
1.  Introduction
The auroral activity on Jupiter is the most intense among the planets in the Solar System (Grodent, 2015), thanks 
to the strong planetary magnetic field, the fast rotation of Jupiter and the dense plasma environment of its magne-
tosphere. Indeed, the volcanic moon Io injects ∼1 ton s −1 of material (e.g., Kivelson et al., 2004), which is the 
source of a dense plasma cloud around Io's orbit, called Io Plasma Torus (IPT). The signature of the strong Jovian 
aurorae is detected at various wavelengths: radio (Kurth et al., 2017; Zarka, 1998), infrared (Drossart et al., 1989; 
Trafton et al., 1989), visible (Gladstone et al., 2007; Ingersoll et al., 1998; Vasavada et al., 1999), ultraviolet 
(Caldwell et al., 1992; Clark & Mc Cord, 1980; Dols et al., 1992; Grodent et al., 2006; Livengood et al., 1992; 
Skinner et al., 1984) and X-ray (Dunn et al., 2020; Gladstone et al., 2002; Yao et al., 2021). The morphology of 
the Jovian aurorae is complex and includes distinct features, like the local emissions associated with the Jovian 
moons—called footprints. The footprints were largely detected equatorward of the main aurora for Io (Clarke 
et al., 1996; Connerney et al., 1993; Prangé et al., 1996), Europa and Ganymede (Clarke et al., 2002), while only 
one observation is reported for Callisto (Bhattacharyya et al., 2018). These features originate from the relative 
velocity between the magnetospheric plasma and the moons, where the local perturbation in the plasma flow 
excites electromagnetic modes such as Alfvén and magnetosonic waves that propagates away from the satellite 
(Acuña et al., 1981; Belcher et al., 1981; Neubauer, 1980; Saur, 2004). In particular, the Alfvén waves travel along 
the magnetic field lines toward the Jovian atmosphere. As the Alfvén waves propagate toward the planet, they 
can accelerate electrons into the ionosphere by wave-particle interaction (Damiano et al., 2019; Hess et al., 2010; 
Jones & Su, 2008; Lysak & Song, 2003), eventually producing the auroral footprints (Miller et al., 2020). The 
Alfvén speed depends on both the magnetic field and plasma density along the field lines, therefore the position 
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of the footprint can be used to derive quantitative information about the magnetospheric environment at the 
magnetic shells of the moons. The goal of the present work is to use the high-resolution images of the Io footprint 
(IFP) acquired by the Jovian InfraRed Auroral Mapper (JIRAM) (Adriani et al., 2017) onboard Juno (Bolton 
et al., 2017) to detect variations in the IFP position that are not due to the orbital motion of the satellite, but 
(potentially) to variations in their surrounding plasma environment. The JIRAM observations are then used to 
derive quantitative information on the plasma distribution in the IPT, such as density and temperature. The vari-
ability of the IPT is a long-lasting topic of research (Brown, 1995), with two major questions: (a) how the IPT 
changes depending on the Iogenic source (e.g., Roth et al., 2020) and (b) how the Jovian magnetosphere responds 
to the variability of the torus (e.g., Bonfond, Hess, Bagenal, et al., 2013). To properly address these issues, it is 
essential to simultaneously and continuously monitor Io, the IPT and the aurorae. In the present work, we show 
that the observations of the IFP can be used to constrain the plasma properties of the IPT and to point out vari-
ations of the plasma torus. This will help ground based observations and in situ measurements reconstruct the 
evolution of the IPT and its interplay with Io and the Jovian magnetosphere.

The IPT mainly consists of S 2+ and O + ions (Broadfoot et al., 1979; Kupo et al., 1976; Sandel et al., 1979). Due 
to the tilt of the Jovian magnetic dipole axis with respect to the spin axis by ∼10° toward ∼200° System III longi-
tude (in the following, longitudes will be tacitly referred to System III), the fast rotation of the magnetosphere 
confines the plasma around the centrifugal equator, that is: the furthest points from the planetary spin axis along 
the magnetic field lines (Hill et al., 1974; Phipps et al., 2020). Consequently, the tilt of the centrifugal equator 
relative to the Jovian equator is approximately 2/3 of the magnetic dipole tilt, that is about 7°. The material in 
the IPT is mainly supplied by the constantly ongoing volcanic activity of the moon and by sublimation of SO2 
from the surface (Roth et al., 2020; Tsuchiya et al., 2018, 2019). The IPT can be divided into three regions—the 
inner disk, the ribbon and the warm torus—by the physical and chemical properties of the plasma (Bagenal & 
Dols, 2020). Io's orbit is located at 5.9 RJ (1 RJ = 71,492 km), hence it orbits within the warm torus for most of the 
time, but the ribbon can occasionally approach Io's orbit, due to the local time variation of the torus (Schneider & 
Trauger, 1995). At Io's orbit, the warm torus has a typical thickness of ∼1 RJ and electron density of ∼2,000 cm −3 
(Bagenal, 1994; Bagenal et al., 1997; Bagenal & Sullivan, 1981; Moirano, Gomez Casajus, et al., 2021; Phipps 
et al., 2021). Due to the high density of the warm torus and the weak equatorial magnetic field at Io's orbit rela-
tive to the field at the planet surface, the Alfvén waves travels at a few hundreds km s −1 within the IPT, while 
they propagate at a significant fraction of the speed of light in the low density region between the torus and the 
ionosphere (Hinton et al., 2019). The Alfvén waves propagating along the field lines form a stationary structure 
in Io's frame, called an Alfvén Wing (Drell et al., 1965; Neubauer, 1980) and its foot is the location of Io's auroral 
footprint. The Alfvén wings form an angle with the magnetic field given by tan(α) = vflow/vA, where vflow is the 
plasma speed relative to Io and vA is the Alfvén speed (Equation 1).

The IFP can be described as a series of bright spots separated by a few thousands kilometers and a fading footprint 
tail (Bonfond et al., 2008). This morphology reflects the complex pattern of the Alfvén waves (see Figure 1): some 
spots can be ascribed to the Alfvén waves coming from the moon itself (the Main Alfvén Wing spot or MAW), 
some others from the multiple reflections of the waves on Alfvén speed gradients (the Reflected Alfvén Wing spot 
or RAW), such as at the transition between the high-density IPT and the low-density high-latitude magnetosphere 
or near the ionosphere (Hess et al., 2010; Jacobsen et al., 2007). At times, it is also possible to observe a leading 
spot, depending on Io's centrifugal latitude in the torus. This emission is attributed to field-aligned electrons 
accelerated in the Main Alfvén Wing toward the opposite Jovian hemisphere and is called the Transhemispheric 
Electon Beam spot (TEB). The relative positions of the MAW, the RAW and the TEB spots change as Io orbits 
Jupiter because of the change in Io's centrifugal latitude (Bonfond, 2012; Bonfond, Grodent, et al., 2017; Gérard 
et al., 2006). Besides, Juno-JIRAM recently revealed an additional small-scale structure, which is called sub-dots 
to avoid confusion with the MAW-RAW-TEB spots (Moirano, Mura, et al., 2021; Mura et al., 2018). The typical 
separation between the sub-dots is 200–300 km and it was suggested that they originate from an ionospheric feed-
back that triggers the production of additional Alfvén waves from the ionosphere (Moirano, Mura, et al., 2021), 
reflections of Alfvén waves between the ionosphere and the IPT (Schlegel & Saur, 2022) and variations in the 
conductivity of the Jovian ionosphere (Lysak et al., 2021).

The warm torus exhibits both temporal and spatial variabilities, which can be roughly classified into four catego-
ries, namely: (a) System III longitude variations, (b) System IV longitude variations, (c) temporal variations due 
to the variable plasma mass loading from Io and (d) dusk-dawn asymmetries (see Bagenal and Dols (2020) for an 
extensive review on the Io torus).
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System III variations are detected in the infrared (IR) and ultraviolet (UV) wavelengths (Lichtenberg et al., 2001; 
Sandel & Broadfoot, 1982a) and they are associated with the configuration of the Jovian magnetic field and its 
period of ∼9.9 hr (Chenette et al., 1974). In System III, the IPT shows ∼5% azimuthal variations in electron 
density and ∼10% in electron temperature (Steffl et al., 2006). This variability can be explained by heating by 
Alfvén waves and the longitudinal variation of the mirror ratio of the magnetic field (Hess et al., 2011).

System IV variations are associated with a longitudinal modulation of the plasma composition that shows a peri-
odicity ∼1%–5% slower than System III (Kaiser & Desch, 1980; Roesler et al., 1984; Sandel & Dessler, 1988; 
Steffl et al., 2006). Modeling efforts revealed that this modulation might be associated with a small fraction of 
hot electrons (Hess et al., 2011; Steffl et al., 2008) (∼0.2% of the total electron content, with a temperature of 
∼55 eV) as well as to local sub-corotation of plasma between 6 and 7 RJ (Copper et al., 2016).

Temporal variations of the plasma content of the IPT result from neutrals lost from Io's atmosphere, which is 
sustained by a combination of volcanic output (very variable) and SO2 frost sublimation (Koga et  al.,  2019; 
Roth et al., 2020; Tsuchiya et al., 2019). As the contribution of each process is still highly debated, the resulting 
variation of the torus plasma content is very difficult to address, both with observations and modeling. The IPT 
variations rely on the interplay between atmospheric mass loss from Io, supply of neutrals to the neutral clouds 
that extend along Io's orbit, plasma mass loading of the torus and radial transport, and the resulting magneto-
spheric response. Volcanic activity on Io may take different forms, like calderae, explosive and flow-dominated 
eruptions and plumes (Davies, 2001; Lopes & Williams, 2015), and each of them can provide a different amount 
of gas and dust with different timings. Besides, the location of these events on Io's surface can affect the effective 
mass loading of the IPT (McDoniel et al., 2019). Furthermore, the new material from Io affects the properties of 
the atmosphere and ionosphere of the moon, which ultimately interacts with the IPT, affecting the effective mass 
loading of plasma, neutrals and dust into the Jovian magnetosphere (Delamere et al., 2004; Hikida et al., 2020; 
Koga et al., 2019; Yoneda et al., 2010, 2013). In order to properly address the temporal variability of the IPT, it 
is necessary to monitor all these elements.

The local time asymmetry refers to the radial displacement of the torus toward the dawnside by ∼0.2 RJ and 
the higher brightness of the dusk ansa compared to dawn ansa (Morgan, 1985; Schneider & Trauger, 1995). A 
candidate explanation for this local time asymmetry is the plasma flow in Jupiter's magnetotail, which sets up 

Figure 1.  Sketches of the Alfvén wings in Io's rest frame when the moon is above the centrifugal equator (black dotted line) 
under different plasma distributions. The plasma in the IPT (green area) flows from left to right as specified by the white 
arrow. The density of the torus is assumed uniform in the sketch. The magnetic field is also uniform and points southwards 
(black arrow). The light blue areas are the Jovian ionospheres where auroral emissions occur. Panel (a): Alfvén wings for 
two different sizes of the IPT with the same density. The torus thickness is represented by H1 (dark green) and H2 > H1 (light 
green). The blue solid arrows represent the path of the Alfvén waves when the thickness of the IPT is H1, while the blue dashed 
ones the path when the thickness is H2. The red arrows point out the path of the field-aligned TEB in the two conditions. 
Panel (b): Alfvén wings for two values of the density (ρ1 and ρ2 > ρ1), while the size of the torus is the same. The reflected 
Alfvén wings are not drawn for sake of clarity. Panel (c) shows examples of three more realistic electron density distributions, 
computed using the diffusive equilibrium model (Bagenal & Sullivan, 1981) described in Section 3. The vertical axis is the 
distance along the magnetic field line crossing the orbit of Io at 0° longitude, measured from the northern hemisphere. The 
blue and red dashed lines correspond to the case in panel (a), and the blue and orange dotted lines to panel (b).
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a magnetospheric electric field from dawn to dusk (Barbosa & Kivelson, 1983; Ip & Goertz, 1983). This field 
pushes the torus further from Jupiter on the dawn side and compresses the torus on the duskside, which explains 
the enhanced brightness observed in this latter region (Murakami et al., 2016).

The Juno spacecraft entered the Jupiter system in August 2016 and since then it performed over 40 orbits around 
the planet. The geometry of its trajectory is polar and highly eccentric, so Juno has a unique vantage point for 
observing the polar regions of Jupiter (Bagenal et al., 2017). JIRAM L-band imager, whose observations will be 
the backbone throughout the present work, covers the 3.3–3.6 μm range, where the emission from 𝐴𝐴 H

+

3
 ions can be 

detected with a good contrast against the sunlit planetary disc. These ions are a byproduct of the electron precip-
itation (Miller et al., 2020; Wu et al., 2019):

𝑒𝑒
−

+ 𝐻𝐻2 → 𝐻𝐻
+

2
+ 2𝑒𝑒

−

𝐻𝐻
+

2
+ 𝐻𝐻2 → 𝐻𝐻 +

(

𝐻𝐻
+

3
+ 1.74 𝑒𝑒𝑒𝑒

)�

where the 𝐴𝐴 H
+

3
 retains 1.74 eV of internal energy that is subsequently radiated as IR emission (Oka, 1980). The 

emission is expected to occur above 500 km from the 1-bar pressure level, as at lower altitude the 𝐴𝐴 H
+

3
 is rapidly 

destroyed by its reaction with methane (Gérard et al., 2018; Grodent et al., 2001).

In the present work, we survey the first 40 orbits of Juno to report evidence of variations in the IFP position. 
System III variations due to Io wiggling up and down within the IPT will not be covered here, as they are already 
documented in the literature (e.g., Bonfond et al., 2008; Bonfond, Grodent, et al., 2017). Instead, we aim at find-
ing evidence of System IV variations, as well as temporal and local time variations. Variations in the morphology 
of the Io (Bonfond, Hess, Gérard, et al., 2013) and Ganymede footprints (Bonfond, Hess, Bagenal, et al., 2013) 
at the same System III longitude were observed by the Hubble Space Telescope and it was suggested that they 
reflect the variability of the plasma environment around the satellites. In the present work, we move a step 
forward by deriving quantitative information on the IPT conditions at different epochs. To address the present 
investigation, we will specifically focus on the positions of the MAW and TEB, in order to avoid the complex 
pattern of reflections of Alfvén waves that takes place along the footprint tail as far as possible.

The data set used in the present study is introduced in Section 2. Section 3 explains the model used for mapping 
Io's instantaneous position to its auroral footprint in Jupiter's ionosphere. The comparison between data and model 
is presented in Section 4, while a discussion of the results is given in Section 5. Conclusions are in Section 6.

2.  Observations and Data Reduction
The bulk of the data used in the present study comes from the observations performed by the JIRAM L-band 
imager that covers the 3.3–3.6 μm band. JIRAM has a spatial resolution of ∼0.01°, corresponding to a few tens 
kilometers on average at the ionosphere: this allows the detection of small details in the auroral emissions. Images 
acquired with this filter are affected by the interference from the adjacent M-filter operating in the 4.5–5.0 μm 
band and designed to observe the planetary atmosphere (Adriani et al., 2017, 2018). To correct the images, an 

empirical background of the form 𝐴𝐴 𝐴𝐴(𝑥𝑥)𝑒𝑒
−

𝑦𝑦

𝐵𝐵 + 𝐶𝐶 was constructed, where x and y are the columns and rows of 
the detector respectively (y = 0 is the closest row to the M-filter), while A(x), B and C are best fit parameters 
computed for each image (Mura et al., 2017). The subtraction of this empirical background helps to retrieve the 
morphology of the footprints, but slightly affects the intensity. This effect is particularly evident near the junction 
between the two filters, where the background gradually conceals all the auroral emissions. Therefore, the first 
38 rows near the M-filter were removed.

The altitude of the emission needs to be taken into account in order to accurately determine the coordinates of the 
emissions. Based on auroral emission models, the peak altitude of the IR emission is expected to occur between 
500 and 1,000 km for electron energies between 0.1 and 100 keV (Tao et al., 2011). Juno-JADE-E electron meas-
urements (McComas et al., 2017) reported a broadband electron energy distribution associated with the IFP, with 
a peak energy between 0.1 and 1 keV (Sulaiman et al., 2020; Szalay et al., 2020), which implies that the IR emis-
sion should peak near 900–1,000 km. JIRAM observed the IFP during both perijoves (PJ) 4 and 7 in the northern 
hemisphere when its longitude was between ∼90° and 120° at two different emission angles (i.e., the angle 
between the normal to the planetary surface and the line of sight from the instrument). This allows to retrieve the 
altitude of the footprint by stereoscopy, and it is estimated to peak at 600 ± 100 km. Potentially, this discrepancy 
stems from the assumption of a maxwellian distribution for the electrons in the model by Tao et al. (2011), while 
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JADE-E measurements reported a kappa distribution. The difference between the two distributions is stronger 
at higher energy: the maxwellian one underestimates the contribution of high energy electrons, which penetrate 
deeper into the atmosphere and cause the emission to occur at lower altitudes.

The images acquired during the first 42 orbits of Juno were surveyed to report evidences of variability of the IFP. In 
this study, we focus on two specific features of the IFP to constrain the plasma properties of the IPT, that are the MAW 
and the TEB, because (a) they can be easily identified, especially when the TEB is located upstream of MAW and 
(b) they are less affected by the complex pattern of the reflected Alfvén waves that develops along the footprint tail 
(Bonfond, Saur, et al., 2017). In order to be selected for the present analysis, the images should meet three criteria. 
First, the footprint has to be observed during two or more orbits with Io in nearly the same System III longitude: this 
requirement rules out variability due to System III variations, allowing the detection of the other types of variability, as 
summarized in Section 1. Second, JIRAM performs multiple sequences of images during every flight over the poles 
and the images are taken 30 s apart from each other. The IFP moves at ∼2.5–6 km s −1 relative to Jupiter in the North 
and ∼3–4.5 km s −1 in the South, which implies that it moves by about 100–150 km between two subsequent images. 
Hence, it is essential to restrict the analysis to single images or—if not possible—to tessellations of 2–3 consecutive 
images in order to limit the effect of the movement of the emission. Therefore, both the MAW and the TEB spots 
should be identifiable in the same sequence or, better, in the same image, so that their relative distance can be used to 
highlight any potential variability. Lastly, images showing the TEB leading the MAW are better suited for the retrieval 
of the position of these spots than observations with the TEB downstream. Indeed, the brightness of the sub-dots can 
interfere with the morphology of the TEB, making more difficult the determination of the precise location of TEB 
spot when it is downstream. Nevertheless, the TEB emission can still be detected as a brightness envelope that affects 
the emission of a group of sub-dots toward the tail (see Figure 3 in Moirano, Mura, et al., 2021). The sub-dots show a 
typical spacing of ∼200–300 km, which should be taken into account to estimate the position of the TEB.

The data set used in this work consists of images taken over the southern hemisphere and it is divided in two pairs 
of observations: PJ 10–31 (16 December 2017 at UTC 19:51 and 30 December 2020 at UTC 23:21, respectively) 
and PJ 11–32 (7 February 2018 at UTC 15:55 and 21 February 2021 at UTC 19:28, respectively). The difference 
in Io's longitude between the images in each of these pairs is less than 1.5°.

3.  Models of the Io Plasma Torus and the Magnetic Field
Comparing the JIRAM data set with a model of the plasma distribution in the IPT to predict the position of the 
MAW and TEB spots serves a dual purpose: retrieving quantitative information about the plasma and highlight-
ing differences between different observations. As introduced in Section 1, the flow perturbation at Io produces 
an Alfvén wave that travels away from the moon and toward the planetary ionosphere along the magnetic field 
lines. This disturbance propagates at the Alfvén speed

𝑣𝑣𝐴𝐴 =
𝐵𝐵

√

𝜇𝜇0𝜌𝜌
� (1)

where B is the magnitude of the magnetic field, ρ is the ion mass density and μ0 is the magnetic permeability in 
vacuum. Near Io's orbit, the magnetic field is weaker than above the ionosphere of Jupiter (∼2,000 nT (Kivelson 
et al., 2004) versus ∼10 6 nT (Connerney et al., 2022)), while the plasma density is higher in the IPT than in the 
high-latitude magnetosphere (∼1,000–2,000 cm −3, mainly O + and S 2+ (Bagenal, 1994), versus ∼10–100 cm −3, 
mainly H + and ionized states of O and S (Huscher et al., 2021)). Therefore, the Alfvén speed is minimum within 
the IPT (150–340 km/s; see Kivelson et al., 2004) and approaches the speed of light when the alfvénic perturba-
tion reaches the Jovian ionosphere. Because of the very strong magnetic field of Jupiter, the Alfvén speed must 
be corrected for relativistic effect in the high-latitude magnetosphere, hence:

𝑣𝑣
𝑟𝑟𝑟𝑟𝑟𝑟

𝐴𝐴
=

𝑣𝑣𝐴𝐴
√

1 +

(

𝑣𝑣𝐴𝐴

𝑐𝑐

)2� (2)

where c is the speed of light. As the alfvénic perturbation travels along the magnetic field lines, the time tA 
required to reach the ionosphere from Io is given by the integration of the Alfvén speed along the given field 
line. During the same time tA Io continues its orbital motion, hence it is possible to build a map that relates Io's 
position with  the MAW spot at any given time. For this purpose, a magnetic field model and a plasma density 
distribution are required to compute the Alfvén speed defined in Equation 1. Additionally, the position of the TEB 
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spot can be computed by mapping the position of the MAW spot in the opposite hemisphere along the magnetic 
field (Bonfond et al., 2008; Jacobsen et al., 2010), as its energetic electrons quickly travel along the magnetic field 
lines between the two hemispheres in <30 s (Hess et al., 2013). For comparison, the Alfvén travel time associated 
with the MAW spot is between 2 and 12 min, depending on the distance of Io from the centrifugal equator (Hinton 
et al., 2019).

The Juno reference magnetic field model, built from the first 33 Juno orbits (JRM33, from Connerney et al. (2022)) 
is used to compute the internal magnetic field. For consistency with the footprints provided in the supporting 
information of Connerney et al. (2022), the spherical harmonic expansion of the field is limited at degree 18. We 
also take into account the magnetic contribution of the current in the plasmadisk by including the magnetodisk 
formulation of Connerney et al. (2020).

The plasma density in the IPT is computed using a diffusive equilibrium model (Bagenal & Sullivan, 1981; Mei 
et al., 1995; Thomas, 1992), which takes into account the electron and ion pressures, the centrifugal and gravi-
tational forces, the magnetic mirror force and the ambipolar electric field due to charge separation driven by the 
centrifugal motion of the plasma. Assuming that the temperature of the ions and electrons is constant along the 
field lines, the density distribution of the species α along each field line is given by

𝑛𝑛𝛼𝛼(𝑠𝑠) = 𝑛𝑛𝛼𝛼0 exp

[

𝑚𝑚𝛼𝛼Ω
2

𝐽𝐽

(

𝜌𝜌
2 − 𝜌𝜌

2

0

)

2𝑘𝑘𝐵𝐵𝑇𝑇𝛼𝛼‖

+
𝑚𝑚𝛼𝛼

𝑘𝑘𝐵𝐵𝑇𝑇𝛼𝛼‖

𝐺𝐺𝐺𝐺𝐽𝐽

(

1

𝑟𝑟
−

1

𝑟𝑟0

)

+

(

1 −
𝑇𝑇𝛼𝛼⟂

𝑇𝑇𝛼𝛼‖

)

ln

(

𝐵𝐵

𝐵𝐵0

)

−𝑍𝑍𝛼𝛼𝑒𝑒
Δ𝜙𝜙(𝑠𝑠)

𝑘𝑘𝐵𝐵𝑇𝑇𝛼𝛼‖

]

� (3)

where mα is the particle mass, ΩJ the angular rotation of Jupiter, kB is the Boltzmann constant, Tα‖ and Tα⊥ are the 
parallel and perpendicular temperatures respectively, G the gravitational constant, MJ the Jovian mass, r and ρ the 
distance from the planet center and spin axis respectively, B the magnetic field magnitude, Zα the atomic number 
(Zα = −1 for the electrons), Δϕ = ϕ(s) − ϕ0 the potential drop associated with the ambipolar electric field, s the 
distance from the centrifugal equator along the field line. The quantities denoted with “0” refer to the centrifugal 
equator. For the electrons, the centrifugal and gravitational terms (the first two on the rhs of Equation 3) can 
be neglected because of their small mass compared to the mass of the ions. Besides, for species with isotropic 
temperatures (Tα‖ = Tα⊥) the mirror force (i.e., the third term on the rhs of Equation 3) can be omitted. The 
temperature anisotropy of the thermal ions is expected to be 1 ≤ Tα⊥/Tα‖ < 2, while the hot ions can exhibit higher 
values (3 < Tα⊥/Tα‖ < 10, see Crary et al., 1996, 1998). Assuming that the electrons have isotropic temperatures, 
the density of each species can be derived by solving the following system:

𝑛𝑛𝑒𝑒(𝑠𝑠) = 𝑛𝑛𝑒𝑒0 exp

[

𝑒𝑒
Δ𝜙𝜙(𝑠𝑠)

𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒‖

]

� (4)

𝑛𝑛𝑖𝑖(𝑠𝑠) = 𝑛𝑛𝑖𝑖0 exp

[

𝑚𝑚𝑖𝑖Ω
2

𝐽𝐽

(

𝜌𝜌
2 − 𝜌𝜌

2

0

)

2𝑘𝑘𝐵𝐵𝑇𝑇𝑖𝑖‖

+
𝑚𝑚𝑖𝑖

𝑘𝑘𝐵𝐵𝑇𝑇𝑖𝑖‖

𝐺𝐺𝐺𝐺𝐽𝐽

(

1

𝑟𝑟
−

1

𝑟𝑟0

)

+ (1 − 𝐴𝐴𝛼𝛼)ln

(

𝐵𝐵

𝐵𝐵0

)

−𝑍𝑍𝑖𝑖𝑒𝑒
Δ𝜙𝜙(𝑠𝑠)

𝑘𝑘𝐵𝐵𝑇𝑇𝑖𝑖‖

]

� (5)

𝑛𝑛𝑒𝑒(𝑠𝑠) =

∑

𝑖𝑖

𝑍𝑍𝑖𝑖𝑛𝑛𝑖𝑖(𝑠𝑠)� (6)

where the subscripts e and i stands for electrons and ions respectively and Aα = Tα⊥/Tα‖. Equation 6 is the condi-
tion of charge neutrality, which couples Equations 4 and 5.

The plasma composition used as reference in the present work is based on the re-analysis of the Voyager 1 data by 
Dougherty et al. (2017). The reference value for the electron density ne0 at the intersection of the centrifugal equa-
tor with the magnetic shell of Io is 2,500 cm −3. Eight ion species are included in the model and their densities are 
computed from the electron density and the ion mixing ratios (i.e., the ion-to-electron density ratios) at 6 RJ: H +(1%), 
O +(24%), O 2+(3%), S +(7%), S 2+(22%), S 3+(3%), Na +(3%) and 𝐴𝐴 O

+

ℎ𝑜𝑜𝑜𝑜
 (6%). The electron and ion temperatures are also 

taken at 6 RJ (5 eV for electrons, 94 eV for protons, 80 eV for O +, O 2+, S +, S 2+, S 3+ and Na +, 362 eV for 𝐴𝐴 O
+

ℎ𝑜𝑜𝑜𝑜
 ). 

To study different plasma distributions, we compute several electron density distributions derived from equatorial 
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values ne0 between 2,000 and 3,000 cm −3 with steps of 250 cm −3. This interval is consistent with previous observa-
tions of the IPT (Bagenal & Dols, 2020; Delamere & Bagenal, 2003; Moirano, Gomez Casajus, et al., 2021; Phipps 
et al., 2021; Thomas et al., 2004), although occasional more extreme cases were detected. The ion density distribu-
tions are computed from the above-mentioned mixing ratios, estimated from Voyager 1 (Dougherty et al., 2017). Past 
observations of the IPT constrained the ion temperature within a factor 2 (Thomas, 1995); moreover, volcanic events 
are followed by a temperature increase up to a factor 3 (Delamere et al., 2004). Therefore, we explore different ion 
temperatures by scaling the Voyager 1 observations at Io's orbit by a factor ST ranging from 0.50 to 1.50 with 0.25 
steps. The thermal ion and electron temperatures are assumed isotropic (Crary et al., 1998), while for the hot oxygen 

𝐴𝐴 𝐴𝐴𝑂𝑂
+

ℎ𝑜𝑜𝑜𝑜

  = 6.5 (i.e., the average of the values reported by Crary et al. (1996)). A summary of the above-mentioned param-
eters is presented in Table 1 (Case 1, 2 and 3).

Case 𝐴𝐴 𝐴𝐴𝑇𝑇  a 𝐴𝐴 n𝑒𝑒0 b H + c
𝐴𝐴 T𝐻𝐻+  d 𝐴𝐴 A𝑡𝑡𝑡 e 𝐴𝐴 O

+

ℎ
 c 𝐴𝐴 A𝑂𝑂

+

ℎ

 e O + S + S 2+ S 3+ c Na + O 2+ c

1 1.00 2,500 1 94 1 6 6.5 24, 7, 22, 3 3, 3

2a 0.50 - - - - - - - -

b 0.75 - - - - - - - -

c 1.25 - - - - - - - -

d 1.50 - - - - - - - -

3a - 2,000 - - - - - - -

b - 2,250 - - - - - - -

c - 2,750 - - - - - - -

d - 3,000 - - - - - - -

4a - - 0 - - - - 25,-,-,- -

b - - 10 - - - - 21,-,20,- 1,-

5a - - - 50 - - - - -

b - - - 150 - - - - -

6a - - 10 50 - - - 21,-,20,- 1,-

b - - 10 150 - - - 21,-,20,- 1,-

7 - - - - 2 - - - -

8 - - - - - 0 - 30,-,-,- -

9a - - - - - - 1 - -

b - - - - - - 3 - -

c - - - - - - 10 - -

10a - - - - - - - 23,9,23,2 -

b - - - - - - - 20,11,25,1 -

c - - - - - - - 25,5,21,4 -

d - - - - - - - 28,3,19,5 -

11 0.50 3,000 0 / - 0 / 42,26,16,0 0,0

Note. Empty spaces should be referred to Case 1.
 aThe ion temperatures are reported in term of the scaling factor ST.  bElectron density in cm −3. The ion densities are derived from the mixing ratios of Section 3.  cThe 
abundance of the ions are in mixing ratio 𝐴𝐴

𝑛𝑛𝛼𝛼

𝑛𝑛𝑒𝑒

 .  dTemperature, in eV.  eAnisotropy Aα = Tα⊥/Tα‖. Ath is for the thermal ions, 𝐴𝐴 A𝑂𝑂
+

ℎ

 for the hot oxygen.

Table 1 
Summary of the Parameter Space of the Sensitivity Test of Section 3
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4.  Results
In the following section we present the results of the model described in Section 3 alongside the observations 
introduced in Section 2. As each ion density is computed from the equatorial value of the electron density, we 
present the results in terms of the equatorial electron density ne0. The corresponding ion densities can be calcu-
lated according to the ion fractions in Section 3 and Table 1. The present section is further divided into two 
subsections. First, we test the sensitivity of the model to various parameters in order to determine which ones 
mostly affect the position of the footprint. Then we compare the model with the IFP observed during PJ 10, 11, 
31 and 32 in order to show evidence of variability of its position.

In the following, we call reference model the plasma distribution corresponding to Case 1 in Table 1, obtained 
by setting ne0 = 2,500 cm −3, ST = 1.00, Ai = 1 for the thermal ions, 𝐴𝐴 𝐴𝐴𝑂𝑂

+

ℎ𝑜𝑜𝑜𝑜

  = 6.5 and the mixing ratios described at 
the end of Section 3.

4.1.  Sensitivity Tests

The plasma distribution in the Io plasma torus depends on many parameters, according to Equations 4 and 5. To 
properly address the variability of the IFP position, we first need to determine which of these parameters is the 
most influent. Therefore, in the current section we investigate the sensitivity of the model output to the following 
parameters: peak electron density ne0, ion temperatures Ti‖, proton mixing ratio, proton temperature 𝐴𝐴 𝐴𝐴𝐻𝐻+ , temper-
ature anisotropy of the thermal ions, inclusion of the hot oxygen population, temperature anisotropy of the hot 
oxygen and different mixing ratios of O +, S +, S 2+ and S 3+. Additionally, as Io can potentially enter the ribbon near 
the dawn ansa, we test a ribbon-like plasma distribution. In Table 1 (case 2–11) we summarized the parameters 
used for the sensitivity test.

In the top panel of Figure 2 we report the one way Alfvén travel time, that is: the time the Alfvén waves take to 
travel from Io to the North or South hemisphere. The one-way travel time predicted by our reference model is 
between 4 and 14 min, 1.5 min longer than the model of Hinton et al. (2019). This difference may stem from the 
different magnetic model used in the present work as well as from a different choice for the ion mixing ratios 
and temperatures. Indeed, the ion temperature shows a sharp drop from 6 RJ inwards: if we use ST = 0.75 in our 
model, this improves the agreement with the results from Hinton et al. (2019), the difference between the two 
models being 0.7 min.

In the bottom panel of Figure 2 we report the percent difference of the Alfvén travel time obtained from cases 
2–10 with respect to the reference Case 1. To compute the percentage, we first compute the travel time tref, with 
Io at 290° longitude (i.e., approximately in the centrifugal equator) for the reference model, and the travel time t, 
obtained by changing one parameter at a time. Then the percentage is obtained from (tref − t)/tref. Hence a positive/
negative percentage represents a faster/slower travel time.

Ion Temperature Scaling (Case 2). We scale the ion temperature by a factor ST between 0.50 and 1.50, which 
changes the Alfvén travel time between +20% and −15%. Indeed, changes in the temperature affect the size of 
the Io plasma torus, therefore by increasing/decreasing the temperature at a constant peak density ne0, the total 
plasma content along the magnetic field lines increases/decreases as well. Consequently, the Alfvén travel time 
is reduced/increased.

Peak Electron Density (Case 3). The electron density at the centrifugal equator ne0 is varied between 2,000 
and 3,000 cm −3, which correspond to a time travel variation between +10% and −10%. This is not surprising, 
as the Alfvén speed depends on the reciprocal of the square root of the ion mass density, which is propor-
tional to the electron density and the ion mixing ratios. Therefore lower/higher density implies faster/slower 
Alfvén waves.

To understand why changes in ST and ne0 produce a similar effect on the Alfvén travel time tA, we can 
estimate tA from the simple geometry of Figure  1. Assuming uniform magnetic field B0, mass density 
ρ0 = constant > 0 in the IPT and ρ0 = 0 outside (not to be confused with the cylindrical radius in Equation 5), 
the travel time is given by
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Figure 2.  Top: One way Alfvén travel time predicted by the Voyager 1 reference model of Section 3 from Io to the North (orange crosses) and South hemisphere 
(purple pluses) respectively. The blue and red lines are the travel times reported by Hinton et al. (2019). Bottom: sensitivity of the one way Alfvén travel time calculated 
when Io is close to the centrifugal equator in the warm torus at System III longitude 290°. The numbering from 1 to 10 points to the cases in Table 1 and the labels on 
the x axis briefly specify the values used for the test. The percentage represents how much faster the Alfvén wave travels compared to the reference, therefore a positive/
negative value implies a shorter/longer travel time.
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𝑡𝑡𝐴𝐴 = ∫
𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑠𝑠𝐼𝐼𝐼𝐼

𝑑𝑑𝑑𝑑

𝑣𝑣𝐴𝐴
= ∫

𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑠𝑠0

√

𝜇𝜇0𝜌𝜌(𝑠𝑠)

𝐵𝐵(𝑠𝑠)
𝑑𝑑𝑑𝑑 ≈

√

𝜇𝜇0𝜌𝜌0

𝐵𝐵0

Δ𝐿𝐿� (7)

where ΔL is the distance traveled by the Alfvén wave in the region where 
ρ0  >  0, sIo and siono are the positions of Io and the planetary ionosphere 
along a magnetic field line respectively. ΔL can be expressed in terms of 
the thickness of the IPT (H in Figure 1), which in turn depends roughly on 
the square root of the ion temperature (Bagenal & Sullivan, 1981), hence: 

𝐴𝐴 Δ𝐿𝐿 ∼ 𝐻𝐻 ∼

√

𝑇𝑇𝑖𝑖 . Therefore we obtain

𝑡𝑡𝐴𝐴 ∝

√

𝜌𝜌0𝑇𝑇𝑖𝑖� (8)

which explains why the travel time increases or decreases with both density 
and temperature. Because the position of the footprint is determined by tA, 
there is a degeneracy between ne0 and ST. This can be seen by looking at the 

parameter space derived for PJ 10–31 and PJ 11–32 in Figure 3, where we report the values of ne0 and ST that 
predict the MAW spot position within 250 km from the JIRAM observations (this value is approximately half the 
longitudinal size of the MAW spot). The regions of the parameter space compatible with the observations have 
an hyperbolic shape, which agrees with Equation 8.

Proton Mixing Ratio (Case 4). Due to the light mass of the protons compared to the sulfur and oxygen masses, 
protons are not expected to considerably affect the Alfvén speed within the IPT. Nevertheless, at high latitude, 
where heavy ions are almost absent, protons dominate the plasma density. The proton abundance in the IPT is 
1%–10% (Bodisch et al., 2017; Delamere et al., 2005; Nerney & Bagenal, 2020), hence we increase their mixing 
ratio to 10% (case 4b). In order to preserve charge neutrality, we have to decrease the mixing ratios of O +, S 2+ 
and Na + (see Table 1 and the labels in Figure 2 for the quantitative details). Besides, we also completely remove 
the protons to investigate the role of their presence (case 4a), although there is no observational evidence of a 
complete hydrogen depletion in the IPT. By removing the protons from the ion species, tA decrease by less than 
1%, while by increasing their mixing ratio to 10% tA increases by about 4%. This changes are not due to the 
variations of the proton mixing ratio itself, but rather to the adjustment made to the other mixing ratios. Indeed, 
the Alfvén speed in the high latitude magnetosphere is still a large fraction of the speed of light even for a 10% 
proton mixing ratio and the Alfvén waves spend a few tens of seconds in the low density region between the IPT 
and the Jovian ionosphere.

Proton Temperature (Case 5 and 6). To determine the role of the spatial distribution of H +, we test a proton 
temperature of 50 and 150 eV, which approximately corresponds to the scaling of the reference value 94 eV by 
ST = 0.5 and 1.50 respectively. The resulting tA is the same as the one obtained with the reference temperature of 
94 eV within 10 −5%. In order to amplify any possible effect on tA, we also tested the same temperatures with a 
10% proton mixing ratio: the travel time changes by only ∼0.05% with respect to the case with the same mixing 
ratio at 𝐴𝐴 𝐴𝐴𝐻𝐻+  = 94 eV. Indeed, protons are loosely confined by the centrifugal force because of their light mass and 
thus they spread quite uniformly along the magnetic field lines. Therefore, changes in their temperature affect 
very little their distributions.

Temperature Anisotropy of the Thermal Ions (Case 7). We set Ai = 2, according to the results reported in Crary 
et al. (1996), to determine the effect of the magnetic mirror force confinement on the thermal ions. This value 
reduces tA by about 9%. Indeed, the confinement reduces the size of the IPT, hence the total plasma content along 
the field lines decreases as well, reducing the Alfvén travel time.

Presence of Hot O + and Its Temperature Anisotropy (Case 8 and 9). In situ measurement of the IPT revealed the 
presence of O + ions with a temperature of ∼400 eV (Dougherty et al., 2017). To probe the effect of such popula-
tion on the position of the IFP, we compared the reference model against a model with only thermal oxygen (Case 
8). This increases tA by less than 2%. Indeed, the distributions of the hot and thermal oxygen populations have a 
typical thickness of ∼2 RJ and they peak at about 0.3 RJ from each other along the magnetic field lines, as they are 
confined near the magnetic and centrifugal equator, respectively. Therefore, they largely overlap and the case with 
no hot oxygen has a similar mass distribution as the reference model. To assess the importance of the magnetic 
mirror force confinement, we test the case 𝐴𝐴 𝐴𝐴𝑂𝑂

+

ℎ𝑜𝑜𝑜𝑜

  = 1 (isotropy, case 9a), 𝐴𝐴 𝐴𝐴𝑂𝑂
+

ℎ𝑜𝑜𝑜𝑜

  = 3 (low anisotropy, case 9b) and 

Figure 3.  Parameter space obtained for PJ 11 and 32 (left side) and PJ 10 and 
31 (right side). The colored areas represent the parameter spaces that predict 
the MAW spot position within 250 km for each JIRAM observations.
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𝐴𝐴 𝐴𝐴𝑂𝑂
+

ℎ𝑜𝑜𝑜𝑜

  = 10 (high anisotropy, case 9c). The first case is used to determine the effect of the inclusion of anisotropy 
in Equation 3, while the other two test the lower and upper limit on the anisotropy reported by Voyager 1 (Crary 
et al., 1996). The changes of tA are −8%, −2% and +0.5%, respectively. In the case of isotropic temperature, the 
hot oxygen distribution is broadly distributed along the field lines, and it is the dominant species by density at 
high latitude. Thus, the Alfvén waves are slower at high latitude with respect to the reference case and the travel 
time is longer. The cases with low and high anisotropy are quite close to the reference, which suggest that the 
position of the IFP is little sensitive on the precise value of 𝐴𝐴 𝐴𝐴𝑂𝑂

+

ℎ𝑜𝑜𝑜𝑜

 . Nevertheless, the inclusion of the temperature 
anisotropy of the hot oxygen is relevant for proper modeling (i.e., 𝐴𝐴 𝐴𝐴𝑂𝑂

+

ℎ𝑜𝑜𝑜𝑜

> 1 in Equation 5).

Mixing Ratios of O +, S +, S 2+ and S 3+ (Case 10). The azimuthal distribution of O + and S 2+ in the IPT fluctuates by 
2%–5%, depending on the relative phase between System III and System IV (Hess et al., 2011; Steffl et al., 2008), 
while for S + and S 3+ the fluctuations are 5%–25% (Steffl et al., 2006). Besides, the mixing ratio of S + is corre-
lated with the mixing ratio of S 2+, while it is anti-correlated with O + and S 3+. We test two different set of the O +, 
S +, S 2+ and S 3+ mixing ratios that are roughly compatible with the amplitude variations associated with System 
IV (Case 10a and 10c). Besides, we test two arbitrarily large variations of O + correlated with S 3+ and anticorre-
lated with S + and S 2+(Case 10b and 10d). These are not supported by observational or modeling evidences and 
they are included for the sole purpose of the sensitivity test. In all the above-mentioned cases the variation of tA is 
smaller than 2%. The most abundant sulfur ion (i.e., S 2+) has the same charge-to-mass ratio as the most abundant 
oxygen ion (i.e., O +), hence, for the same electron density, the total mass in the IPT changes mostly due to the 
variation in the S + and S 3+ Therefore, the change of tA caused by the increase/decrease of the O + and S 3+ mixing 
ratios is compensated by the decrease/increase of the S + and S 2+ mixing ratios.

Ribbon (Case 11). The ribbon exhibits higher electron density and a slightly lower temperature than the warm 
torus, as well as considerably different mixing ratios. To test the potential effect of the ribbon on the MAW spot 
position, which might occur when Io is near the dawn ansa, we set ne0 = 3,000 cm −3 and ST = 0.5 (Bagenal & 
Dols, 2020), while for the mixing ratios of the major ions O +, S + and S 2+ we used 42%, 26% and 16%, respec-
tively (Bagenal, 1994). The travel time in this case is 5% longer than the reference case (not shown in Figure 2). 
This suggest that a longer tA from the IFP observations near the dawn ansa could be explained by the ribbon 
moving near Io. In the present study, we do not aim at deriving the plasma parameters at the ribbon, which has its 
own parameter space to be tested and investigated. Nevertheless, a relatively high density derived near the dawn 
ansa in the present study might be interpreted as the ribbon approaching Io's orbit.

4.2.  Data-Model Comparison

Following the results of the sensitivity test of the previous section, we now compare the results of the model of 
Section 3 with the position of the IFP observed by JIRAM. The focus will be on the peak electron density ne0 and 
the ion temperature through the scaling factor ST. In Section 4.1 and Figure 2 we showed that the temperature 
anisotropy is also a relevant parameter for both the thermal and hot ion populations. Nevertheless, the value of 
the anisotropy is poorly determined from the literature. Besides, the diffusive equilibrium model Equations 4–6 
is based on the assumption of constant temperature along the field line, while it likely increases at high latitude 
(Thomas & Lichtenberg, 1997). Thus, the temperature anisotropy may also change along the magnetic field lines. 
Lastly, in Section 4.1 we showed that including an anisotropy 𝐴𝐴 𝐴𝐴𝑂𝑂

+

ℎ𝑜𝑜𝑜𝑜

> 1 in Equation 5 is more important than a 
precise value for 𝐴𝐴 𝐴𝐴𝑂𝑂

+

ℎ𝑜𝑜𝑜𝑜

 . For these reasons, we decided to postpone an in-depth analysis of the anisotropy effect 
on the IFP position to a future work, which will also include the latitudinal variation of the temperature. In the 
present study we therefore assume that the temperature of the thermal ions is isotropic, while for the hot oxygen            

𝐴𝐴 𝐴𝐴𝑂𝑂
+

ℎ𝑜𝑜𝑜𝑜

= 6.5 .

Each image of the footprint is compared to the location of the footprint calculated from n0e = 2,500 cm −3 and 
ST = 1.00, which serves as the Voyager 1-based reference, and we test different values for the density and for the 
temperature, as explained at the end of Section 3. In Figure 3 we show the parameter spaces compatible with 
the observed positions of the MAW spot within 250 km (i.e., the distance between the observed and predicted 
position of the spot is less than 250 km). In the case of PJ 11–32, the parameter spaces are not compatible, PJ 
11 prefering lower temperatures and densities than PJ 32. The parameter space of PJ 10 covers slightly higher 
temperatures and densities than PJ 31, but the two spaces are marginally compatible.
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Figure 4 shows the JIRAM observations performed during PJ 10–31 (panel a) and 11–32 (panel b), when the TEB 
spot was upstream of the MAW spot. We superimpose colored pluses and crosses that represent the modeled posi-
tions of these two auroral features to the images, according to different values of the electron density and the ion 
temperature. To highlight the respective role of the density and the temperature, we show the predicted position 
of the MAW spot by varying only one parameter at a time from the reference case. The position of the MAW and 
TEB spots predicted by the Voyager 1 values are represented by asterisks. In panel a Io was at the same longitude 
ϕIo = 205.2°, but the images show that the MAW spot of PJ 31 was at a higher longitude by ∼1° than PJ 10. This 
displacement corresponds to about 300 km on the surface of Jupiter. The emission angle was ∼10° in both cases, 
therefore the error associated with the emission altitude of 600 ± 100 km translates to an uncertainty on the position 
of the MAW of <20 km along the track of the IFP. Hence, it is unlikely that the displacement between the images 
results from the uncertainty of the altitude of the emission. By comparing the modeled position of the MAW spot 
in the left column of panel a in Figure 4 (colored pluses), we conclude that the best match corresponds to the ion 
distribution obtained from an electron density of about 2,500–2,750 cm −3 for PJ 10 and 2,000–2,250 cm −3 for PJ 31, 
while the best match temperature (right column) is determined by ST = 1.00–1.25 and 0.75 respectively.

During the PJ 11 and 32 observations shown in panel b of Figure 4, Io was at 169.4° and 170.8° longitude 
respectively. The position of the MAW spot differs by less than 100 km in the two images; besides, it is clear 
that the distance between the tip of the TEB and the MAW in each image is remarkably different in the two 
orbits (∼1,000 km and ∼1,700 km respectively). The emission angle for PJ 11 was ∼20°, which translates to 
an uncertainty of less than 40 km on the IFP position, while for PJ 32 the angle was ∼5°, corresponding to an 
uncertainty smaller than 10 km. This noticeable morphological difference is reflected in the model prediction: 
the electron density of PJ 11 was likely smaller than 2,000 cm −3, while for PJ 32 it is significantly different at 
ne0 ≈ 2,750 cm −3. The best fit scaling factor for the temperature during these two orbits is ST = 0.50 and 1.25 for 
PJ 11 and 32 respectively.

In Table 2 we summarize the results of the present section for PJ 10–31 and 11–32.

5.  Discussion
In Section  4.1 we showed that the IFP position predicted by the model of Section  3 depends mostly on the 
plasma density and ion temperature. The temperature anisotropy is also important, even though we suggest that 
determining if Ai = 1 or Ai ≠ 1 in Equation 5 is more important than having a precise value. For this reason and 
because of the poor constraints currently available on this parameter from the literature, we decided to assume 
that the temperature of the thermal ions is isotropic, while for the hot ions we set an anisotropy of 6.5, according 
to the Galileo-based results in Crary et al. (1996, 1998). Therefore, in the following, we focus the discussion 
on  the  density and temperature retrieved from the present model (Table 2) and the JIRAM images (Figure 4), 
while we do not discuss the anisotropy any further.

5.1.  Comparison With Previous Missions, HISAKI and Juno

The density and temperature of the IPT were previously constrained mainly by spectroscopy from both 
ground-based facilities (e.g., Schmidt et  al.,  2018) and in situ missions (e.g., Steffl et  al.,  2008). Additional 
sources of observations are radioccultations (e.g., Bird et  al.,  1993) and direct particle measurements (e.g., 
Bagenal & Sullivan, 1981). In the following, we show how the results obtained from the IFP position compare 
with those from other measurements.

Voyager 1 The ion plasma composition of the inner magnetosphere of Jupiter measured by the Voyager 1 Plasma 
Science instrument (PLS) re-analyzed by Dougherty et al. (2017) is the reference point of the present analysis, 
therefore it is a straightforward comparison with the Juno-JIRAM measurements. The electron density we report 
in Table 2 differs by about ±250 cm −3 with respect to the Voyager 1 value of 2,450 cm −3 at 6 RJ, except during 
PJ 11, when the best fit density was smaller than 2,000 cm −3. The temperature measured by Voyager 1 steeply 
increases from 2 to 3 eV to ∼80 eV between 5 and 6 RJ. The temperature used in the reference model is the one 
measured by Voyager at 6 RJ, which might overestimate the value at 5.9 RJ by ∼10 eV. The best fit temperature in 
the present analysis corresponds to a temperature scaling factor ST between 0.75 and 1.25, except for PJ 11, whose 
best match is ST = 0.50. Therefore, the IPT density variations inferred from the IFP position in JIRAM data is 
about 10% the density measured by Voyager 1, while the temperature changes by about 25%.
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Figure 4.  Comparison between JIRAM data and the model of Section 3 for PJ 10–31 (panel a) and PJ 11–32 (panel b). The pluses and the crosses represent the 
predicted position of the MAW and TEB respectively. The position of the MAW and TEB for the reference model (n0e = 2500 cm −3 and ST = 1.00) is represented by an 
asterisk. The yellow line is aligned with the MAW-Sun direction. The left column shows the predicted position of the MAW and TEB spots for ne0 between 2,000 and 
3,000 cm −3 for constant ST = 1.00, while the right column the prediction for ST between 0.50 and 1.50 for ne0 = 2,500 cm −3. UTC time is reported in the titles in the left 
column, while Io System III longitude and local time of both Io and the IFP are reported in each figure.
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Voyager 1, Voyager 2 and Cassini Delamere and Bagenal  (2003) investi-
gated the variability of the IPT using a chemistry model that depends on 
the radial transport time, the source of neutral particles, the oxygen-to-sulfur 
ratio and the fraction and temperature of the hot electrons. Their results 
were then compared with observations of the IPT performed by Voyager 1, 
Voyager 2 and Cassini. They found remarkable differences in the torus prop-
erties between those missions: the electron density was 1,800–2,200 cm −3 
for Voyager 1, 2,600–3,400 cm −3 for Voyager 2 and 1,700–2,000 cm −3 for 
Cassini. The density we derived from PJ 10, 11, 31 and 32 are compatible 
with these values for the different epochs. The density of PJ 10 and 32 is 
compatible with the density observed during Voyager 2, the density of PJ 31 
with the observations of Voyager 1 and the density of PJ 11 with the meas-
urements of Cassini. It is interesting that the IPT might have lost 25%, and 

potentially more, of its electron density from PJ 10 to PJ 11 in only ∼50 days. Nerney and Bagenal (2020) used 
a chemistry model to investigate the plasma properties of the IPT and compared the expected spectral emission 
with the observations made by Cassini-UVIS. The electron density in that work is ∼1,900 cm −3, while the ion 
temperature is 60–70 eV for S 2+, S 3+, O + and O 2+ (corresponding to ST ∼ 0.75 in the present model), ∼100 eV 
for S + (corresponding to ST ∼ 1.25) and ∼90 eV for the protons. Therefore the electron density and temperature 
we obtained for PJ 11 and 31 suggest that the IPT was in a state similar to that observed during the Cassini epoch 
rather than during the Voyager 1 and Voyager 2 epochs.

Juno The Juno spacecraft performed several radio occultations of the IPT thanks to the Ka-band Translator 
System (KaTS) and the Small Deep Space Transponder (SDST). These occultations probe directly the total elec-
tron content (TEC) between the spacecraft and the ground station (Bertotti et al., 1993), thus they can be used to 
determine the electron content of the IPT. By analyzing the radio occultations from PJ 1 to 15, Phipps et al. (2021) 
reported that the maximum TEC of the warm torus is 24 hexem on average (1 hexem = 10 16 electrons m −2) 
and varies between 17 and 29 hexem. Moirano, Gomez Casajus, et al.  (2021) analyzed the radio occultations 
from PJ 1 to 25, assuming that the radial density distribution of the warm torus outside 5.5 RJ can be modeled 
by a Gaussian profile 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

[

−
(𝑟𝑟−𝑅𝑅)

2

𝑊𝑊 2

]

 , with R  =  5.7 RJ and W  =  1.5 RJ, while N is a free parameter for the 
peak electron density. The electron density reported in that analysis is ∼2,500 cm −3 on average, with variations 
between 1,400 cm −3 and 3,400 cm −3. These large variations in electron density based on Juno radio occultations 
are roughly compatible with the different torus conditions observed during Voyager 1 (∼2,000–2,500  cm −3), 
Voyager 2 (∼2,600–3,400 cm −3) and Cassini (∼1,700–2,000 cm −3) (Delamere & Bagenal, 2003). The electron 
density reported in the present study is between <2,000 cm −3 and 2,750 cm −3, in agreement with the results from 
the radio occultations. More specifically, the radio occultation during PJ 11 showed a remarkably low electron 
density compared to other orbits, while the torus appeared slightly thicker (Moirano, Gomez Casajus, et al., 2021; 
Phipps et al., 2021). This suggests that the position of the IFP of PJ 11 in panel b of Figure 4 may be explained 
by a density depletion rather than a temperature drop. PJ 11 showed evidence of strong magnetospheric activity, 
which was detected by the Juno magnetometer as a high number of reconnection events associated with plasmoid 
ejection in the magnetotail (Vogt et al., 2020). At the same time, both Juno and the Hubble Space Telescope (HST) 
reported a dawn storm (Bonfond et al., 2021; Nichols et al., 2020), which are usually associated with large scale 
magnetotail reconfigurations, but not the global main auroral brightening typically associated with a solar wind 
compression (Yao et al., 2022). On the other side, Huscher et al. (2021) reported particularly low density in the 
middle magnetosphere during PJ 12, but not during PJ 11, for which they do not record any remarkable feature. A 
comprehensive analysis of the above-mentioned datasets to determine the timeline of events of PJ 11 is not the aim 
of the present work, but the position of the IFP can be used as an additional piece of evidence to pursue that goal.

Hisaki and Cassini The IPT response to strong volcanic events was studied using the Cassini fly by during the 
period October 2000 - March 2001 (Delamere et al., 2004) and Hisaki monitoring from 2013 to 2015 (Yoshioka 
et  al.,  2018). By using the Cassini-UVIS measurements, Delamere et  al.  (2004) concluded that the electron 
density initially decreased from 2,500 cm −3–2,200 cm −3 in about 25 days, and it increased up to 2,700 cm −3 
in the next ∼75 days. At the same time, the ion temperature increased from ∼50 eV to ∼110–140 eV in about 
30 days and then it fell back to the pre-event value in the following 30 days. Yoshioka et al. (2018) compared the 
Hisaki-EXCEED spectroscopic observations during a volcanically quiet period (November 2013) with the meas-

PJ ϕIII(deg) Io local time (hh:mm)𝐴𝐴 𝐴𝐴𝑒𝑒0 (cm −3) a
𝐴𝐴 𝐴𝐴𝑇𝑇  b

10 205.2 02:07 2500–2750 1.00–1.25

31 205.2 08:17 2000–2250 0.75

11 169.4 22:37 <2000 0.50

32 170.8 04:47 2750 1.25

 aThe ion densities assume ST = 1.00.  bThe ion temperatures scaling factor 
assume ne0 = 2,500 cm  −3.

Table 2 
Summary of the Best-Match Electron Density and Ion Temperature
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urements of an active period (February 2015). The evolution of the brightness of the torus detected by Hisaki was 
similar to the one observed by Cassini, so they suggested that there was a similar trigger (i.e., a major volcanic 
event) in 2000 and 2015. The electron density estimated during the February 2015 event is 2,860 ± 260 cm −3, 
to be compared with the density of the quiet period in November 2013 of 2,350 ± 340 cm −3. The brightness 
enhancement in 2015 lasted for about 3 months, and then it came back to the quiet period level. The density 
increases observed by Cassini and Hisaki are similar to the electron density found for PJ 32 and marginally for PJ 
10. Major volcanic events such as the ones in 2000 and in 2015 are expected to be quite rare, approximately one 
every ∼5–10 years, even though our knowledge of the frequency of such events is affected by the impossibility of 
continuous monitoring of Io and the torus. Besides, there are no report of such events since the arrival of Juno at 
Jupiter. Therefore, it appears unlikely that the density reported for PJ 10 and 32 was caused by one of these events.

5.2.  Causes of Torus Variability and Their Effect on the Io Footprint Position

As discussed in Section 1, the IPT exhibits different types of variability, that is, System III and System IV vari-
ations, temporal variations and local time variability (Bagenal & Dols, 2020). This classification is rooted in the 
underlying physical processes that drive each type of variability, as briefly introduced in Section 1, but there is a 
mutual influence. For example, mass loading into the IPT can cause a radial displacement of its dawn ansa (Brown 
& Bouchez, 1997)—thus increasing the dawn-dusk asymmetry—as well as a change in the System IV periodicity 
(Tsuchiya et al., 2019). System III and System IV modulations create a beat that can be detected in the UV bright-
ness (Steffl et al., 2006). In this section, we discuss each type of variability separately for sake of clarity—bearing 
in mind the above-mentioned interplay—to explain how the torus variability can affect the IFP and what types of 
variations are compatible (or detectable) using footprint position. For the cases presented in Figure 4, System III 
variability can be ruled out, as the observations were performed within a few degrees longitude.

System IV Variability System IV variability is difficult to infer from the present data set. In Section 4.1 we tested 
different ion compositions of the IPT that are correlated with System IV periodicity. The increase of O + and S 3+ 
at the expense of S + and S 2+ causes a slight decrease of the Alfvén travel time, while tA increases in the opposite 
case. Nonetheless, these changes affect the Alfvén travel time by less than 2%, which implies that the position of 
the IFP in these cases differs by ∼30 km with respect to the position predicted by the reference model. This differ-
ence is smaller that the difference in the IFP position observed by JIRAM during PJ 10–31 and 11–32 (Figure 4). 
Therefore, we suggest that System IV variability has a negligible effect on the position of the IFP.

Local Time Asymmetry The ribbon region of the torus is located at a radial distance from the spin axis of the 
planet of 5.56 ± 0.07 on the dusk side and 5.83 ± 0.06 RJ on the dawn side (Schmidt et al., 2018; Schneider & 
Trauger, 1995; Smyth et al., 2011). The uncertainty represents the System III modulation of the dawn-dusk asym-
metry. The ribbon is ∼0.2 RJ wide and has a similar vertical extension as the warm torus, but its density is as high 
as ∼3,000 cm −3 and it consists mainly of O +, S + and S 2+ (Bagenal & Dols, 2020). As explained in Section 1, the 
torus dawn-dusk displacement is usually explained by the presence of a dawn-dusk electric field, which depends 
on the magnetic field as well as the plasma flow in the magnetotail (Barbosa & Kivelson, 1983) and it might be 
affected by their dynamics and variability (e.g., Kennel & Coroniti, 1977; Murakami et al., 2016). Therefore, 
the dawn-dusk asymmetry could be increased or reduced by changes of the plasma flow in the magnetotail. 
Besides, the direction of the electric field appears to be tilted with respect to the dawn-dusk direction by 15–20° 
(Sandel & Broadfoot, 1982b; Smyth et al., 2011), therefore the two ansae occur at 7–7:20 and 19–19:20 hr in 
local time, instead of at 6 and 18. For each set of observations in Table 2 and Figure 4, one image was acquired 
near the dawn side between 04:47 and 08:17 local time (i.e., PJ 31 and 32). Nevertheless, those observations 
do not always correspond to a density increase with respect to the corresponding images taken at the same 
longitude, which might suggest that Io did not entered the ribbon. Indeed, during PJ 31 (08:17 local time) the 
best fit density was lower compared to PJ 10 (02:07 local time). On the other hand, PJ 32 (04:47 local time) 
showed a remarkable density increase compared to PJ 11, which occurred at 22:37 local time. Another interpre-
tation of this results might lie in the variability of the ribbon itself. For example, the Plasma Wave Subsystem 
onboard Galileo reported no signs of the presence of the ribbon along the J0 flyby in December 1995 (Bagenal 
et al., 1997); instead, the electron density in the same region was only a few hundreds cm −3 at the typical loca-
tion of the ribbon, while the electron density at Io orbit was surprisingly large (∼4,000 cm −3). The hypotheses 
proposed at that time was that either the ribbon was not present or that Io was located in the ribbon at the time 
of the J0 flyby. The ne0 obtained from PJ 10 and 31 suggests that the ribbon was not present at the time of the 
PJ 10 observations and that Io was in a transition region between the warm and cold torus. Additionally, the 
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supply of material from the torus to the magnetosphere can affect the plasma flow in the magnetotail and, hence, 
the dawn-dusk electric field. It was observed that the dawn ansa shifts dawnward by ∼0.3 RJ during periods 
of increased IPT mass (Brown & Bouchez, 1997), but the dusk ansa remains in place. This effect might have 
displaced the dawn ansa more dawnward during PJ 32 than PJ 31, so that Io was orbiting within the ribbon at 
that time; nevertheless simultaneous observations of the IPT are needed to confirm any mass loading events. 
Furthermore, based on brightness observations of the IPT by Hisaki, it was suggested that a solar wind-driven 
compression of the Jovian magnetosphere can increase the dawn-dusk field, hence shifting the IPT dawnward by 
∼0.2 RJ (Murakami et al., 2016), although this shift could not be measured simultaneously by Hisaki itself. The 
reliability of solar wind propagation models based on near-Earth measurements decreases near solar conjuction 
(Zieger & Hansen, 2008) and, at the time of the JIRAM observations reported here, the Jupiter-Sun-Earth angle 
(JSE) was −155°, −100°, 145° and 180° for PJ 10, 11, 31 and 32 respectively. Besides, the uncertainty on the 
timing of compression events from these propagation model is ∼15 hr during opposition, and rapidly increases 
with the JSE angle. This, with the limited data set used in this work, prevents a statistical analysis to potentially 
correlate the solar wind variations with the IPT. Lastly, the density does not increase monotonically from the 
warm torus to the ribbon. For example, in Figure 6 in Dougherty et al. (2017), the data shows a small dip of a 
few hundreds cm −3 between the two regions (called the gap (Herbert et al., 2008),), which could be consistent 
with the results in Table 2.

Temporal Variability If the other types of variability can be quite confidently excluded - such as System III 
and IV in the previous part of this section - or less confidently - such as local time asymmetries - the only 
other source of variability may lay in the temporal variability of the IPT and its mass loading. Indeed, in prin-
ciple any variation in the supply of material into the IPT can affect its density and temperature (e.g., Delamere 
et al., 2004; Yoshioka et al., 2018), which in turn affect tA in Equation 7 and thus the position the MAW spot. 
The loading can be caused by internal or external sources. Internal sources means that the plasma comes from 
the local interaction between Io, the neutral cloud along its orbit and the magnetospheric environment, while 
a driving mechanism that lies outside the plasma torus can be referred to as an external source. The volcanic 
activity on Io is the ultimate internal source. The various types of hot spots (Lopes & Williams, 2015) on Io's 
surface eject material (such as Na, NaCl, SO2, SO and K) that likely do not directly contribute to plasma loading 
and scatters in Io atmosphere. SO2 is the dominant species in the atmosphere of the satellite, and it is sustained 
by either sublimation from the surface or by direct volcanic input (Roth et al., 2020). Both the atmosphere and 
the ionosphere interact with the plasma environment, providing S and O atomic neutrals - mainly by impact 
dissociation—and ions—mainly by electron impacts and by charge-exchange reactions (Bagenal & Dols, 2020). 
Due to the challenge of a continuous and simultaneous observation of the IPT, the neutral cloud and Io (both 
its atmosphere and its hot spots), there are still no definitive evidence on the mechanism driving the interplay 
between the variable volcanic activity observed on Io (e.g., de Kleer et al., 2019; de Pater et al., 2017), its atmos-
phere and the mass loading into the magnetosphere (Roth et al., 2020). More evidence are expected in the future, 
thanks to ground-based monitoring (Morgenthaler et al., 2022b) and from Juno dust observations (Jørgensen 
et al., 2020). As an external source, it was suggested that a global reconfiguration of the Jovian magnetosphere 
might drive injections of electrons from the middle and outer magnetosphere toward the inner magnetosphere 
(Louarn et al., 2014). These injections might affect the temperature and density of the IPT, and thus the local 
interaction at Io (Roth et al., 2020), ultimately determining the neutral supply and eventually the torus plasma 
loading—at least partially (Morgenthaler et al., 2022a). Unfor tunately, no clear evidence or in-depth studies of 
this process are currently available. Given the complexity and the uncertainty on the above-mentioned processes, 
relying only on the footprint positions reported in this work to determine mass loading events appears overly 
ambitious. Nevertheless, the images shown in Figure 4 show evidence of variability in the plasma environment 
around Io. Therefore the auroral imaging of the IFP can help to reconstruct the timeline of the mass loading (or 
depletion) events that can occur in the IPT.

6.  Conclusions
The present work represents the first attempt to constrain the plasma distribution along magnetic field lines 
crossing the Io Plasma Torus and its variability by analyzing the auroral footprints of Io in the Jovian iono-
sphere. This is possible thanks to the unique vantage point offered by the Juno's polar orbit, together with the 
high spatial resolution of the JIRAM instrument. Deriving quantitative information on the plasma torus and its 
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variability from the Io footprint position can help complement ground-based and in situ observations that aim at 
understanding the complex interplay between Io, the Io Plasma Torus and the Jovian magnetosphere, especially 
regarding the changes in plasma supply within the torus. The variations of the properties of the Io Plasma Torus 
can be classified into four main types, namely: System III and System IV variations, local time asymmetry and 
temporal variations. In the present work, System III variations are not addressed by choosing images with similar 
longitudinal position of Io. In order to study the other types of variability, we determine the location of the auroral 
footprint by calculating the travel time for an alfvénic pertubation produced at Io to reach the Jovian ionospheres. 
The path traveled by the alfvénic perturbations and the position of the Io footprint depend on both the geometry 
and strength of the magnetic field and the plasma distribution along the field lines. Hence, we adopted a reverse 
approach: using the observed position of the Io footprint to determine the state of the Io Plasma Torus at different 
epochs. The Alfvén travel time is computed using the recent JRM33 magnetic field model based on Juno's obser-
vations (Connerney et al., 2022) and a prescribed plasma density distribution along the field lines (Dougherty 
et al., 2017). After the sensitivity tests in Section 4.1, we describe the plasma distribution along the field lines 
with two main parameters, that is: the ion average temperature and the equatorial electron density. Although 
density and temperature are degenerate parameters in the present analysis (see Equation 8), the parameter spaces 
that best match the JIRAM observations shown in Figure 4 do not overlap (see Figure 3): this suggests the plasma 
environment around Io changes independent of the System III longitude.

We conclude:

1.	 �We presented two sets of observations of the Io footprint, selected after inspecting the JIRAM database from 
PJ 1 to PJ 42 and covering nearly six years of observations. The selected data show variations in the position 
of the Io footprint related to intrinsic variation of the plasma conditions at the orbit of Io.

2.	 �By analyzing the observations with Io at the same longitude in each set, we infer that the IPT state varies 
significantly between the epochs of each image. In particular, the IPT state variation was the largest between 
PJ 11 and PJ 32, when the electron density was <2,000 cm −3 and 2,750 cm −3, respectively (assuming the ion 
temperature from Voyager 1). Alternatively, the observations can be explained by an ion average temperature 
of 40 and 100 eV, respectively (assuming the same plasma density).

3.	 �We tested different mixing ratio of O +, S +, S 2+ and S 3+ to investigate the sensitivity of the model, and we 
found that variations of the these mixing ratios correlated with System IV variability have little effect on the 
position of the footprint. Therefore, it is unlikely that the variability detected in the JIRAM images was caused 
by the System IV periodicity.

4.	 �We are not able to unequivocally determine if the variations of the Io footprint position are caused either 
by a local time asymmetry or by the temporal variability of the Io torus. Nevertheless, we can constrain the 
parameter space of the Io Plasma Torus by fitting the position of the Io footprint: this technique can thus be 
used to support the investigation on the interplay between Io, its torus and the magnetosphere.

Data Availability Statement
JIRAM data and materials used in this study are publicly available on the Planetary Data System (https://pds-at-
mospheres.nmsu.edu/data_and_services/atmospheres_data/JUNO/jiram.html, Adriani et al. (2019)).
Repository for the data products used in this study is: https://doi.org/10.5281/zenodo.7496835 (Moirano, 2023).
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