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Response of the Jovian Magnetosphere-Ionosphere System to
the Interplanetary Magnetic Field Discontinuity: A Simulation
Study

Yuxian Wang!? (2, Xiaocheng Guo' (), Chi Wang'? (2, and Michel Blanc?

IState Key Laboratory of Space Weather, National Space Science Center, Chinese Academy of Sciences, Beijing, China,
2College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing, China, *Institut de Recherche
en Astrophysique et Planétologie, Toulouse, France

Abstract The response of the magnetosphere-ionosphere (MI) system at Jupiter to the interplanetary
magnetic field (IMF) tangential discontinuity is studied via global Magnetohydrodynamics (MHD) simulations.
Our results show that the IMF discontinuity, which has a transition front perpendicular to the Sun-Jupiter

line, has strong effects on the Jovian MI system depending on local times and radial distances to Jupiter. The
magnetospheric significant response to the discontinuity is delayed by ~2-6 hr after the encounter of the
discontinuity front with the bow shock, while the delay time for the ionospheric field-aligned currents (FACs)
is ~3-8 hr. The outer magnetosphere, particularly at dayside, tends to respond slightly quicker than the inner
regions. At the ionosphere, the response of downward FACs is found to occur earlier than that of the upward
ones by a time ranging from less than 1 hr to several hours, which is also more prominent at dayside sectors.
Using a new MI mapping method with Jupiter's JRM09 magnetic field model, we reproduce for the first time
the ionospheric FACs consistent with the morphology of the observed ultraviolet (UV) main auroral emissions.
This indicates a potential application of the simulated upward FACs on the morphology of the UV main auroral
ovals.

Plain Language Summary Jupiter's magnetosphere is driven mainly by the planet's fast rotation
and the solar wind. Auroral observations have confirmed that the solar wind significantly modulates the
magnetosphere-ionosphere (MI) system. Due to the enormous size of the magnetosphere and the interplay

of the planet's fast rotation and the solar wind, the responses of the Jovian magnetosphere and ionosphere

to the solar wind are expected to be very different from those observed at Earth. In this article, we use
magnetohydrodynamics simulations to investigate the response of the MI system to the interplanetary magnetic
field rotations. We also use a realistic Jupiter's planetary magnetic field in our simulations to calculate the
ionospheric currents, so as to examine the effects of the planetary magnetic field on the shaping of the
ionospheric currents and main auroral emissions.

1. Introduction
1.1. The Interaction of the Solar Wind With the Jovian Magnetosphere

The interaction of the solar wind with planetary magnetospheres is one of the hot topics in space physics. While
the Jovian magnetosphere is known to be largely controlled by internal mechanisms associated with the planet's
fast rotation (~10 hr) and the Iogenic plasma source (Khurana et al., 2004; Krupp et al., 2004), the role of the solar
wind in Jovian magnetospheric dynamics remains an open issue (Bagenal et al., 2017), due in part to insufficient
in situ observations of the magnetosphere and the absence of an upstream solar wind monitor. However, there are
many processes by which the solar wind can influence the Jovian MI system, such as the magnetopause boundary
processes, which include the motion of the magnetopause, magnetic field reconnection and Kelvin-Helmholtz
instability (e.g., Delamere et al., 2015 and references therein).

In addition, auroral observations also provide important clues for the solar wind influence. Observations have
confirmed that the solar wind significantly modulates the auroral emissions in multiple wavebands such as UV
(Clarke et al., 2009) and X-ray emissions (Dunn et al., 2016, 2020). Clarke et al. (2009) suggested that the UV
main emission brightens and thickens in response to solar wind shocks, while an expanded magnetosphere leads
the main emission to dim (Badman et al., 2016). This conclusion is consistent with the Magnetohydrodynamics
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(MHD) simulations by Chané et al. (2017), who found that the upward ionospheric FACs, which were used as
a proxy of main emission, are positively correlated with the solar wind ram pressure, and the local time asym-
metries in the magnetosphere are also enhanced when the ram pressure increases.

Global MHD models are widely used to investigate the large-scale dynamics of the Jovian magnetosphere (Chané
et al., 2013, 2017; Fukazawa et al., 2005, 2006; Joy et al., 2002; Sarkango et al., 2019; Tanaka et al., 2021; Y. X.
Wang et al., 2018; Zhang et al., 2018, 2021 and references therein). However, among these models, only a few
of them were employed to study the response of the MI system to solar wind discontinuities such as tangential
discontinuities and shocks. Instead, most models were used for studies under idealized steady solar wind condi-
tions (e.g., Y. X. Wang et al., 2018; Zhang et al., 2018). Using the BATSRUS MHD code, Sarkango et al. (2019)
conducted a series of simulations with various types of changes in the upstream solar wind, such as an IMF
discontinuity (also referred to as IMF rotation hereafter) and a dynamic pressure enhancement. They found that
a south-to-east IMF discontinuity has a significant impact on the large-scale current system, while the response
of the MI system to the shock is even more dramatic. Unfortunately, to date, all these Jovian MHD models use a
simple axisymmetric dipole for the planetary magnetic field, with or without a tilt angle between the magnetic
axis and the rotational axis. As a matter of fact, Jupiter's intrinsic magnetic field as observed by in situ measure-
ments exhibits extraordinary hemispheric asymmetry and significant anomalies, especially in the northern polar
region (Connerney et al., 2018). If these features of the real Jovian magnetic field are not taken into account,
the simulated ionospheric FACs and thus the indicated main ovals are always circular around the magnetic axis
and are almost symmetric between northern and southern poles (e.g., Sarkango et al., 2019; Tanaka et al., 2021;
Y. X. Wang et al., 2018), which deviate significantly from the observations (Grodent et al., 2018 and references
therein).

1.2. Introduction to Jupiter's Aurora and Its Main Oval

The UV aurora consists of three main components with almost equal power (Grodent et al., 2018): (a) the rela-
tively stable main auroral emissions; (b) the variable emissions poleward of the main oval, and (c) the equator-
ward emissions including diffuse, patchy and sometimes arc-like auroral emissions as well as satellite footprints.
The main emissions are magnetically mapped to 20-60 R, near the equator (Vogt et al., 2011). It is generally
accepted that they correspond to the upward ionospheric FACs predicted by the corotation enforcement theory
(Cowley & Bunce, 2001; Hill, 2001; Nichols & Cowley, 2004; Southwood & Kivelson, 2001). In this theoreti-
cal framework, the radial currents flowing within the magnetodisk accelerate the subcorotating plasma via the
Lorentz force to maintain it in partial corotation. These currents then diverge into FACs connecting the magne-
tosphere and ionosphere, which finally close through the ionosphere as Pedersen currents. At the ionospheric
level, the downward FACs are distributed at higher latitudes and extend to the pole, while equatorward of them,
the upward FACs form a narrow latitudinal band centered around 15° magnetic colatitude. These upward FACs
are expected to peak at a latitude mapping to the equatorial magnetosphere where corotation breakdown occurs
(e.g., Cowley & Bunce, 2001). The idea of such global current system and its relation to the main oval provides
a possible explanation for some observations such as the discontinuity located at the prenoon sector (Radioti
et al., 2008), and the subcorotation in the ionosphere along with the rotating magnetosphere, indicative of the
momentum and energy transfer between the magnetosphere and ionosphere, derived by Y. X. Wang, Blanc,
et al. (2021) from Juno multi-instrument data analysis and modeling. Interestingly, this large-scale current system
including the ionospheric FACs and equatorial radial directed currents, the discontinuity in the main aurora
and the plasma flow in the magnetosphere and ionosphere are well reproduced by MHD models (e.g., Chané
et al., 2013; Sarkango et al., 2019; Tanaka et al., 2021; Y. X. Wang et al., 2018).

However, Bonfond et al. (2020) pointed out several contradictions between the predictions of this corotation
enforcement theory and observations. For instance, the observed main aurora brightens with higher solar wind
ram pressure (e.g., Badman et al., 2016; Clarke et al., 2009), which is opposite to the predictions of the corotation
enforcement theory. Another observation challenging the corotation enforcement theory is that stochastic accel-
eration processes are observed to prevail over quasi-electrostatic potential drops in particle acceleration over a
large fraction of the main aurora at Jupiter, contrary to what is observed at Earth (Mauk et al., 2018). Thus, the
links between the main oval and the upward ionospheric FACs are not always firm or reliable. In addition, the
UV aurora is essentially solely related to the characteristic energy and fluxes of precipitating electrons (regardless
of upward electrons), which is not a reliable proxy for the net upward FACs, and vice versa. It is noteworthy that
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our present study does not rely on the corotation enforcement theory, except for the assumption that the upward
ionospheric FACs are as a proxy for the main auroral morphology, which is a more relaxed assumption, which
is widely used in MHD simulations (e.g., Chané et al., 2017, 2013; Sarkango et al., 2019; Tanaka et al., 2021; Y.
X. Wang et al., 2018).

1.3. Objective of This Study and Organization of the Paper

As described in Section 1.1, it is still poorly understood how the Jupiter system responds to the solar wind, and
in particular few studies have been implemented to investigate the response of the MI system to the solar wind
discontinuities. In addition, the morphology of the simulated main ovals significantly deviates from observations
for all previous MHD models. In the present study, we perform a series of simulation runs in order to investigate
how the MI system responds to the IMF rotations particularly at the early stage. Our main goal is to evaluate the
time delays between the time when the IMF discontinuity encounters the bow shock and the time when the MI
system starts to experience significant changes at different local times and radial distances. Furthermore, we also
examine the effects of the planetary magnetic field on the derived ionospheric FACs by adopting different MI
mapping methods.

The paper is organized as follows. Our MHD model is described in Section 2. The main results are presented in
Section 3 and discussed in Section 4. We conclude this paper with a summary in Section 5.

2. Model Description

The MHD model used in this study for the Jovian global magnetosphere was developed by Y. X. Wang et al. (2018),
which incorporates mass loading from Jupiter's volcanic satellite Io, the planet's fast rotation, and the electrostatic
coupling between the magnetosphere and ionosphere. Only one ion species, namely protons, is considered in
our one-fluid MHD model. A more detailed description of the model can be found in Y. X. Wang et al. (2018).
Here, we only review some aspects of the model involved in this study, including the numerical domain, the MI
coupling method, and the upstream solar wind inputs.

2.1. Numerical Domain

The model takes a Jupiter-centered Cartesian coordinate system, which is inertially fixed with respect to an x-axis
pointing to the Sun. The z-axis is along the Jupiter rotation axis (+z for northward) and the y-axis completes the
right-handed system. The simulation domain is taken to be =500 R, < x < 150 R, =500 R, <y, z < 500 R, with
comparable grid resolution relative to Y. X. Wang et al. (2018). The grids are smallest at the inner boundary
(r=5.0 R)), with a size of 0.6 R, and biggest, 7.9 R,, at the outer boundary around 500 R,.

2.2. Magnetosphere-Ionosphere Coupling Method

The MI coupling processes in Jovian MHD models are always greatly simplified under a quasi-static approxi-
mation (e.g., Y. X. Wang et al., 2018; Sarkango et al., 2019). As shown in Figure 1, MI coupling processes are
described in the spherical shell region extending from the ionosphere (blue circle) to the inner boundary of the
simulation domain (green circle), where the ionosphere and magnetosphere are connected via magnetic field
lines. As a result, the effect of the ionosphere is treated as a boundary condition, using the assumption that the
perturbations of the FAC:s at the inner boundary (~5 R,) propagate instantaneously to the ionosphere at 1 R,. This
assumption, widely used in MHD models, is justified by the fact that Alfvén travel times between the green and
blue boundaries are very small compared to characteristic flow times (e.g., Sarkango et al., 2019; Y. X. Wang
et al., 2018; Yu & Ridley, 2009).

Figure 2 shows the main steps of the MI coupling method in each coupling loop: (a) the FACs at the inner
boundary of the MHD simulation are mapped along the magnetic field to the ionosphere at ~1 R ; (b) the electric
potential is solved in the two-dimensional ionospheric shell with prescribed Pedersen and Hall conductances; (c)
then the ionospheric electric field and potential are mapped back to the inner boundary; and (d) they are used
to drive the plasma EXB convection (see Y. X. Wang et al. [2018] for more details). Until now, all the MHD
models for Jovian magnetosphere employ a dipole magnetic field for the mapping between the magnetosphere
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Figure 1. Schematic illustration of the magnetosphere-ionosphere coupling method. (a) The simulated Jovian magnetosphere
under the northward interplanetary magnetic field condition on the noon-midnight meridian plane (xz plane). The
background color contours the number density in log scale. The white curves indicate the magnetic field lines and the green
circle represents the inner boundary at 5 R,. (b) A close-up of the inner boundary illustrating the mapping between the
magnetosphere, that is, inner boundary, and the ionosphere (blue circle) via magnetic field lines.

and ionosphere (see Section 1.1), which is the root cause for the discrepancy on the main oval morphology
between the simulations and observations. As a first attempt to address this issue and to incorporate more real-
istic and complicated factors in the MI coupling, we adopt three different mapping methods: (a) a dipole field,
(b) the JRMO09 model, and (c) the JRM09 model plus a tilt angle correction (the left column in Figure 2). The
Jovian planetary magnetic field is well described by the JRM09 model, which was obtained from Juno observa-
tions (Connerney et al., 2018). It is noteworthy that the JRM09 model has not been included in the MI coupling

MI coupling Loop

Derivation of
ionospheric FACs

_—
correction

Pote
Solver

[
S
)

i=
=%
n
o

-
[7]
(=
=)
]

=

EXB drift

(Inner boundary)

lonosphere

Conductances

Figure 2. Logic diagram of the magnetosphere-ionosphere (MI) coupling method and different mapping methods to derive
the ionospheric field-aligned currents (FACs). The numbers 1-4 indicate the calculation steps in each MI coupling loop,
while the number 1’ in the left column represents the procedure to derive the FACs with three different mapping methods: (a)
a dipole field, (b) the JRM09 model, and (c) the JRMO09 model plus a tilt angle correction. The newly derived FACs are then
compared with the observed main ovals.
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Table 1
Upstream IMF Conditions and Initial Magnetospheric States for the Simulations

Simulation New IMF Initial Changes in
Runs directions  magnetosphere IMF (nT)

Run 1

Southward IMF + quasi-
steady magnetosphere y oy (0,0, 0.5) > (0, 0, -0.5)
(under northward IMF) |

Run 2

Eastward IMF + quasi-
steady magnetosphere
(under northward IMF)

; oy (0,0,0.5) - (0, 0.5, 0)

Northward IMF + quasi-
steady magnetosphere
(under southward IMF)

¢
Run 3 Z

0,0,-0.5) - (0, 0, 0.5
y oy ( ) - ( )

loop yet, but is only used to map the ionospheric FACs down and up between the green and blue boundaries of
Figure 1. Therefore, the effects of the real planetary magnetic field, represented by the JRM09 model, on the MI
coupling, in particular the tilt angle (~10.31°) of the magnetic axis relative to the rotational axis, are not included
in the MHD simulation. Eventually, we used a minor modification to the modeled main oval, referred hereafter
as the tilt angle correction, to compensate for the tilt angle effects on the MI system, which are not included in
our current model. Note that the tilt angle and associated dipole magnetic axis mentioned here refer to the dipole
approximation to the Jovian magnetic field based on the JRM09 model (Connerney et al., 2018).

2.3. The Upstream Solar Wind

In this study, we have performed three simulation runs with different IMF discontinuities and varying initial
magnetospheric states. The input to the model is simply a step function of B, or B, (column 4 of Table 1),
while other solar wind parameters remain constant: solar wind density n = 0.5 cm=3, velocity V, = —400 km/s,
V, =V, =0, magnetic field IBl = 0.5 nT, B, = 0, and temperature 7' = 60000 K. In order to minimize the effects
of initial magnetospheric transients, we first create a quasi-steady magnetosphere by using a constant solar wind
with purely northward (Runs 1 and 2) or southward (Run 3) IMF. Then an IMF discontinuity is introduced at the
upstream boundary to interact with the magnetosphere until a new quasi-steady state is reached.

Following the procedures as described above, as shown in Table 1, we first run the simulation with a north-to-
south IMF turning interacting with a quasi-steady magnetosphere under northward IMF conditions. To investi-
gate the effects of different IMF rotations, we then perform Run 2 with a north-to-east IMF turning. Finally, Run 3
is simulated with a south-to-north IMF turning interacting with an initial magnetosphere under a southward IMF.

3. Simulation Results

In this section, we present simulation results of the interaction of different IMF rotations with the magnetosphere.
In the following sections, we first show the results for the ionospheric FACs morphology derived with the three
different mapping methods described in Section 2.2. Then we analyze the response of the MI system to the solar
wind discontinuity by taking the FACs and the thermal pressure P as proxies for the ionosphere and magneto-
sphere, respectively. Since the main focus of this study is on the relative time delays in the response of the MI
system to the IMF discontinuity at different sectors and radial distances, the selection of proxies does not affect
our main conclusions because different magnetospheric plasma parameters nearly simultaneously respond during
the solar wind interactions.
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Figure 3. The Northern (left column) and Southern (right column) ionospheric field-aligned currents (FACs) in the SM
coordinates calculated with different mapping methods: (a and b) zero-tilted dipole magnetic field, (c and d) JRM09 model,
and (e and f) JRMO09 model plus a tilt angle correction. The statistical main ovals adapted from Bonfond et al. (2012) are
plotted with black curves for each panel. Positive values of FACs represent upward currents (in red), while negative values
mean downward currents (in blue). The local times and latitudes are depicted on each panel. The Sun is to the top.

3.1. Morphology of Ionospheric FACs

Figure 3 shows the ionospheric FACs calculated with different mapping methods at a time when the 0° System II1
longitude aligns with the x-axis of SM coordinates, during which the magnetosphere reaches its steady state under
a northward IMF condition. In the three runs presented in this study, the general morphology of the FACs, that
is, their basic structure and configuration, is not significantly changed, although the value of the FACs changes in
response to the solar wind discontinuity, as will be discussed in detail in Section 3.2. Therefore, the ionospheric
FACs shown in Figure 3 are representative of the morphology obtained for the three runs.

It can be seen from Figure 3 that the morphology of simulated FACs differs significantly for different mapping
methods. Similar to the results from preexisting Jovian MHD models (e.g., Sarkango et al., 2019; Tanaka
et al., 2021; Y. X. Wang et al., 2018), the FACs in northern and southern hemispheres appear symmetric and
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are both circular around the magnetic axis for the dipole mapping method (see Figures 3a and 3b). However,
such morphology deviates from the observations of the main oval as indicated with black curves, which show
strong north-south asymmetries and equatorward shifting. As shown in Figures 3c and 3d, with a more realistic
planetary magnetic field, that is, JRM09 model, used in the mapping procedure, the derived ionospheric FACs
are greatly improved for both hemispheres. The resultant morphology of the upward FACs is basically in agree-
ment with observations, although there is some shift between them. The simulated upward FACs reproduce the
kink and non-circular pattern of the northern hemisphere and also the near circular southern pattern similar to
observations. As mentioned in Section 2.2, the tilted JRMO09 model is not implemented in the MI coupling loop
(Figure 2); thus, a correction on the tilt angle is needed for the derivation of the FACs. Figures 3e and 3f show
the results after the tilt angle correction, where the statistical main ovals are shifted toward the rotational axis by
~3.6°. Note that this correction angle, that is, 3.6°, is smaller than the tilt angle of ~10.31° of the dipole compo-
nent of Jupiter's planetary magnetic field with respect to the geographic poles, which implies that the tilt angle
influence on MI coupling may be somehow weakened. As a result, the morphology of the simulated upward
FACs agrees quite well with observations, in terms of both outlines and locations.

3.2. The Response of the Magnetosphere-lonosphere System

As described in Section 2.3, three runs with different IMF rotations are simulated to investigate the response of
the MI system. In this section, we aim to analyze the characteristic time delays between the times when the IMF
discontinuity encounters the bow shock and when the MI system begins to significantly respond. In the following,
we first give an overview of the main features of the MI system response to the IMF discontinuity for Run 1. Then
we discuss the ionospheric response in terms of the FACs in Section 3.2.2 and the magnetospheric response in
Section 3.2.3.

3.2.1. Overview of the Magnetosphere-Ionosphere System Response

Taking Run 1 as an example, Figures 4c—4h show the time series of residual total upward and downward FACs
at the ionospheric level (Figures 4c and 4d) and the magnetospheric thermal pressure at different radial distances
(Figures 4e—4h). The residual currents and pressure are obtained by removing the values at 00:00 UT (or O hr),
when the MI system is not disturbed by the solar wind discontinuity. Note that the total upward ionospheric
current at each hemisphere amounts to about 8.5 MA (not shown here), which is comparable to or somewhat
lower than the values obtained from Juno data, indicating an upward current system for the northern hemisphere
ranging from ~6 to ~62 MA, and for the southern one varying from ~26 to ~91 MA (Kotsiaros et al., 2019).
As defined in Figure 4a for the ionosphere and Figure 4b for the magnetosphere, for convenience of compari-
son between different local times, the MI system is separated into four sectors according to local times (LT):
(a) 12:00-18:00 LT, (b) 18:00-24:00 LT, (c) 00:00-06:00 LT, and (d) 06:00-12:00 LT corresponding to an
azimuthal angle (@) increasing from 0 to 360°. It is noteworthy that each of the four sectors of the ionosphere
covers the whole hemisphere with latitudes ranging from O to 90°, while that for the magnetosphere covers an
infinitely thin arc on the equatorial plane at a specific radial distance (7). The ionospheric FACs are calculated
with the dipole mapping method as shown in Figure 2. Since the magnetospheres simulated in this study are
highly compressed, here we only focus on magnetospheric regions within 40 R, so as to eliminate the effects of
the magnetopause (~45 R)) and its outside magnetosheath.

The tangential discontinuity front travels at the solar wind speed before it impacts the bow shock and is subse-
quently slowed down in the magnetosheath. For Run 1 studied in this paper, the IMF rotation transition front
encounters the bow shock at around 03:35 UT (or 3.58 hr in Figure 4) at a solar wind speed of 400 km/s, where
the 00:00 UT (or O hr) represents the time when the discontinuity is introduced at the upstream boundary. At the
beginning, the MI system is under northward IMF conditions, corresponding to an open magnetosphere created
due to dayside magnetic reconnection.

Figure 5 shows a close-up of Figures 4c—4h from 2 to 10 hr after 00:00 UT for Run 1 (see Figures S2 and S5 in
Supporting Information S1 for Runs 2 and 3, respectively). One can see in this figure that a package of perturba-
tions take place before the significant changes of the MI system shown with gray shadings. Here, the start times
when the MI system significantly responds after the perturbations are determined by locating the immediate
neighboring extrema, after which the FAC (or pressure) goes far beyond zero, that is, the initial state (see more
clearly in Figure 4). This method is efficient for removing the effects of the small-scale perturbations and is

WANG ET AL.

7of 16

8518017 SUOUWIOD 3A 81D 3|t jdde ayy Aq pausenob afe ssppiie YO ‘8sn JO SaINJ 10} Aelq 1 8UIUO /8|1 UO (SUOTIPUOD-PUR-SLLBYWI0D A8 |IMAReiq | Bul|UO//Sd1Y) SUORIPUOD pUe swie | 8y} 88s *[£202/70/90] Uo ArelqiTaulluo A8 |1M ‘NSNISINOA!E [Bwod A Z0Z0E0VETZ0Z/620T OT/I0p/woo A 1m Ariq1jeuluosgndnBe;/sdny wouy papeojumod ‘9 ‘220z ‘20766912



I ¥ell . .
NI Journal of Geophysical Research: Space Physics 10.1029/2021JA030207

ADVANCING EARTH
AND SPACE SCIENCE

(b)

Y[R

08

Solar wind

06:(I)0 LT
300-06 @06-12 ©18-24 LT

1 (MA)
up
Soooco

!

8518017 SUOUWIOD 3A 81D 3|t jdde ayy Aq pausenob afe ssppiie YO ‘8sn JO SaINJ 10} Aelq 1 8UIUO /8|1 UO (SUOTIPUOD-PUR-SLLBYWI0D A8 |IMAReiq | Bul|UO//Sd1Y) SUORIPUOD pUe swie | 8y} 88s *[£202/70/90] Uo ArelqiTaulluo A8 |1M ‘NSNISINOA!E [Bwod A Z0Z0E0VETZ0Z/620T OT/I0p/woo A 1m Ariq1jeuluosgndnBe;/sdny wouy papeojumod ‘9 ‘220z ‘20766912

L
alaydsouol

1 (MA)
down
o

P (nPa)
)
>

?

/

||
alaydsojaubew

E

|

o

10 20 30 40 50 60
Simulation time (hours)

~

0

Figure 4. The residual total ionospheric field-aligned current (Figures 4c and 4d) and magnetospheric thermal pressure (Figures 4e—4h) relative to the initial state

for Run 1 as a function of the simulation time. The 0 hr corresponds to the time when the IMF discontinuity is introduced at the upstream boundary. The colors in
Figures 4c—4h represent the four sectors: 00:00-06:00 (blue), 06:00—12:00 (red), 12:00-18:00 (orange) and 18:00-24:00 LT (green) as defined in Figures 4a and 4b

for the ionosphere and magnetosphere, respectively. Note that the ionosphere and magnetosphere shown in Figures 4a and 4b are only used to illustrate the definitions
of the four sectors, but they do not represent any state of the magnetosphere-ionosphere (MI) system for Run 1. The Sun is to the right in Figures 4a and 4b. The black
vertical solid lines in Figures 4c—4h indicate the time when the discontinuity encounters the bow shock. The times when the parameters of the MI system at different LT
sectors starts to significantly change are covered by gray shadings in the corresponding panel.

universal for all situations in this study. At around 04:00 UT (4.0 hr), the dayside outer magnetosphere at 40 R,
begins to be perturbed with amplitudes below 0.1% of the background. Later, fluctuations propagate inward in
sequence, until they reach the 10 R, radial distance at 04:50 UT (4.83 hr). During this time period, at around 04:45
UT (4.33 hr), the ionospheric FACs start to fluctuate with a small amplitude of less than 2% of the background,
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Figure 5. Same format as Figures 4c—4h, but with an interval from 2 to 10 hr for simulation time. The definitions of TO and T1 are illustrated in Figure 5a.

implying the IMF discontinuity disturbs the ionospheric current system, until about 07:35 UT (7.58 hr) when the
downward FACs significantly change (Figure 5b). Similarly, the magnetospheric fluctuations last until around
06:15 UT (6.25 hr) when the outer magnetosphere dramatically responds, indicating that the IMF rotation begins
to effectively influence the MI system. The MI system takes over 70 hr to gradually reach another steady state.

3.2.2. Ionospheric Response

As one can see in Figures 4c and 4d, the response of the ionosphere to the IMF discontinuity shows significant
local time asymmetries in terms of both magnitudes and general trends. For example, the upward FACs shown
in Figure 4c¢ in the prenoon dayside sector, that is, sector 4, tend to increase at the early stage after the encounter
of IMF transition with the bow shock, reaching a local peak, which is followed by a gradual enhancement until a
new steady state is reached. In contrast, the FACs at other sectors gradually decrease with similar slopes at first,
and then gradually increase until a new state is reached after a local valley. Note that sector 4 is colocated with
the main oval discontinuity (see Figure 4a). Besides, the FACs in sectors 1 and 4 seem to be anticorrelated at the
early stage before ~20:00 UT (20 hr), that is, the duskside FACs at sector 1 tend to decrease, while the dawnside
ones in sector 4 increase with comparable magnitudes. This anticorrelation can be found in all the three runs
presented in this study, although the time evolutions of the FACs are quite different. For Runs 1 and 2, the general
trends of the FACs in sectors 1 and 4 are similar, that is, increasing at the dawnside (sector 4) and decreasing
at the duskside (sector 1) (see Figures 4c—4d and Figures S1c-S1d in Supporting Information S1). However,
for Run 3, the dawnside FACs are weakened while the duskside FACs increase, opposite to Runs 1 and 2 (see
Figures S4c—S4d in Supporting Information S1). This may be explained by the expansion or compression of the
magnetosphere. Runs 1 and 2 have the same initial magnetosphere under northward IMF; thus, the interaction
with the new upstream southward or eastward IMF brought by the IMF rotation results in a less compressed
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magnetosphere with decreasing open magnetic fluxes. As opposed to Runs 1 and 2, Run 3 simulates the north-
ward IMF interacting with an initial magnetosphere under a southward IMF, producing more open flux and a
more compressed magnetosphere. This is consistent with the simulation results from Chané et al. (2017), showing
that for a more compressed magnetosphere, the total brightness of the main oval increases while the main oval
near the discontinuity becomes fainter (see Figure 7 of Chané et al., 2017). It should be noted that the compres-
sion of the magnetosphere in Chané et al. (2017) was caused by the increased solar wind dynamic pressure instead
of the IMF as in this study.

In addition to the local time asymmetries, the responses of the upward and downward FACs are quite different.
First, as shown in Figure 4c, the responses of the upward FACs in the nightside sectors 2 and 3 are nearly identi-
cal, while those of the dayside sectors 1 and 4 show bigger differences. This is always true for all the three runs
presented in the study (see Figures Slc and S4c in Supporting Information S1). However, this phenomenon is
not observed for the downward FACs (see Figure 4d and Figures S1d and S4d in Supporting Information S1):
instead, the FACs in the dawnside sectors 3 and 4 (or duskside sectors 1 and 2) evolve in a quite similar way. As
a whole, the day-night asymmetry (or the dawn-dusk asymmetry) is more prominent for upward (or downward)
ionospheric FACs. Second, the downward FACs tend to respond more quickly than the upward ones in the corre-
sponding sector. The difference between the upward and downward FACs may be explained as follows. As one
can see in Figure 3, the downward FACs at higher latitudes are magnetically connected with the outer magneto-
sphere and magnetospheric boundaries such as the magnetopause, which are supposed to be affected earlier than
the inner magnetosphere by the solar wind discontinuity. By comparison, the upward FACs are more likely linked
to the plasma flows in the middle magnetosphere, which is further validated by the fact that the inner magneto-
sphere tends to respond more slowly than the outer magnetosphere as shown in Figure 4.

Figure 6a and Table S1 in Supporting Information S1 list the response time of the ionosphere to the discontinuity
for the three runs. Here, TO represents the time lag between the time at which the IMF discontinuity encounters
the bow shock and the time when the MI system starts to experience perturbations (see Figure 5a). T1, which is
always larger than the corresponding TO, is the time delay between the encounter of the discontinuity with the
bow shock and the time when the MI system starts to significantly respond. Because of the complexities of the
interaction between the discontinuity and the magnetosheath and the follow-on magnetopause, the uncertainty of
the onset time of the encounter with the magnetopause is quite large. Thus, here we set the time when the discon-
tinuity encounters the bow shock as the reference time. Selection of this reference time does not really affect our
discussion or conclusions, since we mainly focus on the relative values rather than the absolute ones.

On a statistical basis of the three runs as listed in Table S1 of Supporting Information S1 and Figure 6b, the time
delays T1 between the encounter of the discontinuity with the bow shock and when the FACs start to significantly
respond, are on average ~1 hr longer for the upward FACs than for the downward ones for Runs 1 and 2, or ~3 hr
longer for Run 3. This time difference is particularly prominent for the dayside ionosphere, that is, sectors 1 and 4.
However, the arrival time of the initial perturbations as labeled by TO is about 20 min earlier for the upward FACs
than for the downward ones. This may be explained by the different paths for the waves propagation: perpendic-
ular to the field lines via fast magnetosonic waves or along the field lines via Alfvén waves. For the simulated
magnetosphere presented in this study, Alfvén waves take about 80 min to propagate along field lines from the
dayside magnetopause to the ionosphere at 1 R, while the fast wave may take about 60 min to transversely prop-
agate from the dayside magnetopause to regions near » = 10 R,. For the upward FACs, the time delays between
the time of their significant change and the encounter of the bow shock and the discontinuity are more than 5 hr
for all three runs.

3.2.3. Magnetospheric Response

As shown in Figures 4e—4h and 5c—5f, the response of the magnetosphere to the IMF discontinuity shows signif-
icant local time asymmetries as well. At the early stage, especially within 10 hr after 00:00 UT, the magneto-
spheric perturbations in the dayside sectors 1 and 4 (or nightside sectors 2 and 3) are quite similar, indicating
that the day-night asymmetry is more prominent for the initial fluctuation which is likely caused by MHD waves
in the magnetosphere. As expected, the dayside magnetosphere (sectors 1 and 4) starts to significantly respond
earlier than the nightside (sectors 2 and 3). Besides the local time asymmetries, the magnetospheric response is
dependent on radial distances to Jupiter. Namely, the outer magnetosphere, particularly in the dayside sectors,
tends to respond faster than the inner magnetosphere (see shadings in Figures 4 and 5).
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Figure 6. Distribution of the response time (a) TO and (b) T1 of the magnetosphere-ionosphere system at different sectors
and radial distances to the IMF discontinuity for the three runs. The colors represent the four sectors with the same definitions
as in Figure 4. The results from the three runs are illustrated with different symbols and are guided by the three horizontal
gray lines.
Figure 7 shows the evolution of the magnetosphere for Run 1 as functions of simulation time and radial distances
(see Figures S3 and S6 in Supporting Information S1 for Runs 2 and 3, respectively). Similar to Figures 4 and 5,
the residual thermal pressure, calculated by subtracting the initial values at 00:00 UT, is set as a proxy reflect-
ing the response of the magnetosphere. The initial thermal pressure is about 0.2 and 0.02 nPa at 6 R, and 40
R, respectively. There seems to be a “pulse” enhancement for nearly all distances within 40 R, at about 10:00
UT (10 hr) in the dayside magnetosphere, that is, sectors 1 and 4 (see Figures 7a and 7d). As for sectors 1, 2,
and 4 (Figures 7a, 7b, and 7d), there appears a separatrix near 15 R, for sector 1, near 23 R, for sectors 2 and
4, across which the value of the residual pressure changes sign. In other words, the plasma thermal pressure
decreases below the initial value inside of the separatrix, while in the outer magnetosphere outside the separatrix,
it increases above its initial state. However, for sector 3, that is, 00:00-06:00 LT, the overall evolution of the
magnetosphere is significantly different from the ones observed at the other sectors, which could be related to the
tailward reconnection regions (see Figure 1a of Y. X. Wang et al. [2018]).
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discontinuity encounters the bow shock.

Figure 6 and Tables S1 and S2 in Supporting Information S1 organize the response time of the magnetosphere
and the ionosphere in different sectors and at different distances to the IMF discontinuity for the three runs. From
this table, we confirm that the dayside magnetosphere (Sectors 1 and 4) responds earlier than the nightside by
less than 1 hr for the initial perturbations and several hours for significant changes. The differences in time delays
between the perturbations at different distances are less than 1 hr, which is consistent with the magnetosonic
waves propagation time. The outer magnetosphere seems to responds more quickly than the inner magnetosphere
on the dayside, while it is not true for the nightside sectors 2 and 3. This may be explained by the time sequence of
the effects of the solar wind discontinuity. The perturbations originating in the solar wind propagate through the
magnetosheath and dayside outer magnetosphere to the inner magnetosphere in the form of Alfvén waves along
the magnetic field lines and/or of fast magnetosonic waves transverse to the magnetic field.

4. Discussion
4.1. Comparison With Simulations and Observations at Earth

The dynamics of the terrestrial MI system is mainly controlled by the solar wind. At Earth, the response of the
MI system to the solar wind along with the IMF has been widely studied via observational data and simulations
(e.g., Yu & Ridley, 2009 and references therein; Tenfjord et al., 2017; C. Wang et al., 2013). Yu and Ridley (2009)
modeled a north-to-south IMF discontinuity interacting with an initial magnetosphere under northward IMF,
which corresponds to a closed magnetosphere at Earth. They found that the time it takes for the ionosphere to
significantly respond to this discontinuity from the encounter of the IMF transition with the bow shock varies
with the solar wind speed, ranging from nearly 15 min (min) for a solar wind speed of 300 km/s to ~6 min for
solar wind speeds of 600 km/s. Besides, the IMF transition takes about 3—9 min to propagate from the bow shock
to the subsolar magnetopause for solar wind speeds of 300-600 km/s. A delay time of 7-8 min for the IMF
orientation to have effects on the ionosphere after it hits the bow shock was reported through simulations and
observations (Lu et al., 2002; Ridley et al., 1998; Slinker et al., 2001). However, it is widely accepted that the
ionosphere responds globally to a sudden southward turning of IMF nearly simultaneously with no significant
day-night difference in time (Yu & Ridley, 2009 and references therein). Using in situ magnetic field measure-
ments, Tenfjord et al. (2017) found that the Earth's magnetosphere at geosynchronous distances responds to a
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change in IMF-By in less than 15 min at all local times from the bow shock arrival time, while the reconfiguration
time is less than 46 min.

In the case of Jupiter, things are quite different. First, the time for the MI system to respond to the IMF disconti-
nuity after its encounter with the bow shock spans from ~2 to ~8 hr, depending on solar wind conditions, local
times, radial distances, and the initial magnetospheric states. The reconfiguration time, which is defined as the
time it takes to reach the final state of the magnetosphere, is approximated to be over 70 hr (see Figures 4c—4h).
As a result, the timescales for the Jovian MI system to respond to the IMF rotation and the magnetospheric
reconfiguration are, respectively, on average 20 and 90 times longer than the corresponding times at Earth. The
IMF transition takes about 1.5 hr for the propagation from the bow shock to the subsolar magnetopause for run 1,
which is much larger than the 5.3 min at Earth for a north-to-south discontinuity with the same solar wind speed
of 400 km/s (Yu & Ridley, 2009).

Second, the Jovian MI system displays strong local time asymmetries in its response to the IMF discontinuity.
For example, the dayside ionospheric FACs tend to respond more quickly than the nightside ones by over 30 min
(compare sectors 1 and 2 for run 1 in Table S1 of Supporting Information S1). Such day-night asymmetry is
always observed for all local times in the three runs presented in this study.

Finally, in addition to the day-night asymmetry, the downward FACs are found to respond earlier than the upward
ones by a time ranging from less than 1 hr to several hours (see Table S1 in Supporting Information S1), which is
more prominent in the dayside ionosphere.

4.2. Implications From the Main Oval Morphology

The UV main ovals observed by Hubble Space Telescope (HST, Clarke et al., 1998; Gérard et al., 2014) and
Juno (Gladstone et al., 2017) shows strong north-south asymmetry and their general morphologies are consistent
with the planetary magnetic field (Connerney et al., 2018). This is not surprising since precipitating electrons are
always guided by the local magnetic field.

As presented in Section 3.1, the general morphology of the simulated upward ionospheric FACs obtained from
our MHD model agrees quite well with that of the main auroral ovals in both northern and southern poles
when we use the JRM09 model for the MI mapping (see Figure 2). This very good matching between the simu-
lated upward FACs and the observed main ovals confirms that the simulated upward FACs obtained from MHD
models could be used as a first order proxy for the general morphology of main auroral ovals.

The simulated ionospheric upward FACs obtained from the dipole mapping method (see Figures 3a and 3b) are
distributed between 12° and 19° magnetic latitudes with a peak at around 15°, which magnetically map to the
equatorial magnetospheric regions ranging from ~10 to 30 R, for the dayside, and even much farther for the night-
side due to the more elongated magnetic field lines in the tailward magnetosphere. These results, to some extent,
are consistent with the corotation enforcement theory (Cowley & Bunce, 2001) as described in Section 3.1 with
regard to the upward FACs and the main auroral oval.

However, as described in Section 1.2, the corotation enforcement theory has been challenged by some observa-
tions (Bonfond et al., 2020), and the links between the main oval and the upward ionospheric FACs are not always
firm or reliable. Despite the absence of a deterministic relationship between the upward FACs and the main
oval, they could be correlated in some cases. The Jovian UV aurora is generated by the precipitating electrons
impacting with the atmosphere (Gérard et al., 2014), and these downward electron populations as charge carriers
contribute to the upward FACs. As a result, the main oval and the related electron precipitations are more likely
to be within the upward FACs, although these accelerated downward moving electrons could be also related to
the downward FACs or even “zero FACs” regions (Mauk et al., 2018, 2020).

4.3. Directions for Future Work

The main focus of this study is on the interaction of the idealized IMF rotation with a quasi-steady and highly
compressed magnetosphere. We found that the response of the MI system to IMF rotations differs greatly
for different solar wind conditions and the associated magnetospheric states (comparing runs 1 and 3). It is
likely that the related response time of the MI system to the solar wind tends to increase for a larger and closed
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magnetosphere. Thus, in order to further understand the response of the Jovian MI system to the solar wind and
IMF, more simulations under different solar wind conditions or more realistic solar wind provided by in situ
observations (e.g., Wilson et al., 2018) or heliospheric models (e.g., Y. X. Wang et al., 2020) are needed.

Second, as mentioned in Section 2.2, this work is as a first attempt to examine the effects of a realistic Jovian
magnetic field on the morphology of the upward ionospheric FACs. However, this realistic magnetic field is not
explicitly included in the MHD calculation cycle (see Figure 2) but is only used to derive the ionosphere FACs
by mapping from the magnetosphere to the ionosphere. The implementation of this realistic magnetic field,
including a tilt angle relative to the rotational axis, the strong nondipole components, and the magnetic anomaly
particularly at the north pole should be addressed in a future study. In such a situation, dayside reconnection does
not occur at the subsolar point but varies with time due to the rotating tilted Jovian magnetic field.

Finally, the ionospheric conductances used in our current model are uniform and time-independent, which does
not reflect the realistic case since ionosphere conductances are strongly modulated by particle precipitations and
are significantly enhanced within auroral regions (Gérard et al., 2020; Y. X. Wang, Blanc, et al., 2021). A variable
and nonuniform distribution of conductances should be considered in future simulations.

5. Summary and Conclusions

In this paper, we have conducted three simulation runs to investigate the response of the MI system at Jupiter to
an IMF tangential discontinuity. Compared with preexisting MHD models, we used here the JRM09 model for the
derivation of the ionospheric FACs, as a first attempt to examine the effects of the realistic Jovian magnetic field
on the shaping of the main oval morphology. This study demonstrates that the timescales for the Jovian MI system
to respond to IMF rotations and the magnetospheric reconfiguration are much longer than that of the Earth, and
the MI system response is local-time dependent. Such characteristic timescales and features of the MI system
responding to the IMF rotations are important and useful for the causal study of the solar wind's interaction with
Jovian magnetosphere. For example, these timescales could be used as a reference time to investigate the chain of
causality between some specific solar wind transient events and the evolution of the aurora during when the solar
wind and aurora imaging data are both available.

The results of this paper can be summarized as follows:

1. The response of the MI system to the IMF discontinuity shows significant local time asymmetries in terms of

both magnitudes and general trends.
At the ionospheric level, the duskside FACs are anticorrelated with the dawnside ones at the early stage of the
simulation before ~20:00 UT. In addition, the responses of the upward and downward FACs are significantly
different. For instance, the day-night asymmetry is more prominent for upward FACs, while for downward
FACs, the dawn-dusk asymmetry is more evident. Besides, as expected, the dayside magnetosphere starts to
significantly respond at an earlier time than the nightside sectors.

2. The magnetospheric response to the IMF rotation varies with radial distances to Jupiter. The outer magneto-
sphere seems to responds more quickly than the inner magnetosphere on the dayside, while it is not clear for
the nightside sectors.

3. The magnetosphere and ionosphere significantly respond to the IMF discontinuities in ~2—6 and ~3-8 hr
from the arrival at the bow shock, depending on local times and radial distances.

4. The simulated ionospheric upward FACs agree well with the observed main oval for both hemispheres when
we use the JRM09 model to map the FACs from the inner boundary of our MHD model to the ionosphere.
This confirms that the planetary magnetic field greatly shapes the ionospheric FACs as well as the main auro-
ral emissions. Their mutual consistency implies that the simulated upward FACs could be used as a first order
proxy for the general morphology of main ovals.

Data Availability Statement

All the simulation data along with the program for reading are available at National Space Science Data Center
(https://dx.doi.org/10.12176/01.99.02056) as shown in the in-text data citation reference: Y. X. Wang, Guo,
et al. (2021).
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