ. Considering the northern vertical cur-

rent flowing out of the disk, one gets: jze ¼� 1
2ρe

dρeiρ
dρe

, and thus,

jjj
B
¼ jze

Bzej j ¼ � 2ΣΩ
ρe Bzej j

dFe 1� ω
Ω

� �
dρe

: (7)

The angular velocity ω is calculated by solving the dynamical equation that relates the temporal variation of
the plasma-disk kinetic moment to the torque exerted by the current system. Assuming cylindrical symmetry,

a stationary state, and noting _M: as the mass flux rate, the dynamical equation is [Hill, 1979]

d
dρe

ρ2eω
� � ¼ 2πρ2e iρ Bzej j

_M
; (8)

or substituting equation (5):
1
ρe

d
dρe

ρ2e
ω
Ω

� �
¼ 8πΣFe Bzej j

_M
1� ω

Ω

� �
: (9)
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To progress, the profile of Bze needs to be specified. Nichols and Cowley [2004] proposed a useful combination
of the Voyager 1/Pioneer 10 model of Connerney et al. [1981]—the CAN model, valid in the inner magneto-
sphere (ρ< 25 RJ)—and the Voyager 1 model of Khurana and Kivelson [1993]—the KK model, valid at larger
distances in the disk:

Bze ρeð Þj j ¼ B0
RJ
ρe

� �3

exp � ρe
L

� �αh i
þ A

RJ
ρe

� �m

: (10)

The first term in this expression is a modified dipole field, and the second term is the KK model. Nichols and
Cowley [2004] considered the KK model, with A= 5.4 × 104 nT and m= 2.71, and selected the values of B0, L,
and α to fit the CAN model at 5 RJ, where B=3144 nT according to CAN model. They chose
B0 = 3.335 × 105 nT, L= 14.5 RJ, and α= 5/2. As shown later, these parameters need to be modified to better
fit the Galileo observations. Using equations (3) and (9), an expression of the flux function is obtained.

Fe ρeð Þ ¼ F∞ þ B0R3J
αL

Γ �α; ρe
L

� �αh i
þ A
m� 2

RJ
ρe

� �m�2

: (11)

Γ(a,z) is the incomplete gamma function:Γ a; z½ � ¼ ∫
∞

z t
a�1e�tdt. The constant F∞ is obtained by adjusting Fe to

the CAN model value in the inner magnetosphere. We use Fe= 8.82 × 104 nT RJ
2 at 5 RJ.

In general, the angular velocity can be calculated by a numerical integration of equation (9), considering
equations (10) and (11) and assuming exact plasma corotation in the vicinity of the Io torus (ω=Ω for
ρe~5–10 RJ, typically). As shown by Nichols and Cowley [2004], useful approximations to the angular velocity
can also be computed considering the simple power law expression of Bze (the “KK” model) and assuming
that Fe(ρ) is a constant (F0) representative of the value of Fe in the plasma disk.

With Bze ρeð Þ ¼ �A RJ
ρe

� �m
, equation (8) becomes

1
ρe

d
dρe

ρ2e
ω
Ω

� �
¼ 4

RH
ρe

� �m

1� ω
Ω

� �
; (12)

where RH is a typical length (the Hill radius) that scales the decreasing angular speed with radial distance:

RH ¼ 2πΣF0A
_M

� �1=m

: (13)

The solution of equation (8) can then be written as

ω
Ω

¼ 4
m

� �2=m RH
ρe

� �2

exp
4
m

RH
ρe

� �m� 	
� Γ 1� 2

m
;
4
m

RH
ρe

� �m� 	
þ K

� 	
; (14)

where K is an integration constant determined by imposing the condition of exact corotation at a specified
distance from Jupiter.

It is interesting to note that the numerical solution of equation (9) as the approximate solution (14) only
weakly depends on this boundary condition. In practice, one can impose the condition ω/Ω= 1 at different
ρe (in the range of 5–15 RJ for example) without significantly modifying the function ω(ρ)/Ω. From expression
(14), one can indeed check that the solutions obtained by fixing ω/Ω= 1 at different ρe merge with the K=0

solution over a short distance. This simplifies the analysis since Σ= _M: and Bze are then sufficient to determine
the ω/Ω profile. Bφ(ρ) is then obtained by combining equations (6) and (14) or alternatively equation (6) and
the numerical solution of equation (9).

Having obtained Bz and then Fe from observations, and setting Σ to a constant value, here taken to be 1 S,

Bφ(ρ) appears to be a function of the ratio Σ= _M:. This function of Σ= _M: can be called the “Bφ profile” and char-
acterizes the way Bφ varies with the radial distance. In practice, it can be obtained by combining equations (6)

and (14). As shown in the next section, the Bφ profile significantly changes with Σ= _M:. It is thus interesting to

compare the profiles with the observations of Bφ to identify values ofΣ= _M: and Σ that offer good fits. This will
be used to estimate the outflows corresponding to regimes of low and high magnetospheric activities.
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3.2. Application

We first determine the function Fe
that establishes the magnetic map-
ping between the ionosphere and
the magnetosphere. We thus use
equation (10) and fit the measured
Bz by modifying the values of B0,
L, α, A, and m. As noticed by
Khurana and Kivelson [1993], the
measurement of Bz is not straightfor-
ward: close to the current sheet cen-
ter any variations in the normal-to-
the-disk orientation lead to errors in
the determination of the normal
magnetic field. We thus follow their
method and determine the minimal
value of B at each crossing of the cur-
rent sheet center, considering that
this minimum is a good approxima-
tion to the actual Bz. These measure-
ments are shown in Figure 8, for the
three orbits discussed previously as
well as for the period DOY 251–265,
1996, another interesting radial pass
through the magnetodisk.

The fits are performed by first consid-
ering the region beyond 30 RJ, which
is used to determine the power law
term in equation (10) (A and m). The
complete fit is then obtained by
adjusting L in the first term of equa-
tion (10). Using Voyager data, on the
dayside, Nichols and Cowley [2004]
get L=14.5 RJ. The best fits of
Galileo measurements, on the night-
side, give larger L (L~17–19 RJ). The
two additional parameters (B0 and α)
are then determined by imposing
continuity with the internal field
(B= 3144 nT at 5 RJ according to
CAN model) and the “disk” field
(from A and m). These fits are shown

in the plots, together with the dipole values and Nichol’s determinations. In general, we get flatter profiles in
the disk than Nichol’s determinations, with values ofm varying between�1.2 and�1.7, instead of �2.7. The
magnetic flux function is then computed from equation (11) (bottom plot in Figure 9).

The angular velocity can be obtained either by solving equation (9) or using equation (14). We verify that the
results obtained by the two methods differ little (less than 10%). For practical reasons we apply formula (14),

choosing F0 = Fe(60 RJ). The angular velocity is then determined for various values of the ratioSM ¼ Σ= _M:, with
the boundary condition (ω=Ω) imposed at ρe=10 RJ. We consider values of the parameter SM varying from

0.1 to 0.8 (where Σ is expressed in S and _M: in tons/s). The rotation profiles are shown as normalized angular
velocity (ω/Ω) versus radial distance in the equator in Figure 9. The canonical value is SM=0.1, corresponding

to Σ= 0.1 S and _M: = 1 t/s. However, Σ may be larger since the parallel current and the electron precipitation

Figure 8. The first four plots show the measured Bz component at the center
of the current sheet and fits with equation (10) (solid lines of different colors
for different orbits). The dashed blue lines are the dipole field, and the
dashed black lines are the Nichols’s fits. The bottommost plot shows the
fitted magnetic flux function for the different orbits with the same color
coding. Again in this plot, the dashed curve is from the Nichols and Cowley
[2004] model.
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enhance the Pedersen conductivity
[Nichols and Cowley., 2005; Ray et al.,

2010] and _M: may be smaller than
1 t/s (see estimates in Bagenal and
Delamere [2011]), so that SM= 0.1 is
likely a rather low value.

As seen in Figure 8, beyond ~40 RJ,
the profiles decrease almost linearly
with distance, by 10 to 20% from
40 to 80 RJ, with values at 40 RJ that
strongly vary with SM, from ~0.55
(SM= 0.1) to ~0.9 (SM=0.8). Inside
40 RJ, the profiles vary from one
orbit to the other, with a more or
less rapid lag from corotation as
the distance increases.

These differences are important for
determining the Bφ profile. Equation (6)
shows that Bφ is proportional to the
lag from corotation and the Pedersen
conductivity. Close to corotation and
for a given conductivity, even small
variations ofω have important effects
on Bφ. This implies that the profile of
Bφ varies strongly with the parameter
SM. This is shown in the left plots
of Figure 10, where Bφ is plotted
as a function of the radial distance,
for the different orbits and SM
varying from 0.1 to 0.8. These
profiles are computed assuming

Σ=1 and _M chosen to match the
values of SM.

These profiles are compared with the
measured Bφ in the right plots of
Figure 10. The measured values of Bφ
are identical to those used in
section 2.3. As for Figure 5, they
correspond to measurements per-
formed between two successive
crossings of the center of the current
sheet, at each incursion of Galileo into
the lobes or, close to Jupiter (dis-
tance< 25 RJ), whenGalileo is atmax-
imum distance from the sheet.

Formally, the comparison between themeasured and themodel Bφ cannot give independentlyΣ and _M (Σ and
SM). One parameter needs to be selected (SM for example) before the other (Σ) can be deduced from themea-
surements. As discussed previously, selecting SM leads to imposing the shape of the radial profile of Bφ, with a
remainingdegree of liberty corresponding to amultiplicative constant (Σ in practice). One can try to select pro-
files that provide apparent good fits to Bφ and selecting a value of the Pedersen conductivity tomatch themea-

surements.Generally, thefit cannotbedonewithasinglechoiceofΣand _M:sincewehavechosenexamples that
present an important time variability, in particular due to the events. These events correspond to the Bφ, peaks

Figure 9. Profiles of the normalized angular velocity (ω/Ω), for the different
orbits plotted in Figure 6 and for values of the parameter SM ¼ Σ= _M: varying
from 0.1 to 0.8. The bottommost plot corresponds to the angular velocities
computed using averaged coefficients for the magnetic fit (averaged
magnetic flux function).
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seen in themiddle of themagnetosphere. The principle is thus rather to determine a couple Σ and _M: thatmay
explain the lower values of Bφ—they would be representative of the “quiet” magnetosphere—and another
couple for the largest values that would characterized the “active”magnetosphere.

The small values of Bφ (Bφ< 1 nT) are the easiest to interpret. The smallest Bφ curves are obtained for the larger
values of SM (0.7–0.8). If Pedersen conductance is taken at the canonical value of 0.1 S, good fits are then
obtained for a mass outflow of ~125–140 kg/s. The corresponding curves are shown in orange in Figure 9.
Fits corresponding to smaller SM (SM= 0.1–0.2) would require smaller Σ (Σ< 0.05) and, consequently, much

larger mass outflows: _M ¼ Σ=SM > 2 t/s. The choice Σ=0.1 S and _M: ~120–150 kg/s is then likely more
representative.

The fit of the maximal Bφ (Bφ> 5 nT) is more ambiguous. Values of 5–6 nT are observed at 40–50 RJ and above
7 nT below 30 RJ. One possibility is to again consider large SM profiles. As seen in the plots, this requires a
Pedersen conductivity close to 1 S (Σ=1.2–1.5 for SM= 0.7–0.8), with a mass outflow of 1.2–1.8 t/s. This cor-
responds to the red curves in Figure 8. Nevertheless, the use of small SM profiles is also possible. With
SM= 0.2 and Σ ~0.5, for example, one obtains Bφ ~6–8 nT. The required mass outflow would then be higher,

in the range of ~2.5–3 t/s (profiles in blue). Without independent determinations of Σ or _M:, these two options
cannot be excluded for explaining the large Bφ. In principle, with a sufficient number of measurements, it
could have been possible to select the model profile (the red or the blue curves in the plot) that best fits

Figure 10. (left) Profiles of Bφ, for the different orbits and SM varying from 0.1 to 0.8. The profiles are computed assuming
Σ = 1 and _M: chosen tomatch the values of SM. (right) Comparison between themodel andmeasurements (black stars). The
low Bφ are fitted with Σ = 0.1 and SM = 0.7 or 0.8, thus with a mass outflow rate of ~125–140 kg/s (orange curves). The large
Bφ are fitted with Σ = 1.2–1.5 and SM = 0.7–0.8, with a mass outflow rate of 1.2–1.8 t/s (red curves) or, alternatively, with Σ
~0.5 and SM = 0.2, with a mass outflow rate of 2.5–3 t/s (blue curves).
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the observations. The profiles indeed significantly differ for radial distance smaller than ~30 RJ; unfortunately,
there are too few measurements in that radial range to identify the best profile. Nevertheless, despite this
ambiguity, the key result is that the application of Hill’s model shows that the difference between the low
and the large twist situations (small/large Bφ) can be explained by increases of the mass outflow by factors
of 10 to 20, from 100–200 kg/s to 1.5–3 t/s, typically.

The first conclusion of this study is that the prediction of Bφ from Hill’s model is consistent with the observa-
tions, using ranges for the Pedersen conductivity and the mass outflow rate that are close to the canonical
values. A similar result was obtained by Cowley et al. [2008], with the demonstration that a representative
angular velocity profile leads to Bφ profiles that compare favorably with the data. The new point presented
here concerns the temporal variations of this system, with the conclusion that the variations of the radio
intensity, that are correlated with those of Bφ, can be explained by modulations of the mass flow rates from
100–200 kg/s to 2 t/s, from quiet to active periods.

4. Discussion and Conclusions

It is interesting to consider the observations and the model to estimate some important terms in the power
budget of the Jovian system. The power dissipated in the plasma disk by the torque of the current system is
δwD= ρeiρBzeω (per surface unit). Integrated in azimuth, one gets the power dissipated per radial unit length:

δWD ¼ 8πΩ2ΣρeFe Bzej j 1� ω
Ω

� �ω
Ω
; (15)

and, integrated over the whole disk, the total dissipated power is

δWD ¼ 8πΩ2Σ∫
ρ1

ρ0
ρeFe Bzej j 1� ω

Ω

� �ω
Ω
dρe: (16)

Using this expression with ρ0 = 10 RJ and ρ1 = 80 RJ, we get a power dissipation of 1.05 × 1014 to 1.8 × 1014W
(depending on the orbit) for quiet situations, i.e., when Bφ is close to the model values, with Σ= 0.1, SM=0.7,
and mass outflow of ~125–140 kg/s. According to equation (16), the power dissipation would increase by a
factor of 10 in the case of strong activity, with Bφ ~5–6 nT. In this case one gets values ranging from
0.96 × 1015 to 1.6 × 1015W, which is slightly higher than the estimates given by Cowley et al. [2005]. These esti-
mates do not significantly change with the choice of SM, with less than 5% of differences between the low SM

(SM=0.2, Σ ~0.5, and _M:~2.5–3 t/s) and the large SM possibility (SM= 0.7, Σ ~1.2–1.5, and _M:~1.2–1.6 t/s).

To compare this power with the radiated power flux, aI andmI need to be converted into radiated power. This
cannot be done very accurately since the radio emission cones are not known with certainty. Nevertheless, if
one assumes that the radio waves are emitted in a one-half space and knowing that the HOM flux is about
half the total radio flux (see plots in Zarka [1998]), the radio power would be related to the radio intensity,
normalized to 10 RJ, by Prad (in W) ~2.1016 aI (or mI). Considering the averaged radio power, this gives
Prad~3.10

8W for the quiet magnetosphere, when the disk magnetic twist is close to the model values, and
Prad~2.10

9W in case of strong activity, when the twist doubles compared to its model value. The global
conversion factor is thus about 10�6, from the power dissipated in the disk by the torque exerted by the
M-I coupling current system to the resulting radiated radio power.

In summary, the general model of Jovian magnetospheric activity sketched in Figure 1 appears to be
remarkably consistent with the Galileo observations. Episodes of large bend-back Bφ in the magnetodisk
(5–6 nT, meaning 2–3 times the values given by Khurana’s model), thus of large magnetic twist, are well
correlated with periods of strong radio fluxes. As this is observed both in the postmidnight and premid-
night sector with systematically Bφ variations in the bend-back direction, this supports the hypothesis of
the dominant role of the internal processes. The large Bφ result from large radial currents flowing in the
disk and thus indicate an enhanced M-I coupling system and strong parallel currents, with most certainly
larger parallel electric fields; stronger particle acceleration in the auroral zone; and, consistent with the
current knowledge of the cyclotron maser mechanism, the generation of more powerful radio emission.
The Juno mission will certainly help to document and clarify this chain of auroral processes.

The analysis also confirms the very consistent picture offered by Hill’s model. The observed values of Bφ are
easily explained by the model assuming values of the Pedersen conductivity and the outward mass flux that
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are in the range of the canonical values, from 0.1 to 1.5 S and 120–150 kg/s to ~2 t/s. The activity of the Jovian
system would thus be regulated by variations of the outward mass flow rate in the disk, with peaks of activity
corresponding to the energetic events described by Louarn et al. [1998]. Our hypothesis is that the origin of
this key process is internal to the Jovianmagnetosphere, possibly in the outer region of the Io torus (~8–12 RJ)
where energetic particle injections are observed [Mauk et al., 1999, 2002; Louarn et al., 2001, 2014].

The origin of this internal process is unlikely associated to variations in the plasma production rate. The
physical/chemical processes involved in Io’s plasma production are indeed far too slow to explain variations

of _M: at day scales; they are rather expected to operate at month scales in case of variations of the volcanic
activity [Delamere et al., 2004; Steffl et al., 2008]. A more likely hypothesis is the existence of a global instability,
starting typically at 8–12 RJ, where the injections are observed. This internal instability would lead to sudden

variations in themass outflow from the outer Io torus to the inner disk, with variation of _M: at day scales due to
more efficient radial transport processes. The relevant mechanism should associate inward energetic particle
injections and outward cold/thermal plasma transports. Physically, the permanent plasma production could
lead to a progressive approach of marginal stability in outer torus/inner disk so that the system becomes easy
to destabilize either by self or externally driven triggers. This inner mechanism could in certain circumstances
be externally triggered, which may explain why the Jovian activity is also related to solar wind perturbations.
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