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Abstract At Jupiter, the plasma is concentrated near the centrifugal equator, forming a magnetodisc. The
planet's dipole tilt induces periodic disc flapping, generating magnetic oscillations observed by spacecraft.
While centrifugal forces are theorized to drive interchange instability in this system, direct detection of such
structures remains challenging due to flapping-induced variabilities. However, in situ and remote sensing data
reveal ~tens-of-minute periodicities proposed to link to interchange dynamics. Using unique Juno observations,
we analyze two events to: (a) resolve highly variable magnetic curvature changes during successive plasma
sheet crossings and (b) identify periodic ~30-min fluctuations in plasma measurements in the magnetodisc
while Juno occupied a magnetically favorable location. These findings provide the first direct examination of
interchange-related magnetic curvature evolution and plasma signatures, to advance our understanding of the
magnetodisc's 3D structure and instability-driven dynamics.

Plain Language Summary Jupiter's tilted magnetic field and rapid spin create a flapping motion in
its magnetodisc, making it hard to directly study magnetic structures because measurements get blurred by
motion over time and space. Using Juno spacecraft data from two events, we show: (a) The magnetic field's
“bendiness” (curvature) changes dramatically, hinting at structures arranged around the planet. (b) Plasma near
Jupiter's equator shows repeating ~30-min cycles in a specific region. These results give the first direct proof
of “finger-like” structures in Jupiter's magnetodisc, helping us map how its magnetic environment behaves
in 3D.

1. Introduction

The interactions between the solar wind and the Earth's magnetic field form a thin nightside plasma sheet, often
called a current sheet (CS) due to the buildup of a cross-tail current (Baker et al., 1985; A. Luietal., 1976; A. T. Y.
Lui et al., 1990). Jupiter's magnetosphere is shaped not only by solar wind interactions but also by its rapid
planetary rotation and the substantial plasma contribution from its volcanic moon, Io. These characteristics
transform the thin plasma sheet near the magnetic equator into a more complex, disc-like structure, commonly
called the magnetodisc (Barbosa et al., 1979; Nichols et al., 2015). The plasma from Io's volcanic activity
continually replenishes the magnetodisc, while Jupiter's rapid rotation generates significant centrifugal forces that
stretch and maintain the disc's shape, and due to the magnetic dipole tilt, strong oscillations are found in Jupiter's
magnetic fields and particles (Bolton et al., 1997; Connerney et al., 2020; Khurana & Schwarzl, 2005; Kivelson
et al., 1997; McNutt et al., 1981; Russell et al., 2005; Sands & McNutt, 1988; Thorne et al., 1997).

Despite decades of study, a comprehensive understanding of Jupiter's magnetodisc structure remains elusive
(Achilleos et al., 2015; Russell et al., 2000). Observations of interchange structures in Jupiter's magnetodisc have
occasionally been reported by missions such as Galileo and Juno (Daly et al., 2023; Thorne et al., 1997), sug-
gesting that the magnetodisc is far from static. These unusual magnetospheric structures, which occur as dense
plasma regions swap with less dense regions, could be the key to understanding complex dynamic processes in the
Jovian magnetosphere. However, a coherent explanation for these instabilities has yet to be developed. The
magnetodisc's variable properties and its interaction with the rapidly rotating Jovian magnetosphere create an
environment that is ripe for deeper investigation.
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Due to the strong centrifugal forces generated by Jupiter's rapid planetary rotation, the interchange instability
frequently develops within the magnetosphere (Hill & Michel, 1976; Yang et al., 1994), which can modulate the
periodic plasma density variation and radio emissions (Ansher et al., 1992). This instability occurs when flux
tubes loaded with cold, dense plasma are driven radially outward, while hotter, less densely loaded flux tubes
carrying hot plasma move inward to conserve magnetic flux. While the primary mode of this instability is
interchange motion—where flux tubes swap positions with minimal change to the magnetic field's overall
configuration—the process can become more dynamic. Under certain conditions, it can evolve into field-
reconfiguring ballooning modes, where plasma pressure causes the magnetic field to bulge outward. This can
lead to partial flux-tube instabilities, in which plasma “bubbles” break off from the outer portion of a flux tube
(Kivelson & Southwood, 2005). As noted by Went et al. (2011), these instability processes are exacerbated in the
outer magnetosphere, where centrifugal forces create a radially stretched magnetodisc, which in turn facilitates
large-scale plasma injections. Recent observations from Juno further support this, showing multiple signatures of
interchange events associated with plasma injections, which are accompanied by energetic particle flux en-
hancements and plasma waves, such as whistler-mode and Z-mode emissions (Daly et al., 2023). These plasma
injections are closely tied to auroral emissions, as the injected energetic particles precipitate along magnetic field
lines, contributing to the intense auroras observed in Jupiter's polar regions (Dumont et al., 2018; Mauk
et al., 2002; Nichols et al., 2023). These processes play a critical role in the overall dynamics of the magneto-
sphere, directly linking interchange instability to both magnetospheric plasma transport and auroral phenomena.

The global distribution of ultralow frequency waves in the Jovian system is revealed by observations by Galileo
(Manners & Masters, 2020) and Juno (Sun et al., 2024). It has been suggested that the interchange structure is
related to the low frequency waves using Galileo data (Thorne et al., 1997). A recent investigation of Juno's
magnetic field data obtained in Jupiter's magnetopause boundary layer reveals systematic periodic variations at
10s min, suggesting a persistent low-frequency wave driver on the magnetopause (Zeng et al., 2024). A plausible
interpretation for the waves is the interaction between a rotating interchange structure and the magnetopause. To
date, direct examination of interchange-like structure is highly challenging due to the mixture of spatial and
temporal variations.

In this study, we investigate two events with unprecedented observations from Juno, searching for direct
observational evidence of the interchange-like structure in the azimuthal direction. The first event was detected
between 9 and 15 May 2017, when the magnetosphere was in an extremely quiet period as evidenced by the weak
auroral emissions observed by the Hubble Space Telescope (HST). We expect a low chance of temporal variations
of global magnetic structure during the extremely quiet magnetospheric state, so the strong variations in mea-
surements are likely spatial effects. The second event was detected on 28 December 2020, when Juno was located
inside the plasma disc at a distance of around 35 Ry, where it remained for a long time (>3 hr). Magnetic curvature
and plasma density were investigated, providing key insights into the understanding of azimuthal structures of the
magnetodisc.

2. Observations

The magnetic field in the Jovian magnetosphere is obtained from Juno's Magnetic Field investigation (MAG)
(Connerney et al., 2017). In this study, we present magnetic field data with 1-s resolution. Plasma data are from
the Jovian Auroral Distributions Experiment (JADE) instrument on Juno, which consists of two identical electron
sensors (JADE-E) and an ion sensor (JADE-I) (McComas et al., 2017). Figure 1a shows polar projections of five
auroral images taken by HST/STIS in May 2017 (details are described in Grodent et al. (2018)). Both the auroral
morphology and low power confirm that Jupiter's magnetosphere was under a quiet state (Grodent et al., 2018;
Yao et al., 2022). The relatively steady oscillation of magnetic field and electron flux shown in Figures 1b and 1¢
also supports that the magnetosphere was not highly perturbed (Pan et al., 2021; Yao et al., 2019).

Taking advantage of the magnetodisc oscillation caused by the planetary rotation, we can calculate magnetic
curvature near the equator for each plasmadisc crossing (Gu et al., 2024). The main results of magnetic curvature
are shown in Figure 2. We first establish a local CS orientation, by transforming the magnetic field data into a CS
coordinate system using Minimum Variation Analysis (MVA) (Lepping et al., 1981; Sonnerup & Scheible, 1998),
based on the first CS crossing in Figure 2a, that is, from 09 May 2017/03:20 UT to 09 May 2017/05:40 UT. This is
a standard technique in space plasma physics, which identifies the principal axes of magnetic field variance, and
defines the natural coordinates of structures like current sheets. The time window for the MVA application is
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Figure 1. Polar projections of auroral images by the Hubble Space Telescope, magnetic field, and Jovian Auroral
Distributions Experiment electrons by Juno in orbit PJO6, the magnetic field are presented in Jupiter-De-Spun-Sun (JSS)
coordinate system (Wilson, 2017). Juno gradually approached Jupiter, moving from beyond 8045 R;, while the local time
remained relatively stable between 4.5 and 4.6 LT on the morning side.

selected by the start and end times of the spacecraft's crossing of the CS, typically identified by the characteristic
reversal of the primary tangential magnetic field component (marked as pink color in Figure S1 in Supporting
Information S1), which is a widely adopted procedure for such analyses. Figure 2a shows the magnetic com-
ponents in LMN coordinates (Denton et al., 2018), where L representing the maximum variance eigenvector, N to
be the normal direction to the CS, and M = N X L. For a reliable magnetic curvature reconstruction, we require that
the CS can be well-fitted by the Harris CS model (Harris, 1962) and that the MVA eigenvalues, shown for all
plasmadisc crossings in Figure 2b, satisfy the criteria A; > 10 4, and 4, > 3 4;. Once these conditions are met, the

tangential component B, is fitted to the Harris CS model, expressed as B; = B, tan h(%) where By is the
asymptotic tangential magnetic field strength, v, is the relative normal velocity between the spacecraft and the CS,
t, is the time of the CS center crossing, and L, 4., is a scale length related to the CS half-thickness. Finally, the
magnetic curvature (x) is determined using the fitted tangential component B, and the measured normal
and the

‘mode!

component By. The magnetic curvature at the CS center, «, is specifically calculated as x, = ﬁ,
radius of magnetic curvature is then defined as R, = 1/k. The detailed discussion are found in Gu et al. (2024).
The curvature results are shown in Figure 2c¢. It is obvious that the magnetic curvature could vary significantly, up
to 3 orders of magnitude. As Jupiter rotates and the magnetospheric conditions remain quiet—as indicated by
consistently low auroral emissions—the significant variations in magnetic curvature data suggest that the Juno

spacecraft was traversing dynamic, co-rotating spatial structures, effectively sampling different azimuthal
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Figure 2. (a) Magnetic field in LMN Coordinates Bj ;. (b) The ratio of lambdas which can be used to select relevant
curvature events, and (c) Curvature values for selected points.

sections of the magnetodisc (see detailed discussion in Figure S2 in Supporting Information S1 and the Note in
Supporting Information S1).

Due to the rapid magnetodisc oscillation, Juno often completes a plasma sheet crossing within 10s min, which is
too short to resolve azimuthal structures related to interchange instability (Feng, 2023; Scudder et al., 1981;
Wang, Bagenal, Wilson, Nerney, Crary, et al., 2024; Wang, Bagenal, Wilson, Nerney, Ebert, et al., 2024; Wang,
Bagenal, Wilson, Valek, et al., 2024; Wang et al., 2025). Nevertheless, long duration in one plasma sheet crossing
is still possible if the satellite is located in a specific location, such as near the extreme points of magnetodisc
oscillation (Yao et al., 2021) where the vertical velocity is minimum. As illustrated by the schematic on the top of
Figure 3, Juno would remain in the plasma sheet for a much longer time if located in the locations of the pink stars
as opposed to the blue star. On 20 December, Juno stayed in the plasma sheet boundary layer from 16 to 20 UT
with local time at ~4.6, providing an unprecedented opportunity to analyze magnetodisc structure in the
azimuthal direction.

Figure 3a presents magnetic field in JSS coordinate system (Wilson, 2017), showing a depression of B, for more
than 3 hr, which is a direct evidence of plasma sheet boundary layer. Figures 3b and 3¢ show energy spectrograms
for electrons and protons, both showing clear periodic variations, which can be analyzed by Fast Fourier
Transform (FFT). Figures 4a and 4b show the flux intensities of electrons and ions as shown in Figures 3b and 3c.
The periodicities highlighted by the FFT analysis in Figures 4c and 4d were determined from the interval where
plasma flux was highest within the plasma sheet boundary layer (shaded region). This segment was chosen for
analysis to clearly identify dominant frequencies; although similar periodic variations may extend beyond this
specific region, this observation is consistent with the potentially widespread nature of such finger-like structures.
A clear period of about 30 min was identified for all species. In a rotating system, the ~30-min oscillations likely
correspond to a Finger-like interchange structure in azimuthal direction, although we do not fully exclude
temporal variation using single spacecraft measurements. If these structures co-rotate with Jupiter, their estimated
azimuthal size is about 11 R}, derived by multiplying the angular distance Jupiter rotates in 30 min by the
spacecraft's radial distance (about 35 Ry during this event). FFT analysis of the electron and ion density data was
also conducted in the same region, revealing a periodicity near 0.5 hr (see Figure S3 in Supporting
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Figure 3. An illustration of magnetodisc flapping and varied magnetodisc crossings for spacecraft at different locations.
Panels (a—c) are magnetic field, electron, and proton fluxes during a plasma sheet boundary layer event on 28 December
2020, during orbit PJ31.

Information S1). Schematics of two hypotheses of magnetodisc structures are shown in Figures 4e and 4f.
Figure 4e represents a smoothed disc, from which we shall not expect either the large variations of curvature
during quiet magnetosphere state, or the periodic variations of plasma density, as demonstrated by the two events
shown in this study. As a contrast, the Finger-like disc picture illustrated by Figure 4f is nicely consistent the
observations.

3. Discussion and Summary

In this study, we investigated two events providing potential evidence from two individual perspectives—
magnetic field curvature and particle flux measurements—for the existence of finger-like structures in Jupi-
ter's magnetodisc. The first case study focused on the pronounced variations in CS curvature during quiet
magnetospheric conditions, where Juno measured curvature values spanning three orders of magnitude across
different CS crossings during a single orbit. The second case study showed the periodicities in particle energy
spectra within the plasma sheet boundary layer, revealing consistent oscillations with periods of approximately
half an hour. These complementary approaches, examining both magnetic field geometry and particle charac-
teristics, converge on a coherent picture of Jupiter's magnetodisc as a dynamic environment characterized by co-
rotating finger-like structures as shown in Figure 4f.

Compared to the terrestrial magnetosphere that with an ion population of mostly solar wind protons, Jupiter's
magnetosphere is mainly sourced by heavy ions from ionization of neutral clouds of volcanic gases escaping from
Io (reviewed by Thomas et al. (2004), Bagenal and Dols (2020), and Roth et al. (2025)). The interchange pro-
cesses in planetary magnetospheres are crucial in understanding mass and energy circulations. The interchange
processes could also produce a highly stretched magnetic configuration, which could be related to magnetic
reconnection, a key process in particle acceleration in space environments and laboratory (Zweibel &
Yamada, 2009).
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Figure 4. Fluxes for (a) electrons at 100 eV and (b) protons at 1 keV; panels (c, d) show Fast Fourier Transform analysis of the
electron and proton fluxes in panels (a, b). Panels (e, f) are two possible magnetodisc structures, that is, smoothed disc and
Finger-like disc.

Jupiter's magnetosphere is mainly dominated by the corotating electric field, resulting in a rotating magnetodisc,
therefore, spacecraft measurements would couple spatial structure in the azimuthal direction to temporal varia-
tions. During 9-15 May 2017, the aurora images show very low emissions, indicating a relatively quiet
magnetosphere, corresponding to a minimum temporal effect. The highly variable magnetic curvature during
successive plasma sheet crossings (Figure 2¢) indicates large varieties of magnetic configurations in the azimuthal
direction, which is a plausible evidence of Finger-like structure in the azimuthal direction.

The magnetodisc flapping is persistent because of Jupiter's rotation, and the vertical speed during oscillation is
minimal near the extreme points of magnetodisc oscillation. The event on 28 December 2020, provided an ideal
opportunity for direct examination of spatial structure in the azimuthal direction. The period of about 30 min, if
corresponding to a rotating azimuthal structure, would correspond to azimuthal wave number to be about 20,
which is generally consistent with magnetohydrodynamic simulation results (Feng et al., 2023). We shall also not
fully exclude temporal effects, such as low-frequency waves for the ~30-min variations.
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It is noteworthy that a rotating spatial structure may also cause temporal effects, as interaction between the
magnetospheric structure and the magnetopause could persistently produce dynamic processes. The interaction of
the rotating magnetodisc with the magnetopause is highly asymmetric. We expect the dynamic interaction to be
more significant on the morning side magnetopause, as the rotating magnetospheric flow would compress the
morning side magnetopause. Since the near-pole magnetic field lines are mostly connected to the dawnside
magnetosphere (Zhang et al., 2021, 2024); periodic dynamics in the dawnside magnetosphere are expected to
result in near-pole pulsating emissions, such as the X-ray pulsations (Dunn et al., 2017; Gladstone et al., 2002;
Yao et al., 2021).

Data Availability Statement

Data from Juno MAG (Connerney, 2024) and JADE (Allegrini, 2023) used in this study are publicly available on
the Planetary Data System (https://pds.mcp.nasa.gov/portal/). The auroral images are based on observations with
the NASA/ESA Hubble Space Telescope (program HST GO-14634) via Yao (2025), obtained at the Space
Telescope Science Institute (STScI), which is operated by AURA for NASA. All data are publicly available at
STScl. The ion density data used in this study is available on Wang et al. (2025) via https://doi.org/10.1029/
2024JA033454.

References

Achilleos, N., André, N., Blanco-Cano, X., Brandt, P. C., Delamere, P. A., & Winglee, R. (2015). 1. Transport of mass, momentum and energy in
planetary magnetodisc regions. Space Science Reviews, 187(1-4), 229-299. https://doi.org/10.1007/s11214-014-0086-y

Allegrini, F. (2023). INO-J/SW-JAD-5-CALIBRATED-V1. 0 [Dataset]. NASA Planetary Data System. https://doi.org/10.17189/2775-4623

Ansher, J., Kurth, W. S., Gurnett, D. A., & Goertz, C. (1992). High resolution measurements of density structures in the Jovian plasma sheet.
Geophysical Research Letters, 19(23), 2281-2284. https://doi.org/10.1029/92g102630

Bagenal, F., & Dols, V. (2020). The space environment of Io and Europa. Journal of Geophysical Research: Space Physics, 125(5),
€2019JA027485. https://doi.org/10.1029/2019ja027485

Baker, D. N., Fritz, T. A., Mcpherron, R. L., Fairfield, D. H., Kamide, Y., & Baumjohann, W. (1985). Magnetotail energy-storage and release
during the Cdaw-6 substorm analysis intervals. Journal of Geophysical Research, 90(Na2), 1205-1216. https://doi.org/10.1029/
ja090ia02p01205

Barbosa, D., Gurnett, D. A., Kurth, W., & Scarf, F. (1979). Structure and properties of Jupiter's magnetoplasmadisc. Geophysical Research
Letters, 6(10), 785-788. https://doi.org/10.1029/gl006i010p00785

Bolton, S., Thorne, R., Gurnett, D., Kurth, W., & Williams, D. (1997). Enhanced whistler-mode emissions: Signatures of interchange motion in
the Io torus. Geophysical Research Letters, 24(17), 2123-2126. https://doi.org/10.1029/97g102020

Connerney, J. E. (2024). Juno MAG CALIBRATED DATA J V1.0, INO-J-3-FGM-CAL-V1.0 [Dataset]. NASA Planetary Data System. https://
doi.org/10.17189/1519711

Connerney, J. E., Benn, M., Bjarno, J., Denver, T., Espley, J., Jorgensen, J., et al. (2017). The Juno magnetic field investigation. Space Science
Reviews, 213(1-4), 39-138. https://doi.org/10.1007/s11214-017-0334-z

Connerney, J. E., Timmins, S., Herceg, M., & Joergensen, J. (2020). A Jovian magnetodisc model for the Juno era. Journal of Geophysical
Research: Space Physics, 125(10), €2020JA028138. https://doi.org/10.1029/2020ja028138

Daly, A., Li, W., Ma, Q., Shen, X. C., Yoon, P. H., Menietti, J. D., et al. (2023). Plasma wave and particle dynamics during interchange events in
the Jovian magnetosphere using Juno observations. Geophysical Research Letters, 50(23), €2023GL103894. https://doi.org/10.1029/
2023g1103894

Denton, R., Sonnerup, B. 0., Russell, C., Hasegawa, H., Phan, T. D., Strangeway, R., et al. (2018). Determining L-M-N current sheet coordinates
at the magnetopause from Magnetospheric Multiscale data. Journal of Geophysical Research: Space Physics, 123(3), 2274-2295. https://doi.
org/10.1002/2017ja024619

Dumont, M., Grodent, D., Radioti, A., Bonfond, B., Roussos, E., & Paranicas, C. (2018). Evolution of the auroral signatures of Jupiter's
magnetospheric injections. Journal of Geophysical Research: Space Physics, 123(10), 8489-8501. https://doi.org/10.1029/2018ja025708

Dunn, W., Branduardi-Raymont, G., Ray, L., Jackman, C., Kraft, R., Elsner, R., et al. (2017). The independent pulsations of Jupiter's northern and
southern X-ray auroras. Nature Astronomy, 1(11), 758-764. https://doi.org/10.1038/s41550-017-0262-6

Feng, E. (2023). Jovian magnetospheric responses to internal and external processes. HKU Theses Online (HKUTO). Retrieved from https://hub.
hku.hk/handle/10722/336618

Feng, E., Zhang, B., Yao, Z., Delamere, P. A., Zheng, Z., Dunn, W. R., & Ye, S. Y. (2023). Variation of the Jovian magnetopause under constant
solar wind conditions: Significance of magnetodisc dynamics. Geophysical Research Letters, 50(12), €2023GL104046. https://doi.org/10.
1029/2023g1104046

Gladstone, G., Waite, J., Grodent, D., Lewis, W., Crary, F., Elsner, R. F., et al. (2002). A pulsating auroral X-ray hot spot on Jupiter. Nature,
415(6875), 1000-1003. https://doi.org/10.1038/4151000a

Grodent, D., Bonfond, B., Yao, Z., Gérard, J. C., Radioti, A., Dumont, M., et al. (2018). Jupiter's aurora observed with HST during Juno orbits 3 to
7. Journal of Geophysical Research: Space Physics, 123(5), 3299-3319. https://doi.org/10.1002/2017JA025046

Gu, W., Yao, Z., Wei, Y., Qin, T., Zhang, B., Xu, Y., et al. (2024). A survey of magnetic field line curvature in Jovian dawn magnetodisc.
Geophysical Research Letters, 51(1), €2023GL106971. https://doi.org/10.1029/2023g1106971

Harris, E. G. (1962). On a plasma sheath separating regions of oppositely directed magnetic field. Il Nuovo Cimento - B, 23(1), 115-121. https://
doi.org/10.1007/bf02733547

Hill, T., & Michel, F. (1976). Heavy ions from the Galilean satellites and the centrifugal distortion of the Jovian magnetosphere. Journal of
Geophysical Research, 81(25), 4561-4565. https://doi.org/10.1029/ja081i025p04561

YAO ET AL.

7 0f 9

'S0z ‘20087V6T

85180117 SUOLLLLIOD A 1ER.D) 2o (dde 2} A PaURA0B 812 SSDILE O 88N J0 S9N 10} AIRIIT8UIIUO A3{IM UO (SUONIPUOD-PUE-SULBY W00 A3 1M ARR.q U1 UO//'SCL) SUDIIPUOD) PUe SWLB L 8L 885 *[5202/80/8Z] U0 AIg1T2uIuO A31iM ‘8601120 IS.RAIN Ad £/Z9TT 19SZ02/620T OT/I0pAL0Y" KB Aseiqjpu juo'sandnBe//sdiy WwoJ) pepeojumoq ‘GT


https://pds.mcp.nasa.gov/portal/
https://doi.org/10.1029/2024JA033454
https://doi.org/10.1029/2024JA033454
https://doi.org/10.1007/s11214-014-0086-y
https://doi.org/10.17189/2775-4623
https://doi.org/10.1029/92gl02630
https://doi.org/10.1029/2019ja027485
https://doi.org/10.1029/ja090ia02p01205
https://doi.org/10.1029/ja090ia02p01205
https://doi.org/10.1029/gl006i010p00785
https://doi.org/10.1029/97gl02020
https://doi.org/10.17189/1519711
https://doi.org/10.17189/1519711
https://doi.org/10.1007/s11214-017-0334-z
https://doi.org/10.1029/2020ja028138
https://doi.org/10.1029/2023gl103894
https://doi.org/10.1029/2023gl103894
https://doi.org/10.1002/2017ja024619
https://doi.org/10.1002/2017ja024619
https://doi.org/10.1029/2018ja025708
https://doi.org/10.1038/s41550-017-0262-6
https://hub.hku.hk/handle/10722/336618
https://hub.hku.hk/handle/10722/336618
https://doi.org/10.1029/2023gl104046
https://doi.org/10.1029/2023gl104046
https://doi.org/10.1038/4151000a
https://doi.org/10.1002/2017JA025046
https://doi.org/10.1029/2023gl106971
https://doi.org/10.1007/bf02733547
https://doi.org/10.1007/bf02733547
https://doi.org/10.1029/ja081i025p04561

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL116277

Khurana, K. K., & Schwarzl, H. K. (2005). Global structure of Jupiter's magnetospheric current sheet. Journal of Geophysical Research, 110(A7),
A07227. https://doi.org/10.1029/2004ja010757

Kivelson, M. G., Khurana, K. K., Russell, C. T., & Walker, R. J. (1997). Intermittent short-duration magnetic field anomalies in the Io torus:
Evidence for plasma interchange? Geophysical Research Letters, 24(17), 2127-2130. https://doi.org/10.1029/97g102202

Kivelson, M. G., & Southwood, D. (2005). Dynamical consequences of two modes of centrifugal instability in Jupiter's outer magnetosphere.
Journal of Geophysical Research, 110(A12), A12209. https://doi.org/10.1029/2005ja011176

Lepping, R., Burlaga, L., & Klein, L. (1981). Surface waves on Saturn's magnetopause. Nature, 292(5825), 750-753. https://doi.org/10.1038/
29275020

Lui, A., Meng, C. I, & Akasofu, S. I. (1976). Search for the magnetic neutral line in the near-Earth plasma sheet, 1. Critical reexamination
of earlier studies on magnetic field observations. Journal of Geophysical Research, 81(34), 5934-5940. https://doi.org/10.1029/
ja081i034p05934

Lui, A. T. Y., Mankofsky, A., Chang, C. L., Papadopoulos, K., & Wu, C. S. (1990). A current disruption mechanism in the neutral sheet - A
possible trigger for substorm expansions. Geophysical Research Letters, 17(6), 745-748. https://doi.org/10.1029/g1017i006p00745

Manners, H., & Masters, A. (2020). The global distribution of ultralow-frequency waves in Jupiter's magnetosphere. Journal of Geophysical
Research: Space Physics, 125(10), €2020JA028345. https://doi.org/10.1029/2020ja028345

Mauk, B., Clarke, J., Grodent, D., Waite, J., Jr., Paranicas, C., & Williams, D. (2002). Transient aurora on Jupiter from injections of magneto-
spheric electrons. Nature, 415(6875), 1003—1005. https://doi.org/10.1038/4151003a

McComas, D., Alexander, N., Allegrini, F., Bagenal, F., Beebe, C., Clark, G., et al. (2017). The Jovian auroral distributions experiment (JADE) on
the Juno mission to Jupiter. Space Science Reviews, 213(1-4), 547-643. https://doi.org/10.1007/s11214-013-9990-9

McNutt, R. Jr., Belcher, J., & Bridge, H. (1981). Positive ion observations in the middle magnetosphere of Jupiter. Journal of Geophysical
Research, 86(A10), 8319-8342. https://doi.org/10.1029/ja086ial0p08319

Nichols, J. D., Achilleos, N., & Cowley, S. W. (2015). A model of force balance in Jupiter's magnetodisc including hot plasma pressure anisotropy.
Journal of Geophysical Research: Space Physics, 120(12), 10185-10206. https://doi.org/10.1002/2015ja021807

Nichols, J. D., Allegrini, F., Bagenal, F., Bonfond, B., Clark, G., Clarke, J., et al. (2023). Jovian magnetospheric injections observed by the Hubble
space telescope and Juno. Geophysical Research Letters, 50(20), €2023GL105549. https://doi.org/10.1029/2023g1105549

Pan, D.-X., Yao, Z.-H., Manners, H., Dunn, W., Bonfond, B., Grodent, D., et al. (2021). Ultralow-frequency waves in driving Jovian aurorae
revealed by observations from HST and Juno. Geophysical Research Letters, 48(5), €2020GL091579. https://doi.org/10.1029/2020g1091579

Roth, L., Blocker, A., de Kleer, K., Goldstein, D., Lellouch, E., Saur, J., et al. (2025). Mass supply from Io to Jupiter's magnetosphere. Space
Science Reviews, 221(1), 13. https://doi.org/10.1007/s11214-025-01137-x

Russell, C., Kivelson, M., & Khurana, K. (2005). Statistics of depleted flux tubes in the Jovian magnetosphere. Planetary and Space Science,
53(9), 937-943. https://doi.org/10.1016/j.pss.2005.04.007

Russell, C., Kivelson, M., Khurana, K., & Huddleston, D. (2000). Circulation and dynamics in the Jovian magnetosphere. Advances in Space
Research, 26(10), 1671-1676. https://doi.org/10.1016/s0273-1177(00)00115-0

Sands, M. R., & McNutt, R. L., Jr. (1988). Plasma bulk flow in Jupiter's dayside middle magnetosphere. Journal of Geophysical Research, 93(A8),
8502-8518. https://doi.org/10.1029/ja093ia08p08502

Scudder, J., Sittler, E., Jr., & Bridge, H. (1981). A survey of the plasma electron environment of Jupiter: A view from Voyager. Journal of
Geophysical Research, 86(A10), 8157-8179. https://doi.org/10.1029/ja086ial0p08157

Sonnerup, B., & Scheible, M. (1998). Minimum and maximum variance analysis. Analysis Methods for Multi-Spacecraft Data, 185-220.

Sun, J., Xie, L., Yao, Z., Fu, S., Dunn, W., Grodent, D., et al. (2024). On the global features of the 10-60-min ULF waves in Jovian magne-
tosphere: Juno observations. Journal of Geophysical Research: Planets, 129(4), €2023JE008279. https://doi.org/10.1029/2023je008279

Thomas, N., Bagenal, F., Hill, T., & Wilson, J. (2004). The Io neutral clouds and plasma torus. Jupiter. The Planet, Satellites and Magnetosphere,
1, 561-591.

Thorne, R., Armstrong, T., Stone, S., Williams, D., McEntire, R., Bolton, S., et al. (1997). Galileo evidence for rapid interchange transport in the Io
torus. Geophysical Research Letters, 24(17), 2131-2134. https://doi.org/10.1029/97g101788

Wang, J. Z., Bagenal, F., Wilson, R. J., Delamere, P. A., Cao, X., Nerney, E., et al. (2025). Super-corotating flows in plasma disk within 30 Jupiter
radii. Geophysical Research Letters, 52(3), €2024GL112910. https://doi.org/10.1029/2024¢1112910

Wang, J. Z., Bagenal, F., Wilson, R. J., Nerney, E., Crary, F., Dols, V., et al. (2024). Forward modeling of 3-d ion properties in Jupiter's
magnetosphere using juno/jade-i data. Journal of Geophysical Research: Space Physics, 129(4), €2023JA032218. https://doi.org/10.1029/
2023ja032218

Wang, J. Z., Bagenal, F., Wilson, R.J., Nerney, E., Ebert, R. W., Valek, P. W., & Allegrini, F. (2024). Radial and vertical structures of plasma disk
in Jupiter's middle magnetosphere. Journal of Geophysical Research: Space Physics, 129(7), €2024JA032715. https://doi.org/10.1029/
2024ja032715

Wang, J. Z., Bagenal, F., Wilson, R. J., Valek, P. W., Ebert, R. W., & Allegrini, F. (2024). Ion parameters dataset from Juno/JADE observations in
Jupiter's magnetosphere between 10 and 50 RJ. Journal of Geophysical Research: Space Physics, 129(12), €2024JA033454. https://doi.org/10.
1029/2024ja033454

Went, D., Kivelson, M., Achilleos, N., Arridge, C. S., & Dougherty, M. (2011). Outer magnetospheric structure: Jupiter and Saturn compared.
Journal of Geophysical Research, 116(A4), A04224. https://doi.org/10.1029/2010ja016045

Wilson, R. (2017). JADE standard product data record and archive volume software interface specification. Retrieved from http://pds.nasa.gov

Yang, Y., Wolf, R., Spiro, R., Hill, T., & Dessler, A. (1994). Numerical simulation of torus-driven plasma transport in the Jovian magnetosphere.
Journal of Geophysical Research, 99(AS), 8755-8770. https://doi.org/10.1029/94ja00142

Yao, Z. H. (2025). HST data for a quiet auroral period in May 2017 [Dataset]. Zenodo. https://doi.org/10.5281/zenodo.15133312

Yao, Z. H., Bonfond, B., Grodent, D., Chané, E., Dunn, W. R., Kurth, W. S., et al. (2022). On the relation between auroral morphologies and
compression conditions of Jupiter's magnetopause: Observations from Juno and the Hubble space telescope. Journal of Geophysical Research:
Space Physics, 127(10), e2021JA029894. https://doi.org/10.1029/2021ja029894

Yao, Z. H., Dunn, W. R., Woodfield, E. E., Clark, G., Mauk, B. H., Ebert, R. W., et al. (2021). Revealing the source of Jupiter's X-ray auroral
flares. Science Advances, 7(28), eabfO851. https://doi.org/10.1126/sciadv.abfO851

Yao, Z. H., Grodent, D., Kurth, W. S., Clark, G., Mauk, B. H., Kimura, T., et al. (2019). On the relation between Jovian aurorae and the loading/
unloading of the magnetic flux: Simultaneous measurements from Juno, HST and Hisaki. Geophysical Research Letters, 46(21), 11632-11641.
https://doi.org/10.1029/2019g1084201

Zeng,Z.,Yao,Z.,Liu, J., Xu, Y., Dunn, W. R., Zhang, B., & Archer, M. O. (2024). Ultralow-frequency waves in Jupiter's magnetopause boundary
layer. The Astrophysical Journal, 976(1), 92. https://doi.org/10.3847/1538-4357/ad88ea

YAO ET AL.

8 of 9

'S0z ‘20087V6T

85180117 SUOLLLLIOD A 1ER.D) 2o (dde 2} A PaURA0B 812 SSDILE O 88N J0 S9N 10} AIRIIT8UIIUO A3{IM UO (SUONIPUOD-PUE-SULBY W00 A3 1M ARR.q U1 UO//'SCL) SUDIIPUOD) PUe SWLB L 8L 885 *[5202/80/8Z] U0 AIg1T2uIuO A31iM ‘8601120 IS.RAIN Ad £/Z9TT 19SZ02/620T OT/I0pAL0Y" KB Aseiqjpu juo'sandnBe//sdiy WwoJ) pepeojumoq ‘GT


https://doi.org/10.1029/2004ja010757
https://doi.org/10.1029/97gl02202
https://doi.org/10.1029/2005ja011176
https://doi.org/10.1038/292750a0
https://doi.org/10.1038/292750a0
https://doi.org/10.1029/ja081i034p05934
https://doi.org/10.1029/ja081i034p05934
https://doi.org/10.1029/gl017i006p00745
https://doi.org/10.1029/2020ja028345
https://doi.org/10.1038/4151003a
https://doi.org/10.1007/s11214-013-9990-9
https://doi.org/10.1029/ja086ia10p08319
https://doi.org/10.1002/2015ja021807
https://doi.org/10.1029/2023gl105549
https://doi.org/10.1029/2020gl091579
https://doi.org/10.1007/s11214-025-01137-x
https://doi.org/10.1016/j.pss.2005.04.007
https://doi.org/10.1016/s0273-1177(00)00115-0
https://doi.org/10.1029/ja093ia08p08502
https://doi.org/10.1029/ja086ia10p08157
https://doi.org/10.1029/2023je008279
https://doi.org/10.1029/97gl01788
https://doi.org/10.1029/2024gl112910
https://doi.org/10.1029/2023ja032218
https://doi.org/10.1029/2023ja032218
https://doi.org/10.1029/2024ja032715
https://doi.org/10.1029/2024ja032715
https://doi.org/10.1029/2024ja033454
https://doi.org/10.1029/2024ja033454
https://doi.org/10.1029/2010ja016045
http://pds.nasa.gov
https://doi.org/10.1029/94ja00142
https://doi.org/10.5281/zenodo.15133312
https://doi.org/10.1029/2021ja029894
https://doi.org/10.1126/sciadv.abf0851
https://doi.org/10.1029/2019gl084201
https://doi.org/10.3847/1538-4357/ad88ea

M\I Geophysical Research Letters 10.1029/2025GL 116277

Zhang, B., Delamere, P. A., Yao, Z., Bonfond, B., Lin, D., Sorathia, K. A., et al. (2021). How Jupiter's unusual magnetospheric topology structures
its aurora. Science Advances, 7(15), eabd1204. https://doi.org/10.1126/sciadv.abd 1204

Zhang, B., Yao, Z., Brambles, O., Delamere, P., Lotko, W., Grodent, D., et al. (2024). A unified framework for global auroral morphologies of
different planets. Nature Astronomy, 8(8), 1-9. https://doi.org/10.1038/s41550-024-02270-3

Zweibel, E. G., & Yamada, M. (2009). Magnetic reconnection in astrophysical and laboratory plasmas. Annual Review of Astronomy and As-
trophysics, 47(1), 291-332. https://doi.org/10.1146/annurev-astro-082708-101726

YAO ET AL. 90of9

85U8017 SUOWWIOD 8AIes.D 3|qedlidde ays Aq pausenob afe sejofe YO ‘8sn JO Sa|NJ 10} Aeiq1T 8UIUO 8|1 UO (SUO R IPUCD-PUe-SWLBI W00 A8 |1MARe.q 1 U UO//:Sdny) SUORIPUOD pue sl L 8y} 88s *[5202/80/82] uo Ariqitauluo A(1m ‘9Bei1ea giseAluN Aq 2/29TT 19S202/620T OT/I0pW00 A8 M Akeiq 1l juo'sqndnBe//sdny wouy pepeojumoq ‘ST ‘SZ0Z ‘Z008776T


https://doi.org/10.1126/sciadv.abd1204
https://doi.org/10.1038/s41550-024-02270-3
https://doi.org/10.1146/annurev-astro-082708-101726

	description
	Rotating Finger‐Like Structures of Jovian Magnetodisc
	1. Introduction
	2. Observations
	3. Discussion and Summary
	Data Availability Statement



