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Abstract 1tis generally believed that variations in the upstream solar wind (SW) and interplanetary
magnetic field (IMF) conditions are the main cause of changes of Jupiter's magnetopause (JM) location.
However, most previous pressure balance models for the JM are axisymmetric and do not consider internal
drivers, for example, the dynamics of the magnetodisc. We use three-dimensional global magnetosphere
simulations to investigate the variation of the JM under constant SW/IMF conditions. These simulations

show that even without variations in the upstream driving conditions, the JM can exhibit dynamic

variations, suggesting a range as large as 50 Jupiter radii in the subsolar location. Our study shows that the
interchange structures in the Jovian magnetodisc will introduce significant radial dynamic pressure, which can
drive significant variation in the JM location. The results provide important new context for interpreting the JM
location and dynamics, with key implications for other internally mass-loaded and/or rapidly rotating systems.

Plain Language Summary The location of Jupiter's magnetopause is impacted by both external
and internal conditions. In observations, the location of Jupiter's magnetopause has been found to change
greatly and rapidly. This variation is generally believed to be caused by the significant changes in the external
conditions. However, to-date models and simulations have been mostly axisymmetric and static for the internal
environment. Therefore, today, there is no interpretation that the internal mechanisms are sufficient to drive
the drastic variation of Jupiter's magnetopause. In fact, because of the rapid rotation of Jupiter, as well as the
particle outflow caused by volcanism on Jupiter's moon lo, the internal environment of Jupiter's magnetosphere
is quite active. It is possible that the activity of the internal magnetospheric environment has a greater impact
on Jupiter's magnetopause. We used three-dimensional global simulations to investigate the variation of
Jupiter's magnetopause under constant external conditions. The results show that even under constant external
conditions, Jupiter's magnetopause will be highly impacted by internal conditions. Our study reveals the
importance of the internal magnetospheric environment for the variation of Jupiter's magnetopause, even the
whole magnetospheric system.

1. Introduction

The Jovian magnetopause, which is the boundary of the Jovian magnetosphere, is one of the most important
physical regions for understanding giant magnetospheres. Based on existing knowledge on the configuration of
planetary magnetospheres, the upstream solar wind (SW) conditions determine the size and shape of a magne-
tosphere, that is, the location of the magnetopause (e.g., Huddleston et al., 1998). For example, it is believed
that the decrease of the Jovian standoff distance is a consequence of magnetospheric compression caused by
enhanced SW dynamic pressure (e.g., Ebert et al., 2014; Joy et al., 2002; McComas et al., 2014). However, if only
considering the balance between SW dynamic pressure and magnetic pressure without the contribution of the
plasma sheet, the predicted standoff distance is only about 42 Jupiter Radii (R;) under nominal upstream condi-
tions, which is much smaller compared with observations (e.g., Bame et al., 1992; Delamere & Bagenal, 2010;
Desroche et al., 2012; Kivelson et al., 1997; Lepping et al., 1981; Wolfe et al., 1974). To reconcile this inconsist-
ency in the Jovian magnetosphere, the hot plasma populations (e.g., Krimigis et al., 1979; Krimigis et al., 1981),
and the equatorial current sheet or magnetodisc were considered in theoretical or empirical models and numerical
simulations (e.g., Alexeev & Belenkaya, 2005; Aoyama & Oya, 1985; Engle & Beard, 1980; Khurana, 1997;
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Ogino et al., 1998; Stahara et al., 1989), which have shown much larger standoff distances that are more consist-
ent with observations. However, these previous studies are either based on an axisymmetric Jovian magneto-
sphere model or a static Jovian magnetodisc picture. Recent observational studies have shown that the Jovian
magnetosphere exhibits significant spatial and temporal variations, indicating that structure due to the internal
dynamics of the Jovian space plasma may have an important role in regulating the shape of the giant magneto-
sphere (Gu et al., 2023; Schok et al., 2023).

The rapid variations of the location of the Jovian magnetopause have been seen in previous and on-going in-situ
observations. For example, during the first three apojove periods, the Juno spacecraft was found to cross the
magnetopause (dawn flank) more than 97 times in the range of 73 to 114 R, (Hospodarsky et al., 2017). It is
generally believed that the drastic change of the SW dynamic pressure will cause the variation of the magneto-
pause standoff distance (e.g., Ebert et al., 2014; Huddleston et al., 1998; Joy et al., 2002; McComas et al., 2014;
Slavin et al., 1985). With recent studies on the dynamic variation associated with density structures in the Jovian
magnetosphere (e.g., Huscher et al., 2021; Schok et al., 2023; Wang et al., 2023), question remains how important
internal dynamics are on the variations of the magnetopause.

Using Juno-JADE measurements, Huscher et al. (2021) have shown that the magnetodisc density profiles are
quite variable in small structures, from orbit to orbit. The variations of the magnetodisc current and outward
radial currents on the equatorial plane may influence the transfer of angular momentum to outward flowing
plasma (Connerney et al., 2020). Schok et al. (2023) found that there would be magnetic field fluctuations with
1-10 hr periodicities near dawn/tail flank and the magnetodisc. Thus, the static assumption is questionable,
and internal variations within the Jovian magnetosphere cannot be completely ignored for predicting the Jovian
magnetopause. Such dynamic characteristics are also seen in auroral activities, such as variations of Jupiter's
ultraviolet aurora (Grodent et al., 2018), auroral dawn storms (Bonfond et al., 2021) and auroral injections (e.g.,
Yao et al., 2020). Moreover, the internal magnetospheric dynamics may also result in explosive activities such
as magnetic loading/unloading process in the middle magnetosphere (Yao et al., 2019), influencing the global
configuration of the Jovian magnetosphere. Structures in Jupiter's X-ray aurorae, which map to the outer magne-
tosphere and have been proposed to relate to processes near the magnetopause also exhibit substantial spectral,
temporal, and spatial variability during intervals of seemingly quiescent solar wind (Dunn et al., 2020). A recent
study has also found that interchange structures within the magnetodisc greatly influence the reconnection in the
region from magnetotail to dawn side, resulting in significant variations in the middle-outer magnetosphere with
a significant increase in the auroral Alfvénic power (Feng et al., 2022). This series of observational evidence
suggests that the Jovian magnetopause may not be described accurately by existing axial symmetric, simple pres-
sure balance models, and the influence from the internal dynamics needs to be considered when studying giant
magnetospheres.

Previous work has shown the importance of internal conditions for the compressibility, dayside shape and size of
the magnetopause in Saturn or Jupiter (Achilleos et al., 2021; Hardy et al., 2020; Pilkington et al., 2015). In the
magneto-hydrodynamics (MHD) models, variations of the magnetopause in Saturn and Jupiter have also been
shown (Chané et al., 2017; Jia et al., 2012).

To quantify the impact from internal drivers on the variation of the Jovian magnetopause, we use global magne-
tospheric simulations to investigate the variation of the magnetopause under nominal, time-steady SW conditions
near Jupiter's orbit. By excluding the variations in the upstream driving conditions, we show that the variation
range of the Jovian magnetopause location is very large, and the interchange structures within the magneto-
disc regulate the shape of the magnetopause. These results provide a new perspective on understanding the
configuration of the Jovian magnetosphere. The paper is organized as follows: Section 2 describes the simulation
setup; Section 3 describes the simulation results, and Section 4 discusses the internal mechanism of magneto-
pause variations.

2. Simulation Information

The numerical simulations are based on the global Jovian magnetosphere model developed by Zhang et al. (2021)
and the MHD equations are solved using the Grid Agnostic MHD for Extended Research Applications (GAMERA)
code (Zhang, Sorathia, Lyon, Merkin, & Wiltberger, 2019; Zhang, Sorathia, Lyon, Merkin, Garretson, &
Wiltberger, 2019). The code solves the MHD equations on a non-orthogonal, curvilinear grid adapted to Jovian
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Figure 1. The average radial density profile of the simulation, compared with Figure 1 from Bagenal and Delamere (2011).
The cyan shadow represents the simulated density distribution and the red line represents the simulated mean density.

magnetospheric problems based on finite-volume techniques. In the solar-magnetic (SM) coordinate system, a
stretched spherical grid extends to 120 R, in the sunward direction, —1300 R, in the anti-sunward direction, and
+360 R, in the directions perpendicular to the sun-Jupiter axis. The grid is spherical polar near the low-altitude
(inner) boundary with the axis of symmetry along the SM x-axis. The grid resolution is highly non-uniform
with Ar = 0.6 R, in the radial direction near the simulated dayside magnetopause, and approximately Ar = 0.15
R, near the inner boundary, which is set to be a spherical shell at 3.5 R; Jovi-centric. The time resolution of the
simulation data output is 120 s, which is sufficient to resolve the temporal variation in the Jovian magnetopause.
A dipole placed at the origin of SM is used to represent the Jovian intrinsic magnetic field in the simulation, and
the tilt angle is ignored in the following numerical experiments. This is for the simplification of analysis because
it is convenient for us to study the effect of magnetodisc on magnetopause by excluding the asymmetry of the
intrinsic magnetic field.

To implement the rapid rotation of Jupiter, a corotation potential after the electrostatic magnetosphere-ionosphere
coupling (Merkin & Lyon, 2010) is imposed. To implement logenic mass loading, we use the following simple
spatial function representing the density distribution of the Io plasma torus:

An = Ae > Ra (1)

where An in Equation 1 is the volumetric Iogenic source rate (in cm~3/s), and the parameter A is used to control
the total rate of mass loading. R, is the minimum distance between any point (x, y, z) and the orbit of Io (6 R
Jovi-centric in the simulation):

Ri=((re—67 +22)"" SR <r. <8Rzl < IRy, @

with r, = (x* + y)l/2 is the equatorial radius for any given location (x, y, z). In the following simulations, we use
A =280 and k = 7, which gives a fixed o mass loading rate of approximately 1,100 kg/s. Numerical experiments
have shown that the value of parameter k has little effect on the simulation results when k > 3, especially the radial
density profile. The mass loading process is switched on at 00:00 simulation time (ST) with a fixed rate through-
out the entire simulation. The magnitude of the interplanetary magnetic field (IMF) is fixed as By = B, = 0,
By = 0.3 nT. The speed of SW was set to be V, = 360 km/s, V, = V, = 0, and the density of SW was 0.18/cc, which
are near the median or mean values of SW proton speed and density measured at SAU (e.g., Ebert et al., 2014;
Jackman & Arridge, 2011).

The simulation was run for approximately 300 hr in order to reach a quasi-balanced state, in which the radial
density profile within the magnetodisc remains approximately the same in a local-time averaged sense. Figure 1
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Figure 2. Top panel show the B, component near 12 MLT, and the bottom panel show the variations of the magnetopause
near 9, 12, and 15 MLT.

demonstrates the effectiveness of the global Jovian magnetosphere model in reproducing the observed plasma
number density profile within the magnetodisc. The simulated radial density profile in the simulation is shown
together with in-situ measurements and empirical distributions from Bagenal and Delamere (2011). The simulated
density profiles are in excellent agreement with observation especially in the middle magnetosphere between 8
and 50 R,. Thus, the numerical experiments are suitable for investigating the internal driver of the Jovian magne-
tosphere. Note that we have not yet implemented the hot plasma population in our global simulations, which may
cause the simulated magnetosphere to be a bit smaller, but the absence of a hot plasma component does not affect
the conclusions of this paper. The total simulation time is about 550 hr and the interval from ST = 440-550 hr is
used in the following analysis.

Since no tilt is introduced in the simulation and the upstream IMF is in the y-direction, the location of the equa-
torial magnetopause is found by tracking the boundary where the magnetic field switches from B, to B, along
the equatorial plane. This algorithm of tracking the magnetopause boundary works well in the equatorial plane,
because the B, component in the magnetosheath and IMF is essentially zero. Examples of the variation and
boundary of B, jump are clearly seen in the top right panel of Movies S1-S3. In the following analysis we only
focus on the location of the magnetopause boundary in the equatorial plane.

3. Results

Figure 2 shows the spatial and temporal variation of the simulated magnetopause location during ST = 440-550 hr.
The top panel in Figure 2 show the temporal variation of the B, component along 12 MLT in the equatorial plane.
The boundary of the B, jump is marked using a thick yellow line, which is defined as the location of the magne-
topause. The bottom panel show the temporal variations of the equatorial magnetopause at 9, 12 and 15 MLT. At
9 MLT, the location of the equatorial magnetopause exhibits a range between 57 and 101 R,, while the location of
the subsolar magnetopause varies in the range of 47 to 95 R,. Among the three selected MLTs, the largest range
of variation is near 15 MLT, which is between 48 and 104 R;. In addition, the periodicity of the variation (local
maximum or minimum appears) is roughly about once per 1-2 hr, which is higher than the rotation period of
Jupiter.
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Figure 3. Left panel shows the statistical results of the magnetopause data near noon (11, 12, 13 MLT). The blue line is a log-normal fitting. Middle panel shows the
probability distribution of magnetopause, and right panel shows the expected location of the magnetopause in the X-Y plane (red line), the expected normal direction to
the magnetopause (green arrow), and range of variation in the expected normal direction (yellow sector). The brown stars mark the location of Jupiter.

The left panel in Figure 3 is a histogram showing the spread of the simulated equatorial magnetopause locations
near noon (including 11, 12, 13 MLT). Driven by the nominal SW/IMF conditions used in the simulation, the
mean location of the subsolar magnetopause is between 65 and 70 R}, which is significantly greater than the 42
R, predicted by simple pressure balance model.

Moreover, it is evident that even though the upstream driving condition is constant over time, the variation of
the subsolar magnetopause location is unexpectedly large, ranging from 44 to 103 R, which is not predicted by
existing pressure balance models.

The middle panel in Figure 3 shows the probability distribution of the simulated equatorial magnetopause driven by
steady-state upstream SW/IMF conditions. The probability distribution was calculated along each direction over the
sampling period ST = 440-550 hr. The spatial variation of the equatorial magnetopause location is clearly seen in
the probability distribution. Near the dawn flank, the location of magnetopause can vary from 80 R, to approximately
140 R,, while near the dusk flank, the variation range is mostly between 70 and 150 R,, with extreme cases beyond
160 R,. The right panel in Figure 3 shows the expectation of equatorial magnetopause (the red line), the average
normal direction of magnetopause (the green arrows) and the corresponding range of variation (the yellow sectors)
in the boundary normal direction. In the simulation driven by steady-state upstream conditions, the range of vari-
ation in the magnetopause boundary normal direction is quite large, which exceeds 90° near 12 MLT. In the dawn
and dusk flank sectors, the variations are even larger. Note that as shown in the right panel of Figure 3, the normal
direction of the equatorial magnetopause at dawn and dusk flank (the bottom and top yellow sectors) can be directed
toward the nightside, which means that the magnetopause near these regions can have a large bend. This kind of large
bend can be found in the top right panel in Figure S1 in Supporting Information S1. These unusual normal directions
of the equatorial magnetopause suggest that the instantaneous Jovian magnetosphere boundary may have very irreg-
ular shapes that again cannot be described by existing static, simple geometric models of the Jovian magnetopause.

Figure 4 shows two snapshots from the simulation at ST = 501.6 and 519.0 hr, displaying the instantaneous distri-
butions of density, plasma f and radial dynamic pressure (pv?) in the equatorial plane. The left, middle and right
panels are the density p, plasma f§ and pv?, respectively, where v, is the radial bulk velocity. Interchange structures
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Figure 4. The distributions of density (left panels), plasma /8 (middle panels) and pv? (right panels) for ST = 501.6 hr (top panels) and 519.0 hr (bottom panels).

in the simulated Jovian magnetosphere is evident in the local density enhancements. These interchange structures,
which have different spatial variations, are generated due to interchange instabilities in the inner magnetodisc,
transporting plasma radially outward to the middle and outer magnetosphere and interacting with the Jovian
magnetopause. Note that these magnetospheric structures may evolve to very complicated structures in the outer
magnetosphere, resulting in filamentary structures. Moreover, the right panels of Figure 4 show that these inter-
change structures have very high radial dynamic pressure pv? that cannot be ignored in a magnetopause pressure
balance model. For example, the instantaneous radial dynamic pressure of the interchange structures near the
noon sector is mostly in the range of 0.5-2 nPa, which is much higher than the SW dynamic pressure (about
0.04 nPa) set in the simulation. In addition to Figure 4, the radial dynamic pressure can be seen in Movies S1-S3.

4. Discussion

Juno observations have shown that the Jovian magnetopause is much more dynamic than expected (Bagenal
et al., 2017). For example, during the first three apojove periods, more than 97 magnetopause crossings have
been identified on the dawn flank (Hospodarsky et al., 2017). It is generally believed that the planetary magne-
topause is controlled by the upstream SW/IMF variations. Our study suggests that the internal dynamics of the
fast-rotating Jovian magnetodisc may have a significant impact on the shape of the Jovian magnetopause. Under
constant, nominal SW/IMF conditions, the variation of the standoff distance in the noon sector may be more than
50 R;, which is not predicted by existing theoretical/empirical models of the Jovian magnetopause. The temporal
variation of the magnetopause boundary has periodicities around a few hours, which is similar to the characteris-
tic periodicity of ultralow-frequency waves in the magnetosheath (Gu et al., 2023) and the periodicity of plasma
density variations in the dawnside magnetosphere (Schok et al., 2023).

FENG ET AL.

6 of 9

85UB017 SUOWILIOD 3A1RR1D) 3(edl|dde aup Aq pausenob ale sapiie VO ‘88N JOSa|ni oy A%iqiT8ulUO /8|1 UO (SUORIPUOD-PUR-SWR)/W0 A8 1M ARRIq U1 |UO//SANY) SUORIPUOD PUe SWie | 84} 88S *[£202/20/20] U0 A%iqiTaulluo A8|1M 'seoines Ariqi TON uopuoabsjoD AseAn Aq 9v0r0T T19E202/620T OT/I0p/W00 Aa 1M ARiq1jeut|uo'sgndnBey/sdny ol pepeojumod ‘2T ‘€202 ‘L008776T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2023GL104046

The pattern of simulated magnetopause variations can show different magnetopause crossing (MC) time inter-
vals, which can be from tens of minutes to 2 hr, or from a few hours to more than ten hours. These time intervals
are consistent with the different time intervals of Juno MC shown in Table S2 by Hospodarsky et al. (2017).
For example, in bottom panel of Figure 2, considering a horizontal line at 75 R,, there are about 9 intersections
between the horizontal line and the line of magnetopause location at 9 MLT within ST = 458-465 hr (9 cross-
ings/7 hr), which means that if a spacecraft stays at this location, MC can be found every 1-2 hr, or even every
tens of minutes, as shown in Table S2 by Hospodarsky et al. (2017). On the other hand, considering a spacecraft
stays near 85 R, at dawn, there are only six crossings within ST = 445-505 hr (6 crossings/60 hr) according to
Figure 2. For the Juno spacecraft, many MCs with time intervals from 3 hr to more than 10 hr can also be found
in Hospodarsky et al. (2017). It is important to note that, even though the simulated MCs are consistent with the
time scales in Hospodarsky et al. (2017), single spacecraft measurements of MCs are not sufficient to rule out the
influence from the variations in the upstream conditions. For example, during a SW compression period, MC may
not occur as the spacecraft stays relatively far away. Even so, the variation frequencies of the magnetopause in
our simulation indicates that even under constant SW/IMF conditions, various MC time intervals can still occur,
which is consistent with the various MC intervals of Juno. Thus, further analysis combined with more in-situ
observations and modeling is needed to quantify the influence of the external factors.

The bimodal distribution of the Jovian magnetopause shown in Joy et al. (2002) was mainly due to the bimodal
distribution of the SW parameters used in driving their model. It is not yet conclusive whether the distribution of
SW conditions near Jupiter exhibit bimodal or other specific features (Ebert et al., 2014). Our simulation results
show local bimodal or even trimodal distribution under constant SW conditions. For example, as shown in middle
panel of Figure 3, there is a local bimodal-like distribution near 9 MLT, and a local trimodal-like distribution near
8 MLT. Overall, the questions whether or how such local bimodal or multimodal distributions depends on internal
conditions and/or external drivers are out of the scope of this study and require future investigation.

Moreover, the shape of the magnetopause also exhibits dynamic features that are not expected in standard,
parabolic-like planetary magnetopause models. For example, the instantaneous magnetopause may have a
very large bend near dawn and dusk sides, with normal directions pointing toward the nightside. Note that the
Kelvin-Helmbholtz instability can also deform the magnetopause boundary to a certain extent (Ma et al., 2022;
Zhang et al., 2018). However, the large-scale deformations shown in our simulation should be primarily driven
by the dynamics of the interchange structures. These new simulation results indicate that unlike the terrestrial
magnetosphere, the shape of a fast-rotating giant magnetosphere may be largely regulated by internal dynamics
rather than by upstream driving conditions, due to the evolution of interchange structures in the magnetodisc.

The radial transport associated with the interchange structures in the magnetodisc is critical in regulating the
boundary of the fast-rotating Jovian magnetosphere. In the simulation, because of the existence of interchange
instability (e.g., Achilleos et al., 2015 and references therein), there will be plasma transport process from inside
to outside, which generates the interchange structure. The interchange instability is caused by the perturbation of
plasma due to the influence of gravitational force, centrifugal force, pressure gradient and magnetic tension force.
When the system reaches a quasi-balanced state (e.g., ST ~ 300 hr), the non-linear evolution of these interchange
structure continues transporting plasma radially outward, causing spatial and temporal variations in the boundary
when these structures interact with the magnetopause.

When the interchange structures interact with the magnetopause boundary, the corresponding radial dynamic
pressure is in the range of 0.5-2 nPa. Compared to the SW ram pressure (about 0.04 nPa) in the simulation, the
radial dynamic pressure due to these interchange structures is sufficient to drive the variation of the magneto-
pause. According to the momentum equation of magnetospheric plasma:

dpufot = -V - [puu +1(P+B/2) - BB] 3)

where p is the plasma mass density, u is the plasma bulk velocity, I is the unit tensor, P is the plasma thermal
pressure and B is the magnetic field. For simplification, we consider a fluid cell fixed at the intersection of the
x-axis and magnetopause. The cell is divided into two parts, one is inside the magnetopause and the other is
outside. If the density p is constant and the convective stress puu is ignored in the calculation, the momentum
equation reduces to the pressure balance model which is also steady state with dpu/dt = 0. However, if using the
simulated plasma parameters on the magnetospheric side of the cell boundary, the [puu + i(P + B2/ 2) —BB]
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term is always not equal on both sides of the cell, which means dpu/ot is not always equals to zero. Therefore,
the cell on magnetopause is always in a dynamic state rather than fixed in time. In general, there will always be
variations of the whole magnetopause. Moreover, the interchange structures rotate with Jupiter's magnetospheric
system, and the number of interchange structure ejected (beyond ~25 R}) from the magnetodisc varies with time.
The radial dynamic pressure of each interchange structure varies significantly. Due to the large range of magni-
tude of the dynamic pressure, and the different radial transport times and assembly times of different interchange
structures, the magnetopause variation range is also very large.

It is important to note that other factors may also affect the location of the Jovian magnetopause, which requires
further study. For example, we have not yet implemented the hot plasma population in our global simulations,
which may result in an even more dynamic Jovian magnetopause by enhancing the plasma pressure in the outer
magnetosphere, and further improve the prediction of the Jovian magnetopause. It is interesting to note that the
simulated plasma f in the equatorial magnetosphere beyond 45 R can reach the order of 10% even without the hot
plasma, raising questions as to the relative importance of the hot plasma population. We expect that high-latitude
region of the Jovian magnetosphere is likely influenced more when the hot plasma population is implemented.
Future studies about the role of the hot plasma population are required. It is worth mentioning that in our simula-
tion, the mass loading rate is constant while in the real system, the volcanic activity of Io is non-steady. Changes
in the mass loading rate may also influence the evolution of interchange structures which should also be consid-
ered in future studies.

Data Availability Statement

The model outputs used to generate the figures for analysis presented in this paper are publicly available online
(https://doi.org/10.17605/OSF.1I0/J83T7).
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