
1. Introduction
The dynamics of Jupiter's magnetosphere are controlled principally by the planet's strong magnetic field, rapid 
rotation, and Io plasma source, and to a lesser extent the solar wind (Khurana et al., 2004; Krupp et al., 2004). 
Jupiter's magnetosphere is often divided into three regions, which are the inner magnetosphere (<10 RJ) char-
acterized by a mostly-dipolar magnetic field configuration, the middle magnetosphere (∼10 to 40 RJ), in which 
the field lines are radially distended into a magnetodisc configuration, and the outer magnetosphere (>40 RJ) 
characterized by disordered but predominantly southward field, and the magnetotail (Khurana et al., 2004). The 
processes occurring within Jupiter's magnetosphere can be diagnosed by observations of the planet's auroral emis-
sions. Jupiter's far-ultraviolet (FUV) auroras are Lyman alpha and Lyman and Werner H2 band emission resulting 
from particle precipitation (Clarke et al., 2004). The FUV morphology of the auroras, with primary components 
being the main emission, outer emission, satellite footprints, and polar emission is shown in Figure 1. The main 
emission is mapped to the middle region of the magnetosphere (average radial distance ∼35 to 40 RJ (Vogt 
et al., 2015)) and is thought to be associated with magnetosphere-ionosphere (M-I) coupling currents (Cowley & 
Bunce, 2001; Nichols et al., 2020). Io is a significant source of plasma mass in the Jovian magnetosphere, with 
volcanoes on Io releasing sulfur dioxide at a canonical rate of 1,000 kg s −1 (Kivelson et al., 2004), a substan-
tial fraction of which is ionized to form sulfur and oxygen plasma. In addition, Bagenal and Delamere (2011) 
presented the charge densities from the Voyager Plasma Science instrument as a result of the current measured 
in the range of 10–6,000 eV. Additionally, the materials from Io appear to be supplied constantly which could be 
associated with the M-I interaction. The plasma number density variation is connected to the mass outflow rate, 
mainly related to Io volcanic materials. Moreover, the mass loading from Io could also be a result of the subli-
mation of material from the surface of Io and the plasma-atmosphere interaction, which can be affected by the 
change in the electron temperature and plasma density (Bolton et al., 1997; Roth et al., 2020; Saur et al., 1999).
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The interaction of the rapidly rotating field and plasma with the slower satel-
lites and newly-ionized plasma is complex and leads to a number of distinct 
features of the satellite auroral footprints. These features are described in 
detail in Bonfond et  al.  (2008) and are apparent in each satellite footprint 
though with different morphology and details of the local interaction. Briefly, 
as the magnetospheric field and plasma convect past a satellite, the flow is 
diverted around the moon and the field is distorted, creating a structure called 
an Alfvén wing (Drell et  al.,  1965). Alfven waves propagate along these 
wings and they can accelerate particles (Lysak & Song, 2003), which  then 
precipitate into the ionosphere and cause an auroral feature known as the 
Main Alfvén Wing (MAW) spot. The Alfvén waves are partially reflected 
in the density gradients at the boundaries of the region of dense equatorial 
plasma or at the Jovian ionosphere leading to Reflected Alfvén wing spots 
(Bonfond et al., 2017; Hess et al., 2010; Schlegel & Saur, 2022). In addition, 
beams of electrons propagate along field lines leading to Transhemispheric 
Electron Beam (TEB) spots (Bonfond et al., 2008). Juno observations have 
confirmed the Alfvénic wave power associated with the satellite footprints 

(Gershman et al., 2019; Moirano, Gomaz Casajus et al., 2021; Moirano, Mura et al., 2021; Sulaiman et al., 2020; 
Szalay et al., 2020). Szalay et al. (2020) presented the peak energy of the precipitating electron along the Alfvén 
wave to be ∼11 mW/m 2 using Juno Jovian Auroral Distributions Experiment (JADE) observation.

This work focuses on Ganymede's auroral footprint. The first detection of Ganymede's footprint spot was presented 
by Clarke et al. (2002) using the Space Telescope Imaging Spectrograph (STIS) with the Multi-Anode Microchan-
nel Array (25MAMA) detector (bandpass from 1,150° to 1740 A°) onboard the Hubble Space Telescope (HST). 
In addition, Bonfond, Hess, Bagenal, et al. (2013) and Bonfond, Hess, Gérard, et al. (2013) presented the UV 
aurora images taken by HST on 24 May 2007, showing two spots of Ganymede's footprint. The same spots were 
also observed in the infrared by the Jovian Infrared Auroral Mapper onboard Juno (Adriani et al., 2017; Mura 
et al., 2018). These two spots correspond to MAW and TEB spots, whose distance of separation is associated with 
the location of Ganymede in the plasma sheet. The interaction between Jupiter's magnetic field and the satellite 
is modified by the existence of Ganymede's intrinsic magnetic field (Kivelson et al., 1997), which then acts as 
the effective obstacle, rather than the moon itself (Jia et al., 2008; Paty et al., 2008; Plainaki et al., 2015, 2016; 
Saur et al., 2013; Szalay et al., 2020). The interaction is mediated by reconnection between the magnetic fields of 
Jupiter and Ganymede, and the interaction region is enlarged to encompass a region 8–20 RG wide in Ganymede's 
orbital plane (Grodent et al., 2009) (where RG is the satellite's radius equal to RG = 2,634 km). However, the Gany-
mede auroral footprint is likely to be driven by broadly similar Alfvénic interaction as described above (Szalay 
et al., 2020). The orbital radius of Ganymede is ∼15 RJ, that is, in the inner part of the middle magnetosphere 
where the field is moderately radially stretched from the planetary dipole by currents related to outward forces 
associated with magnetospheric plasma (Connerney et al., 1981, 2020; Nichols, 2011; Nichols et al., 2015). The 
magnetic mapping between the satellite's location in the equatorial plane and the auroral footprint in the iono-
sphere is thus modified from that expected from the planetary field alone, with a fixed equatorial radial distance 
mapping further equatorward for a more extended field. Such variation in the degree of stretching of the field 
possibly explains the observed changes in the latitude of the footprint (Grodent et al., 2008). The radial stretching 
of the field into a magnetodisc configuration is associated with an azimuthal current, whose inward j × B force 
balances outward forces, which are the plasma pressure gradient, pressure anisotropy, and the centrifugal force 
of the rotating plasma. For the pressure anisotropy, Nichols et al. (2015) showed that the increase of hot plasma 
pressure anisotropy (Ph‖e/Ph⊥e) causes the increase of azimuthal current density in the middle magnetosphere, 
considered to be an additional force resulting in the stretching of the field lines in the magnetodisc model. Force 
balance models of the magnetodisc consider two plasma populations, that is, a “cold” (few 100 eV) thermal popu-
lations of iogenic plasma providing most of the mass but little plasma pressure (Bagenal et al., 2017; Bodisch 
et al., 2017; Dougherty et al., 2017; McNutt et al., 1981), and a “hot” (20–40 keV) population providing most 
of the pressure but little mass (Krimigis et al., 1981). The plasma centrifugal force is determined by its radial 
angular velocity profile, which is governed in the steady state by the parameters of the M-I coupling current 
system that transfers momentum between the planet and the magnetospheric plasma. Nichols (2011) showed that 
variations in the ionospheric Pedersen conductance and iogenic plasma mass outflow rate could potentially affect 
the latitude of the Ganymede footprint, but unrealistically large changes were needed to explain  the observed 

Figure 1. Jupiter's aurora from HST observation on 3 June 2016. The arrows 
indicate features of Jupiter aurora which are main emission, polar emission, 
outer emission and Ganymede's auroral footprint (GFP).
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shifts. The hot plasma pressure gradient is generally the largest contribu-
tion to the radial force balance, particularly in the inner region, and Nichols 
et  al.  (2015) thus went on to show that variations in the hot plasma pres-
sure over the modeled range (Caudal, 1986), based on the observed value 
of hot plasma temperature by Krimigis et al. (1981), would be sufficient to 
explain the footprint shifts observed by Grodent et al. (2008) and Bonfond 
et al. (2012). The spacing between the multiple spots of the Ganymede auro-
ral footprint was found to vary even for the same SIII longitude of Ganymede 
(Bonfond, Hess, Bagenal, et al., 2013; Bonfond, Hess, Gérard, et al., 2013), 
apparently in response to the changes in the plasma sheet density. The obser-
vations of Ganymede footprint locations by Grodent et al. (2008), Bonfond, 
Hess, Bagenal, et al. (2013), and Bonfond, Hess, Gérard, et al. (2013) consid-
ered two footprint observations showing an extreme latitudinal shift, and the 
modeling work (Nichols et al., 2015) was not referenced to other contempo-
raneous indications of the state of the system. In this study, we examine a 
series of HST observations obtained in 2007 and 2016, as shown in Table 1, 
and consider the effects which might give rise to the shifts in the latitude 
of the Ganymede footprint observed during these periods in the context of 
estimated solar wind conditions (external factor) and observations of the Io 
plasma torus (internal factor).

We compare our results with estimations and observations of the solar wind 
and Io activity during the observation intervals, in order to examine the effects 
of internal versus external factors on the location shifts of Ganymede's foot-
print. Evidence of persistently strong volcanic eruptions on Io from Febru-
ary to the beginning of June 2007 were presented by Spencer et al. (2007), 
Yoneda et al. (2009), Bonfond et al. (2012), and Yoneda et al. (2013). Spencer 

et al. (2007) revealed the continuous thermal emission from the Tvashtar plume from 18 January to 27 May 2007. 
In addition, Bonfond et al. (2012) using auroral images of Jupiter's northern hemisphere from HST showed the 
expansion of the main emission on 31 May 2007 (equivalent to Day Of Year 151 or DOY 151) including the 
location of Ganymede's footprint which shifted ∼500 km in equatorward direction. Bonfond et al. (2012) found 
that the size of the main emission continued to increase from February 2007 to June 2007 and they concluded 
that this was caused by a consistently strong level of volcanic activities on Io during the HST observations. 
They also noted an increased number of intense auroral injection signatures, indicative of frequent and strong 
reconfigurations of the magnetosphere loaded with iogenic plasma. Moreover, Yoneda et al.  (2013) using the 
data from Haleakala Observatory in Hawaii, which was observed from 19 May to 21 June 2007, presented the 
enhancement of Jupiter's sodium nebula from late May to the beginning of June 2007. Yoneda et al. (2009, 2013) 
suggested that the increase of Jupiter's sodium nebula brightness corresponds with the rising mass outflow rate 
from Io. Furthermore, Tsuchiya et al. (2019) measured the density and temperature of the Io plasma torus over 
2013–2016 using Hisaki data and presented no evidence of any strong volcanic eruptions during the interval of 
interest here. It must be noted that, while Tsuchiya et al. (2019) found the decrease of System IV rotation period 
of the Io plasma torus during the volcanic activities on Io, such activity seemed to affect the electron temperature 
rather than the total ion mass, corresponding to higher Kh. Tsuchiya et al. (2018) also suggested that the plasma 
torus radial distribution from 6 to 8 RJ takes ∼15 days from the beginning of eruption (Yoneda et al., 2015). As 
a result, the connection between the volcanic eruptions on Io and the variations in the plasma environment in 
Jupiter's magnetosphere is highly complex (Moirano, Gomaz Casajus et al., 2021; Moirano, Mura et al., 2021; 
Roth et al., 2020). In addition, Kita et al. (2019) presented the increasing solar wind dynamic pressure during 
the interplanetary coronal mass ejection and corotating interaction region (CIR) events which were detected by 
JADE instrument (McComas, Alexander et  al.,  2017; McComas, Szalay et  al.,  2017). Interplanetary coronal 
mass ejection was reported during DOY 140–145 and CIR was reported during DOY 150–155 (CIR), and DOY 
170–176 (McComas, Alexander et al., 2017; McComas, Szalay et al., 2017). In addition, the effect of solar wind 
compression was presented by Nichols et al.  (2009). They presented two data sets for the mean deviations of 
the main emission from the reference position observed in 2007, during February–March (DOY 051–070) and 
May–June (DOY 131–162). The results show that the main emission located poleward at approximately 0.5°–1° 
from the reference position during the solar wind compression. Nichols et al. (2009) also found that the main 

Year Instrument DOY Date

2007 ACS 052–054 21–23 February

058–059 27–28 February

061 2 March

066 7 March

068 9 March

131 11 May

132 12 May

133 13 May

137 17 May

138 18 May

151 31 May

154 3 June

161 10 June

2016 STIS 139–140 18–19 May

147–148 26–27 May

155–156 3–4 June

177–178 25–26 June

199 17 July

Table 1 
The Summary of the Data Set in This Study
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emission located approximately 2° equatorward on DOY 151 which is consistent with strong volcanic activities 
on Io (Yoneda et al., 2013). The volcanic activity on Io affects the low latitude emission in the equatorward direc-
tion from the main emission during ∼10 days after sodium nebula enhancement (Nichols et al., 2017). Nichols 
et al.  (2017) using the interplanetary data (McComas, Alexander et al., 2017; McComas, Szalay et al., 2017) 
showed that the UV auroral power and the magnitude of the interplanetary magnetic field increased during solar 
wind compression, but decreased during the rarefaction. Overall, we find the principal effects to be the mass 
outflow which supplies from volcanic activity on Io can cause the expansion of the main emission location, and 
could possibly affect the location of the Ganymede footprint as well. Furthermore, we assess the impact of the 
solar wind dynamic pressure coupled with the plasma from Io to study the behavior of the shifts in Ganymede's 
footprint location corresponding with various solar wind dynamic pressures, which is shown in the Discussion 
section.

2. Observations and Data Analysis
We consider Jupiter FUV images obtained by two instruments onboard HST, which are the STIS and Advanced 
Camera for Surveys (ACS). We employ data obtained in 2007 using Solar Blind Camera (SBC) on the ACS, with 
the F115LP (1,150–1,700 A°) and F125LP (1,250–1,700 A°) filters and exposure times between 30 and 100s. 
The wavelength bandpass of ACS/SBC is 1,150–1,700 A°, which includes H Ly-α line, H2 Lyman bands and 
Werner bands (Clarke et al., 2009; Wannawichian et al., 2010). We also use data obtained in 2016 using the HST/
STIS Multi-Anode Microchannel Array detector with the F25SRF2 (1,300–1,740 A°) filter (Nichols et al., 2017). 
For this work, FUV time tag data were extracted using 100s integration time. For the ACS data, the locations of 
Ganymede's auroral footprint were separated into two groups which are February - March (DOYs 052–054 and 
058–059 in February, 061, 066, 068, and 081 in March) and May - June (DOYs 131–133, 137–138, and 151 in 
May, 154, and 161 in June). For the STIS data, the locations of Ganymede's auroral footprint were compared 
between May (DOYs 139–140, 147–148), June (DOYs 155–156, 177–178), and July (DOY 199). The summary 
of our data set is shown in Table 1.

The images were processed using the Boston University reduction pipeline (Clarke et al., 2009), which includes 
dark image subtraction, flat-field correction, and instrumental geometric distortion correction. The brightness 
was converted from counts to kilo-Rayleighs (1 kR = 10 9 photons cm −2 s −1) using the conversion factor from 
Gustin et  al.  (2012) for a color ratio of 1.04, under the assumption of no methane absorption for Ganymede 
footprint emission. The color ratio is the ratio of auroral emission in two wavelength bands, one subject to strong 
hydrocarbon absorption and the other no hydrocarbon absorption. The images of Jupiter auroral region, as shown 
in Figure 1, were projected onto a latitude and longitude grid about 240 km above 1 bar level at Jupiter's iono-
sphere. For the analysis of Ganymede footprint's position, the footprint is considered to be 900 km above the 
1 bar level (Bonfond, 2010; Tao et al., 2011). For the location of Ganymede's footprint, we identify the brightness 
centroid position of Ganymede's footprint in Jupiter's ionosphere, as shown in Figure 2. The background bright-
ness, which is the intensity of the adjacent area, approximately 1°–2° from the footprint position, was subtracted 
from the integrated brightness of footprint emission in the image, giving, as a result, the Ganymede's footprint 
brightness as for the previous study by Wannawichian et al. (2010). The position uncertainty is considered to 
be a result of three causes. First, since the centroid is fitted with Gaussian distribution, the standard error was 
determined based on the FWHM of the average intensity profile in close proximity to the footprint centroid, as 
shown in Figure 2. The second cause of the uncertainty is due to the finding of the planet center. The North-South 
fitting during the finding of the planet center is approximately 1–2 pixels uncertainty (corresponding to 0.1–0.2°), 
while the East-West fitting is approximately 1–3 pixels (corresponding to 0.1°–0.3°). However, the East-West 
uncertainty is limited due to the lack of a clearly defined terminator on one side of the planet (Clarke et al., 2009). 
Lastly, the altitude uncertainty of the brightness peak uncertainty is assumed to be ∼100 km (Bonfond, 2010), 
which adds uncertainty to the positioning of approximately 0.025°. Since the images were taken with two differ-
ent instruments (STIS and ACS), test cases have been run to ensure that there is no systematic offset in the latitude 
of the footprints between the different cameras. Comparisons of the latitudes of locus of Io footprints have shown 
that the instruments do not show any systematic offset within 0.2°. Accordingly, the determination of footprint 
position can be reasonably precise. In addition, to avoid any possible systematic effect, we chose the case study 
between the observations with the same instruments. For the method of removing reflected sunlight, we create a 
simulated disk of reflected sunlight, convolve it with the point spread function, and subtract the simulated disk 
from the original images (Clarke et al., 2009). Overall, we have determined the location of the footprint in 436 
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individual images, providing the primary data set employed in this paper. From our overall results, Ganymede 
footprint location were found to shift either poleward or equatorward direction. We expect that the shift in Gany-
mede footprint location could be affected by both internal and external factors. Thus, we employ the magnetodisc 
model to interpret the effects of these two factors which will be discussed in the next section.

3. Magnetodisc Model
In this work, the magnetodisc model of Nichols et al. (2015) was used to estimate the influence on the magneto-
disc of the solar wind compressions and variation in Io volcanic activity. This is done principally by varying the 
magnetopause radius, hot plasma parameter (Kh), iogenic mass outflow rate, and cold plasma number density in 
this model as discussed below. The Kh parameter is related to the hot plasma pressure associated with the hot 
plasma outside Io torus (Caudal, 1986; Nichols et al., 2015), especially the perpendicular pressure at the equato-
rial distance of more than 7.5 RJ. It is, however, important to note that this is a quasi-steady state model, which 
enables consideration of the effects on the mapping from the equator to the ionosphere over timescales longer 
than the few hours following for example, impulsive solar wind compressions, the transient effects of which 
are thus not described by the present formulation. Nevertheless, Nichols (2011); Nichols et al. (2015) indicated 
that variation of the values of the iogenic plasma mass outflow rate and the hot plasma parameter can affect the 
ionospheric mapping of Ganymede, with the latter being most influential, within typically observed ranges. They 
reported that for different Kh, between 1–2.5 × 10 7 Pa m T −1, the mapping locations of Ganymede's footprint in 
colatitude vary between 16.6° and 17.6°, respectively. Thus, the variation of the Kh could be a significant influ-
ence on the location shift of Ganymede's footprint in the ionosphere.

The details of the model have been discussed elsewhere Nichols (2011) and Nichols et al. (2015, 2020), such 
that here we provide a brief introduction. The model computes iteratively the vector potential 𝐴𝐴 𝐀𝐀(𝜌𝜌𝜌 𝜌𝜌) = 𝐴𝐴(𝜌𝜌𝜌 𝜌𝜌)�̂�𝜑 
from an azimuthal current 𝐴𝐴 𝐣𝐣(𝜌𝜌𝜌 𝜌𝜌) = 𝑗𝑗(𝜌𝜌𝜌 𝜌𝜌)�̂�𝜑 using Ampère's law, ∇ 2A = −μ0j. Mapping between the equator and 
ionosphere is achieved using the flux function (F), which is constant along a given field line and is related to the 
vector potential via F = ρA, where ρ is the cylindrical radius. Thus, the magnetic mapping between the equatorial 
plane and ionosphere was obtained via the equality of Fe = Fi, where Fe and Fi are the equal flux function values 
for magnetically conjugate points in the equatorial magnetodisc and ionosphere, respectively. Assuming a dipolar 
ionospheric field, the flux function in the ionosphere is given by

�� = ���2� = ���2
� sin

2�� (1)

Figure 2. Intensity distribution around the location of Ganymede's auroral footprint was taken on 3 June 2016 (a). The average intensity profile of the emission near 
the centroid location is indicated by the black solid line (b). The FWHM of the intensity distribution is employed to consider the uncertainty of the footprint location. 
It should be noted that this is the simplification in comparison to the real shape of the footprint, corresponding to the angular size of 0.025 arcsec per pixel (Clarke 
et al., 2009), whose length, width, and height might be different from each other.
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where θi is the magnetic co-latitude, BJ is the equatorial magnetic field strength, ρi is the perpendicular distance 
from the magnetic axis, and RJ is the equatorial radius of Jupiter (∼71,492 km). The momentum equation for a 
rotating plasma is given by

𝜌𝜌𝑚𝑚
𝑑𝑑𝐯𝐯

𝑑𝑑𝑑𝑑
= 𝐣𝐣 × 𝐁𝐁 − div𝐏𝐏 (2)

where ρm is plasma mass density, v is the plasma bulk velocity, P is the pressure tensor, and B is Jupiter's poloidal 
magnetic field. Considering gyrotropic pressure and rearranging for the perpendicular current j⊥, we have

𝐣𝐣⟂ =
�̂�𝐛

𝐵𝐵
×

[
𝜌𝜌𝑚𝑚

𝑑𝑑𝐯𝐯

𝑑𝑑𝑑𝑑
+ ∇𝑝𝑝⟂ + (𝑝𝑝‖ − 𝑝𝑝⟂)

(
�̂�𝐛.∇

)
�̂�𝐛

]
 (3)

where 𝐴𝐴 �̂�𝐛 = (𝑏𝑏𝜌𝜌, 𝑏𝑏𝑧𝑧) is the unit vector along the poloidal magnetic field. The terms on the right-hand side repre-
sent the centrifugal force, pressure gradient, and pressure anisotropy forces, which are dependent on plasma 
and M-I coupling parameters, for example, mass outflow rate 𝐴𝐴

(
�̇�𝑀

)
 , hot plasma parameter (Kh) and cold plasma 

number density 𝐴𝐴 (𝑁𝑁 ′

𝑐𝑐) . The model is initiated using a dipole magnetic field and proceeds by iteration until conver-
gence, as described by Nichols (2011) and Nichols et al. (2015). The model considers two plasma populations, a 
“cold” centrifugally-confined population of ∼100 eV (Bagenal & Delamere, 2011; Bagenal et al., 2017; Bodisch 
et al., 2017; Dougherty et al., 2017; Frank & Paterson, 2002; McNutt et al., 1981) dominating the centrifugal 
force, and a “hot” population corresponding to the ∼20–40 keV observed by Krimigis et al. (1981) providing 
most of the plasma pressure. The former is characterized in the model by a given flux tube content and angular 
velocities computed using ’Hill-Pontius’ theory (Hill, 1979; Pontius, 1997) which considers the steady outflow of 
azimuthal angular velocity plasma (ω) associating with the flux function (Fe) and the north-south magnetic field 
threading on the equatorial plane (|Bze|) (Nichols et al., 2015). A key parameter in determining the plasma angular 
velocity is the plasma mass outflow rate 𝐴𝐴

(
�̇�𝑀

)
 . The plasma pressure of the hot particle population is characterized 

by the Kh parameter, given by

𝐾𝐾ℎ = 𝑃𝑃ℎ⟂𝑒𝑒(𝐹𝐹 )𝑉𝑉ℎ(𝐹𝐹 ) (4)

where Vh(F) is the flux tube volume. The Kh parameter varies between 1–5 × 10 7 Pa m T −1, based on the obser-
vation of the hot plasma outside Io torus from Pioneer, Voyager 1 and 2 spacecraft (Caudal, 1986).

In this study, the simulation was used to investigate the effect of enhanced Io activity on the magnetic mapping 
by varying the mass outflow rate 𝐴𝐴

(
�̇�𝑀

)
 from 800 to 2,000 kg s −1, where the cold plasma number density 𝐴𝐴 (𝑁𝑁 ′

𝑐𝑐) is 
proportional to 𝐴𝐴 �̇�𝑀 (Nichols, 2011) as described by

𝑁𝑁 ′

𝑐𝑐 =

(
�̇�𝑀

1000

)
𝑁𝑁𝑐𝑐 (5)

𝐴𝐴 �̇�𝑀  = 1,000 kg s −1 was set as a reference and Nc = 8.1 × 10 21 ions/Wb (Frank & Paterson, 2002; Nichols, 2011). 
Additionally, the enhanced mass outflow rate from Io causes the increase of the plasma density which is trans-
ported outward from Io's vicinity toward the middle magnetosphere and affects the equatorial pressure in the 
magnetosphere and could have a correlation with the enhancement of plasma heating in Jupiter's magnetosphere, 
which will be discussed in detail in the Discussion section. The connections between 𝐴𝐴 �̇�𝑀 and Kh were proposed 
by Tsuchiya et al. (2019). Tsuchiya et al. (2019), using a dual hot electron model based on Steffl et al. (2008), 
presented the increases of the azimuthal amplitudes of torus composition. They concluded that the rotation period 
of Io plasma torus decreased coincident with an increase in Io's volcanic activity. Moreover, the decrease in the 
rotation period of Io plasma torus occurred when the electron temperature in the plasma torus increases. Thus, 
Kh could be increased due to higher electron temperature as well, because the electron temperature in the plasma 
torus can be raised by the Coulomb interactions between electrons in the plasma torus and the hot electrons. Thus, 
in our simulation, we test the variation of the outcomes, due to the increase of the hot plasma parameter (Kh) 
from 1.25–4.5 × 10 7 Pa m T −1. We considered the effects of the parameters above which are 𝐴𝐴 �̇�𝑀 , Kh, where 𝐴𝐴 𝐴𝐴 ′

𝑐𝑐 is 
a function of 𝐴𝐴 �̇�𝑀 , along with the solar wind compression by reducing the size of the magnetosphere from 80 to 
50 RJ, where the enhancement of Kh could be associated with the magnetosphere shrinkage due to the adiabatic 
compression. It must be noted that the hot plasma temperature in this work is considered based on the analysis of 
Krimigis et al. (1981), previously used in the magnetodisc model by Nichols et al. (2015). Recently, Dougherty 
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et  al.  (2017) found that the hot plasma temperature could reach at most ∼1 keV at Ganymede orbit. For the 
current analysis, the model results were qualitatively compared with the Ganymede footprint observation to study 
the effect of location shifts in either equatorward or poleward direction. Therefore, the quantitative study of hot 
plasma temperature's effect on the model result will be proceeded in future analysis.

4. Results
4.1. Ganymede Footprint Location

The Ganymede footprint locations for all data listed in Table 1 are presented in Figure 3, in which the variation 
of the position can be seen and focused on specific events, as shown in Figure 4. In Figure 3, we have compared 
our Ganymede footprint locations in the northern hemisphere with the average path determined by Bonfond 
et al.  (2017) (black line). Moreover, our Ganymede footprint locations are compared with the mapped Gany-
mede footprint contour presented by Connerney et al. (2022) using the Juno reference model through perijove 
33 (JRM33) internal field model (blue line), and the Connerney et al. (2020) magnetodisc model. We note that 
the average Ganymede footprint path is not circular, due to the non-dipolar nature of the planet's internal field 
(Connerney et al., 2018, 2020), with a relatively sharp poleward “kink” in the region ∼140°–150° System III 
(SIII) longitude. In the kink region, the Ganymede footprint's locations from both Bonfond et al. (2017)'s average 
path and our data are constantly shifted in a poleward direction, in comparison with the mapped path by JRM33. 
This poleward shift could be associated with the local time effect, in which, based on the magnetodisc model, 
the magnetic field lines are less stretched on the dusk side corresponding to the poleward shift of the footprint 
(Khurana & Schwarzl, 2005). Moreover, HST had been observing the footprint on the dusk side more often than 
on the dawn side. As a result, Ganymede's footprint locations were found to shift to higher latitudes.

The distance shifts of Ganymede's footprint from the mapped footprint contour (Connerney et al., 2022) corre-
sponding to Figure 3 in 2007 and 2016 are shown in Figure 4, separately for February–March 2007 (a), May–June 
2007 (b), and May–July 2016 (c). We consider four pairs of specific cases of Ganymede's footprint locations at 
similar System III longitude and Central Meridian Longitude (CML), represented by four gray areas in Figure 4. 
These criteria constrain the positions of Ganymede to be similar in Jupiter's magnetosphere configuration. In 
2007, Ganymede's footprint mostly located in poleward directions from the mapped footprint location with shifted 
angles of approximately 0.5°–3° (above the black line) at longitude ∼145°–160° and located near the mapped 
footprint location at system III longitude ∼170°–200° (Figures 4a and 4b). Ganymede's footprint locations in 

Figure 3. The locations of Ganymede's auroral footprint in the northern hemisphere, during two HST campaigns in 2007 
(pink circles) and in 2016 (blue crosses), in comparison with the average path from Bonfond et al. (2017) (black line) and the 
mapped Ganymede's footprint location from JRM33 Connerney et al. (2022) (blue line).
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Figure 4. The shifts of Ganymede's auroral footprint location in the northern hemisphere, from mapped Ganymede's footprint location from JRM33 (black solid line) 
(Connerney et al., 2022), are presented based on the HST observations during February and March 2007 (a), May and June 2007 (b), and from May to July 2016 (c). The 
footprint location shifts are mainly focused for 4 cases, as labeled with numbers in each panel. All the images in the focused events are constrained to have similar CMLs.
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2007 on DOY 151 (Figure 4b) shifted equatorward in comparison to Ganymede's footprint locations observed on 
DOY 058 (Figure 4a). This could correspond to the higher brightness of sodium nebula which is observed in late 
May (Yoneda et al., 2009), considered as an indicator of increased Iogenic plasma mass which is discussed as an 
internal factor in this work. Moreover, Bonfond et al. (2012) presented the expansion of the main emission in late 
May 2007 which might connect to the increased volcanic activity on Io. Thus, while the volcanic materials from 
Io are contributed to the plasma sheet, the density increase could affect the stretching of the magnetic field line 
corresponding to the increase of azimuthal current density, which is enhanced along the equatorial plane. These 
results were presented by Nichols et al. (2015) and shown in our detailed analysis in the next section.

For all specific cases, Case 1 (Figure 4a), in 2007, Ganymede's footprint locations observed on DOY 054 shifted 
poleward in comparison to Ganymede's footprint location observed on DOY 068. For Case 2 (Figure 4b), Gany-
mede's footprint was detected at similar locations during three events in 2007 on DOY 132, DOY 154, and DOY 
161. For Cases 3 and 4 (Figure 4c), Ganymede's footprint was observed in 2016. For Case 3, Ganymede's foot-
print locations observed on DOY 199 shifted poleward in comparison to Ganymede's footprint locations observed 
on DOY 178. For Case 4, Ganymede's footprint locations observed on DOY 148 slightly shifted equatorward in 
comparison to the footprint locations observed on DOY 155.

4.2. Magnetodisc Model Results

The results based on the magnetodisc model in Figure 5 show the effects of the Kh, the mass outflow rate 𝐴𝐴
(
�̇�𝑀

)
 , 

which is related to the cold plasma number density 𝐴𝐴 (𝑁𝑁 ′

𝑐𝑐) in the magnetosphere and angular velocity of Io plasma 
torus, and the solar wind compression on the field line mapping from a radial distance in the equatorial plane to 
colatitude position of magnetic footprint in the ionosphere. The modeled results show that the location of the field 
line mapping from Ganymede position (∼15 RJ from Jupiter) tends to move the magnetic footprint equatorward 
if the Kh increases as shown in Figure 5a. The mapping of the field lines can be calculated by considering the 
flux function between the mapped positions, on the equatorial plane and ionosphere, under the assumption of an 
axisymmetry dipole field (Equation 1).

In addition, the influence of solar wind compressions and plasma variability which could be influenced by mass 
outflow rate 𝐴𝐴 �̇�𝑀 , upon field line mapping near Ganymede was considered. Figure  5a shows the variation of 
magnetic field line mapping considering the condition of the Kh and the size of Jupiter's magnetopause, which 
can be varied as a means of simulating the solar wind compression. The increasing of the Kh results in the mapped 
magnetic footprint in the ionosphere shifting in an equatorward direction for the magnetopause boundary at 
about 80 RJ (solid lines) corresponding to Nichols et al. (2015) which show the effects of the Kh on the azimuthal 
current density. Nichols et al. (2015) demonstrated that the four contributions to the azimuthal current density are 
restricted on the equatorial plane with the increase of the Kh. As a result, the magnetic field line can be stretched 
out to a larger radial distance. Thus, the structure of the field line changes with the variation of current density 
distribution in the magnetosphere. In the case of solar wind compression, causing the magnetopause boundary 
to be nearer to the planet, for example, at 50 RJ (dash line), the mapped magnetic field lines shift in a poleward 
direction, for the same Kh. In particular, from Ganymede's orbit at 15 RJ, the mapped position of the Ganymede 
ionospheric footprint for the case of the solar wind compression could be comparable to the case of increasing 
Kh, for example, considering the blue solid line (Kh = 2.5 × 10 7 Pa m T −1 and magnetopause distance at 80 RJ) 
in comparison with yellow dash line (Kh = 3.5 × 10 7 Pa m T −1 and magnetopause distance at 50 RJ), shown in 
Figure 5a. Thus, it is possible that solar wind compression could cause the increases of the Kh in Jupiter's magne-
tosphere resulting in similar mapped locations of the magnetic footprint in Jupiter's ionosphere. Even though 
in this work, the model assumes that the Kh and the magnetosphere size are independent, there is actually the 
feedback between the magnetospheric shrinkage and its heating. Therefore, a self-consistent model, which can 
explicitly determine the relationship between the hot plasma pressure and the variation in magnetosphere size, 
should be conducted for future work. Figure 5b shows the effect of the variation of mass outflow rate 𝐴𝐴

(
�̇�𝑀

)
 , corre-

sponding to the cold plasma number density. The result shows that the mapped magnetic field footprint shifts 
equatorward as Iogenic mass loading rate increases. At a fixed mass loading rate, under the solar wind compres-
sion (dashed lines in Figure 5b), the mapped field lines shift in a poleward direction. The comparison between the 
Ganymede footprint location and the results from the magnetodisc model will be discussed in the next section.
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5. Discussion
For the model-observation comparison, we specifically compare the shifts with those expected due to changes in 
the solar wind dynamic pressure and the iogenic mass outflow rate, as estimated using the Nichols et al. (2015) 
magnetodisc model. We find that the location shifts of Ganymede's footprint were associated with both solar 
wind dynamic pressure (external factor) and iogenic mass outflow rate (internal factor). In the case of solar wind 
compression, the location of Ganymede's footprint shifts toward the pole, during times of quiet volcanic activity 
on Io. On the other hand, Ganymede's footprint shifts slightly equatorward when the density of the Io plasma 
torus sufficiently increases. Moreover, we find a specific case where the Ganymede footprint was detected after a 

Figure 5. The mapping of the magnetic field lines from the positions on the equatorial plane described by radial distance (ρe) to Jupiter's ionosphere in colatitude (θi). 
The mapping is investigated under several conditions; (a) the hot plasma parameter (Kh) varying from 1.25–4.5 × 10 7 Pa m T −1, while the mass outflow rate 𝐴𝐴

(
�̇�𝑀

)
 is 

constant (𝐴𝐴 �̇�𝑀  = 1,000 kg s −1), and (b) the variation of the mass outflow rate 𝐴𝐴
(
�̇�𝑀

)
 related to cold plasma number density 𝐴𝐴 (𝑁𝑁 ′

𝑐𝑐 ) given by Equation 5 while considering 
Kh = 2.5 × 10 7 Pa m T −1, based on magnetodisc model (Nichols et al., 2015). The solid and dash lines represent different sizes of Jupiter's magnetopause, 80 RJ and 50 RJ.
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strong volcanic eruption and solar wind forward shock. This case shows similar locations of Ganymede's footprint 
while considering different DOYs, possibly as a result of the balancing between internal and external factors. 
For the internal factor, Iogenic mass outflow from Io affects the radial stretching of Jupiter's magnetic field. On 
the contrary, for the external factor, the solar wind compression causes the size of Jupiter's magnetosphere to 
decrease which could affect the poleward shift of mapped magnetic field lines.

For four cases indicated in Figures 4 and 6, the footprint was observed to be shifted either poleward or equator-
ward when Ganymede was expected to locate at similar locations. The detected shifts of Ganymede's footprint 
locations appear to be under the influences from inside and outside the magnetosphere, that is, internal and 
external factors, that modify the magnetic field mapping from Ganymede location to the footprint emission in the 
ionosphere. For the comparison between the internal and external factors, we consider the variation of plasma 
density in Jupiter's magnetosphere which is related to the volcanic eruption on Io as the internal factor and the 
solar wind compression as the external factor. For Case 1, Ganymede's footprint detected on DOY 054 shifted 
in the poleward direction in comparison to Ganymede's footprint detected on DOY 068. There were continuous 
volcanic eruptions on Io during February and March 2007 (Spencer et al., 2007). Therefore, the mass loading rate 

𝐴𝐴
(
�̇�𝑀

)
 increased due to the additional volcanic materials from Io, resulting in an increase in cold plasma density in 

the magnetosphere, which affects the magnetic field line stretching and Ganymede's footprint locations detected 
on both DOY 054 and DOY 068. Moreover, the polar projections (Figures 6a and 6b) show dawn brightening on 
DOY 054, associating to the result of the solar wind propagation model which is presented by Clarke et al. (2009) 
using magnetohydrodynamic (MHD) model by Zieger and Hansen (2008). The model shows that the dynamic 
pressure of solar wind increased during DOY 054, which is approximately 10 times higher than that on DOY 
068. Thus, in this case, the results of dawn brightening, and the poleward shifts of the main emission as shown 
in Figure 6a could correspond to the solar wind forward shock causing the smaller size of the magnetosphere. 
Therefore, the poleward shift on DOY 054 could be related to the external factor consistent with the result from 
the magnetodisc model (dashed lines in Figure 5b).

For Case 2, Ganymede's footprint was at similar locations on DOY 132, DOY 154, and DOY 161 as shown by the 
polar projection in Figures 6c–6e. For the internal factor, Jupiter's aurora on DOY 154 was detected after a strong 
volcanic eruption on Io which took place at the end of May (approximately on DOY 151) (Bonfond et al., 2012). 
In addition, Yoneda et al. (2009) presented the enhancement of sodium nebular including the brightening of Io 
plasma torus on the dusk side which took place from DOY 139 to DOY 154 and then decreased after DOY 159. 
While the polar projections (Figures 6c–6e) show the similar emission on DOY 132 and DOY 161, but, on DOY 
154, outer emission in the equatorward direction from the main emission was detected. Moreover, Ganymede's 
footprint on DOY 154 was detected after the solar wind forward shock (Clarke et al., 2009). The magnetospheric 
plasma density was increased due to volcanic materials from Io in combination with the decrease of the angular 
velocity of the plasma disk causing the magnetic field line to stretch, accordingly causing the equatorward shift 
of Ganymede's footprint. On the contrary, the solar wind causes the compression of the magnetosphere which 
is associated with a decrease in magnetopause distance. As a result, the curvature of the field lines decreases 
and causes the poleward shifts of Ganymede's footprint. Thus, this event could be affected by the internal factor 
from the enhancement of cold plasma density being transported outward, and at the same time by the external 
factor from solar wind compression, which would generate the hot plasma heating associated with the increase 
of Kh. Specifically, for DOY 154 data, both factors seem to affect the magnetic field mapping in opposite direc-
tion. Consequently, Ganymede's footprint location did not shift significantly and was detected to be at similar 
locations on DOY 132 and DOY 161. This case is consistent with the result from the magnetodisc model for the 
balance between increasing Kh (blue solid line) and compressed magnetosphere (yellow dashed line), as shown 
in Figure 5a. The enhancement of Kh could be associated with the magnetosphere shrinkage due to the adiabatic 
compression while the solar wind compression reduces the magnetopause size from 80 to 50 RJ.

For Case 3, Ganymede's footprint detected on DOY 199 shifted poleward from Ganymede's footprint detected on 
DOY 178. Based on Io plasma torus emission observations by Extreme Ultraviolet Spectroscope for Exospheric 
Dynamics onboard the Hisaki satellite (Tsuchiya et al., 2019), there was no evidence of strong volcanic eruptions 
on Io during the HST observations of these two events. The polar projection (Figure 6g) shows that Jupiter's main 
emission shifted poleward between system III longitude ∼150°–180° on DOY 199 in comparison with those 
observed on DOY 178 (Figure 6f). The poleward shift of the main emission could correspond to the decreases of 
magnetic field curvature due to solar wind compression. As a result, the size of the magnetosphere decreases, and 
the magnetic field lines are mapped to higher latitudes. Additionally, the contraction of Jupiter's magnetosphere 
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due to the solar wind compression could affect the slightly poleward shift of Ganymede's locations on DOY 199 
in comparison to Ganymede's footprint locations on DOY 178. This case is similar to Case 1, where the location 
of Ganymede's footprint is affected by the external factor. The compression could cause the increase of Kh in Jupi-
ter's magnetosphere compatible with the dashed lines in Figure 5a. Although, there is a correlation between the 
shrinking of the main emission and the poleward shift of the footprint, the mapped location of the main emission 

Figure 6. Polar projections for four cases as labeled in Figure 4, where a and b are for Case 1, c–e for Case 2, f and g for 
Case 3, and h and i for Case 4. The average position of the main emission is presented as a red dashed line. The red arrows 
indicate the positions of Ganymede's footprint.
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from Jupiter's magnetosphere is very complicated. The effects of the magnetospheric compression could cause 
both the stretching of the magnetic field and the location of the source of the main emission in the magnetosphere, 
while the source of Ganymede magnetic footprint is always located at ∼15 RJ.

For Case 4, Ganymede's footprint detected on DOY 148 shifted equatorward from Ganymede's footprint detected 
on DOY 155. Both events were detected during the decrease of the rotation of Io plasma torus on System IV 
period (Tsuchiya et al., 2019). This result is consistent with Nichols (2011) who showed the increased mass load-
ing from volcanic materials from Io associated with the increase of plasma density causes the angular momen-
tum to decrease. In addition, Tsuchiya et al. (2019) presented the increases in the azimuthal amplitudes of torus 
composition (SIV/SII) variations associated with the increases in thermal electron temperature from the middle 
of May to June 2016. The amplitude of torus composition ratio (SIV/SII) variations on DOY 148 appeared to be 
higher than that on DOY 155. However, both Ganymede's footprint positions on DOY 148 and DOY 155 were 
detected during the decreases in the angular velocity of the Io plasma torus as mentioned above. Thus, for Case 4, 
we plotted the Ganymede footpaths and uncertainty within a standard deviation as shown in Figure 7. On average, 
the data in DOY 155 are at higher latitudes than the data in DOY 148, where the difference is in the border of 
the measurement uncertainty. The high variation of Ganymede's footprint positions on both days is because the 
footprint was coincident with the main emission, as shown in Figures 6h and 6i. Accordingly, Ganymede's foot-
print was sometimes very dim, and thus the positions appear to wriggle. In addition, Kita et al. (2019) presented 
similar values of solar wind dynamic pressure observed on DOY 148 and DOY 155. The polar projections in 
Figures 6h and 6i show the equatorward shift of Ganymede's footprint location on DOY 148 in comparison to the 
footprint on DOY 155. Thus, Ganymede's footprint locations in Case 4 could be mainly affected by the internal 
factors, from which the increase of plasma density caused the equatorward shift of Ganymede's footprint location 
on DOY 148, as shown in Figure 5b.

6. Summary
The modeled magnetic field mapping is employed in this work to indicate the connection between Ganymede's 
footprint location and the variation of magnetospheric plasma as well as the external factor, which is mainly from 
the solar wind compression. The location shifts of Ganymede's footprint in 2007 and 2016 appear to have possible 
connections with the increase of plasma density, relating to the mass loading from volcanic materials from Io as 
well as the compression from the solar wind. The location shifts are considered separately in four cases.

•  Case 1 (DOY 054 and DOY 068) and Case 3 (DOY 178 and DOY 199): Ganymede's footprint locations 
slightly shifted poleward. This shift could be consistent with the result from the magnetodisc model while 
considering the effect of solar wind compression. Under the solar wind compression, where the size of the 

Figure 7. The footpath of Ganymede's footprint and the uncertainty within a standard deviation for Case 4 as shown in 
Figures 6h and 6i, between DOY 148 (red circles) and DOY 155 (blue triangles). Blue and orange shaded areas indicate the 
uncertainty of Ganymede's footpaths on DOY 148 and DOY 155, respectively.
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magnetosphere decreases, the mapped magnetic footprint shifts in a poleward direction, as shown in Figure 5 
(dashed line).

•  Case 2 (DOY 132, DOY 154, and DOY 161): The increases of Kh affects the limit of azimuthal current on 
the equatorial plane, resulting in the stretching of the magnetic field lines as shown in Figure  5a, which 
causes the equatorward shift of Ganymede's footprint. In Figure 5a, for Kh = 1.25 × 10 7 Pa m T −1, the field 
line is mapped poleward with the consideration of the solar wind compression (red dashed line). For the case 
of, Kh = 3.5 × 10 7 Pa m T −1, the compression resulting in the poleward shift (yellow dashed line) and the 
magnetic field lines are mapped to similar locations for the case of no compression Kh = 2.5 × 10 7 Pa m T −1 
(blue solid line). Consequently, there is compensation between an increase of Kh and the solar wind compres-
sion, as shown in Figure 4b.

•  Case 4 (DOY 148 and DOY 155): During May–July 2016, Tsuchiya et al.  (2019) showed that the slower 
rotation period of Io plasma torus on system IV could be caused by the increased mass loading originating 
from Io's volcanic materials, consistent with the result from Nichols (2011). Thus, the equatorward shifts of 
Ganymede's footprint locations could be influenced by the mass loading rate 𝐴𝐴

(
�̇�𝑀

)
 enhancement from volcanic 

activity on Io which eventually results in the enhancement of the plasma sheet density in Jupiter's magneto-
sphere as shown in Figure 5b, agreeing with the magnetic field line mapping by magnetodisc model (Nichols 
et al., 2015).

Overall, the results in this work emphasize the effects of the internal and external factors on the location of Gany-
mede's footprint. However, the effects of solar wind compression on the azimuthal current density will be studied 
further in more detail in terms of the comparison of several auroral features including their intensities.

Data Availability Statement
Jupiter's aurora images in this work are available at https://archive.stsci.edu/proposal_search.php?mission=h-
st&id=10862 for 2007 data and https://archive.stsci.edu/proposal_search.php?mission=hst&id=14105 for 2016 
data. The predicted Ganymede footprint location in the northern hemisphere using the JRM33 model from 
Supporting Information by Connerney et al. (2022) https://doi.org/10.1029/2021JE007055.
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