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Abstract

The dynamics of the Jovian magnetosphere is controlled by the interplay of the planet’s
fast rotation, its solar-wind interaction and its main plasma source at the Io torus, me-
diated by coupling processes involving its magnetosphere, ionosphere, and thermosphere.
At the ionospheric level, these processes can be characterized by a set of parameters in-
cluding conductances, field-aligned currents, horizontal currents, electric fields, trans-
port of charged particles along field lines including the fluxes of electrons precipitating
into the upper atmosphere which trigger auroral emissions, and the particle and Joule
heating power dissipation rates into the upper atmosphere. Determination of these key
parameters makes it possible to estimate the net transfer of momentum and energy be-
tween Jovian upper atmosphere and equatorial magnetosphere. A method based on a
combined use of Juno multi-instrument data and three modeling tools was developed by
Wang et al. (2021) and applied to an analysis of the first nine orbits to retrieve these pa-
rameters along Juno’s magnetic footprint. We extend this method to the first thirty Juno
science orbits and to both hemispheres. Our results reveal a large variability of these pa-
rameters from orbit to orbit and between the two hemispheres. They also show domi-
nant trends. Southern current systems are consistent with the generation of a region of
sub-corotating ionospheric plasma flows, while both super-corotating and sub-corotating
plasma flows are found in the north. These results are discussed in light of the previous
space and ground-based observations and currently available models of plasma convec-
tion and current systems, and their implications are assessed.

1 Introduction

1.1 Introduction to Jovian magnetosphere and MIT coupling

The Jovian magnetosphere stands out as an archetype of giant planet magnetospheres.

Its dynamics is driven by three main sources of mass, momentum and energy: planetary
rotation, which is enforced to the magnetosphere via its coupling with the conducting
ionospheric layer of the upper atmosphere; the solar wind, which is coupled to the mag-
netosphere via different boundary layers and a partial interconnection of solar wind and
magnetospheric field lines; and planetary moons, which display a broad variety of inter-
actions with the planet’s magnetic field, plasma flows and energetic particles involving
their interiors, surfaces and exospheres/ionospheres.

These exchanges of mass, momentum and energy between the planet, its moons
and the solar wind are mediated by coupling processes involving transmission of elec-
tromagnetic fields and waves, flows of electric currents and transport of particles mainly
along magnetic field lines. These processes occur between three regions: the equatorial
magnetosphere where the magnetodisk and moons reside, the high-latitude polar and
auroral magnetosphere through which most of these exchange processes take place, and
the Jovian ionosphere/thermosphere, referred to later as Regions I, IT and IIT following
Wang et al. (2021). Electric current loops play an important role in these processes. In
the quasi-static approximation, the divergence of electric currents flowing across mag-
netic field lines in the magnetodisk and moons’ plasma envelopes is balanced by currents
flowing along magnetic field lines, closing the circuit in the planet’s ionospheric conduc-
tor. The resulting direct current (DC) loops transfer momentum between the equato-
rial magnetosphere, the solar wind and the upper atmosphere via the associated Lorentz
force (as described for instance by Cowley & Bunce, 2001; Cowley et al., 2005; Nichols
& Cowley, 2005; Nichols, 2011; Ray et al., 2010, 2012). At the ionospheric end of these
current loops, Joule heating by these currents adds to charged particle precipitation to
dissipate power into the upper atmosphere, setting it into large-scale motion, as described
by Achilleos et al. (1998); Bougher (2005); Tao et al. (2009); Smith and Aylward (2009);
Ray et al. (2015). Propagation of Alfvén waves between magnetosphere and ionosphere
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also plays an important role, not yet fully understood, in these exchanges of particles,
momentum and energy along magnetic field lines (see Saur et al., 2018).

1.2 Auroral emissions and particle precipitation

Auroral emissions and their causes via particle precipitation into the upper atmo-
sphere are an important manifestation of magnetosphere-ionosphere-thermosphere cou-
pling processes, referred to later as ”MIT coupling processes”. Before and during the ad-
vent of in situ exploration by Jupiter flybys or orbiters (Voyager, Galileo, Juno), MIT
coupling processes could only be probed remotely from the observations of electromag-
netic emissions produced in the auroral and polar regions at radio, optical (UV, visible,
IR) and X-ray wavelengths (Clarke et al., 2004). With the advent of Juno direct obser-
vations over the auroral and polar regions, these emissions could be related more directly
to particle precipitation patterns, as we are going to review briefly here.

X-ray emissions were observed using the Einstein observatory (Metzger et al., 1983),
Rontgen satellite (ROSAT, Waite et al., 1994) and later Chandra (Gladstone et al., 1998)
and X-ray Multi-Mirror Mission (XMM-Newton, see Wibisono et al., 2020, and refer-
ences therein).

UV auroral emissions, most extensively studied so far, are emissions of H (Ly-«)
and Hy (in the Werner and Lyman bands) mainly triggered by the precipitation of en-
ergetic electrons into the upper atmosphere, of which they are a direct tracer. HST high
resolution images of the UV aurorae of Jupiter regularly acquired since the late 1990s
(Clarke et al., 1998; Gérard et al., 2014, and references therein) have revealed that these
aurorae mainly consist of three main components with approximately equal contribu-
tions to the total emitted power (Grodent et al., 2018). Following an order of increas-
ing latitude, one finds first (i) the outer emissions located on the equator side of the main
oval, corresponding to diffuse, patchy and sometimes arc-like auroral emissions, and con-
taining among them the Galilean moons magnetic footprints. Then, one finds (ii) the
relatively stable main auroral oval, and finally (iii) the variable polar emissions distributed
irregularly across the polar cap. This average auroral morphology is further complicated
by some finer structures (e.g. Grodent, 2015, and references therein). This distinction
between these three components ((i) diffuse emissions on the equatorial side of the main
ovals, (ii) the main oval and (iii) polar emissions) used to be associated with the three
magnetospheric momentum sources mentioned in our introduction (i.e., moons interac-
tions, planetary rotation and coupling to the solar wind), but recent observations, par-
ticularly by Juno, suggest that the separation of these three sources in the generation
of auroral emissions is significantly more complex and still poorly understood (e.g., Bon-
fond et al., 2020).

IR auroral emissions (see review by Miller et al., 2020) are mainly produced by ther-
mally excited rovibrational transitions in the 3-4 microns domain of the H3" radical, which
is the main constituent of the Jovian ionosphere in the altitude range where ionospheric
conductances peak. Hs™ is created through two reactions, beginning with ionisation of
molecular hydrogen mainly caused by electron precipitation in the auroral regions. The
H," ion then quickly reacts with molecular hydrogen to produce Hs". As H3™ emissions
are thermal, different rovibrational transitions are achieved at different temperatures.

The total line intensity seen from a specific direction is proportional to the total con-
tent of the Hs™ emitting ions along the line of sight. The Doppler shift of emission lines
can be used to derive the H3" line-of-sight velocity, from which the ionospheric flows can
be inferred. IR auroral observations were obtained mainly from ground-based telescopes
(Drossart et al., 1989; Stallard et al., 2003; Stallard et al., 2018), using CSHELL (Cryo-
genic Near-IR Facility Spectrograph) at the NASA Infrared Observing Facility (IRTF)
in Hawaii (Stallard et al., 2003), the CRIRES (Cryogenic high-resolution infrared echelle
spectrograph) instrument at the ESO Very Large Telescope (VLT) in Chile (Johnson et
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al., 2017; Johnson et al., 2018), and the NIRSPEC instrument on Keck II (O’Donoghue

et al., 2021; Wang et al., 2022) to study H3z™ plasma flows over the auroral and polar
regions. Johnson et al. (2016) used the IRTF to show that, in contrast to high latitudes,
the middle and low latitude thermosphere rotates rigidly with the planet, thus indicat-
ing that departures from corotation are a specific feature of high latitudes. Hs™ can also
be used to trace heating sources of the thermosphere: see the recent study by O’Donoghue
et al. (2021) using the NIRSPEC instrument on the Keck IT telescope, which strongly
suggests that polar and auroral sources are dominant in global heating of the thermo-
sphere even at middle and low latitudes.

From the early observations by Juno using the JIRAM spectro-imager, the same
three regions of auroral emissions are seen in IR as in UV, with similarities and differ-
ences to UV emissions which inform us about the processes controlling these emissions
(e.g., Adriani et al., 2017, and references therein).

Jovian auroral radio emissions were first observed by Burke and Franklin (1955).
They used to be described as a superposition of three components corresponding to three
partly overlapping frequency bands: broadband kilometric (bKOM, ~10kHz to 400 kHz),
hectometric (HOM, 250kHz to 3MHz) and decametric (DAM, 3 MHz to ~40 MHz) emis-
sions. The sources of these emissions, which are produced along auroral field lines near
the local electron gyrofrequency, extend from the topside ionosphere to a few planetary
radii. The DAM component is primarily controlled by the interaction between Jupiter
and the Galilean moon To (Bigg, 1964), with additional contributions from Europa and
Ganymede (Louis et al., 2017; Zarka et al., 2017, 2018). Juno radio, magnetic field, and
electron in situ measurements within the emission region of these various components
have confirmed that these radio waves are powered by the Cyclotron Maser Instability
(CMI), as is the case at Earth and Saturn. The CMI appears to be mainly driven by elec-
trons of few keV energy with a loss-cone distribution function. The statistical analysis
of the KOM/HOM and (non-satellite) DAM radiosources crossed by Juno revealed that
they are spatially colocated along the same field lines, which map to the equatorward
portion of the main auroral oval Imai et al. (2019); Louis et al. (2019). In particular, DAM
emissions are observed above the UV emission just equatorward of the brightest UV emis-
sion of the main oval Louis et al. (2019); Wang et al. (2021).

Prior to the arrival of Juno at Jupiter, while it was in the solar wind upstream of
the planet, combined observations of the Jovian UV aurora by HST (Nichols et al., 2017)
and of the IR aurora by NIRSPEC on Keck IT (Moore et al., 2017) were performed, us-
ing Juno plasma and magnetic field instruments as a solar wind monitor. They could
reveal the passage of several interplanetary shocks and their corresponding effects on Jo-
vian auroras, providing some indication on the respective roles of the solar wind and of
internal processes in the temporal variation of these auroras.

Once inside the magnetosphere, Juno provided direct in situ access to the high lat-
itude magnetosphere and topside ionosphere along its polar low-periapse orbits. Since
then, in situ measurements of magnetic fields, charged particles and waves, together with
radio, UV and IR remote sensing observations of auroral emissions conjugate to the space-
craft opened the possibility of directly determining the variations of several of the MIT
coupling parameters across and around the main oval. Field-aligned currents flowing be-
tween the ionosphere and magnetosphere were determined by Kotsiaros et al. (2019). The
variations of electron fluxes along field lines determined by JADE (Allegrini et al., 2017,
2020) and JEDI (Mauk et al., 2013) instruments have been extensively analyzed. In par-
ticular, Mauk et al. (2020) were able to show the existence of different regimes of elec-
tron precipitation as a function of latitude. In order of increasing latitude, they iden-
tified a regime of diffuse precipitation prevailing equatorward of the main oval, called
"difA” | characterized by electron populations with electron intensities outside of the loss
cone larger than the intensities inside the loss cone, and downward intensities and en-
ergy fluxes greater than the upward intensities and energy fluxes. Then they identified
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the Region I precipitation regime, dominated by inverted-V structures and mono-directional
downward acceleration of electrons inside the loss cone and prevailing over a large frac-

tion of the main oval. Finally, they identified the Region II precipitation regime, over

a fraction of the main oval and poleward of it, often dominated by bi-directional accel-
eration of electrons. If Juno is below the acceleration region, the net energy deposition
resulting from downward precipitation becomes directly accessible from the JADE and
JEDI data. While the "difA” region tends to be located equatorward of the UV main

oval, region I and II precipitation regimes overlap with the main UV oval.

1.3 Multi-instrument description of MIT coupling parameters at iono-
spheric altitudes

Auroral emissions, mainly caused by particle precipitation into the upper atmo-
sphere, are only one manifestation of MIT coupling processes at ionospheric altitudes.
Taking a broader perspective, these processes can be characterized by a set of "MIT cou-
pling key parameters”, as described in section 1.2 of Wang et al. (2021), its table 1 and
figure 2. Determination of these parameters allows one to estimate the net transfer of
momentum and energy between the Jovian upper atmosphere and the equatorial mag-
netosphere, as well as some components of the exchange of charged particles between iono-
sphere and magnetosphere along field lines. Indeed, particle exchanges between the Jo-
vian upper atmosphere and the equatorial magnetosphere can be described by the trans-
port of charged particles along field lines including the fluxes of electrons precipitating
into the upper atmosphere which trigger auroral emissions. These transport parameters
consist in a first set of relevant coupling parameters. Then, the net exchange of momen-
tum can be characterized via the parameters describing current closure in the ionosphere
such as the ionospheric conductances Yy (Hall), ¥ p (Pedersen), the field-aligned cur-
rents J)|, horizontal ionospheric currents Jiono, and the ionospheric electric fields Eiono.
Finally, energy deposition into the upper atmosphere can be characterized by two pa-
rameters being the particle power dissipation rate into the upper atmosphere P, and Joule
heating rates of the upper atmosphere Pj.

Wang et al. (2021) described how several of these MIT coupling parameters, in-
cluding ionospheric conductances, electric currents, electric fields and Joule heating, which
are not directly accessible by a single Juno instrument, can be derived from a combina-
tion of Juno instruments, using simple adequate models based on Maxwell’s equations
and the laws of ionospheric electrodynamics. Determination of this set of MIT coupling
parameters along the Juno magnetic foot-print and across the main oval is possible as
long as variations of all parameters along this oval can be regarded as much smaller than
variations across the oval over similar distances. Wang et al. (2021) applied this method
to the first nine southern polar cap fly-bys of the Juno mission and analyzed in detail
two southern oval crossings during perijoves 3 and 6. This initial study made it possi-
ble to provide a picture of the Magnetosphere-lonosphere-Thermosphere coupling cur-
rent systems. The two southern crossings studied in detail showed the existence of a pair
of field-aligned currents: a first upward current coincident with the largest downward elec-
tron fluxes and a downward current poleward of it, connected by horizontal equatorward
ionospheric Pedersen currents. Both this current system and the associated equatorward
electric fields and westward drifts (opposite to corotation) were found to be reasonably
consistent with predictions of the corotation-enforcement current model of Cowley et al.
(2005, 2008, 2017). The amount of angular momentum and power extracted from the
ionosphere to the magnetodisk by the calculated current systems, as well as the total power
dissipated into the thermosphere via Joule heating and electron precipitation, were also
estimated. Finally, the ExB drift velocities derived from Juno multi-instrument data by
Wang et al. (2021) could be compared with horizontal ionospheric ExB plasma drifts
derived from Earth-based telescopic observations of the Doppler shift of Jovian Hz* IR
emissions (Stallard, 2001; Johnson et al., 2017; Johnson et al., 2018).
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236 A statistical study of these first eight southern crossings also showed that the au-

237 roral Pedersen and Hall conductances are significantly enhanced by electron precipita-

238 tions and vary from less than 1 mho to over 10 mhos. These results could be compared

239 to previous studies of ionospheric conductivity enhancements by Nichols and Cowley (2004);
240 Ray et al. (2010, 2012) and Gérard et al. (2020). They also showed that Hall conduc-

21 tances are usually twice as large as the Pedersen ones. Joule heating near the main oval

242 can be as large as ~1.0 W/m?, and westward ionospheric plasma flows of fractions of a

23 km/s were observed, in fair agreement with subcorotating flows predicted in the coro-

244 tation enforcement models of Cowley and Bunce (2001) and Cowley et al. (2003).

245 While the preliminary study of Wang et al. (2021) made it possible to design and
246 test a method for the derivation of MIT coupling parameters from Juno observations,

247 it was limited to the 9 first science orbits and only to observations of the southern hemi-
248 sphere.

249 1.4 Objective of this study

250 The main objective of this new study is to provide a description of MIT coupling
251 processes, as seen at ionospheric altitudes from Juno, that encompasses both the north-
252 ern and southern main auroral ovals and to capture the main trends of MIT coupling

253 at the level of the main auroras in terms of the associated coupling current loops, par-
254 ticle precipitation patterns, energy deposition rates into the upper atmosphere, and their
255 mutual relationships, over a broad local time range.

256 To this end, we extend the method of Wang et al. (2021), with some improvements
257 that will be described, to the thirty first crossings of the northern and southern main

258 ovals by Juno. This significant extension of the analyzed data set, which covers most of
259 the Juno nominal mission, allows us to capture more systematically both the dominant
260 trends and the variability, inter-hemispheric and from orbit to orbit, of MIT coupling

261 parameter variations across the main ovals. It gives us access to a broader range of lo-
262 cal time thanks to the azimuthal drift of Juno’s orbit with time. As we will see, it also
263 provides some clues to the separate modes and degree of coupling of the northern and
264 southern main oval regions to the magnetosphere and its magnetodisk, and on the con-
265 sistency of the corotation enforcement model with data from the two hemispheres.

266 2 Methodology, models and data handling

267 The method initially developed by Wang et al. (2021) and improved on several as-

268 pects in this study relies on an interplay between Juno data inputs and three models in

269 the flow of calculations that leads to the derivation of estimates of the different MIT cou-

270 pling parameters at ionospheric altitudes. We first briefly describe the three models, be-

) fore presenting the flow of calculations that produces these estimates.

2 2.1 Overview of the Models

3 The three models used have been extensively described in appendices A-1 (for the

274 atmosphere model), A-2 (for the ionosphere model) and A-3 (electrodynamics model)

215 of the Supplementary Information of Wang et al. (2021). The improved version of the

276 electrodynamics model used for this study is also presented in the Supplementary In-

277 formation of the present article. We summarize their main characteristics here.

278 Atmosphere model

279 The Jovian atmospheric model considered here has been adapted to Juno studies

260 by Wang et al. (2021) from the Jupiter Transplanet Atmosphere Model (JTAM - Blelly

281 et al., 2019), which is a semi empirical model using the assumptions of diffusive equilib-
767
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rium well above the homopause and of mixed equilibrium well below the homopause. Its
theoretical foundations are described in Banks and Kockarts (1973). This model describes
the temperature and vertical distribution of the different thermospheric neutral species
(H, Hy, He, CHy4, CoHy) with the help of 17 free parameters that can be adjusted to ob-
servational data from Juno and possibly other sources.

Ionosphere model

Our Jovian ionosphere model calculates the altitude distribution of the ionization
rate for specified energy-dependent electron precipitation spectra and for a given neu-
tral atmosphere vertical structure obtained from the atmospheric model. It assumes lo-
cal chemical equilibrium of the Jovian ionosphere, following Hiraki and Tao (2008) and
Gérard et al. (2020) and uses JADE and JEDI combined electron precipitation spectra
to provide estimates of the altitude distributions of ion and electron densities. It derives
from them the vertical profiles of Pedersen and Hall conductivities and eventually their
height-integrated values, namely the Pedersen and Hall conductances. Finally, it also com-
putes the particle heating rate corresponding to the downward electron energy flux in
the loss cone measured by the particle detectors.

This model neglects ionization sources other than electron precipitation, such as
solar photons and also the meteoric ion contribution, which Nakamura et al. (2022) re-
cently showed to be significant at low and middle latitudes. For auroral conditions, how-
ever, the meteoric contribution to ionospheric conductances found by Nakamura et al.
(2022) is on the order of a few tenths of mhos, negligible with respect to the conductances
of several (up to 10) mhos generated by electron precipitation, as the results of the present
study show.

FElectrodynamics model

The electrodynamics model calculates field-aligned currents, ionospheric electric
currents, electric fields and Joule heating from two sources: magnetic field variations mea-
sured along Juno orbit by the MAG instrument, and Hall and Pedersen conductances
delivered by the ionosphere model. To do so it performs a geometric mapping along mag-
netic field lines of the parameters that are measured by Juno along its trajectory on high-
altitude auroral and polar field lines (Region II in Wang et al., 2021) down to the con-
ducting layer of the ionosphere/thermosphere (Region IIT in Wang et al., 2021). This con-
ducting layer is modelled as a 2-D infinitely thin shell surrounding the planet, since its
vertical thickness is only on the order of 3 x 10~3 times the Jovian radius Ry. To cover
Region II, region IIT and their magnetic connections, we use two different local reference
frames just as in Wang et al. (2021), and as described in figure 1.

At the altitude of Juno, in Region II, the local reference frame (&, 9, 2) is defined
such that Z points along the magnetic field, ¢ is positive eastward along the tangent to
the cone of field lines connected to the main oval, and & complements the frame. At the
level of the ionosphere, &’ and 3’ are horizontal and tangent to the conducting layer of
the ionosphere. &’ is oriented towards the equator orthogonal to the auroral oval, ¢’ is
oriented eastward along the oval, and 2’ is vertical, positive upward in the northern hemi-
sphere and downward in the southern hemisphere.

Given the 1-D sampling of space provided by Juno’s trajectory, calculation of MIT
coupling parameters is possible only by assuming that the variations of all quantities along
the main auroral oval are much smaller than variations orthogonal to the oval and to the
local direction of the magnetic field. This condition consists in imposing a% > a% in
Region II, and 3?0, > a‘z, in Region III. It allows one to reduce the different Maxwell
equations used in our calculations to one-dimensional differential equations with respect

to the x and x’ variables.

—7—
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Figure 1: Illustration of geometric elements and reference frames used in our calcula-
tions of MIT coupling parameters from Juno data, here for the northern hemisphere. The
mean location of the main oval is shown as the lower red curve on the ionospheric sphere.
The magnetic field lines mapping to this mean location are shown in purple. They make
it possible to map this main oval location to the altitude of Juno, shown as the upper
red curve. Juno’s trajectory as well as the trajectory of its magnetic footprint are shown
in sky-blue and white, respectively. Two local reference frames are used to perform the
differential calculations based on Maxwell’s equation from which we derive the MIT cou-
pling parameters: 1) At the altitude of Juno and everywhere along magnetic field lines
above the ionosphere (Region II), unit vector 2 points along the magnetic field, § is pos-
itive eastward along the tangent to the cone of field lines connected to the main oval,

and & complements the frame, positive towards the equator in both hemispheres. 2) At
the ionospheric altitude (Region I1I), unit vectors &’ and ¢’ are horizontal and tangent

to the conducting layer of the ionosphere which is assumed to be an infinitely thin sur-
face surrounding the plane. &’ is oriented towards the equator orthogonal to the auroral
oval (red curve), 3’ is oriented eastward along the oval, and 2’ is vertical, positive upward
in the northern hemisphere and downward in the southern hemisphere. &’ and 3’ taken
together provide a local 2-D reference frame for horizontal vectors and differential ex-
pressions defined in the plane tangent to the ionospheric conducting layer. Figure from
Supplementary Information of Wang et al. (2021).

The calculation flow goes as follows (see also figure 2): first, the local field-aligned
current flowing at the location of Juno, Jj, Junos is deduced from magnetic field variations
along its trajectory using the VxB = ,qu equation. Then we use the V-B=0
equation, which can be reduced to J|| juno/Biuno = J| iono/ Biono, to deduce the field-
aligned current at the top of the ionosphere, Jj jono, from the one calculated at Juno’s
altitude. Then, the horizontal height-integrated ionospheric current J, orthogonal to the
local direction of the main oval is deduced from the integration of V-J = 0 across the
thickness of the ionospheric conductor.
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In the final step of calculations, the model uses the ionospheric Ohm’s law in its
height-integrated form and ionospheric conductances delivered by the ionosphere model

f:§E+/§(ﬁxE>dz

where u,(2) and u,(z) are the neutral wind components respectively along and orthog-
onal to the local direction of the main oval, to calculate the second component J, of the
electric current flowing along the direction of the main oval, the E, component of the
electric field (neglecting the neutral wind terms in the ionospheric Ohm’s law) and the
height-integrated Joule heating of the thermosphere. Rigorously, as shown in appendix
A-3 of the Supplementary Information of (Wang et al., 2021), when the model calculates
the electric field orthogonal to the main oval by dividing the horizontal current J, by
the Pedersen conductance, it finds an average electric field corrected by the dynamo ef-
fects of the neutral winds along (u,) and orthogonal (u,) to the local direction of the
main oval, which can be written as

Xp
E, = E; + B.(uy) — o (Ua)pan

Pedersen EH
In this equation, the two neutral wind terms, which are weighted averages of the verti-
cal distributions of the neutral wind respectively along and orthogonal to the main oval
taking the Pedersen and Hall conductivities, respectively, as weighting factors, cannot
be directly deduced from our scheme, but their magnitude relative to F, can be eval-
uated from models. For the typical electron precipitation energies of 10keV to 100 keV
observed in the traversals of the main oval by Juno, conductivities reach their largest val-
ues over a limited altitude range, between 260 and 360 km of altitude for the Pedersen
conductivity, and between 220 and 280 km of altitude for the Hall conductivity (see fig-
ure A2-1 of Wang et al., 2021). Several models of the response of the Jovian neutral at-
mosphere to auroral energy deposition can be inspected to assess the amplitude of the
neutral wind terms: Bougher (2005), Tao et al. (2009, see their figure 3), Smith and Ayl-
ward (2009) and Ray et al. (2015): see figure 5 of Ray et al. (2015) which compares the
result of their model, on the right-hand side, with the results of Smith and Aylward (2009)
on the left-hand site. Neutral winds driven by auroral energy deposition appear to be
small (on the order of a few tens of m/s) in the altitude ranges where conductivities are
significant. They reach larger speeds of hundreds of m/s or more at significantly larger
altitudes of 400 km and above. This implies that, according to current models of ther-
mospheric response to auroral heating, neutral winds can be neglected in our calcula-
tion. One can also note that field line slippage is not relevant for the conditions of our
Juno observations: field lines are anchored into the ionospheric conductor significantly
below the altitudes where ion drag is large enough to drive the much denser neutral at-
mosphere into motion. The same reasoning applies to the Joule heating term, which is
calculated from the product of J, and E, neglecting a similarly small neutral wind term
(see the Supplementary Information of Wang et al., 2021, for a more detailed analysis
of this issue).

In addition to the two local coordinates, the global reference frame used in this study
is Jupiter’s magnetic dipole coordinate system linked to the dipole component of the JRM09
model. In most of the cases considered in this study, the azimuthal direction in this global
reference frame was locally approximately coincident with the direction tangent to the
main oval. We thus approximated most of the time the coordinates ' and 3’ to be re-
spectively the 6 and ¢ coordinates of the global magnetic reference frame. This condi-
tion, which simplifies the calculation scheme, is however not a necessary condition for
the validity of our calculations, which can be performed in the two local reference frames
independently of the choice of the global reference frame, provided that appropriate mag-
netic mapping between them is secured.

We refer the reader to the Supplementary Information of this present study and
of Wang et al. (2021) for a more comprehensive description of these three models.

This article is protected by copyright. All rights reserved.
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Figure 2: Calculation scheme used to retrieve the key parameters of Magnetosphere-
Tonosphere-Thermosphere coupling (grey boxes) from Juno data (green boxes) and three
models (orange boxes). This figure depicts the flow of information (plain arrow) and com-
putation (dashed arrow) from the data and from the models used to compute the coupling

parameters.
377 The calculation scheme elaborated by Wang et al. (2021) and improved on some
378 aspects in this study is illustrated in figure 2, which is a different representation of fig-
379 ure 4 of Wang et al. (2021) allowing a closer description of the flow of information and
380 computations (shown by arrows) from Juno data (left-hand side column) and from mod-
381 els (right-hand side column) used to calculate the different MIT coupling parameters (cen-
382 tral column). One can see that information flows mainly from the top and from the bot-
383 tom of the figure.
334 From the bottom, subtraction of an average magnetic field model (JRM09 mag-

385 netic field model from Connerney et al. (2018) + CANS81 current sheet model from Connerney
386 et al. (1981)) from data provided by the MAG investigation (Connerney et al., 2017) pro-
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vides a residual magnetic field. This residual magnetic field is used to calculate field-aligned
currents at Juno altitudes, then at ionospheric altitudes, and finally horizontal ionospheric
currents orthogonal to the main oval, using a 1-D reduction of Maxwell’s equations as
explained in our short introduction to the electrodynamics model given above.

From the top, the UVS spectro-inaging instrument (Gladstone et al., 2014) is used
first to study the morphology and orientation of the main oval and the configuration of
the trajectory of Juno relatively to it, and to identify the time periods during which the
crossings of the main oval by Juno’s magnetic footprint occur. The JIRAM spectro-imaging
instrument (Adriani et al., 2017) can then be used to provide an estimation of the vi-
brational temperature of the H;‘ dominant ionospheric ion, and of the neutral temper-
ature of the lower thermosphere under the assumption of local thermodynamic equilib-
rium, to feed our atmosphere model. However this can be done only when simultane-
ous observations of the same segment of the main oval by UVS and JIRAM are avail-
able.

Then, using JADE (McComas et al., 2013) and JEDI (Mauk et al., 2013) data, con-
tinuous pitch angle an energy distributions of electron fluxes from 100eV to 2MeV are
obtained, together with the total electron energy deposition into the thermosphere. These
parameters are used to retrieve the values of the ionospheric Pedersen and Hall conduc-
tivities and conductances from the ionosphere model.

At the convergence point of upward and downward flows of information in figure
2, entering ionospheric currents (produced by the electrodynamics model) and conduc-
tances (produced by the ionosphere model) into the height-integrated ionospheric Ohm’s
law makes it possible to calculate the component J, of the ionospheric current flowing
along the main oval, the horizontal ionospheric electric field (with a correction for the
effect of neutral winds averaged across the ionospheric conducting layer - see description
of the electrodynamics model above) and an estimate of Joule heating.

Finally, radio and plasma waves data provided by WAVES (Kurth, Hospodarsky,
et al., 2017) are used to study the radio emissions co-located with Juno during its traver-
sal of auroral zone field lines.

The method used to derive a residual magnetic field representing the local effect
of field-aligned currents from MAG data is am important aspect of this procedure. In
Wang et al. (2021), a baseline variation was adjusted to the difference between observed
and model fields to produce the final residual field for each particular fly-by of the main
oval. In this study, in order to design an automated process, we used Fast Fourier Trans-
form filtering methods to limit the residual magnetic field to the frequency band assumed
to be relevant for our study, which is determined for each crossing. This residual mag-
netic field 6B is defined as 6B = BMAG - BJR[\/[09+CAN81 where BMAG is the mag-
netic field measured by Juno’s MAG instrument, and B JRMO09+CANs1 is the magnetic
field obtained from the JRM09 + CANS81 magnetic field model. It includes both fluc-
tuations at spatial scales larger than the typical scale of the main oval crossing, and resid-
ual small-scale fluctuations at Juno’s spinning period of 30s and higher frequencies. Both
of these low-frequency and high-frequency components are assumed to be irrelevant for
the analysis of the field-aligned currents associated to the main oval, which are expected
to show up at spatial scales on the order of its thickness. To remove them, we applied
a band-pass filter to the residual magnetic field data, with a frequency band tailored to
each crossing depending on the scale of the auroral oval. One end of the band cuts out
small-scale fluctuations, and the other end cuts out currents at much larger spatial scales
than the oval. The effects of this band-pass filter on the retrieved residual field and on
the significance or our results are discussed in detail in the Supplementary Information.
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3 Results from Juno’s first 30 orbits

The orbit of Juno is a highly eccentric polar ellipse with a period of 53 days, with
an apojove radius of ~100 Ry and a perijove radius of ~1.05Rj. This orbit allows Juno
to successively fly by the northern polar cap, to next reach its perijove, to finally fly by
to southern polar cap before leaving the vicinity of Jupiter in a very condensed amount
of time of a few hours. This complete sequence where Juno is close to Jupiter is referred
to as "perijove” in the literature, as a shorthand notation to describe this short dura-
tion sequence of high scientific interest, and we will use this term in the following.

3.1 Description of the data set

We first present an overview of the auroras imaged by Juno’s UVS instrument dur-
ing the first 30 perijoves. The Jovian UV aurora appears very dynamic in UVS images.
These UVS images reveal also a strong North/South contrast and temporal variability.
For each perijove, the main oval is clearly visible (see auroral imaging in figures 3 and
4), but with different morphologies. In both hemispheres, for some perijoves, the main
oval displays a regular and smooth longitudinal and latitudinal distribution, while for
others it shows strong spatial inhomogeneities at the local scale corresponding to small
sectors of large brightness being adjacent to regions of much lower brightness, in a dis-
ordered manner. This complex and highly variable morphology of Jupiter’s aurora have
been described and classified by Grodent et al. (2018), who identified six auroral mor-
phological families representative of the observations for the northern aurora.

The configuration of the trajectory of Juno’s footprint with respect to the main au-
rora changes greatly from one perijove to the next one. For some perijoves, this trajec-
tory evolves above the main aurora for significant amounts of time, while in other cases
the trajectory crosses the aurora perpendicularly in a short amount of time. For this study,
we consider only cases where the trajectory is perpendicular to the aurora, which is a
necessary condition for the equations described by the eletrodynamics model used in this
study to hold. Another necessary condition is that the local variations of the morphol-
ogy of the aurora have to much smaller along the main oval than perpendicular to the
main oval, as mentioned in the description of the electrodynamics model. These two cri-
teria were used to select the crossings for study with our method via a visual inspection
of UVS images. Application of these two criteria limits the number of crossings that can
be used for this study. Nevertheless, we managed to identify for this study a set of 27
crossings (13 in the northern hemisphere, 14 in the southern one) selected from the 30
first orbits of Juno. We will first present the results of the analysis done for 6 of them,
namely PJO3N, PJ03S, PJ05S, PJ06S, PJ12N and PJ14N (where "PJXX” stands for ”Per-
ijove number XX”, and the last letter stands for North/South crossing). The auroral con-
figurations related to these 6 crossings are displayed in figures 3 and 4, along with the
results of the study of these crossings, which have been selected for the regularity of the
auroral configuration. We can also observe from the auroral image for PJ05S that Juno’s
magnetic footprint crosses Io’s auroral tail. These Io-related crossings appear quite clearly
in our results, as will be described later, and offer an interesting application of our method
to the study of MIT coupling between Jupiter and its main satellites.

One small issue encountered in this study was the observation of a slight and con-
sistent delay in time between the time series of UV brightness profiles at Juno’s mag-
netic footprint measured by the UVS instrument and the data measured by the other
instruments. This delay is thought to come from the uncertainties in determining the
positions of the footprint of Juno from Juno’s position using the magnetic field models.
The choice we made in this study to address this problem has been to shift the time se-
ries of UVS brightness at Juno’s magnetic footprint so as to maximise its correlation with
the heating rate due to electron precipitation deduced from JADE and JEDI data. In-
deed these two parameters are closely related to each other, hence the choice of maxi-
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mizing the correlation between them. The corresponding time delay is given in table 1

of the Supplementary Information for each of the six crossings mentioned above, stud-
ied in section 3.2, for which UVS brightness time series were available. We discuss this
processing in more detail in section B of the Supplementary information. We precise that
this measured delay of about 1 minute does not have significant consequences on the re-
sults, as the calculations in this study are mainly done using the data measured at Juno’s
position, independently of the position of its footprint, so that the uncertainty relative

to the determination of Juno’s footprint trajectory does not impact our results.

3.2 Analysis of the selected cases

To validate the new version of the method which is now generalized to all perijoves,
we first present two case studies that have been published in Wang et al. (2021), namely
perijoves 3 and 6 southern passes. We then present a third southern perijove example
followed by three examples of northern perijoves. The geometrical frame conventions used
throughout this study are first redefined and recalled in figure 1. Then, the results of the
analysis of the southern passes of perijoves 3 and 6 displayed in figure 3 top left and top
right make use of these frame definitions.

In figures 3 and 4, each sub-figure corresponds to one of the six case studies which
will be discussed. Each sub-figure displays Juno data (four top rows) and the calculated
MIT coupling key parameters (five bottom rows) as a function of the Juno magnetic foot-
print co-latitude. The Juno magnetic footprint is computed using the JRMO09 magnetic

field model from Connerney et al. (2018) and the CANS81 current sheet model from Connerney

et al. (1981). In each sub-figure, the four top panels display (a) combined JADE and JEDI
flux energy spectra for downward precipitating electrons (with the total energy flux, in
mW /m? displayed as the black curve), (b) the residual magnetic field 6B, perturbations
(determined from MAG and JRM09 + CAN81), (c) the radio observation measured by
WAVES and (d) the UV brightness profile at the Juno footprint (measured by UVS, when-
ever available). The five bottom panels show the key MIT coupling parameters with panel
(e) the Hall (in blue) and Pedersen (in orange) conductances, panel (f) the field-aligned
currents (FAC), panel (g) the ionospheric height-integrated Jy current (perpendicular

to the main oval), panel (h) the azimuthal component of the west/east ExB|, drift in

the upper atmosphere and finally panel (i) the particle (orange) and Joule (blue) heat-

ing rates. The polar projection maps reconstructed from UVS data for each of these se-
lected perijoves are displayed in the bottom right-hand of the figures, with the main au-
rora crossing highlighted by the red box.

As described briefly in section 2.2 and also described more precisely in section D
of the Supplementary information, the relative uncertainties over the MIT coupling key
parameters plotted in panels (g) to (i) are sensitive to the width of the interval on which
these parameters are calculated. For this reason, the data in panels (g) to (i) are only
plotted for selected portions of Juno’s trajectory for which the error bars are well con-
trolled.

In each of these crossings, the main oval regions can easily be identified in the multi-
panels plots by the enhancement in the UV brightness profile (panels (d), whenever avail-
able) and the enhanced downward electron total energy flux (panels (a), solid black curve).

We first focus on the crossing of the southern auroral oval at perijove 3 (figure 3
top left) and perijove 6 (figure 3 top right), which we compare to the results of Wang
et al. (2021, see its figures 7 and 8). Despite a different determination of the 6B com-
ponents perturbation (see section 2.2), we obtain the same results for the perijove 3 cross-
ing (see figure 3 top left), namely upward FAC on the equatorial edge of the main oval
adjacent to downward FAC poleward of it. During these FAC crossings, we measure a
strong increase of both the Hall and Pedersen currents, an equatorward Jx current, a west-
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ward azimuthal component of ExB|y, and a simultaneous increase of particle and Joule
heating rates.

In perijove 6 southern crossing (see figure 3 top right), the same behavior is observed
for the electron precipitation spectra (panel (a)), for the resdiual magnetic field By (panel
(b)), for the Hall and Pedersen conductances (panel (e)), and for the field-aligned cur-
rents (panel (f)). Looking at the UVS data (panel (d), and related UVS imagery in the
figure) we can see that Juno crosses two main structures. It crosses first the main oval,
corresponding to the higher increase in brightness at ~163.9°-164.3° of colatitude, and
identified in the plots with a blue background. Then, at higher colatitude, it crosses a
second structure corresponding to a less intense brightness from the UVS data but with
a reasonable enhancement in the total energy flux within the loss cone (black curve in
panel (a)), and identified in the plots with an orange background. This suggests that two
distinct structures have been crossed successively.

The first main structure (corresponding to the main oval) displays a strong upward
current whose peak is reached at ~164.3° of colatitude. Two weak downward currents
of similar amplitude can be identified on the equator side and on the polar side of this
large upward current. This configuration is associated with poleward ionospheric Jy cur-
rent at lower colatitudes (~163.5°-164.3°), and to equatorward ionospheric Jy current
at higher colatitude (~164.3°-165°), closing in the ionosphere the three layers of field-
aligned currents associated with this first structure. The second structure displays only
a downward current associated with a poleward ionospheric .J, current, identified with
the orange background in the figure. These two different regions are in good correspon-
dance with "Region I” and "Region II” identified by Mauk et al. (2020) (see their fig-
ure 13 and the definition of these two regions in their study), with mostly downward elec-
tron acceleration in ”"Region I”, while the second structure displays downward proton
inverted V embedded inside a "Region II”. The secondary structure likely represents a
particular case of a downward field-aligned current sheet not directly related with the
main oval observed equatorward of it.

The identification of these two main structures is consistent with the analysis of
Kotsiaros et al. (2019) and Wang et al. (2021). The slight nuance brought by our new
method consists in identifying downward field-aligned currents attached to both sides
of the first structure, which leads us to suggest that the two structures are in fact inde-
pendant. This is supported by the observation of a central region of zero field-aligned
current between the two structures, and from the UVS imagery and data.

We then analyze a third crossing of the southern auroral oval during perijove 5 (fig-
ure 3 bottom). An increase in both the total downward electron energy flux (panel (a))
and UV brightness profile (panel (d)) is observed between ~165.7° and ~168.9°. The
southern crossing from perijove 5 is distinct from the ones from perijove 3 and 6 in the
sense that the calculated field-aligned currents display quickly evolving variations in re-
gions at lower colatitude than the main oval, between ~160° and ~163.5°. These vari-
ations are of amplitude comparable to the amplitude of the field-aligned currents asso-
ciated with the crossing of the main oval. This shows that either the FAC associated with
the crossing of the main oval are of weak amplitude, or the FAC associated with other
phenomena not taken into account display a dominant contribution. In any case, from
the results, we observe for this crossing a layer of upward FAC, followed at lower colat-
itude by a layer of downward FAC. These two layers are separated by a region of zero
FAC. An equatorward ionospheric current and a westward ExB|, azimuthal drift are
associated with this crossing.

We consider now the study of the northern auroral oval crossings. The first cross-
ing we consider is PJO3N, associated with the perijove 3. Figure 4 (top left panels (a)
to (d)) display the Juno measurements during the crossing, while figure 4 (top left pan-
els (e) to (i)) display the calculated MIT key parameters. An enhancement is observed
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in downward electron energy flux (though weaker than for the southern passes) from ~8.1°
to ~9° of colatitude. The calculated MIT key parameters show enhancements in the Hall
and Pedersen conductances as well as in electron precipitation heating rate. Upward FAC
are observed in the polar side of the main oval, and downward FAC are observed in the
equator side. Tonospheric Jy currents flow equatorward on the polar edge of the cross-

ing as well as on the equator edge, and poleward in the central region where the field-
aligned currents revert sign. ExB|, drift are westward on the two edges of the crossing
and eastward in the central region.

Figure 4 (top right) displays the Juno data and MIT coupling key parameters for
perijove 14. This crossing of the main oval is very similar to perijove 3 (figure 4 top left).
A peak is observed in both the Hall and Pedersen conductances, as well as in electron
precipitation heating rate. An upward field-aligned current is observed in the polar side
of the main oval, and a downward field-aligned current is observed in the equator side.

A poleward ionospheric Jy current is observed in the central region where the field-aligned
currents reverse direction, surrounded by equatorward ionospheric Jy current on both
sides. ExBJ|, drifts are eastward in the central region between the two layers of fields
aligned currents, and westward on both sides of the main oval.

Finally, figure 4 (bottom) displays the main oval crossing that occurs during per-
ijove 12. This crossing shows a opposite configuration to the ones discussed with per-
ijoves 3 and 14. During this crossing, we observe a downward field-aligned current in the
polar side of the main oval, and an upward field-aligned current on the equator side. The
ionospheric Jy current is mostly equatorward, and the ExB|, ionospheric plasma drift
is mostly westward in the central region and in both sides. The peaks of the particle heat-
ing rate and Hall and Pedersen conductances are observed in the polar side of the FAC
system.

For almost all northern and southern hemisphere passes, a radio emission source
is observed (panels (¢)) at a frequency close to the local electron cyclotron frequency (dashed
black line) equatorward of the main oval crossings, each time at a few degrees of lati-
tude from the UV brightness peak.

These first case studies already allow us to identify some trends. In each southern
crossing case, there is a peak in the Hall and Pedersen conductances (figure 3 panels (e))
and Joule and particle heating rates (figure 3 panels (i)) above the main oval. All cur-
rent systems display upward FAC on the equator side, and downward FAC on the po-
lar side (figure 3 panels (f)). This structure is associated with an equatorward ionospheric
current Jy (figure 3 panels (g)) and a mostly westward ExB|, drift (figure 3 panels (h)).

In contrast, one does not find such a clear trend in the northern hemisphere. In
each of the three cases, there is a peak in Hall and Pedersen conductances (figure 4 pan-
els (e)) and in electron precipitation heating rate, but not always in Joule heating rate
(figure 4 panels (i)). Part of the current systems (perijoves 3 and 14) display an upward
current in the polar side, and a downward current in the equator side, with peak values
almost half those of the southern hemisphere. However, perijove 12 displays an oppo-
site configuration, with a downward FAC in the polar side and upward FAC in the equa-
tor side. Ionospheric currents J, and ExB|, drifts display different behaviors: for cross-
ing PJO3N;, (figure 4 top left) and PJ14N (figure 4 top right) a central region of pole-
ward ionospheric currents is surrounded by regions of equatorward ionospheric currents,
and a central region of eastward ExB|, drifts is surrounded by regions of westward drifts.
But, for PJ12N (figure 4 bottom) ionospheric currents flow in only the equatorward di-
rection, and ExBJ, drifts only in the westward direction, as observed in the southern
hemisphere.
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3.3 Case analysis of Io flux tube crossings

Unexpectedly, it turns out that the method used to analyze the key parameters of
MIT coupling above the main oval also allows us to study the crossing of the flux tubes
connected to Io’s auroral tail. Figure 5 displays three examples. In these regions (already
studied by Szalay et al., 2018, 2020), we observe a peak in the downward flux of elec-
trons measured by JADE/JEDI (panel (a)), as well as a perturbation of the § B, com-
ponent (panel (b)).

In the case of the southern hemisphere crossing (PJ5, figure 5 top-left), applica-
tion of our method reveals the presence of a small increase in the Hall and Pedersen cur-
rents (panel (e)), and in particle heating rate (panel (i)). The absence of effect of these
concurrent variations on Joule heating rate variations can be explained by the fact that
Joule heating increases with increasing current intensity and decreases with increasing
Pedersen conductance (due to particle precipitation increase), thus the two effects com-
pensate each other. A downward FAC is observed on the equator side of the crossing,
and an upward FAC is observed of the polar side, separated by an area of near-zero FAC
(panel (f)). Between these FAC, an equatorward Jy ionospheric current and a westward
ExB|, drift are observed, where clear Alfvénic fluctuations were measured by Gershman
et al. (2019) and Szalay et al. (2018). During this Io’s flux tube crossing, the source of
a decametric radio emission induced by Io is crossed (Louis et al., 2019), as can be ob-
served from WAVES data (panel (d)).

The top-right panels of figure 5 display a northern Io tail crossing during perijove
13. In this case, we do not observe any significant increase in the Hall and Pedersen con-
ductances (panel (e)) or in the Joule heating rate (panel (i)). A very small increase is
observed in the particle heating rate (panel (i)). A downward FAC is observed on the
equator side of the crossing, and an upward FAC is observed on the polar side, separated
by an area of near-zero FAC (panel (f)). In this case, a poleward Jy ionospheric current
and an eastward ExB|, drift are observed. No radio emission is observed during this cross-
ing.

Finally, the bottom panels of figure 5 display a second northern Io tail flux tube
crossing during perijove 22. This case shows a larger increase in both the Hall and Ped-
ersen conductances (panel (e)) and in electron precipitation heating rates (panel (i)). The
observed configuration of FAC in this case is opposite to the first norhern Io trail cross-
ing described above. An upward FAC is observed in the equator side, and a downward
one is observed in the polar side, separated by an area of near-zero FAC. This config-
uration is associated with equatorward Jx ionospheric currents and eastward ExB|, drifts.

In two cases (top-left and bottom-left panels) an increase in the Pedersen and Hall
conductances and particles heating rate is observed, associated with an equatorward Jy
ionospheric current and a westward ExB|, drift, but with opposite FAC system. A ra-
dio emission (panels (c)) is observed very close to the electron cyclotron frequency (dashed
black line), indicating that Juno flew very close to (if not inside) the radio source. In the
third case (top-right panel), the FAC are associated with a poleward y ionospheric cur-
rent and an eastward ExB|, drift, while no significant conductances are observed. In
that case, no decametric radio emission is observed during the flux tube crossing.

—16—

This article is protected by copyright. All rights reserved.



Eikew

fistsiz) 6B inr)

br(H2)s)

vt

Pimiim®) (E X By, imis) J, magm) FACuain?)

fimHz) OBiamy Eikew)

br(H2)xr)

Lin=)

Pimwime)y (E X Bly, imys) Jx, mAm)  FACuain)

Crossing PJ03S - 2016/12/11 - 17:32 - 17:42
Juno instrument data

0.05
0.00 4

—0.05 -

T T T
166 168 170

Calculated MIT coupling key parameters

10

04

(e) H\/’M\
-

— A\ I

2.5

U]

0.0
—2.51

1000 4

(@)

—2500 1

) A
!

500 1

\
/‘f\f X

Pe
— P

T T T
168 170 172

Colatitude of FootPrint (deg)

T
166

Crossing PJ05S - 2017/03/27 - 09:35 - 09:55

FIUX;sjsricm)ev

dB/background

up

down
equator
pole
east

west

Juno instrument data 3
2
3
o
T
<
=]
2
o
=
S
]
F]
8
3
0 +== T T T T T
160 162 164 166 168 170
Calculated MIT coupling key parameters
0] © —
N P\ | v, Sp
01— . ——— ; T i
1+
f u
o QA MDA it il P
VT v down
-1 \v
10004 @ equator
pole
0 ; U 7 T T 7
0
h) east
[ Lwr 0 W\J
~10000 ] - V west
w00] @ ) \ﬂ\ Pe
' — P
o M N |
160 162 164 166 168 170

Colatitude of FootPrint (deg)

firiz) 0B Eikew

br(H2)km)

Lo

Pimwime) \E X By, imys) Jx, imam)  FAC )

Crossing PJ06S - 2017/05/19 - 06:48 - 07:05
Juno instrument data

2000 (g
0% T T T T A‘._—""_‘._""'".
162 163 164 165 166 167 168 169
Calculated MIT coupling key parameters
20 (e) Mk —
I R . U . ¥
257 M /\
0.0 ~
(@)
0
-1000 1
T T T T T - .
10000 A A
(h) o
0 i \ /'/MM
i)
1000 ze
0 ffJ\_,-v\v\ 4 7]
162 163 164 165 166 167 168 169

Colatitude of FootPrint (deg)

600,/ B00's

Figure 3: Juno instrument data (top four rows of each panel) and MIT key parameters
calculated from them (bottom five rows of each panel) plotted as a function of the mag-
netic co-latitude of Juno’s magnetic footprint for southern perijoves PJ03 (top left panel),
PJ06 (top right panel) and PJ05 (bottom left panel). For each of these crossings, the
corresponding UVS maps are shown at the bottom right of the figure.

—17—

This article is protected by copyright. All rights reserved.

FIUX;stsricmasev

dB/background

up
down
equator
pole
east

west




fimriz)

br(H2)ikr

Lo

s, imaim)  FACuaim?)

Pimgm?) (E X Bly, ¢

fimmz) BB 1) Etkew)

br(H2) kg

g

Pimwim?) (E X B)y, imis) Jx, maim)  FACuaim?)

Crossing PJO3N - 2016/12/11 - 16:20 - 16:30
Juno instrument data

Calculated MIT coupling key parameters

7519
5.0 §
2.5 4

(e)

NA}N N\\«.\,——r —
/ \\’,‘Awwﬂkﬁﬁw g Ip

0.5 4

(f)

N

/

0.0
-0.54

100 4

—100 7

—500 -

100 A

T 7 T
8 10 12
Colatitude of FootPrint (deq)

Crossing PJ12N - 2018/04/01 - 09:02 - 09:10

FluX;ssricmajev

30
20
10

dB/background

up
down
equator
pole
east

west

3
g
x
2
w
o
<
3
e
j=]
4
o
L)
2
8
0- 7 ; - - T
6.5 7.0 7.5 8.0 8.5
Calculated MIT coupling key parameters
so] ®@ Mﬂ A - —
3 W, / [ =
253 P AW e —®
27\'\»{),\“ up
0 down
200 A (@) equator
ole
0 = = : - T g
0 (h) o east
[
—1000 \\WV west
sof @ ~ Pe
SN — B
0 7 i T T T =
6.5 7.0 7.5 8.0 8.5

Colatitude of FootPrint (deg)

firaz)

br(H2)kr)

Lo

Pimwime) E X Bly, imys) Jx, marm)  FAC i)

Crossing PJ14N - 2018/07/16 - 04:35 - 04:45
Juno instrument data

Calculated MIT coupling key parameters

1

0] © b — 5
'l
o *»WW_MW'A‘/‘MJWH/ PP WA 23
0.5 (f)
0.0 e /\
-0.5
(@)
250 4
0 T T T T T T T
0 (hy Y -
|
T \.\/NY\/J
-2000{ __ ' ' ' : . '
2001 ! w -
— R
0 T T T T b T T

11
Colatitude of FootPrint (deg)

Pj14 N §

Figure 4: Same as figure 3, but for northern perijoves PJ03 (top left), PJ14 (top right)

and PJ12 (bottom)

—18—

This article is protected by copyright. All rights reserved.

5.0
2.5

FIUX;s)sricmarey

30
20
10

dB/background

up
down
equator
pole
east

west



fimsiz) OBymy  Eke

br(H2 )ik

Iy

Pimwim?) (E % Bly, mis) Jx, mamm) FACuaim)

firasiz) 6B Eiken)

briH2)ks)

i)

Pimigim?) (€ X B)y, imis) J, maym) FAC puaim?)

Crossing PJ05S - 2017/03/27 - 09:28 - 09:33 Crossing PJ13N - 2018/05/24 - 05:11 - 05:15
Juno instrument data Juno instrument data

102 i 103 3
5.0 ﬁ s 5.0 §
g = 5
25 = w 25 4
= x
= =
T [
g
8
b=} h=]
5 5
30 3 B 30 3
5
20 3 £ 20 -g‘
10 & = 10 E
=2 _ 2
3 g g
~
z
0 . T - ; &
154 155 156 157
Calculated MIT coupling key parameters
75 7% — In T
so4 i — 5 Y ] . e
by 0.2
.25 4 f u u|
35(5) o [ A ° § 0.0 o j\ i
: \j — down Q ’ \/ down
—0.25 4 - - - - T 023 - - - - - -
50 (g) _J equator g 0 @) T\ [ _ equator
. z \ i
0 pole X 207 N pole
t T ¥ 1 = T T T T T T T
0 (hy \/\—/\// east E 251 ) /W\ east
=
o
—100 west x 0 west
T T T T _Ll-_]’ T T T T IW T T
200 17l A ) P T 501 (i) ) JUEE N
- T —p i — T — B
0 ; ; : 7 = & 04 ; ; - - - T
154 155 156 157 17 18 19 20 21 22 23
Colatitude of FootPrint (deg) Colatitude of FootPrint (deg)
Crossing PJ22N - 2019/09/12 - 03:16 - 03:22
Juno instrument data .
102 z
5.0 E
S
5
25 &
x
3
s
k=]
<
30 F
20 5
10§
o
=4
3

50 (e — Iy
2.5 1 ) - A~ AT ]

053 {f) up
0.0 \[“ A\ down
0.5 1

501 (@) [ equator
0 Y |
—50 1 o pole
T T T T T :
1007 () ﬂ east
0 L_,\,_/ west
-100 T T T T T T
100 775 | P
- —_p}

7
16 18 20 22 24 26
Colatitude of FootPrint (deg)

Figure 5: Same as figure 3, but for Io’s tail flux tube crossings. UVS imagery for peri-
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3.4 Statistical analysis
3.4.1 Superposed analysis

Having analyzed in the previous section three case studies per hemisphere, we now
turn to the statistical study of the crossings of the magnetic field lines connected to the
main oval for several of the first 30 perijoves.

One major feature that was common to almost all the crossings considered in this
study was the observation of a well-defined point along Juno’s magnetic footprint at which
the FAC change direction. This feature was clearly apparent in all the cases previously
presented. We use this repeatable feature to define, for each crossing, the parameter 6;,,
which corresponds to the colatitude at which we observe this inversion in the direction
of FAC. This parameter serves a reference point to perform a superposed analysis of the
main aurora crossings from all north perijoves, and likewise for all south perijoves. Our
aim is to study the profile of latitude variations of the key parameters with respect to
this arbitrary point. The results of this superposed analysis for each key MIT param-
eter are presented in figures 6 and 7, for the southern and northern hemispheres, respec-
tively. The different perijoves studied are distinguished via a color coded indicated on
the right-hand side of the figures. The black curve represents the median of all curves
and the grey shaded area the region between the 0.2 and the 0.8 quantiles. These results
are presented as a function of A8 = Orgotprint — finv, the distance in colatitude to the
arbitrary defined point 6;,,, with the polar side region on the left-hand side and the equa-
tor side region on the right-hand side of the figures. One can see from panel (¢) that Af =
0 was chosen as the location where FAC change direction (figures 6¢ and 7c).

We focus in this paragraph on figure 6 presenting the results of this analysis for
the southern hemisphere. Panel (c) shows that there is a strong tendency for upward field-
aligned currents on the equator side of the reference point, and a downward field-aligned
currents on its polar side. Then panel (d) shows that these FAC close in the ionosphere
via an equatorward ionospheric current Jx. The ExB|, drift are westward close to Af =
0, indicating the presence of a region of sub-corotation. These observations are statis-
tically significant, since the shaded areas share the same features. Enhancement in both
Hall and Pedersen currents, as well as in Joule heating rates, are also observed in the
central region. On each side of this central region, where one could expect ionospheric
currents flowing in the opposite direction, no significant trend emerges. This probably
is a consequence of the large uncertainty of this analysis in the regions of small conduc-
tances.

We now focus on the northern hemisphere in figure 7. Inspection of the results shows
at first that the trends are not so clear as they were for the southern hemisphere. One
can first observe from panels (a) and (b) a consistent increase in Hall and Pedersen con-
ductances poleward of the central region. Then panel (c) displays upward and downward
currents on both sides of the central region, without a clearly dominant trend. Ionospheric
currents (panel (d)) are distributed on the two sides of the J;, = 0 curve in the central
region. Similarly, the distribution of the drift velocity ExB|, does not show an overall
clear tendency over all perijoves: some perijoves indicate super-corotation of the azimuthal
ionospheric flow plasma, while others show sub-corotation. However, further inspection
of panel (c) shows that at least two opposite trends can be identified, which are of op-
posite behavior. Trend A (associated with PJ 1, 7, 9, 11, 12, 13, 21) corresponds to the
occurrence of a downward field-aligned current in the polar side of the central point, with
an upward field-aligned current in the equator side, similar to what was observed in the
southern hemisphere. Trend B (associated with PJ 3, 14, 22) corresponds to the oppo-
site trend, with an upward field-aligned current in the polar side, and a downward one
in the equator side. In that regard, the statistical dispersion of field-aligned current (panel
(c)), the ionospheric current (panel (d)) and the azimuthal ionospheric drift velocity (panel
(e)) were not considered over the entire set of crossings, as the average would have been
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taken over two trends of opposite contributions, thus averaging to zero. Instead, the sta-
tistical dispersions were considered individually for each of Trend A and B. The results

are described in table 1, and will be discussed further below. The remaining crossings

(PJ 4, 16, 20) correspond to cases where no dominant trend have been observed despite
the presence of peaks of ionospheric conductances and strong signatures of FAC in the
residual magnetic field. Indeed, in theses cases, we were not able to identify a precise point
0;n» at which we observe an inversion in the direction of FAC, so these cases were not
shown in figure 7, but there implications on our understanding of MIT coupling at Jupiter
are discussed in the next section.

3.4.2 Conductances and heating rates

To study how MIT coupling parameters vary with longitude along the main oval,
we also plot the MIT coupling key parameters in planetocentric coordinates in figures
8 and 9. The statistical main oval, which does not necessarily correspond to the loca-
tion of the oval prevailing at the time of each crossing, is also plotted. Hall as well as
Pedersen conductances (top panels) are seen to increase near the oval. FAC (bottom left-
hand panel) as well as drift velocities (bottom right-hand panel) are quasi null except
in the regions near the oval. Drift velocities oscillate between negative and positive val-
ues, i.e., between super-corotation and sub-corotation. Careful inspection of the south
pole figure reveals that the drift velocity is negative in the inner oval and positive in the
outer oval: a "blue” (i.e., negative) region is surrounded by two ”red” (i.e., positive) re-
gions.
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Figure 6: Superposed analysis of key MIT coupling parameters calculated above the
southern Main Oval as functions of Af = Orootprint — Oret, Where Opootprint 1S the colatitude
of the footprint of Juno and 6., is the colatitude of reference, defined at the colatitude
where FAC change direction. Curves with different colors correspond to the different per-
ijoves. For a given value of Af, the black curve corresponds to the median taken over the
crossings, and the shaded area corresponds to value between the 0.2 and the 0.8 quantiles
over the crossings. (a): calculated height-integrated Hall conductance, (b): calculated
height-integrated Pedersen conductance, (c): Field-aligned Currents (FAC) calculated
with our electrodynamics model, (d): Ionospheric height-integrated currents for the z
component, the perpendicular direction to the main oval, (e): azimuthal component of
ionospheric ExB drift, (f): electron precipitation rate per unit column of atmosphere,
(g): Joule heating rate per unit column of atmosphere.

—292—

This article is protected by copyright. All rights reserved.
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Figure 7: Same as figure 6 for the northern main oval, for a selected set of perijoves.
Analysis of panel (c) shows that there are at least two trends of opposite behavior. Trend
A (PJ1,7,9,11, 12, 13, 21) corresponds to the occurrence of a downward field-aligned
current in the polar side of the central point, with an upward field-aligned current in the
equator side. Trend B (PJ 3, 14, 22) corresponds to the opposite trend, with an upward
field-aligned current in the polar side, and a downward one in the equator side. The sta-
tistical dispersion for the parameters plotted in panels (c¢) to (e) are not plotted, as the
average is taken over two trends of opposite contributions, thus averaging trivially to zero.
Instead, average values and dispersions for both trends are described in table 1.
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Figure 8: Superposed analysis of the variations of MIT coupling parameters across the
southern main aurora, in planetocentric coordinates (latitude and longitude). The sta-
tistical main oval is plotted in green (inner oval is dotted and outer oval is solid) and the
To magnetic fooprint is plotted in blue. Top left panel: Calculated Ionospheric Hall con-
ductance. Top right panel: Calculated Tonospheric Pedersen conductance. Bottom left
panel: Calculated Field-aligned currents. Bottom right panel: Tonospheric ExB drift ve-
locity, where red colors correspond to eastward velocities, and blue colors correspond to
westward velocities.
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754 4 Discussion

755 4.1 Summary of the main trends

756 Considering all crossings selected for this study, we can now summarize the main

757 trends in our calculated MIT coupling parameters. The main excursion ranges and typ-
758 ical peak values of these parameters calculated for the north and south main aurora cross-
759 ings are described in table 1.

mean South | range South | mean North | range North | mean North | range North
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|

\ \ Trend A \ Trend A \ Trend B \
‘ T () ‘ 6 ‘ [4,20] ‘ 3 ‘ [1,30] ‘ 7 ‘ 5,15] ‘
‘ p (27 ‘ 3 ‘ (1,12] ‘ 2 ‘ [0.8,11] ‘ 4 ‘ 3,8.5] ‘
| FACup (nA/m2) | 1| pses | oor | o4y | o6 | 209 |
\ FAC down (pA/m?) \ ~0.5 \ [-2,-0.1] \ ~0.6 \ [~1.5,-0.1] \ ~0.5 \ [0.9,-0.2] \
‘ J, (mA/m) \ 500 \ 200, 1200] \ 300 \ [80, 700] \ ~150 \ [~200, —50] \
\ Jror (MA) \ 58 \ [23,140] \ 35 \ [9,81] \ —17 \ —23, 6] \
\ ExB|, (km/s) \ —4 \ [8,-0.5] \ -1 \ [~3.5, —200] \ 0.65 \ [0.15,1.4] \
P (mwm?) | 200 | oo | s0 | ool | 170 | 100,320 |
‘ P; (mW/m?) ‘ 200 ‘ [50, 1000] ‘ 100 ‘ [50, 250] ‘ 90 ‘ [10,180] ‘

Table 1: Peak values and ranges of the peak values (over all crossings) of the MIT cou-

pling parameters calculated for southern and northern crossings of the main auroras. The

results for the northern hemisphere are presented in two separate columns, associated

with the two trends identified in the previous section. For easier comparison with axisym-
metric models of corotation enforcement currents, an additional line below J,

shows the

value of the total ionospheric meridional current Jio closing the field-aligned currents,

assuming azimuthal symmetry over all local times.

For an extensive discussion of the computation of the relative uncertainties over

the calculated MIT coupling key parameters, we refer the reader to section D of the Sup-

plementary Information document. We summarize here for the sake of completeness the

main conclusions. We estimate to 20% the relative uncertainties over the ionospheric Hall

and Pedersen conductances ¥y p and over the particle heating rate P, with respect to
the values displayed in table 1. This means that we have AYXp/Yp = AXy /Yy = AP./P. =
0.2. We also estimate to 20% the relative uncertainties over J and J,, respectively the
field-aligned current and the ionospheric current perpendicular to the main oval. This
means that we have AJH/JH = 0.2, and also AJ,/J, < 0.2 wherever J, is calculated.
The motivation behind computing only J, on a few selected intervals of colatitude are
described more extensively in the Supplementary Information document, section D. Fi-
nally, we have AP;/P; = A(E x B)/(E x B) < 0.4, the relative uncertainties over the

azimuthal drift velocity ExB and the Joule heating rate Pj.

With due consideration of these uncertainties, some common characteristic behav-
iors of the variations of the MIT coupling key parameters across the main aurora appear
to apply to all perijove crossings. Almost systematically, one can identify a main time
interval during which particle precipitation rates and ionospheric Hall and Pedersen con-
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ductances simultaneously reach their largest values. This period generally coincides with
the presence of a pair of adjacent upward and downward field-aligned current flows within
which these FAC reach their largest intensities. This pair of FAC closes horizontally through
the ionospheric conductor via meridional ionospheric Pedersen currents. These ionospheric
currents flows in the equatorward direction when the upward FAC is on the equator side
of the downward FAC. Conversely, these ionospheric currents flow in the poleward di-
rection when the upward FAC is located on the polar side of the downward FAC. As a
direct consequence of our use of the ionospheric Ohm’s law in our calculations, poleward
meridional currents are associated with poleward ionospheric electric fields and eastward
ExB plasma drifts corresponding to super-corotation. Conversely, equatorward merid-
ional currents are associated with equatorward electric fields and westward ExB drifts
corresponding to sub-corotation.

This analysis allows us to identify clear trends emerging for the latitudinal vari-
ations of our calculated MIT coupling parameters across the main aurora, which are present
in totally different proportions in the two hemispheres. Figure 10 illustrates how these
trends can be translated into two oppositely directed current loops connecting the iono-
sphere to the magnetodisk. The first trend, which we call trend A corresponding to about
half of the studied cases (7/13), is associated with a system of equatorward ionospheric
currents connecting a downward FAC on the polar side to a an upward FAC on the equa-
tor side. In this configuration, the ionosphere-magnetosphere current loop has to close
via a radial outward current in the magnetodisk. In this current loop, the correspond-
ing JxB Lorentz force accelerates the magnetodisk in the direction of corotation, and ac-
cordingly decelerates the ionospheric ExB plasma, producing sub-corotation in the iono-
sphere. Angular momentum is transferred from the planet to the magnetodisk to par-
tially enforce its corotation, in line with the models of Hill (2001) and Cowley and Bunce
(2001). This trend fully prevails in all studied southern perijoves (see figure 10 (a)). It
is also observed over the major part of the northern perijove crossings considered in this
study (7 crossings out of the 13 studied in the north), as represented in figure 10 (b).
Taking into account the peak mean value of the ionospheric current mentioned in table

1, we estimate the total ionospheric current flowing towards the equator to be about 9.3 MA /rad

in the southern hemisphere and about 5.6 MA /rad in the longitudinal sectors in the north-
ern hemisphere where trend A was observed. This estimation is expressed in units of to-
tal current per radian of azimuth.

Conversely, the second trend, which we call trend B and corresponding to about
a quarter of the studied cases (3/13), is associated with poleward ionospheric currents
connecting a downward FAC on the equator side to an upward FAC on the polar side.
In this configuration, the ionosphere-magnetosphere current loop has to close via a ra-
dial inward current in the magnetodisk, which instead accelerates the ionospheric ExB
drift into super-corotation and decelerates the magnetodisk into sub-corotation. This trans-
fers angular momentum from the disk to the planet, contrary to the corotation enforce-
ment model. This second trend, illustrated in figure 10 (c), is observed over 3 of the 13
north perijove fly-bys, corresponding to PJ 3, 14 and 22 N. Taking into account the peak
mean value of the ionospheric current mentioned in table 1, we estimated the total iono-
spheric current flowing towards the pole to be about 2.8 MA /rad in the longitudinal sec-
tors where trend B was observed. The remaining cases with no associated trend, corre-
sponding to about a quarter of the studied cases (3/13), reflect coupling processes of higher
complexity than what can be described by the overly simplified trends described in fig-
ure 10.

The magnitude of currents in the current loops we find here connecting the iono-
sphere and magnetosphere can be compared with the predictions of Cowley et al. (2008)
and Cowley et al. (2017) made in anticipation of Juno observations (see figure 1 of Cow-
ley et al., 2008). The latitudinal extension of these closing currents is on the order of 1.5°
to 2° in our study, with about 0.7° to 1° of extension for both upward and downward
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field-aligned currents, as can be seen in our figures 6 and 7. This can be compared to

a significantly broader current closure region predicted by Cowley et al. (2008): on the
order of 2° for upward currents on the equatorward side, and of 4° to 5° for the down-
ward currents on the poleward side (see their panel c¢). Their prediction of a total merid-
ional current intensity on the order of 20 MA to 40 MA (their panel b) is very similar to
the values deduced from our observations and shown in table 1 (60 MA for the south-
ern hemisphere, 30 MA for the northern hemisphere in Trend A). Finally, they predict
upward field-aligned current intensities on the order of 300 nA/m?, about a factor of 3
smaller than our estimates, and downward field-aligned current intensities on the order
of 50nA/m?, about a factor of 10 smaller than ours, as already noticed by Wang et al.
(2021). Our observed field-aligned currents are actually larger than their predictions but
flow over a correspondingly smaller latitude band, thus producing ionospheric closure
currents of a similar magnitude as their prediction. Overall, our observations reveal sig-
nificantly more narrowly confined field-aligned currents than in the model predictions

of Cowley et al. (2008) but remarkably similar total currents in the MIT coupling cur-
rent loops. However, this narrowing of the region of field-aligned currents in compari-
son to the predictions of the ”standard” Cowley-Bunce model has been proposed by Nichols
and Cowley (2004) and later by Ray et al. (2015), to be an effect of the amplification
of the Pedersen conductance by enhanced electron precipitation associated with these
upward field-aligned currents. This lower value of the latitudinal width of upward field-
aligned currents associated with the main ovals is consistent with our observations.

(9] (a)

s (> 9

Figure 10: Cartoon showing the two different trends in MIT coupling of the main aurora
region to the magnetodisk emerging from this study. In Trend A, represented in panel
(a) for the southern hemisphere (corresponding to all southern crossings studied) and in
panel (b) for the northern hemisphere (corresponding to PJ 1, 7, 9, 11, 12, 13, 21), the
ionosphere-magnetosphere current loop transfers angular momentum from the planet to
the magnetodisk, enforcing its corotation and accordingly dragging the ionosphere into
sub-corotation. In trend B, observed for several of the northern perijoves (corresponding
to PJ 3, 14, 22) as illustrated in panel (c), angular momentum is transferred from the
magnetodisk to the planet and accelerates the ionospheric plasma into super-corotation.

Joule heating rates across the main aurora display peak values of the order of one
to a few hundreds of mW /m?, of the same order of magnitude as particle deposition rates,
as can be seen from inspection of table 1. Bougher (2005) proposed a Jupiter Thermo-
spheric General Circulation Model in which large Joule heating rates are calculated to
be 70mW /m? in the northern oval region, and nearly double (up to 140 mW/m?) in the
southern auroral oval. Tao et al. (2009), on the other hand, proposed a model that in-

cludes the effects of neutral dynamics on the coupling current: the peak values found around

latitude 75 degrees in their model are about 100 mW /m?2. Finally, in the model of Ray
et al. (2015) the maximum auroral precipitation intensity predicted, the equivalent of
our P,, is 60mW /m?2. The corresponding Joule heating rate is not directly provided in
their publication but it can be deduced from their calculated field-aligned current and
ionospheric electric field latitudinal profiles assuming current continuity (see their fig-
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ure 9), leading to a Joule heating rate on the order of 120 mW /m?. These three differ-

ent models thus predict similar Joule heating rates, with peak values on the order of 100 mW /m?,

consistent with the values we infer from Juno observations in the present study.

In addition to main aurora crossings, we also analyzed a few Io footprint crossings,
revealing a clear signature in field-aligned current latitudinal variations with peaks of
similar amplitude and opposite signs separated by a central region of negligible FAC in-
tensities. The relative positions of the downward and upward peaks were inverted with
respect to each other in the two northern hemisphere cases. The inversion of the FAC
observed during these two flux tube crossings could be explained by the complex struc-
ture of the Io’s tail and the reflection of the Alfvén wings on the Io’s torus and/or on
the ionosphere (as proposed by Jacobsen et al., 2007, 2010; Schlegel & Saur, 2022), but
the study of a larger number of crossings is needed to investigate this further. No con-
sistent signature in particle data emerged from the selected crossings, but a clear signa-
ture in particle heating rate was found in the PJ22N case. WAVES data show that these
crossings are associated in two over three cases with observation of radio emissions. Our
study of Galilean moons auroral tails, though limited by the small number of crossings
studied, suggests that this method could be used in the future for a more systematic study
of the electrodynamic coupling between Jupiter and these moons.

4.2 Comparison with previous observations of MIT coupling parame-
ters: field-aligned currents and ionospheric drifts

The systematic study of field-aligned currents by Kotsiaros et al. (2019) uses the
MAG instrument. Their study covered both hemispheres and reveals a significant asym-
metry between them. Our calculated field-aligned current systems display a similar con-
figuration for the southern hemisphere, with upward field-aligned currents on the equa-
torward side of downward ones. In contrast, we do not observe such a repeatable pat-
tern for the northern hemisphere. As seen in figure 10, two opposite configurations are
observed among all fly-bys: (i) upward currents on the equator side of downward ones
and (ii) downward currents on the equator side of upward ones.

North Pole - vgin South Pole - vgrise
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Figure 11: MLT distributions of ExB ionospheric drifts calculated by our method for
the northern (panel (a)) and southern hemisphere (panel (b)). Red colors correspond to
eastward velocities, and blue colors correspond to westward velocities.

Our calculated ExB ionospheric drifts are plotted as a function of magnetic local
time (MLT) for the two hemispheres in figure 11. Due to the slow drift of the Juno or-
bit with respect to the Sun-Jupiter line, they cover only a fraction of all MLT, mainly
from 16:00 to midnight for the northern hemisphere, and from 12:00 to 20:00 for the south-
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ern hemisphere. The northern hemisphere drifts can be compared with the observations
of H3™ ion drifts by Johnson et al. (2017) using the CSHELL instrument previously avail-
able at the NASA Infrared Observing Facility (IRTF) in Hawaii (Stallard et al., 2003)
and the CRIRES (Cryogenic high-resolution infrared echelle spectrograph) instrument
on the VLT. In the same MLT sector, as seen in their figures 8 and 10, Johnson et al.
mainly saw weak sub-corotational flows in the range of one km/s extending on the two
sides of the main oval (or maximum of H3" emission). In our study, similarly weak sub-
corotational flows are also consistently seen in the southern hemisphere over the region
of maximum ionospheric conductances, which corresponds to the main oval and auro-
ral emissions (figure 6). But in the northern hemisphere, which is more directly compa-
rable with the VLT observations, these weak corotational flows are found mainly equa-
torward of the region of maximum conductances, whereas weak flows in both directions
are found over the broad magnetic latitude range where ionospheric conductances max-
imize.

Regarding our calculated field-aligned current flows, as in Kotsiaros et al. (2019),
we find that the mean total field-aligned current is twice as large in the southern hemi-
sphere (see table 1) as in the northern hemisphere. Since no such significant asymme-
try is found in the ionospheric conductances, consistent with Gérard et al. (2020), an ex-
planation for this FAC inter-hemispheric asymmetry likely resides with the inter-hemispheric
asymmetry of the distribution in longitude of the planetary magnetic field magnitude.
Analysis of figure 2 of Connerney et al. (2018) shows that the magnetic field magnitude
remains almost constant along the south main oval, varying from 8 G to 12 G, while it
varies much more along the north main oval going from 6 G to 20 G. This conclusion largely
still holds when considering the latest Juno-derived magnetic field model (JRM33 mag-
netic field model from Connerney et al., 2022).

4.3 Comparison with models of plasma convection in the ionosphere and
magnetosphere

The local time coverage of ExB drifts shown in figure 11 allows only a limited com-
parison with global ionospheric convection models. Taken over the two hemispheres to-
gether, sub-corotational flows in the km/s range are dominant, consistently with the ax-
isymmetric corotation enforcement models of Cowley and Bunce (2001) and Cowley et
al. (2005). These westward flows in the afternoon sector are also consistent with the more
qualitative, but local-time dependent model of Cowley et al. (2003), in which sub-corotation
flows due to corotation breakdown co-exist with tailward flows at higher latitudes driven
by the Vasyliunas cycle in the global pattern of horizontal flows in this local time sec-
tor.

In contrast, when the same comparison is done separately for each hemisphere, a
fair consistency with these model predictions is found for the southern hemisphere, where
sub-corotation seems to prevail (figure 10 (a)). In contrast, over the northern hemisphere,
sub-corotation flows dominate on the equator side of the main oval, whereas weak flows
in the two opposite directions are found among all perijoves over the region of main emis-
sion, as illustrated in figures 10 (b) and 10 (c).

This difference in the general trend of ExB flows between the two hemispheres, with
a less systematic pattern and more variability from orbit to orbit found in the northern
than in the southern hemisphere, echoes the differences in FAC patterns found by Kotsiaros
et al. (2019) and in this study. It suggests that whatever the dominant plasma flow in
the magnetodisk and plasma sheet is, its electrodynamic coupling to the two hemispheres
is partly asymmetric.
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4.4 Observation of radio emissions above the main oval

For a significant part of the 27 crossings studied in this paper, a radio emission is
observed close to the local electron cyclotron frequency fee, on the equatorward side of
the main oval. The radio emission at this frequency (hectometric to decametric wave-
lengths) are produced via the electron Cyclotron Maser Instability mechanism (eCMI),
at a frequency close to the local electron cyclotron frequency (at a few percent above it,
see Louarn et al., 2017; Louis et al., 2019). Therefore, if an emission is observed close
to the local fee, it means that Juno is crossing (or flying very close to) a radio source.
The radio source is never observed directly above the brightest UV emission. Compared
to the common case studied here and by Mauk et al. (2020), the radio emissions are only
observed in the ”diffuse aurora” (difA) area, ending at (or just before) the Zone-I (ZI)
area. Quoting Mauk et al. (2020), ”the difA zone is characterized by (i) electron pop-
ulations with electron intensities outside of the loss cone larger than the intensities in-
side the loss cone and (ii) downward intensities and energy fluxes within the downward
loss cone greater than the intensities and energy fluxes within the upward loss cone”, while
the ZI ”is characterized by (i) electron intensities within the downward loss cone greater
than the intensities outside of the loss cone and (ii) downward intensities and energy fluxes
greater than the upward intensities and energy fluxes”. The eCMI radio emissions are
believed to be mostly produced by upward electrons (Louarn et al., 2017) through a loss-
cone distribution function (i.e., an empty loss cone that make the distribution unstable),
with sometimes the addition of conics (Menietti & Burch, 1985) in the electronic distri-
bution function, seen in both parallel and anti-parallel directions (i.e., upward and down-
ward propagating waves may be amplified, see Louarn et al., 2018). Therefore, it is not
surprising that emission is observed above the difA (characterized by electron intensity
outside the loss cones larger than inside the loss cones in both parallel and anti-parallel
directions) and that no emission is observed above ZI which is characterized by a strong
downward electron flux inside the loss cone, and these last observations seem to even con-
firm the theory of the production of radio emission through the loss cone-driven eCMI.

5 Conclusions

In this study, we applied the multi instrument analysis method first described by
Wang et al. (2021), to study the first 30 orbits of Juno in order to derive the Magnetosphere-
Tonosphere-Thermosphere coupling key parameters along Juno’s magnetic footprint. It
allowed us to demonstrate the applicability of Wang et al.’s method to a much larger data
set, and to provide a picture of the relative variations of MIT coupling parameters across
the regions of main auroral emission. Studying the orbits of Juno up to the 30th orbit
made it possible to extend the range of MLT studied in Wang et al. to a large fraction
of the southern and northern afternoon sectors, taking advantage of the azimuthal drift
of Juno’s orbit with time, and allowed us to extensively study and compare the two con-
jugate auroral regions.

This systematic study of MIT coupling parameters provided some clues on how iono-
spheric closure of field-aligned currents into the two conjugate hemispheres couples the
two main oval regions to magnetospheric dynamics, and on the consistency of the coro-
tation enforcement model. Calculated profiles of MIT coupling parameters across the
main ovals displayed a large orbit-to-orbit and inter-hemispheric variability, revealing
structures extending over small latitudinal spans, which are still to be understood, such
as the occurrence of several layers of upward-downward field-aligned current pairs dis-
tributed in latitude during a single crossing. Yet, statistical analysis allowed us to cap-
ture some dominant trends for both hemispheres. In the southern hemisphere, our cal-
culated current systems display a trend consistent with the generation of a region of sub-
corotating ionospheric plasma poleward of the main aurora, in agreement with the coro-
tation enforcement models of Hill (2001), and Cowley and Bunce (2001) and their fol-
lowing publications. Conversely, in the northern hemisphere, current systems of the two
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opposite trends, producing respectively sub-corotation consistent with the corotation en-
forcement model discussed above, and super-corotation, are observed in the afternoon
MLT sector to which our study is limited. This large variability observed from orbit to
orbit and between the two conjugate auroral regions demonstrates that our current the-
oretical understanding of MIT coupling at Jupiter is still limited, and calls for further
observations and theoretical studies, particularly on interhemispheric coupling of auro-
ral phenomena, currents and plasma flows.

The larger data set to be provided by the Juno Extended Mission will allow us to
move in this direction and provide a better MLT coverage of the main ovals. The study
of a few Io auroral tail crossings initiated in this study will also be spectacularly expanded
with the Extended Mission, allowing a more systematic study of Galilean moons tails,
flux tubes and close plasma environments.

Finally, the method extensively used in this study can be applied to MIT coupling
at Saturn, using data from the high-inclination, F-ring and Grand Finale orbits, and to
other future missions to giant planets, including ice giants, that will offer a similarly fa-
vorable orbit geometry with respect to the auroral regions.
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