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H2: Supplementary Materials 
A. The global Jovian magnetosphere model 
 
A.1 Implementation of Mass Loading from the Io 

The GAMERA code uses a symmetric, eight-cell stencil to reconstruct the numerical fluxes 
at cell interfaces, which means that the flux through the low-altitude interface depends on the four 
boundary (ghost) cells as well as the first four active computational cells in the radial direction. 
Instead of adding a “plasma torus” in the active simulation domain, the mass-loading module 
directly manipulates the numerical fluxes at the interface of the inner boundary (6 Rj) in order to 
preserve conservation of mass. This interface flux implementation allows the code to inject the 
exact amount of heavy (O+) ions as specified into the active simulation domain. The three-
dimensional computational grid is shown in Figure S1. The hard-wall boundary condition keeps 
plasma populations already in the active domain from leaking back to the ghost zones through the 
inner boundary (57).  

The Io plasma torus for mass loading at the inner boundary interface is chosen to be a 
spatially uniform band centered in the equatorial plane, with ±0.5 RJ extent in the z-direction of 
the SM coordinates. Figure S2A shows the spatial distributions of the O+ number density at t = 0.1 
(spin), which gives a total rate of approximately 1000 kg/s, within the range of empirical 
estimations (33). The radial momentum flux for O+ is set to zero, while the tangential momentum 
fluxes of O+ are set based on the corotation speed. The energy flux in the mass loading module is 
then calculated based on a fixed O+ temperature of 50 eV. Figure S2B- S2C show the 
corresponding spatial distributions of O+ number density after the mass loading module switched 
on for 11 and 22 planetary spins, respectively. It is clear that the spatial distribution of the 
introduced plasma population exhibits a “torus-like” structure during the whole simulation due to 
the high resolving power of the numerical schemes used in GAMERA, without significant 
numerical spreading of the torus plasma in the z-direction. As a key validation of the simulated 
mass distribution with the Io mass loading, Figure S3 shows the radial profile of the simulated 
mass of  O+ (kg/m), together with the empirical model given by (33). It is clear that the simulated 



 

                                                                                          
 

distribution of O+ mass is in general consistent with the empirical model based on measurements,  
although in the outer region, the GAMERA simulation underestimates the density, which is  
possibly due to the lack of hot plasma populations in the MHD simulation.    
  

A.2 Implementation of Magnetosphere-Ionosphere (MI) Coupling and Co-rotation  

M-I coupling is implemented by combining Ohm’s law with current continuity and the  
electrostatic approximation in the ionosphere, to obtain the following two-dimensional elliptic  
equation for the ionospheric electric potential Φi, given the field-aligned current J||i at the top of  
the ionospheric conducting layer (assumed to be ≈ 1 RJ and the height-integrated conductance  
tensor Σ):  

∇	· Σ · ∇Φi  = J||i cosα                                                         (1)  

The dip factor cos α is b·r0, where b is a unit vector pointing along the dipole magnetic  
field at the top of the ionospheric conducting layer and r0 is the radial unit vector in spherical polar  
coordinates. Field-aligned current J||i is computed near the low-altitude computational boundary at  
approximately 6.1 RJ Jovicentric in the magnetosphere and is then mapped along dipole field lines  
assuming J||/B = const to the top of the height-integrated ionospheric conducting layer to give J||i.  
The height-integrated substrate is located at 1.01 RJ Jovicentric where equation (1) is solved. The  
ionospheric electric potential Φi obtained from equation (1) is mapped along dipole field lines to  
the inner computational boundary (6 RJ Jovicentric) assuming the magnetic field lines are equal- 
potential. The electric field at the boundary is calculated as E⊥ = -∇⊥Φi which serves as a part of  
the low-altitude boundary condition for the MHD solver. The ionospheric potential equation is  
solved with a newly developed code, dubbed REMIX, largely based on the legacy Magnetosphere- 
Ionosphere Coupler/Solver (MIX) program (58). As a first step, we neglect the gradient of the Hall  
conductance and use ΣP = 0.1 S as an approximation for the Jovian ionosphere (59).   

After solving the convective potential Φi, the implementation of corotating magnetospheric  
plasmas and flux tubes is equivalent to adding a tangential electric field component at the inner  
boundary of the simulation domain induced by the rotation of the Jupiter:   

Ecr = − (ΩJ  × r) × B,                                                        (2)  

where ΩJ = 1.76 × 10−4 rad · s−1 is the angular speed of Jupiter’s rotation, corresponding to a 9.9  
hours period. At Jupiter’s ionospheric reference altitude (≈ RJ) with equatorial magnetic field  
strength BJ, the corotation of the Jovian magnetosphere is implemented by imposing a time- 
stationary corotation potential Φcoro at the ionospheric boundary given by:    

Φcoro = − ΩJ BJ RJ
2 sin(λ),                                                      (3)  

where λ is the magnetic co-latitude, BJ = 4.27 G, RJ = 69911 km. This corotation potential is  
combined with the electrostatic potential Φi solved through Equation (1) in the REMIX module  
and dipole mapped to the inner boundary of the MHD domain:  

Φtotal  =  Φi  +  Φcoro.                                                        (4)  

Then the electric field driving the corotation at the inner boundary is calculated as E = −∇Φ total.  
Figure S3 shows the spatial distribution of the time-stationary Φcoro and a snapshot of Φi at t =  
203.5 hour at the interface of the inner boundary (6 RJ). Note that the peak value of Φcoro is -70967  
kV, while the peak value of Φi is only -643 kV, suggesting that the ionospheric “convection”  
potential is in general much smaller than the corotation potential, which is consistent with previous  
estimations (60). The value of Φi is consistent with the magnetopause reconnection potential,  
which is approximately 586 kV calculated based on the instantaneous electric and magnetic fields.  



 

 

Above 83 degrees MLAT, the peak corotation potential is approximately 6200 kV, which is still  
about one order of magnitude greater than the convection potential. The comparison between the  
corotation potential Φcoro and the ionospheric convection potential Φi shows that the Jovian  
magnetosphere is largely driven by the rotation of the planet, and the solar wind-magnetosphere  
interaction may be a secondary effect when driven by nominal upstream conditions. In the  
simulation driven by steady state east-west IMF conditions, the location of the upward field- 
aligned current, which may be related to the invert-V type of electron precipitation, is related to  
the amount of mass loading and planetary rotation. In the numerical experiment shown in this  
study, the location where the rotation speed drops down to 70% of the local corotation speed, is a  
function of local time and is around 30-35 Rj on average, which is consistent with theoretical  
estimations (13).  

  
B. Determination of the reconnection separatrix  

B.1 The hemispheric-marching method  

Magnetic reconnection occurs on the magnetopause where the incoming IMF have a  
sufficient shear angle relative to the intrinsic magnetic field line of the planetary magnetosphere.  
The reconnected field lines become open which end in the low altitude boundaries of the southern  
and northern hemisphere, respectively. A “reconnection site” at which reconnection takes place is  
surrounded by four magnetic topologies: IMF, closed, open in the south, and open in the north. A  
“reconnection separatrix” is then generated by connecting all the reconnection sites identified  
based on the field topology.  

In the Jovian magnetosphere under steady-state IMF driving without considering the effect  
of dipole tilt, the reconnection separatrix is a continuous curve along the magnetopause, tilted from  
the equatorial plane. In general, the orientation of the separatrix is dependent on the IMF clock  
angle, and the angle of the reconnection separatrix relative to the dipole moment, i.e., the positive  
z-axis in the case of Earth, is half of the IMF clock angle θ defined as atan(Bz/By) (34).  

We use a hemisphere-marching method to identify the reconnection separatrix on the  
simulated Jovian magnetopause (61).The algorithm starts from one magnetic null point and ends  
in the other null point on the other side of the noon-midnight meridional plane. Note that while the  
searching for magnetic null point is not an easy task especially under dynamic IMF conditions, we  
found that except for parallel (southward) IMF driving, the Jovian reconnection separatrix crosses  
the vicinity of the subsolar point regardless of the IMF clock angle θ.  

In the separatrix-tracing algorithm, the starting point is selected on the last closed field line  
that intersects with the equatorial plane at 12 magnetic local time (MLT). Centered at the starting  
point, a dawnward-facing hemispheric surface with a radius of 5 RJ is sliced into a 60×60  
longitude-latitude mesh. Magnetic field lines are traced starting from these 3600 grid points to  
determine the distribution of magnetic topology surrounding the starting point. The one-sided  
hemisphere mesh is chosen such that it guarantees to sample both the magnetosphere and the  
magnetosheath. Based on the magnetic field topology, one block with northern hemispheric open  
field line connections and another block with southern hemispheric open field line connections can  
be identified on the hemisphere surface. The midpoint of the two points from the two blocks is  
regarded as a point right on the reconnection separatrix. This midpoint is used as the center of the  
next hemispheric surface, on which the identification process is repeated. The hemispheric surface  
marches along the magnetopause toward the dawnside until one or both of the open topology  
blocks vanishes. A duskward-facing hemispheric surface is then created for the duskward  
marching, which is complimentary to the first hemispheric surface in the dawnward marching.   

Figure S4 shows the reconnection separatrix along the magnetopause traced using the  
hemisphere-marching technique. It should be pointed out that the separatrix is not in the equatorial  



 

 

plane since the IMF deviates from the east-west orientation. The reconnection potential is  
calculated by integrating the parallel component of the electric field E|| along the reconnection  
separatrix. Using the average electric and magnetic field calculated between Spin 21-23, the  
integral method gives approximately 508 kV as the reconnection potential on the dayside    
magnetopause.     

  
B.2 Possible influence of hot plasma populations   

The current global simulation of the Jovian magnetosphere lacks a non-thermal (hot)  
plasma population in the outer magnetosphere, which is unlikely described by resistive MHD.  
Thus, the simulated stand-off distance of the Jovian magnetosphere (≈ 50 RJ) is lower than values  
from in-situ observations (> 60 RJ), which is determined by the balance between the SW dynamic  
pressure and the magnetic pressure of the Jovian dayside magnetosphere. The implementation of  
such a non-thermal, hot plasma population requires including non-MHD physical treatment, which  
is yet to be developed and has not been implemented in any of the current numerical simulations  
of the global Jovian magnetosphere. The underlying physical processes and numerical experiments  
on adding the non-thermal plasma population in the outer Jovian magnetosphere is a separate topic,  
which will be investigated in follow-up studies. Here we discuss briefly the possible influences of  
the missing hot population on the dayside SW-Magnetosphere interaction based on the balance of  
magnetosheath forces (62).  

If a hot plasma population is included in the simulation, the size of the jovian magnetopause  
increases with a greater stand-off distance and a blunter-shaped magnetopause due to the increased  
total pressure in the outer jovian magnetosphere. If the width of the magnetosheath did not change  
with the inflated magnetosphere (55), the Jovi-effective length in the dayside solar wind is  
expected to increase proportionally as the size of the magnetosphere, resulting in an increase of  
approximately 15−20% in the dayside merging potential. However, since the width of the  
magnetosheath is also proportional to the size of the magnetosphere, the increase in the  
magnetosheath width diverts more solar wind flux, resulting in a decrease in the dayside merging  
potential (63-65). On the other hand, numerical experiments have shown that a blunter  
magnetosphere causes additional diversion of the solar wind flux tubes, which further suspends  
the merging of solar wind flux. As a consequence, the 15 − 20% enhancement in the dayside  
merging potential is possibly an overestimation of the effect from including a hot population. Thus,  
although the hot plasma population has potentially a significant effect on the size of the simulated  
Jovian magnetosphere, its quantitative influence on the dayside merging between the SW and the  
Jovian magnetosphere is possibly less than 10%. Future studies are needed to provide more  
accurate estimations.   

  

C. Instantaneous Magnetic Field Topology  

  
Figure S6 shows the simulated magnetic field topology at the four snapshots shown in  

Figure 3 of the manuscript. It is clear that although the instantaneous field lines are more  
complicated (less smooth) compared to the average field directions, the main parts are consistent  
– e.g., a closed polar cap as shown by the black field lines in the plots. Therefore, although the  
simulated magnetic field topology is highly dynamic, yet it is a relative robust feature of the  
simulation, especially in the polar region where most of the field lines are closed flux tubes at  
different rotation phase.   

  
  

 



 

 

  

Fig. S1. The 3-D view of the stretched spherical grid. The distributions of the grid cells are  
shown in the equatorial and meridional planes. The grid resolution showing contains 64´64´64  
computation cells while the actual calculation uses 256´256´256 (radial´meridional´ azimuthal)  
cells in the spherical coordinates.   

  
Fig. S2. The spatial distribution of Io number density at the low-altitude (6 RJ) boundary of  
the simulation domain. A) t=0; B) t = 100 hour (spin 11) and C) t = 200 hour (spin 22)  



 

 

 
 

Fig. S3. Average radial distribution of mass per meter calculated in the simulation. The black 
curve is derived from the simulation, compared with the red curve from empirical results in (33). 
 
 

 

Fig. S4. The A) corotation potential versus B) convection potential at t = 203.5 hour. 
 



 

 

  

Figure. S5. The magnetic reconnection separatrix (black). Viewing from the A) north, C) the  
dawnside, and D) the Sun. The corresponding three-dimensional view is shown in panel B). The blue  
(red) field lines have ionospheric footprints in the northern (southern) hemisphere. The magenta points  
indicate the terminations of the magnetopause reconnection separatrix.  

 
 



 

 

 

Fig. S6. Instantaneous magnetic field lines derived from different phase of the simulated jovian 
spin 21. A) spin = 21.2, B) spin = 21.4, C) spin = 21.6 and D) spin = 21.8. The ionospheric footpoint 
of the field lines are shown in the middle panel of the figure.�
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