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Abstract we have developed a new global magnetohydrodynamic (MHD) model for Jupiter's
magnetosphere based on the BATSRUS code and an ionospheric electrodynamics solver. Our model
includes the Io plasma torus at its appropriate location and couples the global magnetosphere with the
planetary ionosphere through field-aligned currents. Through comparisons with available particle and field
observations as well as empirical models, we show that the model captures the overall configuration of the
magnetosphere reasonably well. In order to understand how the magnetosphere responds to different solar
wind drivers, we have carried out time-dependent simulations using various kinds of upstream conditions,
such as a forward shock and a rotation in the interplanetary magnetic field (IMF). Our model predicts that
compression of the magnetosphere by a forward shock of typical strength generally weakens the corotation
enforcement currents on the dayside and produces an enhancement on the nightside. However, the global
response varies depending on the IMF orientation. A forward shock with a typical Parker-spiral IMF
configuration has a larger impact on the magnetospheric configuration and large-scale current systems
than with a parallel IMF configuration. Plasmoids are found to form in the simulation due to tail
reconnection and have complex magnetic topology, as they evolve and propagate down tail. For a fixed mass
input rate in the Io plasma torus, the frequency of plasmoid occurrence in our simulation is found to vary
depending on the upstream solar wind driving.

1. Introduction

The gas giants, Jupiter and Saturn, both possess a strong internal magnetic field like Earth, but the relatively
fast planetary rotation and the presence of significant internal sources of plasma lead to vastly different mag-
netospheric configurations and dynamics compared to the terrestrial magnetosphere (Khurana et al., 2004;
Krupp et al., 2004, and references therein). The internal sources of plasma at the giant planets are supplied
predominantly by their moons, Io at Jupiter (Bolton et al., 2015, and references therein) and Enceladus at
Saturn (Blanc et al., 2015, and references therein). In particular at Jupiter, through ionization of its volcani-
cally erupted neutral particles, Io supplies heavy ions at a rate of ~250-1,000 kg/s to the magnetosphere
(Bagenal & Delamere, 2011). This leads to a high-density plasma sheet that is forced to corotate with the
planet to large radial extents (~20-30 Ry) by the corotation enforcement current system composed of radial
currents in the equatorial plane, field-aligned currents that couple the magnetosphere to the ionosphere and
Pedersen currents in the ionosphere (Cowley et al., 2003; Cowley & Bunce, 2001; Hill, 1979, 1980, 2001;
Vasyliunas, 1983). In studying the complex spatial form and temporal variability of Jovian aurora, it is typi-
cally subdivided into three components—main emission (oval), polar emissions, and equatorward emis-
sions. The main oval of the Jovian aurora is thought to be at the location in the ionosphere where upward
field-aligned currents associated with the corotation enforcement current system are present (Cowley &
Bunce, 2001; Hill, 2001; Southwood & Kivelson, 2001). Theoretical models have predicted that a compres-
sion of the magnetosphere due to an increase in solar wind dynamic pressure would lead to a reduction of
the main auroral oval intensity on the dayside (Cowley & Bunce, 2003; Cowley & Nichols, 2007;
Southwood & Kivelson, 2001). Subcorotating plasma in the dayside equatorial magnetosphere would speed
up in the azimuthal direction as the magnetosphere is compressed due to conservation of angular momen-
tum, thereby decreasing the strength of the corotation enforcement current at this location, which in turn
would dim the Jovian main aurora. Using a global magnetohydrodynamic (MHD) model, Chané et al.
(2017) found that while the nightside/flank currents in the ionosphere are enhanced due to a simulated for-
ward shock, the dayside currents are weakened, which is consistent with the previous theoretical prediction.
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Although the Jovian ultraviolet (UV) aurora is well structured and always present, remote observations
made by the Hubble Space Telescope (HST) and Hisaki/EXCEED observations of the Jovian UV aurora have
shown that its intensity is highly variable and is often correlated with the dynamic pressure of the upstream
solar wind (Clarke et al., 2009; Kimura et al., 2015, 2018; Kita et al., 2016; Nichols et al., 2007, 2017). Due to
lack of a dedicated solar wind monitor at Jupiter, identifying the correlation between changes in the auroral
emissions and upstream parameters typically requires a numerical model, typically a 1-D MHD model (Tao
et al., 2005; Zieger & Hansen, 2008), to propagate the solar wind from 1 AU to Jupiter's orbit, which is subject
to timing errors due to assumptions made in the model and the orbital geometry/alignment of Jupiter rela-
tive to available solar wind monitors at 1 AU. Exceptions to this situation include Cassini's flyby of Jupiter
and Juno's approach orbit, during which in situ measurements of the solar wind and remote observations
of the Jovian aurora could be made simultaneously (Gurnett et al., 2002; Nichols et al., 2007, 2017).
Gurnett et al. (2002) report an event where Cassini observed an interplanetary shock a few hours prior to
a large increase in UV emission intensity from Jupiter. Recently, Nichols et al. (2017) report observations
made by HST during Juno's approach to Jupiter, during which the Juno spacecraft detected a large increase
in solar wind dynamic pressure (Wilson et al., 2018), which resulted in intensification of the main emission
in UV, observed by both HST and the Hisaki spacecraft (Kimura et al., 2017).

Intensities of the polar emissions are comparable to those of the main emission (Grodent et al., 2003); how-
ever, unlike the main emission, they do not have a steady morphology and are highly variable. UV observa-
tions made by HST have shown that the polar aurora contains highly dynamic regions with different
repeating patterns such as “swirls” (in the swirl-region), “arcs,” and “patches” (in the dusk active region)
and occasional “filaments” (Bonfond et al., 2017; Grodent, 2015; Grodent et al., 2003; Nichols et al., 2009).
Due to the complex rotationally driven dynamics of the Jovian magnetosphere (Vasyliunas, 1983), it is
unclear how much open flux is typically present in the Jovian polar regions, and which features of the polar
aurorae map to open field lines in the solar wind as opposed to processes in the outer magnetosphere or
magnetotail (Cowley et al., 2003). Some models argue that Jupiter's magnetosphere is largely closed
(McComas & Bagenal, 2007), since the reconnected field lines may undergo successive reconnection during
the time it takes to travel through the magnetosphere, while other studies predict that Jupiter's magneto-
sphere does contain appreciable amount of open flux (Cowley et al., 2008; Masters, 2017; Vogt et al., 2011)
and that the Dungey cycle (Dungey, 1961) and the Vasyliunas cycle coexist to influence the structure and
dynamics of Jupiter's magnetosphere.

Global MHD models provide a useful tool for investigating these large-scale magnetospheric phenomena
and can help answer those questions related to magnetospheric configuration discussed above. Many
attempts to model Jupiter's magnetosphere have been made trending toward increasing degree of complex-
ity—starting from Miyoshi and Kusano (1997), followed by the MHD model of Ogino et al. (1998), which was
used in multiple studies to model the Jovian bow shock and magnetopause (Joy et al., 2002) and to study
magnetospheric currents and the solar wind-magnetosphere interaction (Walker et al., 2001). Fukazawa
et al. (2006) improved upon the model of Ogino et al. (1998) and investigated the dynamics of the magneto-
sphere such as the location, frequency of occurrence and characteristics of tail reconnection and plasmoid
formation (Fukazawa et al., 2010). Moriguchi et al. (2008) studied magnetospheric currents using their glo-
bal MHD model. Chané et al. (2013) developed an MHD model and used it to study the influence of mass
loading due to Io on the magnetosphere. In subsequent studies, Chané et al. (2017, 2018) investigated the
response of the magnetosphere to changes in the solar wind (specifically increases in solar wind dynamic
pressure) and its influence on field-aligned currents in the ionosphere, which is directly relevant to this
study. Recently, Wang et al. (2018) have also developed an MHD model for Jupiter's magnetosphere.
However, placing the inner boundary of the MHD simulation nearer to the planet increases the computa-
tional cost, forcing MHD models to either place the mass loading sources at an unrealistic location well out-
side the orbit of Io or neglect mass loading altogether and introduce mass loading using a prescribed
boundary condition at the inner boundary.

In this work we introduce a new MHD model for Jupiter's magnetosphere based on the BATSRUS MHD
code (Powell et al., 1999; Gombosi et al., 2002), which is coupled to the Ridley ionosphere Poisson solver
(Ridley et al., 2004). Unlike previous MHD models, our model includes mass loading due to Io in a self-
consistent manner at the right location. Using the MHD model, we investigate in detail the time-dependent
global response of the Jovian magnetosphere to different types of solar wind disturbances, such as
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interplanetary shocks and the rotation of the interplanetary magnetic field (IMF). We analyze the response
of the corotation enforcement current system to these upstream changes. Through our model we also iden-
tify closed and open field line regions in the northern hemisphere and southern hemisphere of Jupiter to
understand the magnetic topology associated with the release of plasmoids and other dynamical processes.

In section 2 we describe the basics of global MHD model and highlight the important features that make this
model well suited for simulating Jupiter's magnetosphere. In section 3 we provide validation of the MHD
model by comparing simulation results with available in situ observations. In section 4 we present results
from different simulations in which the upstream parameters are varied in order to investigate the response
of the magnetosphere and current systems to changes in the external conditions, whereas in section 5 we
show the corresponding response in the ionosphere. Section 6 shows an analysis of the variation of the open
flux and reconnection-driven dynamics in the Jovian magnetosphere.

2. Model Description

Our MHD model for Jupiter's magnetosphere utilizes the Space Weather Modeling Framework (SWMF)
developed at the University of Michigan (To6th et al., 2012) and is an extension of the model used by
Hansen (2001). Two modules of the SWMF are used—a magnetospheric solver that employs BATSRUS
(Gombosi et al., 2002; Powell et al., 1999), and a Poisson solver for the ionospheric electrodynamics (IE;
Ridley et al., 2004), and the two modules are two-way coupled through the SWMF. In this work we use
the single-fluid, semirelativistic version of BATSRUS, which solves the ideal MHD equations using a
finite-volume approach. Details about the implementation of BATSRUS and the equations solved in this
study can be found in Gombosi et al. (2002) and Téth et al. (2012). The maximum wave speed allowable
by the semirelativistic equations is the speed of light (Gombosi et al., 2002); however, we employ the Boris
correction that artificially decreases this speed by a factor of 0.1 to allow for larger time steps (T6th et al.,
2011). Two-way coupling between BATSRUS and the IE solver is achieved in the following manner.
Field-aligned currents from the magnetosphere are collected at a prescribed radial distance of 3 Ry (Ry =
71,492 km is Jupiter's mean radius) and are mapped to the surface of the planet assuming that the magnetic
field between 1 and 3 Ry is dipolar. At the surface, a Poisson solver is used to solve Ohm's law for a given dis-
tribution of ionospheric conductance. In the present work, we assume a uniform Pedersen conductance of
0.05 S, which is on the lower end of previous estimates (0.1-10 S by Strobel & Atreya, 1983, and Nichols &
Cowley, 2003) and set the Hall conductance to 0. The perturbation electric field obtained from the IE module
is added to the corotational electric field, and the total electric field is then used to prescribe the plasma velo-
city at the inner boundary of the MHD domain at 2.5 R;. A detailed discussion of how this coupling is
achieved is given by Ridley et al. (2004) in the context of the terrestrial magnetosphere and by IJia,
Hansen, et al., 2012; Jia, Kivelson, et al., 2012) in application to Saturn's magnetosphere. The planetary mag-
netic field currently used in our model is an axisymmetric dipole with an equatorial surface field strength of
428,000 nT, and the rotation period of the planet is set to be 9.9 hr.

Our three-dimensional magnetospheric simulation domain spans a spherical region of 1,800 Ry centered at
Jupiter, along with a planar cut at X = +192 Ry that serves as the upstream boundary (Figure 1). The radial
spacing between the grid cells increases in a logarithmic manner allowing for finer cells placed in regions
close to the planet. The simulation domain is subdivided into a number of blocks (Powell et al., 1999), which
can be refined independently to obtain the desired grid resolution in regions of interest, such as the equator-
ial magnetosphere, the magnetopause boundary, and the magnetotail. Although BATSRUS allows for
physics criteria-based adaptive grid refinements (Téth et al., 2012), in our simulations the refinements are
prescribed initially and are fixed. The spherical inner boundary of our simulation domain is located at 2.5
Rj, which then allows us to include the Io plasma torus centered at ~5.9 R; at the appropriate location.
We specifically chose to refine a torus-like region near Io's orbit for accurately modeling the mass loading
processes occurring in the Io plasma torus. The smallest radial grid spacing is ~0.06 R, which is present
in the Io plasma torus. Figure 1 shows our simulation grid with contours of simulated plasma density shown
in the background for context. The relatively coarse grids near the polar regions of the planet were chosen to
allow for larger time steps in order to increase the speed of the simulation, as these regions contain strong
magnetic fields and thus high wave speeds as well as small grid cells due to the convergence of the spherical
grid near the Z axis.
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Figure 1. A global view of our Jupiter global magnetohydrodynamic model. Color contours of modeled plasma density
are shown in the equatorial and noon-midnight meridional planes. The blue isosurface around Io's orbit at ~5.9 Ry
shows the plasma torus included in the model. The inset shows the high-resolution spherical grid adopted to resolve the
mass loading processes in the Io plasma torus.

All MHD variables at the upstream boundary at x = 192 Ry are prescribed on account of the super-Alfvénic
and supersonic flow, whereas floating boundary conditions that set zero gradients for all MHD variations are
applied at the outer boundary in the downstream direction (located at —1,800 R;). At the inner boundary at
2.5 Ry, we fixed the plasma density at 50 amu/cm® and set the magnetic field and plasma pressure to float.
Using the electrostatic potential calculated by the IE Poisson solver, we calculate the electric field at the
inner boundary. The E X B velocity thus obtained is added to the corotation velocity (v = — w X r) at the
inner boundary.

The fluxes at cell interfaces used in the finite-volume method are calculated using a second-order accurate
implementation of Linde's HLL scheme (Linde, 2002). To achieve computational speeds feasible for running
long-duration simulations, we employ a hybrid time-stepping scheme. Explicit time-stepping methods are
subject to the Courant-Friedrichs-Lewy criterion that imposes a stringent constraint on the allowable time
step, which may become rather small in regions of high wave speeds, such as the polar region near the
planet. Implicit time-stepping schemes are unconditionally stable and therefore allow larger time steps
but involve matrix inversion, which can be computationally expensive for large systems. To combine the
strengths of these two methods, we use a “explicit/implicit” time-stepping algorithm developed by Té6th
et al. (2006). Since our domain is divided into grid blocks, with each block containing 6 X 8 x 8 cells, this
algorithm allows for each block to be solved using either explicit or implicit time stepping for a prescribed
value of the computational time step. Blocks in which all cells abide by the Courant-Friedrichs-Lewy criterion
defined for the time step are solved using explicit time stepping. In total, our finite-volume grid contains
approximately 19 million cells, and with a 20-s time step our global model can achieve almost real-time per-
formance using ~2,000 cores on National Aeronautics and Space Administration's supercomputer Pleiades.

In order to accurately model Jupiter's magnetosphere, it is necessary to include the contribution of plasma by
its moons, especially Io. Io provides the largest internal source of plasma to Jupiter's magnetosphere,
estimated to add ~250 kg/s to 1 ton/s of plasma (Bagenal & Delamere, 2011). In our model, we include
contributions due to ionization and charge-exchange in the form of source terms in the mass, momentum,
and energy equations. Electron recombination is assumed to be a minor process and, therefore, neglected in
the present simulations. We use a prescribed neutral torus centered at Io's orbital radius of 5.9 Ry according
to the following form. The neutral distribution used for the Io torus is a modified form of the one obtained by
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Schreier et al. (1998) and an exponential falloff with latitude is considered. We use the following expression
to calculate the neutral number density (n,, [ecm™]) ata spatial location (ry, = \/X? + )2, 2) R;.

60x exp( =11 <5.71
P\ 70,2067 s
2
-7 —7y + 5.685 ‘
Ny (i, 2) = Nipo €Xp (H—?)x 60X exp (W ;5.71<ry<5.875
- 5.9455
19.9x exp o F>94 ;1y>5.875
0.0531r, + 0.5586

where the scale height is chosen to be Hy = ry, tan™'2.5°. New ions are produced from the above neutral dis-
tribution by multiplying with a constant ionization rate and collision cross section based on the following
expression for the net plasma production rate per unit volume (units of kg-m™>-s™%):

‘Kj =16 mpn,,Ci

Here C; is the ionization rate (specified to 10~*s™! in our simulations) and 16 amu is taken to be the average
mass of the heavy ions present in Jupiter's magnetosphere. With this information, we construct the source

term S for the mass continuity, momentum, total energy and thermal energy equations (Hansen, 2001):

SP =0 —CQrecf
SPUx = (/j_ccxp)unx_(ccx + Ocrec)pux
SPUy = (p_CCXP)uny_(CCx + arec)Puy
SPUz = _(ch + arec)Puz
1, . 5, 1 3 3
Sg = E(P + chp)un—ipu (Cox—0trec) + P+ Eccxp

1,. 2 3
Sp = E(P + chp) |7_i>n} _Earecp

where Cey = p —n,0| W —W,| is the charge-exchange rate, u, is the Keplerian velocity of neutral particles
orbiting Jupiter, and a,.. is the recombination rate, which is set to 0 in our current work.

As described above, the ion production rate in our simulation is a controlled parameter depending on the
neutral profile, ionization rate, and collision cross section. In the present work, we set the total ion produc-
tion rate of ~1 ton/s. Figure 2 shows a contour plot in the meridional plane of the mass loading profile used.
It is important to note that our approach of modeling the Io plasma torus is very different from those
adopted by the previous Jupiter global MHD models. For instance, the Miyoshi and Kusano (1997) MHD
model had its inner boundary at 30 R;. The inner boundary of the MHD model by Ogino et al. (1998)
and Fukazawa et al. (2005), Fukazawa et al., (2006, 2010) lied at 15 Ry, while the Moriguchi et al. (2008)
model had its inner boundary at 8 R;. The recent MHD model by Chané et al. (2013, 2017) used an extended
ionospheric region spanning from 4.5 to 8.5 Ry and placed the Io torus at an unrealistic location of 10 R;. In
their recent model, Wang et al. (2018) also chose to place the Io torus at 10 R; for the same reasons. Our
model is the first global MHD model which models mass loading due to Io in a self-consistent manner at
the right location.

We note that the global simulations presented here are based on an ideal MHD model, which does not
capture nonideal MHD processes, such as energy-dependent particle drifts, temperature anisotropy, and
kinetic physics involved in magnetic reconnection. While no simulation can fully model the complexity of
a planetary magnetosphere, extensive prior work has demonstrated that MHD models generally can provide
a reasonably good representation of the global structure of a planetary magnetosphere whose size is much
larger than the characteristic ion spatial scales, which is the case for Jupiter. This is true, because while mag-
netic reconnection occurs due to numerical resistivity in the model, it generally occurs at the right location
where the current sheets carry strong currents (numerically represented by a jump in the magnetic field) and
approximately with the correct reconnection rate that is some fraction ~0.1 of the Alfvén speed (the numer-
ical diffusion term is proportional with the local maximum wave speed); therefore, the global solution is
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expected to be approximately right. The main goal of this study is to inves-
lonization Rate [amu/cmA3/s]
§’é§gggg; tigate the large-scale response of Jupiter's coupled magnetosphere-

O orahats ionosphere system to solar wind drivers, for which an MHD model is a
0.01
suitable tool.

3. Magnetospheric Configuration and
Model Validation

To create the magnetosphere, we use steady solar wind conditions with a
southward (negative B;) IMF (values are given in column 1 of Table 1) to

r_XY [R] minimize reconnection at the start of the simulation. We speed up the

creation of the magnetosphere by using local time stepping (Téth et al.,

Figure 2. Contour plot showing the distribution of the ionization rate  7012) for 50,000 iterations and then switch to time-accurate mode for

(centered at Io's orbital location of 5.9 Ry) in the XZ plane used in our
simulation. The black disk represents Jupiter, and the white disk shows the

simulation inner boundary at 2.5 Rj.

Table 1

150 hr to produce a quasi-steady state magnetosphere. All simulations
presented in this paper have been started either from this point or a later
time step. Because of the large system size and long time scales involved in
Jupiter's global magnetosphere, it appears necessary to adopt the proce-
dure described above in order to ensure that simulation results shown and discussed here are not from a
period dominated by the initial transients.

Following the procedure described above, we have conducted a series of global simulations with different
sets of upstream conditions given in Table 1. In this work, we are interested in understanding how the global
magnetospheric configuration varies depending on the solar wind and IMF conditions. Therefore, we first
run the simulation using fixed nominal solar wind parameters but with two different IMF orientations:
Run 1 with a purely southward (parallel to Jupiter's magnetospheric field) IMF to minimize effects of day-
side magnetopause reconnection and Run 3, with the IMF in east-west direction representative of the typical
Parker spiral configuration at Jupiter. For each of the two IMF orientations, we perform two additional
simulations (Runs 2 and 4) in which we introduce a solar wind dynamic pressure enhancement to study
the response of Jupiter's magnetosphere to impact of interplanetary shocks.

To validate our global simulation model, we first present a set of comparisons of our MHD model results
with available empirical models and in situ measurements. Figure 3 shows a snapshot of the magnetospheric
configuration in the equatorial (XY) plane extracted from the simulation using fixed nominal solar wind con-
ditions and a southward IMF (Run 1 in Table 1) after it has reached quasi-steady state. Results are presented
in a Jupiter-centered Cartesian coordinate system, where X points toward the Sun, Z is the magnetic and
rotational axis (since dipole tilt is ignored), and Y completes the right-handed coordinate system. The colors
show contours of plasma density in logarithmic scale. The magenta points in the equatorial plane are the
extracted equatorial footprints of the last closed field lines, which, on the dayside, correspond to the magne-
topause in our model. The bow shock in our model can be readily identified as the separatrix between the
unperturbed solar wind and the magnetosheath containing high-density plasmas. Also plotted are the 25%
and 75% probability curves from the Joy et al. (2002) magnetopause and bow shock models assuming the

Upstream Solar Wind and IMF Conditions Used for the Simulations

Run 2 Dynamic

pressure enhancement Run 4 Dynamic
Run 1 No change in initial with southward IMF Run 3 IMF turning from pressure enhancement
conditions (continued (continued midway southward to Parker-spiral with Parker-spiral IMF
from steady state) from Run 1) (continued midway from Run 1) (continued from Run 3)
Duration of Simulation (hours) 400 100 150 100
n(cm™) 02 0.2 — 0.5463 0.2 0.2 — 0.5463
B (nT) (0,0, —1) (0, 0, —1) — (0, 0, —2.82) (, 0, 1) = (0, 1, 0) (0, 1, 0) — (0, 2.82, 0)
u (km/s) (—400, 0, 0) (—400, 0, 0) — (—532.47,0,0) (—400, 0, 0) (=400, 0, 0) — (—=532.47, 0, 0)
Dynamic pressure (nPa) 0.053 0.053—0.258 0.053 0.053—0.258

Note. IMF = interplanetary magnetic field.
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P i) same upstream solar wind pressure as used in our simulation. The com-

171.046

25072 parison shows that the modeled magnetopause and bow shock fall well
0.6431

o1 within the ranges predicted by the Joy et al. empirical model. It is, how-
ever, worth noting that while the modeled magnetospheric boundaries,
in general, have a good agreement with observations, the size of the mag-
netosphere is slightly underestimated, due in part to absence of energetic
particle pressure in our MHD model.

As another step in our model validation, we compare in Figure 4 the radial
distribution of simulated plasma parameters with available in situ obser-
vations. In analyzing our simulation output, it became clear to us that
the magnetosphere exhibits strong local time asymmetries and temporal
variabilities. Therefore, in order to obtain a fair comparison with satellite
data, which were collected in different local time sectors and in different
. oy et al. (2002) magnetospheric states, we extracted simulation outputs in different local
[} Bovi-shock (25%, 75%) time meridians (LT = 0, 6, 12, and 18) and also from different time steps

100 that cover both the southward (Run 1) and spiral IMF (Run 3) cases.
Figure 4a shows the time-averaged radial profiles of the simulated plasma

Figure 3. Density contours are shown in log scale for the equatorial plane. density in the central plasma sheet (blue/cyan curves), in comparison
Overlaid are the 25-75% probability lines from the Joy et al. (2002) with a compilation of density profiles obtained from previous missions
magnetopause and bow shock model, shown by dashed lines (yellow = (adapted from Bagenal & Delamere, 2011). The density in the inner mag-

magnetopause and orange = bow shock). Also shown in magenta are the
equatorial crossings of the last closed field line, which corresponds to the
magnetopause on the dayside (for x > 0).

netosphere (inside ~10 R;) are significantly underestimated in our simula-
tion, whereas it matches the observations in the middle and outer
magnetosphere (>10 R;j) generally well. Several factors may contribute
to the discrepancy seen in the inner magnetosphere. For instance, the grid resolution in the torus region,
albeit relatively fine, may not be high enough to resolve the small scale height associated with the torus.
Moreover, plasma pressure is assumed to be isotropic in our ideal MHD model, but anisotropies in plasma
pressure may develop in regions where ion pickup occurs, for example, in the torus. Pressure anisotropies
(P, > Py) would cause the plasma to be more confined to the centrifugal equator (e.g., as discussed by
Dougherty et al., 2017). However, because of the isotropic pressure assumption in our current ideal MHD
model, the modeled plasma sheet in the inner magnetosphere is thicker than observed, which contributes
to the underpredicted densities near the equator as shown in Figure 4a.

Figure 4c shows a comparison of our modeled plasma pressure with the Galileo Plasma Science (PLS) mea-
surements (Frank et al., 2002). Again, our model predicts lower pressures than observed in the inner mag-
netosphere, because of the lower densities discussed above. Nevertheless, the modeled pressure has a
satisfactory agreement with the observations in the middle and outer magnetosphere (>~15 Ry). Figure 4d
compares our modeled plasma 8 with Galileo observations (Mauk et al., 2004). The observations show that
the plasma f is <1 in the inner magnetosphere and >1 in the middle/outer magnetosphere, and it crosses
unity around 15 R;. Our model results show a very similar general trend, although our modeled plasma 3
tends to be lower than the observations due to the underestimation of density and absence of energetic par-
ticle pressure. However, in the middle and outer magnetosphere, our simulated 8 appears to have a good
agreement with the observations, especially in the nightside region. Our model also suggests that there is
a considerable variability in the plasma 8 among different local time sectors (largest near the midnight sector
and smallest near noon sector), which is important to consider when it comes to model-data comparison.

Figure 4b presents a validation of the plasma azimuthal velocity. The radial profile of the azimuthal velocity
provides important constraints on models of plasma transport and magnetosphere-ionosphere coupling, as
demonstrated by a number of previous studies (e.g., Cowley & Bunce, 2001; Hill, 1979, 1980; Nichols, 2011;
Nichols & Cowley, 2004; Pontius, 1997). The observations show that the plasma flow starts to deviate signif-
icantly from rigid corotation around 20 Rj, where the corotation enforcement currents start to develop (e.g.,
Cowley & Bunce, 2001; Hill, 2001). In comparison, our modeled flow profiles show a very similar behavior in
that the corotation breakdown occurs at about 15-20 Ry, in general agreement with the observations. The
simulated azimuthal flows in all local time sectors are subcorotating outside of ~20 Ry, with a strong depen-
dence on local time varying between 150 and 210 km/s at ~30 R;, which may account for the relatively large
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Figure 4. Comparisons of the plasma parameters between our global MHD model and observations. In each panel, there are four traces extracted from the
MHD model representing the radial profiles at four different local times (LT = 00, 06, 12, 18). (a) Plasma density. The compilation of density profiles based on
Voyager and Galileo measurements is adapted from Bagenal and Delamere (2011). (b) Plasma azimuthal velocity (V). Voyager 1 and Voyager 2 PLS data are shown
as black and red dots (with error bars; adapted from Dougherty et al., 2017). The black curve shows the rigid corotation speed for reference. (c) Plasma thermal
pressure. The circles show the plasma pressures measured by Galileo PLS, while the black solid and dashed curves show fits to the data (adapted from Frank et al.,
2002). (d) Plasma . The red symbols and lines show the 8 that only includes Galileo EPD-measured energetic particle pressure contribution, whereas the green
symbols and lines show the total 8 when both EPD and PLS measured pressures are included (adapted from Mauk et al., 2004). EPD = energetic particles detector;
MHD = magnetohydrodynamic; GLL-PLS = Galileo Plasma Science Investigation.

scattering of the measured flow velocities in this region. One feature in the observations that is not captured
by our model is the deviation of the plasma flow from rigid corotation between ~9 and 15 R;. Plasma
subcororation in this region so deep inside the magnetosphere was not predicted in the previous
theoretical and numerical models. The physical cause of this behavior remains unidentified at present,
and requires further investigation.

In addition to the plasma parameters, we also compare our simulated magnetic field with observations. As
an example, Figure 5 presents a comparison of the magnetic field component normal to the current sheet
(Bn) to the data collected by previous missions, including Pioneer, Voyager, Ulysses, and Galileo (Vogt
et al., 2011). This data set was the basis of the magnetic field model (fits to the data shown as blue curves
in the figure) developed by Vogt et al. (2011) that allows to map regions in the magnetosphere to the iono-
sphere. The observational data were shown in different local time bins; thus, we extracted our model results
from the same local time sectors correspondingly. Since there are time-varying structures formed in our
simulation even under steady upstream conditions, we show both the time-averaged radial profiles and
the range of By seen in our simulation. Overall, our model result follows the trends of the By variation quite
well in all local time sectors compared. Comparing the ranges of our modeled By with the data also shows
that much of the scattering in the data could potentially be attributed to temporal variations of the magneto-
sphere and/or changes due to external conditions. Moreover, our model captures very well the observed local
time asymmetry in By (weak on the dawnside and strong on the duskside), indicative of the different thick-
nesses of the current sheet between dawn and dusk that have been identified previously (e.g., Khurana &
Schwarzl, 2005; Kivelson & Khurana, 2002).
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Figure 5. In each panel, the black dots show observations of the magnetic field component (By) normal to the current sheet, and the blue solid and dashed lines
show fits to the data (adapted from Vogt et al., 2011). The red line in each panel represents the average radial profile of By output from our magnetohydrodynamic
(MHD) simulation in the same local time sector as the data were collected, and the grey bars in the background show the range of values seen at different

simulation times in our global model.

4. Response of the Magnetosphere to Variations of the Upstream Conditions

After creating the quasi-steady state magnetosphere using a purely southward IMF, we continue the simula-
tion in time-accurate mode and perform four simulation runs using the following sets of upstream input:

Run 1: No change—continued run with fixed southward B and steady solar wind

Run 2: Introduce a dynamic pressure enhancement (forward shock) under southward IMF
Run 3: Turn the IMF from a purely southward (Bz) to Parker-spiral like (By > 0).

Run 4: Introduce a dynamic pressure enhancement (forward shock) under Parker spiral IMF

Two configurations of the magnetosphere were first created: Run 1 for a closed magnetosphere a
parallel/southward IMF and Run 3 for an open magnetosphere with a Parker spiral IMF. After the comple-
tion of Runs 1 and 3, upstream solar wind conditions were changed to simulate a dynamic pressure enhance-
ment similar to that expected for an interplanetary forward shock (Runs 2 and 4). Solar wind plasma
properties and magnetic field magnitude between Runs 1 and 3 were kept the same, that is, same mass den-
sity, velocity, and thus dynamic pressure. Likewise, the plasma properties and magnetic field magnitude of
the shocked solar wind in Runs 2 and 4 were kept the same, with the only difference being the IMF clock
angle. We designed these simulations specifically for understanding the influence of the solar wind dynamic
pressure enhancement on Jupiter's magnetosphere under two different states: a closed magnetosphere with
minimal impact from dayside reconnection and an open magnetosphere with dayside reconnection expected
between the Parker spiral like IMF and the magnetospheric field.

In Figure 6 we show the response of the magnetosphere from these four runs. Plotted in the left and right
columns are contours of plasma mass density (log scale) in the meridional plane and equatorial plane,

SARKANGO ET AL.

5325



Journal of Geophysical Research: Space Physics 10.1029/2019JA026787

Run1
Southward

Run 2
Forward 100
shock with

Southward Bz

Run3
Parker spiral 0
IMF

Run 4
Forward shock
with Parker
spiral IMF

Rho [amu/cm”3]
1100
171.046
26.5972 100
4.13578
0.6431 .
0.1 %00 ’ X C : X[R] 0

Figure 6. The magnetospheric response to each of the solar wind conditions tabulated in Table 1 at a representative
instance in time. The left column shows plasma density contours and projections of magnetic field lines in the meridio-
nal plane, whereas the right column shows plasma density contours in the equatorial plane and the equatorial
footprints of the last closed field lines (in magenta). IMF = interplanetary magnetic field.

respectively, along with the equatorial footprints of the last closed field lines in a similar format as used for
Figure 3. In the meridional (Y = 0) plane, we also superimpose magnetic field lines in white that illustrate
the disk-like configuration in the inner and middle magnetosphere, which is indicative of the presence of
a strong current sheet and departure of the magnetospheric field from dipolar configuration, which is
qualitatively consistent with in situ magnetic field measurements (e.g., Khurana, 2001).

4.1. Magnetospheric Response to IMF Rotation (Run 3: From Southward B to Spiral IMF With
By > 0)

When the IMF is turned from parallel to a spiral configuration, the magnetic shear across the dayside mag-
netopause increases such that magnetic reconnection occurs at the dayside magnetopause in the simulation
resulting in the twisted dayside magnetic field lines as shown Figure 6, row 3. On the nightside, the
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Figure 7. The 3-D magnetopause surface extracted from our model (Run
#4) by identifying the separatrix between closed and open field lines on

equatorial footprints of the last closed field lines provide a good proxy for
J:\; the reconnection X-line, and we find that after turning the IMF to the
Y Parker-spiral configuration, the tail X-line moves planetward. The tail
X-line location also exhibits a dawn-dusk asymmetry, being located
further from the planet on the duskside and closer to the planet on the
dawnside, consistent with that inferred from observations (Vogt et al.,
2010, 2014; Woch et al., 2002). In addition to the planetward shift of the
tail X-line, turning the IMF also adds open magnetic flux to the magneto-
tail lobes, which can also be seen in later plots (Figure 6) where we show
the open flux in the ionosphere, and the consequence of the addition of
open field lines will be discussed in later sections. As open field lines are
added to the tail lobes, the tail magnetic field becomes more stretched
with a strong Bx component, in contrast to the dipolar configuration
under parallel IMF conditions (Run 1 as shown in row 1 of Figure 6).
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4.2. Magnetospheric Response to Dynamic Pressure Enhancement
(Runs 2 and 4)

7
Reconnection Site

The forward shock introduced in Runs 2 and 4 corresponds to a dynamic
pressure enhancement of a factor of ~5 (from 0.053 to 0.258 nPa) with the
plasma properties upstream and downstream of the shock taken such that

the dayside (06-18 LT), projected onto the YZ plane. The surface is colored ~ the Rankine-Hugoniot shock relations are satisfied. For Run 2 where the
by the plasma flow speed. Also plotted are 3-D magnetic field lines, which ~ IMF is maintained in the parallel orientation that results in a closed mag-
are colored magenta. Reversal of By, highly kinked field lines are observed at netosphere, compression by the introduced forward shock causes the bow

high latitudes—in the northern hemisphere on the dawnside (in the —Y
direction) and in the southern hemisphere on the duskside (in the +Y

shock to move from ~80 to ~60 Ry at the subsolar point, whereas the sub-

direction). The 3-D surface shown spans [—50, 50] Ry in the Y direction, solar magnetopause moves from ~60 to ~40 R;. In the case of an open mag-
[—35, 35] Ry in the Z direction and [0, 40] Ry in the X direction. The time netosphere (Run 4 where the IMF is in the spiral configuration), the bow

corresponding to this image is 390 hr, by which time the magnetosphere and  shock moves from ~75 to ~50 R, whereas the magnetopause moves pla-

the open-closed boundary has reached a quasi-steady state. IMF = inter-

planetary magnetic field.

netward from ~50 to ~40 Ry at the subsolar point in response to the shock
of the same magnitude as in Run 2. The compression due to the forward
shock shrinks the magnetosphere in all directions, including the lobes
and magnetospheric flanks. In both cases of the closed and open magnetosphere, the last closed field lines
move planetward on the nightside. Run 4 shows the location of the X-line for the shocked Parker-spiral
IMF, and it lies between 50 and 70 Ry near midnight. Near the magnetopause flanks, the last closed field lines
lie at a distance of ~100 R; from the planet. This creates a peculiar configuration of the magnetotail where the
closed field lines extend to larger distances on the flanks than in the midnight sector, similar to that pre-
dicted for Saturn by Jia, Hansen, et al. (2012).

For the Parker-spiral IMF configuration used in our simulation, reconnection is found to occur primarily on
the magnetopause at relatively high latitudes (at ~50° latitude) where the strongest magnetic shear is pre-
sent. Figure 7 shows a snapshot of the simulated magnetopause surface extracted from Run #4. The magne-
topause surface is determined by identifying the separatrix between magnetospheric and magnetosheath
field lines based on 3-D field line tracing. The color contours on the magnetopause surface represent plasma
flow speeds, and sample field lines are superimposed to show the magnetic topology. As shown, under the
spiral IMF configuration with positive By, we find that reconnection takes place mainly in two quadrants
in the YZ plane: in the northern hemisphere on the dawnside and in the southern hemisphere on the dusk-
side. The reconnection geometry is consistent with the prediction by the analytical model of Masters (2017)
for the same IMF configuration.

5. Response of the Ionosphere to Variations of the Upstream Conditions

Figure 8 shows the response of the ionosphere to changes in the different upstream conditions. The left
column presents snapshots from each run showing the contours of the current density parallel to the mag-
netic field (J)). For the northern hemisphere shown here, positive values indicate outward currents and
negative values indicate inward currents. The main feature of the current distribution is the circumpolar
ring of outward currents centered at ~75° latitude. Inside of (or poleward of) the ring are downward
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Figure 8. Ionospheric response. Each row represents the ionospheric response to the four runs outlined in Table 1. The first column shows contours of radial
current density at the ionosphere with positive values representing outward current. Yellow points are the extracted footprints at the open-closed field line
boundaries. In column 2 we show the latitude integrated outward current in the ionosphere as a function of local time. Each curve represents an instance in

our simulation, with blue lines representing times before the upstream perturbation reaches the bow shock and red lines representing times after. In column 3 we
show the total integrated outward current for all latitudes and local times as a function of simulation time. The blue curves in column 3 represent the variation of
total outward current as a function of time for the closed magnetosphere under steady upstream conditions. The red curves represent the same quantity for the
particular test case. IMF = interplanetary magnetic field.

field-aligned currents. The upward and downward currents are connected through the horizontal Pedersen
currents in the ionosphere, and these currents together make up the corotation enforcement
current system.

Note that Ohm's law solver used in our model uses a spherical grid discretized at specific intervals in latitude
and local time where each point can be identified by the indices j and i respectively. For a given simulation
time n, we first calculate the net outward current (units of amperes) for a particular local time bin i as

No il
Hg)~ 2 (M)HASW
L

=1 2

In this equation j RIS the radial current density at location (i,j) and As; is the area of the spherical rectangle

formed by the points (i+%2, ), (i - ¥2,)), (i.j 4+ 1) and (i, j-3). This parameter I, is plotted as a function of local
time in column 2 of Figure 8. Each thin line represents the nth time of the simulation with a spacing of 0.5 hr.
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Thick blue or red lines represent the average value of I; at a particular local time before and after changing
the upstream conditions, respectively. As can be seen in column 2, the parameter I is useful for revealing the
local time-dependent response of the outward currents, which are thought to be related to the emission
intensity of Jupiter's main auroral oval. We then sum I; over all local times to obtain the net outward current
(units of amperes) in one hemisphere at a particular time n as

No
Iget = 211'11(43)1
i—

Here Ny and Ng are the number of grid cells in the azimuthal and meridional directions, respectively. In our
simulations Ny = 361 and Ny = 181 for each hemisphere. The quantity I, represents the net outward
current from one hemisphere and is plotted as a function of simulation time in Figure 8, column 3. The
red vertical dashed line represents the time when the upstream perturbation reaches the subsolar bow
shock. Blue curves in column 3 represent the trend expected if there was no change in upstream conditions
(same the blue curve in Figure 8-1c).

5.1. Ionospheric Response—Run 1 (Fixed Upstream Conditions With Parallel IMF)

For the ~400-hr duration of Run 1 (Figures 8-1a to 8-1c), the magnetosphere remains largely closed due to
the southward B, IMF imposed at the upstream boundary. Figure 8-1b shows that there is a persistent day-
night asymmetry present in the field-aligned current distribution with outward currents stronger on the
nightside than on the dayside. Figure 8-1c also shows that the net outward current is steadily increasing
with time (and at all local times/longitudes), despite the upstream conditions being constant. Initially,
the rate of increase of the currents is almost linear, but with time the growth rate decreases and eventually
the currents are seen to decrease. We believe that the growing trend of currents (with time scales of tens of
hours), in the absence of any change in external conditions, is due to internal factors. As the magneto-
sphere builds more mass due to mass loading in the Io plasma torus, more torque is required from the
ionosphere in order to force the magnetospheric plasma to corotate with the planet. Alternatively, consis-
tent mass loading would increase the bend back of the magnetic field lines, which would increase mag-
netic field strength in the high-latitude regions thereby increasing J,, in the ionosphere Hence,
prolonged mass loading in the absence of mass loss mechanisms, such as plasmoid release, would require
an increase in the corotation enforcement currents. Indeed, we see that the ionospheric currents decrease
only when a plasmoid is released (at around t = 350 hr), suggesting that with the release of mass to the
magnetotail, the net strength of the corotation enforcement circuit is reduced. For comparisons with other
runs, the curve showing the expected trend of the total current (i.e., Figure 8-1c) is included in all subfi-
gures in the last column.

5.2. Ionospheric Response—Run 3 (Turning of the IMF to By > 0)

In Run 3, the upstream plasma properties are kept the same as in Run 1, and a tangential discontinuity is
introduced in the solar wind across which the IMF is rotated from southward to the Parker-spiral config-
uration (with By > 0). As shown in Figure 8-3a, reconnection at the magnetopause produces open magnetic
field lines, and the open-closed field line boundary (OCB; marked in yellow lines) starts to expand equator-
ward. At the time shown in this plot, which is roughly 75 hr after the IMF turning, the region of open field
lines extends about a few degrees from the pole and the OCB lies at least 5° poleward of the main oval of
outward currents. Similar to that in Run 1 (Figure 8-1b), the outward currents in this run (Run 3) are stron-
ger on the nightside than on the dayside (Figure 8-3b) and a continuously increasing trend is seen for the
net outward current (Figure 8-3c). The red dashed line in Figure 8-3c marks the time when the discontinu-
ity reaches the subsolar bow shock, and we can see that the rate of increase of currents (shown by the red
line) deviates from the curve expected if there were no change in the upstream conditions (shown in blue).
Note that the only upstream change introduced in this run is the change in IMF clock angle. Therefore, the
comparison between Run 1 and Run 3 indicates that a change in IMF orientation can have significant influ-
ences on the large-scale current systems. The increasing trend of current, which now has a larger slope,
eventually changes to a decreasing trend after the release of a plasmoid at ~t = 270 hr, consistent with
the behavior seen in Run 1.
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5.3. Ionospheric Response—Runs 2 and 4 (Dynamic Pressure Enhancement)

In comparison to an IMF rotation, the response of the ionosphere to a forward shock, that is, a dynamic
pressure enhancement, in the solar wind is more dramatic. In Runs 2 and 4, we have introduced a dynamic
pressure enhancement (a factor of 5 larger than the background). First, we examine Run 2—that is, dynamic
pressure enhancement under a closed magnetosphere (Figures 8-2a-2c). In all our simulation runs, we find
the nightside currents to be stronger than the dayside, and it can be seen from Figure 8-2b that the introduc-
tion of a forward shock makes this asymmetry more pronounced; that is, the nightside currents get stronger
whereas the dayside currents get weaker. Similar enhancement of the day-night asymmetry has also been
seen in the MHD model of Chané et al. (2017). Apart from the overall response, there are also noticeable
local time-dependent responses: Transient peaks in the outward current appear at specific local times.
Our simulation predicts a minor enhancement on the nightside (10-20% increase in total currents) and a
large decrease in current on the dayside (between 10% and 60%). As a result, the net outward current
(Iney) sharply decreases after the impingement of the shock. After ~50 hr, the system recovers and an increas-
ing trend of the net outward current is seen again.

Our findings are consistent with previously published theoretical models (Cowley & Bunce, 2003; Cowley &
Nichols, 2007; Southwood & Kivelson, 2001), which have predicted that a dynamic pressure enhancement,
and subsequent compression of the magnetosphere, would lead to an increase in azimuthal velocity of the
plasma as it conserves angular momentum. In theory, this should decrease the strength of the corotation
enforcement current system on the dayside. Consistent with this prediction, we find an increase in angular
velocity inside the magnetosphere on the dayside after the shock compression, which leads to much reduced
outward field-aligned currents in the dayside ionosphere.

A similar behavior was also found for Run 4—that is, dynamic pressure enhancement with a Parker spiral
IMF (Figures 8-4a to 8-4c). Due to the increase of magnetic flux reconnecting on the dayside and the release
of plasmoids on the nightside (which serves to close previously opened tail lobes), we find a prominent
region of open field lines in the polar region. We also find a very strong response of the ionospheric currents,
with dayside currents drastically decreasing in strength (by 50-60%), whereas the nightside currents appear
almost unaffected (Figure 8-4b). Consequently, the net outward current also decreases sharply after the
dynamic pressure enhancement at t = 310 hr. A key difference between Figure 8-4c and Figures 8-1c,
8-2c, and 8-3c is that the time history of the total outward current did not recover back to the increasing trend
after the dynamic pressure enhancement. This may be due to very frequent plasmoid releases in the magne-
tosphere after the shock compression. As seen in Runs 1 and 3, a decrease in the net outward current is well
correlated with times at which a plasmoid is released. It is also noteworthy that the response of the iono-
sphere to the forward shock was stronger in Run 4 (open magnetosphere) than in Run 2 (closed magneto-
sphere). Apart from the IMF orientation, there is another difference between Runs 2 and 4: the phase of
the magnetosphere in the Vasyliunas cycle. While Run 4 was started ~30 hr after the release of a large
plasmoid, Run 2 was initiated at a time when the magnetosphere was still in the process of accumulating
mass with no prior plasmoid release. It is possible that the differences in the strength of the response may
be due in part to the differences in the internal state of the magnetosphere, that is, depleted versus filled mag-
netosphere, rather than just the orientation of the external IMF. Clearly more work is needed to conclusively
separate the internal and external influences.

6. Plasmoid Release and Variation of Open Magnetic Flux

In all simulations listed in Table 1, tail reconnection occurs and produces plasmoids. For instance, a large
plasmoid can be seen in Figure 6, row 3 in the form of a high-density region between 00 and 06 LT. After
initially being created at a radial distance of ~50-70 Ry on the dawnside, the plasmoid is seen to grow and
move tailward, eventually escaping the magnetosphere and lost to the solar wind. In Run 4, a vortex struc-
ture is created in the magnetosphere on the duskside at around 40 R; radial distance from the planet (not
shown). The vortex is formed subsequent to a large reconnection event in the magnetotail and it strengthens
as it moves sunward, eventually reaching the postnoon sector. The vortex is made of corotating and anticor-
otating flows and produces a strong ionospheric response in the postnoon sector (Figures 8-4a and 8-4b near
16 LT). We believe that this vortex and the subsequent localized bright spot in J;; observed near 16 LT in the
ionosphere are due to the interaction of return flow from the duskward tail reconnection site with the
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corotating magnetospheric plasma and has also previously been observed by Fukazawa et al. (2006) using
their MHD model.

In Figures 8-3a and 8-4a the yellow points superimposed onto the contour plots correspond to the OCB iden-
tified in our simulations. For each local time and longitudinal position in the ionosphere, we trace 3-D mag-
netic field lines from a sphere at 3 Ry to identify any transition between open and closed field lines. If a
transition is found, its location on a 1 Ry sphere is determined by using a dipole field line trace, which is then
plotted in Figure 9. Even with 1° resolution in both latitude and longitude, our tracing algorithm does not
find any such transition during times when the IMF is southward, which is consistent with the picture that
the magnetosphere is largely closed under such external conditions. In contrast, under a Parker spiral IMF,
the OCB increases in size with time and can reach a latitude of ~80° on the nightside under strong solar wind
driving (column 4). While the size of the OCB tends to vary depending on the upstream conditions, for the
various upstream conditions examined in our simulations it is always located poleward (by at least a few
degrees) of the main oval of upward field-aligned currents arising from corotation breakdown, which lies
at ~75° latitude.

For further analysis we divide the magnetic field lines extracted from our MHD model into four categories,
denoted by the “status” variable (Table 2). A status value of 0 represents a closed field line with both ends
connected to the planet. A status value of 1 or 2 implies an open field line with one footprint in the northern
or southern hemisphere, respectively, while a status value of 3 refers to those field lines with both ends in the
solar wind, which we call disconnected field lines. Figure 9 shows the status of field lines seeded from the
northern and southern ionosphere, whereas Figure 11 shows the status of field lines seeded from the equa-
torial plane in the magnetosphere.

6.1. Magnetic Topology Associated With Plasmoid Release

In Figure 9, we show the status maps of the northern and southern hemispheres on a 1 R; sphere, at different
times during the sequence of a plasmoid release. For both hemispheres, the cyan regions contain field lines
that are closed (status = 0). For the northern hemisphere panels, the dark blue regions contain open field
lines (status = 1) that magnetically map to the solar wind. For the southern hemisphere panels, the red
regions indicate open field lines (status = 2) that map to the solar wind. It is immediately clear from
Figure 9 that these status maps are not north-south symmetric, with stark differences in the topology
between the two hemispheres.

Two plasmoids are observed in the magnetosphere during the times shown in Figure 9: a relatively small
size plasmoid on the duskside and a much larger plasmoid near dawn. When the plasmoids are initially
formed, they contain predominantly closed flux. This is consistent with the idea that plasmoids form due
to the Vasyliunas cycle are created on closed field lines. As the plasmoids move tailward, they grow in size
and create a region of closed flux inside the polar cap. The large plasmoid in the dawn sector of the mag-
netosphere can be identified by its status signature on the dawnside in the form of a large region of closed
flux, whereas the smaller plasmoid in the dusk sector also creates a similar region of closed flux in the dusk-
ward polar cap. With time, the plasmoids grow and interact with the surrounding plasma and magnetic
field, which creates rather complicated magnetic field structures that contain intertwined open and closed
field lines (Figure 9b). As the plasmoids move further down the magnetotail, they grow in size and the
status signatures associated with plasmoids move toward midnight (previously at dawn and dusk) and
the high-latitude region in the ionosphere starts to be filled with open field lines. With time, the ratio of
open field lines to closed field lines in the plasmoid footprint increases in both the northern and southern
hemispheres. As a result, the tail plasmoids, when mapped magnetically to the ionosphere, correspond to a
stripe-like structure.

Observations of the polar aurorae of Jupiter show various intriguing features such as arcs and filaments (e.g.,
Grodent et al., 2003; McComas et al., 2007; Nichols et al., 2009) that have been suggested to be linked to
dynamic processes in the solar wind and magnetotail. Our simulation results show that the polar regions
of the planet, which are often assumed to lie on open field lines, may magnetically connect to distant regions
in the magnetotail associated with a plasmoid. While our MHD simulation does not directly model the
kinetic physics of particle energization associated with reconnection, the magnetic topology associated with
plasmoid release and propagation through the tail region as seen in our simulation suggests that
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Figure 9. (a-d) Ionospheric maps showing regions of open and closed field lines at different times of the simulation under
a Parker-spiral interplanetary magnetic field with comparatively high solar wind dynamic pressure. Red and dark blue
shaded areas represent regions of open magnetic field lines, while the pale blue regions contain closed field lines. The
footprint of the plasmoid can be identified as a region of initially closed flux on the dawn sector, which slowly fills up with
more open flux. Also note the differences between the northern and southern hemispheres. The color schemes are the
same for this figure and Figure 11.
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Table 2
Definition of the “Status” Variable and the Color Scheme Followed in Figures 9 and 11
Status variable value Description ID Color code
0 Closed field line Closed Cyan
1 Open field line with one footprint in the northern hemisphere of Jupiter Open type N Dark blue
2 Open field line with one footprint in the southern hemisphere of Jupiter Open type S Dark red
3 Open field line with both footprints in the solar wind Disconnected Yellow

Open field lines (disconnected)

energization associated with tail plasmoid release may provide a plausible explanation for the observed arc-
like or filament-like aurora structures.

In Figure 10, we show the three-dimensional magnetic field lines associated with the tail plasmoid along
with the plasma density contours in the equatorial plane. Orange field lines are closed field lines, whereas
black field lines are “disconnected” field lines with both ends in the solar wind. It can be seen that although
the plasmoid is generated on and still contains closed field lines, it is surrounded by open field lines as it
moves tailward. The inset in Figure 10 shows the corresponding ionospheric status map in a similar format
as Figure 9. Since this plasmoid is noticeably smaller, it has a smaller, but consistent, status signature in the
form of a region of closed flux in the polar cap on the nightside.

6.2. Open Flux in the Magnetosphere

To complement the analysis of the status of field lines shown in section 6.1, we repeated the same procedure
of tracing field lines starting in the equatorial plane of the magnetosphere. The corresponding magneto-
spheric status maps are shown in Figure 11 for two different types of plasmoids that we will call Type 1
and Type 2, respectively. The left column shows a plasmoid of Type 1, which is a large plasmoid released
on the dawnside, whereas the right column shows a plasmoid of Type 2, which is released near midnight.
Both plasmoids have some common features, namely, they both originate from closed field lines. After
release, the Type 1 plasmoid severely distorts the magnetic topology of the magnetotail. Upon close exami-
nation, one can see regions of closed field lines interspersed within large regions of open field lines. The Type
2 plasmoid, on the other hand, has a cleaner topological fallout. After being detached as a “blob” of closed
flux, the Type 2 plasmoid is surrounded by disconnected field lines (status = 3, both ends in the solar wind)

Time - 374.0 hours, North

N
Closed

Open
W (status=1) /|

Rho ;amu/cm":i]
100

171.046
26.5972
4.13578
0.6431
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Figure 10. Contours of plasma density in the equatorial plane along with superimposed 3-D magnetic field lines. Orange field lines thread a plasmoid in the mag-

netotail and have both ends connected to the planet (i.e., closed). Black field lines are field lines with both ends in the solar wind, which envelope the flux rope
structure. The inset shows the flux map at 1 Ry where dark blue regions denote open flux (similar to Figure 8). The plasmoid creates a region of closed flux inside the
open polar cap (marked by dashed circle in the inset figure). Note that the 3-D magnetic field lines cross the equatorial plane, so different colors on the same closed
field line is a shading effect as the translucent density colors are mixed with the orange color of the field lines in the southern hemisphere.

SARKANGO ET AL.

5333



Aﬁl 1 . .
100 Journal of Geophysical Research: Space Physics 10.1029/2019JA026787

ADVANCING EARTH
'AND SPACESCIENCE.

Plasmoid Type 1 Plasmoid Type 2

Time - 368.0 hours

Time - 262.0 hours

status

3
2
1
0

status

b 3
2
1
0

Time - 277.0 hours

status

K
2
1
0

YI[R]

Time - 372.0 hours

_ plasmoid
5
Figp—

Time - 292.0 hours

status
=]

2
I /
0

status

3
2
1
0

Time - 307.0 hours

status

|3
2
i1
0

TR IR
200 -100
X[R]

el TS
-400 -300

P
100

L ol IR IS BRI ST SRR
500 400  -300 200 -100 0 100
X[R]

Figure 11. Maps showing the “status” of the field line seeded from the equatorial plane (status 0 = closed [cyan], 1 = Open with one end connected to northern
hemisphere [blue], 2 = open with one end connected to the southern hemisphere [red], 3 = Open with both ends in the solar wind/“disconnected” [yellow])
for different times in our simulation. The left and right columns illustrate how different plasmoids change the magnetic topology of the magnetotail. The colors are
consistent between this figure and Figure 9. The IMF for all cases presented here lies in the XY plane and points to the +Y direction. The Type 1 plasmoid shown is
generated during a period of low upstream dynamic pressure while the Type 2 plasmoid shown here is released during a period of higher upstream dynamic

pressure. IMF = interplanetary magnetic field.
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even though it is located deep inside the magnetosphere. With time, the Type 2 plasmoid moves tailward and
the region of closed flux associated with the plasmoid decreases in size. However, the region of disconnected
flux in the magnetotail expands after the release of a Type 2 plasmoid.

Another feature which can be recognized in Figure 11 is the stark separation between dayside disconnected
field lines and the open (status = 1 and 2) field lines on the dawn and dusk flanks, as can be identified
through the vertical demarcation at x = —40 R;j in column 2. We traced 3-D magnetic field lines which
suggest that this vertical demarcation is linked to the draping of the IMF around the magnetopause (we call
this distance Xgraping). That field lines in the magnetosheath drape around the magnetopause has been
discussed in detail for Earth and Saturn (Crooker et al., 1985; Sulaiman et al., 2014, 2017) and is expected
to be more pronounced at Jupiter due to the large polar flattening of the magnetosphere (Erkaev et al.,
1996; Farrugia et al., 1998; Slavin et al., 1985). While our model does predict the draping of the IMF around
Jupiter's magnetopause, the degree of polar flattening in our model is lower than previous predictions
(e = ~0.3, expected to be ~0.8 according to Slavin et al., 1985).

6.3. Rate of Change of Open Flux in the Magnetosphere

After identifying the status of each point on the 1-R;y sphere for multiple times in our simulations, we inte-
grate the open magnetic flux within the open field region in the northern hemisphere of the planet. Figure 12
a shows the variation of this calculated open flux in our model as a function of simulation time for Parker-
spiral IMF (purely By) but different solar wind dynamic pressures. The black points show the open flux
calculated in our simulation, while the dashed red vertical line marks the time when the introduced forward
shock arrives at the bow shock. To reveal potential correlation between plasmoid release and open flux
variations, we overlay solid lines in this figure to mark the times when plasmoid release occurs in the simu-
lation. We identify plasmoids in the model based mainly on the B, component (the normal component to the
tail current sheet). A bipolar variation of Bz in the equatorial plane is an indication that a reconnection event
has occurred in the magnetotail. Typically, plasmoids generated in our model tend to grow in size as they
move tailward. Therefore, we further divide the identified plasmoids into two groups based on their maxi-
mum size in the cross-tail direction (y direction): large plasmoids which have a cross-tail width larger than
50 Ry at their maximum extent and small plasmoids whose maximum width is <50 R;. Green thick lines and
thin blue lines represent the times when large and small plasmoids are released, respectively.

Prior to the shock arrival at t = 302 hr, the IMF along with the solar wind parameters remain fixed. During
this interval, the open flux in our model gradually builds up due to the magnetopause reconnection. At
around ¢ = 223 hr (marked by the solid green vertical line), a relatively large plasmoid with a cross-tail width
exceeding 50 R; forms in the magnetotail that closes some of the open flux stored in the tail lobes, which can
be seen as the change of slope in the time history of the open flux. During this period, there are also a couple
of smaller-scale plasmoids (with cross-tail width <50 Ry) formed, as marked by the solid blue vertical lines in
Figure 9. After the shock arrival at ¢t = 302 hr, the rate at which the open flux is added to the polar cap
increases due to the enhanced solar wind convectional electric field associated with the shock. About 25
hr after the shock impact, a large-size plasmoid is formed and released in the tail that results in a significant
reduction of the open flux. After the impingement of the shock, the compressed magnetosphere experiences
frequent plasmoid release, both large and small. Compared to the situation seen in the simulation during the
nominal solar wind conditions where plasmoid release occurs every 20 to 50 hr, the occurrence rate is sig-
nificantly higher in the compressed case, which is of the order of one plasmoid every few hours. A similar
behavior has been seen in the MHD model of Saturn by Jia, Hansen, et al. (2012), who found more frequent
plasmoid releases during periods of stronger solar wind driving.

The time variation of the open flux provides a useful measure of how the magnetosphere responds globally
to the solar wind driving and internal dynamics. As discussed above, dayside reconnection would add open
flux to the polar cap whereas tail reconnection would potentially close open flux stored in the tail lobes.
Therefore, the time rate of change of the open flux can be used to quantify the global reconnection efficiency,
which depends on the difference in the reconnection rates between the dayside magnetopause reconnection
and the tail reconnection. At the beginning of the simulation, in the absence of tail reconnection, we find
that the open flux increases at a rate of ~284 kV, which corresponds approximately to the global reconnec-
tion rate under the solar wind conditions listed in Table 1, column 2.
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Figure 12. (a) Variation of the total open flux (in the northern hemisphere), ®, as a function of simulation time. Times at which plasmoids are initiated are marked
as vertical lines in the plot. The red dashed vertical line marks the arrival of the shock at the bow shock. Plasmoids that have an X-line size of at least 50 Ry
when fully developed are represented by thick green lines, whereas smaller plasmoids (X-line length <50 Ry) are shown in thin blue vertical lines. (b) Time rate of
change of the total open flux (d®/dt) as a function of simulation time. Intervals with positive d®/dt are shaded red, while intervals with negative d®/dt are
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In Figure 12b, we show the calculated rate of change of open flux in the northern hemisphere (status = 1),
that is, d®/dt as a function of simulation time. After the shock is introduced in the simulation, the rate of
increase of open flux increases, corresponding to a peak global reconnection potential of ~2 MV. This
increase in the reconnection rate on the dayside is primarily due to enhanced solar wind speed and increased
IMF strength due to compression and hence the convectional electric field behind the shock. At later times,
the open flux in our simulation is found to decrease and increase periodically at a period of ~20 hr, highlight-
ing the competing influence of magnetopause reconnection (which serves to open magnetic flux) and night-
side reconnection (which decreases the net open magnetic flux). Closer examination reveals that the
decreases in open flux are also correlated with the release of large plasmoids. Walker and Jia (2016) report
on simulations of the Jovian magnetosphere performed by Fukazawa et al. (2010) and also found quasi-
periodic increase and decrease in open flux with a similar period of ~20-30 hr.

In discussing Figure 9 we noted that the release of plasmoids creates a region of open flux in the polar cap,
which may seem contradictory to these findings. However, it must also be noted that the overall size of the
polar cap also depends on many other factors, such as the difference between reconnection rate on the
dayside versus the nightside. Figure 11 clearly demonstrates that plasmoid release increases the amount
of disconnected flux in the magnetosphere. Since the disconnected field lines, by definition, cannot magne-
tically map to the northern hemisphere, they are not accounted for in our calculation for net open flux which
isdone on a 1 Ry sphere for Jupiter (thereby only considering status = 1 type field lines). Figure 11 also shows
that with the increase of disconnected flux in the magnetotail, the amount of connected open flux (i.e., status
=1 and 2) decreases. This would decrease the overall size of the polar cap, which would lead to decreased
status = 1 flux. The overall shrinking of the polar cap can also be seen in Figure 9.

As time progresses the dayside and nightside reconnection rates seem to approach steady state, which can be
seen in Figure 12b where fluctuations in d®/dt decrease with time. For the compressed magnetosphere, at
the end of our simulation (¢ = 400 hr) the total open flux amounts to ~120 GWb. It is interesting to note that
the creation of open flux is largely due to the reconnection on the magnetopause, and the result that the net
open flux seems to reach a steady state implies that flux closure on the nightside or elsewhere is happening in
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a manner expected by the terrestrial-like Dungey cycle. Although we have not yet identified any preferential
spatial location where flux closure is consistently occurring, it is clear that both Vasyliunas cycle reconnec-
tion (detachment of plasmoids on closed field lines) and Dungey cycle-type flux closure contribute to the
circulation of magnetic flux in Jupiter's magnetosphere.

Plasmoids generated in Jupiter's magnetotail may be a result of a near-planet like flux closure event attrib-
uted to the Dungey cycle or a result of centrifugal stresses exerted on the corotating plasma, that is, the
Vasyliunas cycle, both of which may cause reconnection onset on closed field lines. When the IMF is south-
ward (Run 1), absence of dayside magnetopause reconnection would essentially shut off the Dungey cycle.
However, plasmoids are still observed in this case (not shown), and they are a direct product of the
Vasyliunas cycle. In this case the plasmoid, once generated, is constrained by the surrounding closed field
lines, and “escapes” through the magnetopause. In contrast, when the IMF is in the Parker-spiral configura-
tion, dayside magnetopause reconnection would add open field to the tail lobes. In this scenario, plasmoids
generated due to a tail reconnection event may induce closure of open flux in the tail lobes (Cowley et al.,
2008) regardless of the original cause of reconnection onset. The lobe reconnection-produced field lines,
which are carried by fast-moving reconnection jets moving behind the plasmoids, would facilitate the escape
of plasmoids down tail. These findings from our Jupiter simulations are similar to those reported for global
simulations of Saturn's magnetosphere (Jia, Hansen, et al., 2012).

As noted earlier, the global simulation presented here is based on an ideal MHD model, in which no kinetic
physics is included to describe reconnection. However, reconnection does occur in MHD simulations, which
is facilitated by numerical resistivity. It is interesting to compare the global reconnection rate and the resul-
tant amount of open flux in our MHD model with prior estimates based on observations and analytical
models. For instance, Masters (2017) presented an analytical method to estimate the total reconnection
potential at Jupiter's magnetopause under different solar wind conditions, and he predicted a dayside recon-
nection potential ranging between 200 and 1,000 kV. The reconnection potentials estimated in our simula-
tions are in general agreement with the Masters model results. Further, based on auroral observations and
magnetic field modeling, Nichols et al. (2006) and Vogt et al. (2011) estimated the typical amount of open
flux present in Jupiter's magnetosphere, and their results give a range of 300-700 GWb. The maximum
amount of open flux seen in our simulations is about 175 GWb, which is slightly lower than previous esti-
mates and could be related to our use of an ideal axisymmetric dipole for the planetary magnetic field.

7. Summary and Conclusions

We have developed a new MHD model for Jupiter's magnetosphere using the BATSRUS MHD code. Time-
dependent simulations have been conducted with various upstream conditions to investigate how Jupiter's
magnetosphere responds to changes in the solar wind and IMF properties. As model validation, we compare
the modeled density, velocity, thermal pressure, magnetic field, and plasma f extracted from multiple time
steps and from simulation runs with different external conditions with available in situ observations and
found generally good agreements. In particular, while our model underpredicts the plasma density (and
pressure) in the inner magnetosphere (<10 R;y) due to potential reasons of grid resolution and/or the assump-
tion of isotropic pressure in ideal MHD, our model results match very well the statistical results from obser-
vations outside of 10 Ry in terms of plasma density, azimuthal velocity, and the magnetic field. Further, our
model also captures the dawn-dusk asymmetries in the thickness of the current sheet (e.g., Khurana &
Schwarzl, 2005; Vogt et al., 2011) as observed by the Galileo spacecraft, that is, thicker current sheet on
the duskside compared to dawn. The locations of the magnetopause and bow shock in our model are also
generally consistent with the predictions by the empirical models of Joy et al. (2002), although our simulated
magnetopause is slightly smaller in size due to the lack of energetic particles in the MHD model.

After creating a quasi-steady state magnetosphere in the simulation, we introduce various types of changes
in the upstream solar wind and IMF, such as an IMF rotation and a dynamic pressure enhancement under
southward IMF and Parker spiral IMF conditions. We find that changing the IMF orientation from a south-
ward (parallel) to Parker-spiral like IMF creates open flux in the magnetosphere and thereby modifies the
large-scale magnetospheric configuration, but it alone has little effect on the corotation enforcement current
system. However, in the cases where a forward shock is introduced in the solar wind, it has a significant
impact on the global magnetosphere-ionosphere system. In particular, all of our simulations show that
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there is an apparent asymmetry in the field-aligned current intensity in the ionosphere between the dayside
and the nightside, with more intense currents on the nightside. This day-night asymmetry is further
enhanced by the compression of the magnetosphere by a forward shock. In the simulation where a shock
is introduced under Parker-spiral IMF conditions (Run 4), a region of intense field-aligned currents is pre-
sent in the afternoon local time sector (16 LT; Figures 8-4a and 8-4b), which magnetically maps to a region
in the middle magnetosphere containing vortical plasma flows created due to the interaction between the
return flow from tail reconnection with the corotating plasma. Although the ionospheric currents respond
to the forward shock in both simulations (Runs 2 and 4), the magnitude of the response is significantly dif-
ferent. In general, when the magnetosphere contains more open flux (Run 4) due to dayside reconnection,
the response of the ionosphere is stronger. It should be noted that while these two runs use the same solar
wind parameters with the only difference being the IMF orientation used, the magnetospheric states prior to
the shock impact are quite different, which may contribute in part to the differences seen in the simulated
response. Future work is needed in order to isolate these two effects, that is, preconditioning of the magneto-
sphere and the influence of the IMF orientation.

Plasmoid release in the tail has long been suggested to be an important means of plasma transport, and sig-
natures of plasmoids have indeed been found in various in situ observations in Jupiter's magnetotail. Our
global simulations also show plasmoid formation and release due to reconnection in the magnetotail. The
majority of plasmoids seen in our simulations appear to form initially on closed magnetic field lines, consis-
tent with the picture proposed by Vasyliunas (1983). While differing in size, all the plasmoids produced in
the simulations develop a complex magnetic topology as they evolve and propagate downtail. As an example,
we have shown the time evolution of two plasmoids with different sizes and their mapping to the polar iono-
sphere. Our magnetic mapping results support the previous hypothesis that the complex morphology of tail
plasmoids may be responsible for creating puzzling auroral features such as arcs and filaments (e.g., Grodent
et al., 2003; McComas et al., 2007; Nichols et al., 2009).

As a quantitative measure of the influence of the external driver on the global magnetospheric configuration,
we have identified the OCB throughout our simulations by tracing 3-D magnetic field lines. We have also
calculated the total amount of open flux within the magnetosphere and examine the time evolution of the
open flux in response to the changes imposed on the upstream parameters. For southward IMF, the magne-
tosphere has little to no open flux, as expected. As the IMF orientation is changed to a more realistic Parker
spiral configuration, open magnetic flux starts to be added to the magnetosphere due to the dayside magne-
topause reconnection and as such the OCB in the ionosphere starts to expand in size moving equatorward. In
all the simulations present here, the OCB is found to be always located poleward by at least a few degrees of
the main oval of upward field-aligned currents associated with corotation breakdown. The total amount of
open flux is found to peak around 200 GWb for typical Parker-spiral IMF conditions, which is about a factor
of 2 smaller than previously published estimates (e.g., Vogt et al., 2011). There is a clear correlation between
the reduction of open flux and the release of plasmoids in the tail, whose occurrence frequency appears to be
affected by the solar wind convectional electric field with more frequent release under stronger driving.
Based on the time rate of change of the open magnetic flux, we estimate the average potential drop asso-
ciated with the dayside reconnection under nominal solar wind conditions to be approximately 280 kV,
which is about a factor of 2 lower than previous estimates (e.g., Masters, 2017).

In the present study we have assumed that Jupiter's internal magnetic field is an axisymmetric dipole.
However, recent observations by Juno have revealed significant north-south asymmetries in the internal
magnetic field (Connerney et al., 2018) due to the presence of large higher order moments. How the complex
internal magnetic field influences the magnetosphere and its interaction with the ionosphere and the solar
wind remains an outstanding question that needs to be addressed in future work.
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