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Periodicities and plasma density structure of Jupiter’s1

dawnside magnetosphere2
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Key Points:12

• Three-regions with different plasma confinement characteristics have been identified13

in Jupiter’s dawn to post-midnight magnetosphere.14

• Comparison of Juno data and GAMERA simulations suggest a very structured15

plasmadisc.16

• Periodicities in the one to four hour range could be related to plasmadisc structure.17
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Abstract18

The ability to quantify variations in magnetic field topology and density within19

Jupiter’s magnetosphere is an important step in understanding the overall structure and20

dynamics. The Juno spacecraft has provided a rich data set in the dawnside magneto-21

sphere. The recent Grid Agnostic MHD for Extended Research Applications (GAMERA)22

global simulation study by Zhang et al. (2021) showed a highly structured plasmadisc23

with closed magnetic field lines mapping between the outer dawn-tail flank and the high-24

latitude polar region. To test these model predictions, we examined Juno’s magnetic field25

data and electron/energetic particle data to categorize portions of orbits 1-15 into one of26

three regions based on plasma confinement: the flux pileup region, the intermediate region,27

and the plasmadisc region. For each region we examined periodicities from magnetic field28

fluctuations and particle density fluctuations on the 1-10 hours time scale. Periodicities29

on this time scale could relate to internal (e.g. plasmadisc structure) or external processes30

(e.g. Kelvin-Helmholtz vortices). Similar analysis was performed on the GAMERA sim-31

ulation with the data split into two regions, an outer (150 > R > 60) region and an inner32

(R < 60) region. Finally, using published density moments from Huscher et al. (2021) we33

compared the relative density variations of the Juno moments and the GAMERA simu-34

lation to further understand the overall structure and dynamics of the plasmadisc. The35

agreement between data and simulation supports the existence of such a highly structured36

plasmadisc.37

Plain Language Summary38

A very complex and poorly understood problem of Jupiter is the structure and dy-39

namics of the planet’s space environment (i.e., “magnetosphere”), due to its sheer size40

and unique internal ionized gas (i.e., plasma) sourced from the moon, Io. Thanks to the41

Juno mission we are able to analyze data from previously unexplored regions around the42

planet. It has been demonstrated, using Voyager data, that ionized gas from Io formed a43

plasma disc-like structure around the planet in the equatorial plane, becoming less con-44

fined in the outer regions. Computer simulations showed a similar structure. In order to45

investigate this structure we utilized magnetic field data and particle data from the Juno46

spacecraft. This data was analyzed to understand the occurrence of regular fluctuations in47

the magnetic field and gas density, and to understand the spatial domains where regular48

fluctuations occur. Similar analysis was done on magnetic field and density data from sim-49

ulations for comparison. We found relations between the Juno data and simulation data50

that suggest a much more variable and structured plasma disc as well as a region in the51

dawn/tail flank that is magnetically connected to the high latitude polar region.52

1 Introduction53

Jupiter’s dawnside outer magnetosphere can be characterized as a battleground54

between internally-driven sunward flow and solar wind-driven tailward flow, leading to a55

highly variable and poorly understood region of the magnetosphere. Prior to the Pioneer56

spacecraft encounters, the “planetary wind” model was proposed, whereby centrifugal57

stresses dominate when flows exceed the local Alfvén speed (Kennel & Coroniti, 1977).58

A key aspect of this model is the generation of internal shocks, an abrupt breakdown in59

corotation, and radial outflow of plasma. The planetary wind model was not supported by60

Voyager observations, which instead showed persistent corotation and no internal shocks.61

Following the Voyager 1 flyby, an extended region along the dawn flank was characterized62

as a “boundary layer” or “magnetospheric wind” that was distinctly different from the63

equatorially confined magnetodisc (Gurnett et al., 1980; Krimigis et al., 1979). Vasyliunas64

(1983) developed a model for internal magnetic reconnection (also known as the “Vasyli-65

unas cycle”) that included an extended x-line in the dawn/tail region. The Vasyliunas66

cycle accounted for conservation of magnetic flux, a dawn flank “magnetospheric wind”67

and tail plasma composition similar to the inner magnetosphere. A further analysis of the68

Voyager 2 energetic particle data led Cheng and Krimigis (1989) to augment the global69

convection models by introducing three distinct regions of the magnetosphere: 1) an inner70
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heavy-ion-rich region, 2) a cross tail flow region with significant solar wind composition71

(presumably transported into the magnetosphere in the dusk sector), and 3) magneto-72

spheric wind region with heavy-ion-rich composition. The boundary between regions 1)73

and 2) for Voyager 2 was at roughly 60 RJ.74

An additional feature of the dawnside outer magnetosphere is the so-called “cushion75

region” (Kivelson & Southwood, 2005; Gershman et al., 2018). Observations of the pre-76

noon sector by Pioneer, Voyager, Ulysses, and Galileo spacecraft showed a more dipolar77

magnetic field topology that lacked a clear 10-hour periodicity. Kivelson and South-78

wood (2005) suggested that the cushion was composed of empty flux tubes from the tail.79

Delamere and Bagenal (2010) argued that the cushion should be similar to the Gurnett et80

al. (1980) boundary layer, encompassing 10s of RJ adjacent to the magnetopause boundary81

and used the terminology “cushion/interaction region”. However, in an initial assess-82

ment of Juno data, Gershman et al. (2018) found no evidence for a cushion region in the83

dawn/tail region and argued that the cushion is formed by the gradual compression of the84

magnetic field corotating to the dayside. A similar ambiguity exists for Saturn’s cushion85

region where Staniland et al. (2021) showed that the cushion forms rarely at Saturn and86

to add confusion to the issue, Delamere et al. (2015) defined the cushion as a region where87

the Bθ component exceeds the dipole field strength, which is a common property for the88

giant magnetospheres.89

Following Voyager, it was widely understood that Jupiter’s magnetosphere was90

largely open based on wave data and energetic particle observations. Voyager 2 electric91

field measurements showed spectra outside of the magnetodisc to be similar to solar wind92

spectra (Gurnett et al., 1980). These regions were referred to as the “tail lobe” (i.e., by93

terrestrial analogue, the lobes are open field lines). Khurana et al. (2004) illustrated a94

dawn/dusk asymmetry with much of the dawnside magnetosphere containing open flux.95

However, McComas and Bagenal (2007), McComas and Bagenal (2008) and Delamere96

and Bagenal (2010) argued instead for a largely closed magnetosphere due, in part, to97

the preponderance of auroral activity in the polar regions (Grodent, 2014). To further98

illustrate the open/closed conundrum posed by energetic particle data, Delamere and99

Bagenal (2010) compiled observations from Pioneer, Voyager, Ulysses, and New Horizons100

and categorized the data with elevated magnetospheric count rates or background solar101

wind count rates. Using the Khurana and Tsyganenko (2002) magnetic field model, the102

observation point was mapped to the equatorial plane. The solar wind count rates mapped103

(roughly) in the dawnside magnetosphere to a region beyond 60 RJ. Delamere and Bage-104

nal (2010) concluded that an intermittent reconnection process must exist on these field105

lines that must, somehow, be associated with large-scale Kelvin-Helmholtz activity on the106

magnetopause boundary in the case of a largely closed magnetosphere.107

One of the major new results from Juno observations is evidence of a largely closed108

magnetosphere. Szalay et al. (2022) demonstrated that Jupiter’s extreme high latitude109

polar regions contain magnetospheric heavy ions with energy spectra that is consistent110

with those in the magnetotail. In parallel, recent results from the Grid Agnostic MHD111

for Extended Research Applications (GAMERA) global simulations (Zhang et al., 2021)112

also support a largely closed magnetosphere. However, there exists a crescent of open flux113

(with substantial variability on the rotation period) that surrounds the closed polar region114

(we avoid using the terminology “polar cap” to avoid confusion with the terrestrial open115

polar cap). Much of the closed polar flux maps to an extended region along the dawn116

flank.117

The purpose of this manuscript is to the revisit the structure (and associated termi-118

nology) and dynamics of Jupiter’s dawnside magnetosphere using the wealth of Juno data119

and insights from GAMERA simulations. We intend to offer clarity and context to specific120

historical terminology based on these recent advances in understanding. Specifically, we121

will investigate a 2-3 hour periodicity seen in the Juno magnetometer and thermal plasma122

data and attempt to relate these periodicities to possible azimuthal and radial density123

structure of the magnetodisc.124
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2 Methods125

2.1 Juno Data126

For this study data was provided by the Juno spacecraft’s Magnetometer (MAG)127

(Connerney et al., 2017), Jovian Auroral Distribution Experiment (JADE) instrument128

(McComas et al., 2017), and wave (Waves) instrument (Kurth et al., 2017). The JADE129

instrument provides ion fluxes in the range of 0.01 to 50 keV/q. Density moments for Juno130

orbits 5 to 26 and for radial distances less than ∼50 RJ have been published by Huscher131

et al. (2021) and compare favorably with the trends in mean JADE counts (i.e., aver-132

aged over energy); thus, we use JADE mean counts as a proxy for density variations. The133

Waves instrument can infer electron density based on the electron plasma cutoff frequency.134

We use the Waves data together with the JADE mean counts to categorize regions of the135

magnetosphere based on qualitative characteristics of density variations. The trapped con-136

tinuum radiation seen in the Waves data can be used to determine the electron density137

in cases of sufficient density. When density falls to very low values (e.g., < 10−3 cc), the138

continuum radiation cutoff frequency falls below lowest frequency (< 100 Hz), making139

large density variations easy to identify with sharp contrast in the continuum radiation.140

All data was taken from within the magnetosphere using the magnetopause boundary141

crossings defined by Ma et al. (2022).142

2.2 Periodic Wave Power Analysis143

A key diagnostic of structure (and dynamics) is periodic behavior of the magne-144

todisc. A step by step analysis was done to understand periodicities on the scale of 1-10145

hours produced by magnetic field and density fluctuations. These steps are outlined in146

Figure 1. For the magnetic field, we focus on periodic fluctuations in the perpendicular147

component, serving as a proxy for possible Alfvénic activity (e.g., related to flow shear148

and/or transport processes) though compressional modes may also be present. To detect149

these transverse fluctuations the magnetometer data was rotated into a mean-field-aligned150

(MFA) coordinate system (Khurana & Kivelson, 1989). A 24-minute boxcar average on151

the magnetometer data provided a background magnetic field. Rotation into the MFA152

coordinate system provides the data in terms of fluctuations perpendicular and parallel to153

the average background field direction. For density, we use mean JADE counts as a proxy154

for density fluctuations. Typically, wave magnetic field amplitude is largest in regions of155

high density because the corresponding wave speed is small, so we expect the largest wave156

power to be found in the equatorial regions.157

For periodic analysis the Continuous Wavelet Transform (CWT) was used, a tech-158

nique for analyzing a time-dependent signal for periodic behavior (Torrence & Compo,159

1998). This is particularly important for the non-stationary signals generated by Juno’s160

motion through the plasmadisc. The wavelet transform is161

Wi(t,τ)=

N−1∑
i=0

δB⊥√
τ
ψ∗
[
tj−t
τ

]
∆t (1)

where ψ(u) = π−1/4eiω0ue−u
2/2 is the base Morlet mother wavelet with characteristic162

frequency (ω0) of the underlying wave in the Gaussian-shaped wavelet packet. For this163

study we set ω0 = 6 (Farge, 1992). The wavelet is then scaled through different frequen-164

cies by varying packet width (τ) and shifted along the signal. The CWT analysis yields a165

frequency-time spectrogram (hereafter referred to as the CWT). However, due to the na-166

ture of the CWT method, the maximum wavelet scale and therefore the smallest frequency167

able to be analyzed is dependent on the size of the input data signal. This introduces168

computational errors when the wavelet at larger scales can be cut off by the edges of the169

data window. These errors accumulate in the cone of influence, lining the outer portion170

of the CWT, effectively shrinking the usable data. To reduce the effects of the cone of171

influence and while still allowing for relatively small windows of data to be analyzed, data172

spanning no less than 2.5 days was used.173
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Figure 1. Periodic wave power analysis for a data window spanning the 1st-4th of March

2017. (Top-left) Total perpendicular fluctuation from the MFA magnetic field. (Bottom-left)

Continuous Wavelet Transform of the perpendicular MFA component with the cone of influence

removed. Analysis is limited to a frequency range corresponding to the periods of 1 hr and 10

hrs. (Right) Power Spectral Density of the CWT.

The Power Spectral Density (PSD) can be found from the CWT, and gives insight174

into periodic wave power. The PSD is simply an integration of the CWT across time,175

yielding the total wave power within the window as a function of frequency, or176

PSDi(τ)=
2

N

N∑
j=1

|Wi(tj ,τ)|2 (2)

N is the total steps, |Wi(tj ,τ)|2 being the total wave power from the CWT spectrum177

with a scale factor (inverse of frequency) of τ , i are the indices of the frequency domain,178

and j are the indices across the time domain.179

Wave power will increase with density, along with filtering of the data the PSD will180

become dominated by wave power from plasma interactions in higher density regions.181

The plasma sheet sweeps by the spacecraft every ∼10 hours and as shown in Figure 1 an182

expected peak at 10 hours appears in the PSD. However, due to Jupiter’s ∼ 10◦ dipole183

tilt, Juno can encounter the dense plasmasheet twice per rotation. While motion of the184

Juno spacecraft is sinusoidal in the zcent coordinate (Phipps & Bagenal, 2021), the density185

profile is exponential, resulting in a broadband power spectrum that can include harmonics186

of the 10-hour period. It should be noted that the harmonic signatures could be present187

in our time series analysis and periodicities in the 2-3 hour range could be associated with188

the m = 3,4 harmonics of the 10-hour period (where m = 1 refers to the fundamental,189

10-hour period). Included in the electronic supplement are additional examples of our time190

series analysis showing the PSD with harmonics of the 10-hour period. We note the vari-191

ability in 10 vs. 5 hour wave power as well as variable peaks in roughly the 2 to 3 hour192

range.193

The identification of periodic activity is done by running a peak finding method on194

each PSD calculation to find peaks in wave power (Hereafter referred to as active periods).195

(The specific peak finding algorithm used was the Python “scipy.signal.find peaks” method196

using the default parameters.) Active periods are counted and binned in a histogram to197

show in which periods we see substantial wave power.198

2.3 Global simulations199

The GAMERA model is an upgraded/modernized version of the multi-fluid Lyon-200

Fedder-Mobarry (MFLFM/GAMERA) global magnetosphere model which has been used201

extensively to study solar wind - magnetosphere interactions (Lyon et al., 2004; Zhang202

et al., 2019). The ideal magnetohydrodynamics (MHD) equations are solved with a finite203

volume (FV) numerical method. A major advantage of the MFLFM/GAMERA simulation204

is the combination of a high-order reconstruction scheme with an aggressive total variation205

diminishing (TVD) limiter that preserves steep gradients with little numerical dissipation206

or dispersion during advection. Minimizing numerical diffusion is crucial for resolving207

the magnetopause boundary (i.e, KH instability, Zhang et al. (2018)), internal transport208

processes, and the magnetic field topology of the high latitude polar region (Zhang et209

al., 2021). The FV techniques allow MFLFM/GAMERA to complete the calculation on210

a nonorthogonal, curvilinear grid adapted to the Jupiter magnetospheric problem, i.e.211

cells that are smaller across the nominal bow shock than parallel to it. The spherical grid212

extends 100 Jupiter radii (RJ) in the sunward direction, 1000 RJ in the anti-sunward di-213

rection, and ±300 RJ in the directions perpendicular to the Sun-Jupiter axis. The grid214

resolution is non-uniform with 0.2 RJ near the magnetopause and approximately 0.15 RJ215
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near the inner magnetosphere. The inner boundary of the simulation is at 6 RJ (i.e., at216

the orbit of Io) in order to simplify the implementation of mass loading.217

The simulation uses only a single fluid (protons) with a mass loading rate of218

1000 kg/s, introduced in the equatorial region of the inner boundary. We note that this219

simplification is adequate for addressing periodicities in the magnetodisc, but would not220

be appropriate for direct comparison of, e.g., density. The mass loading module performs221

an extra step after the hydrodynamic update but before the Lorentz force and magnetic222

field updates (Varney et al., 2016). The extra mass fluxes, momentum fluxes, and energy223

fluxes through the inner interface are calculated from the mass loading parameters, and224

the active cells adjacent to the inner boundary interface are updated accordingly. This225

method ensures that the mass loading rate exactly equals the physical rate without creat-226

ing numerical mass loading through the MHD solver.227

As a single-fluid simulation, the inner “iogenic” source was the only source of pro-228

tons besides the solar wind. Ionospheric outflow was not included, and absent solar wind229

variability, the simulation was subject to a considerable startup transient period, during230

which the high latitude regions were significantly modified. The combined (bulk) density231

profiles from a multi-fluid simulation, where solar wind and Io plasma are separate fluids,232

were qualitatively similar to the single-fluid results. The single-fluid simulation has the233

benefit of being computationally less expensive than the multi-fluid simulation. The main234

disadvantage was not being able to distinguish the exact source of the mass in the mag-235

netotail, but we emphasize that these simulations were only being used to establish the236

plausibility of a highly structured magnetodisc.237

The simulations were driven by idealized SW and interplanetary magnetic field238

(IMF) conditions (V = 400 km/s, By = 0.5 nT), consistent with the average solar wind dy-239

namic pressure (∼0.05 nPa) at Jupiter (Jackman & Arridge, 2011). For the purpose of this240

numerical experiment, the dipole tilt angle of Jupiter’s magnetosphere was set to zero in241

order to remove hemispheric asymmetries and simplify the analysis. The magnetosphere-242

ionosphere coupling is adapted from the Magnetosphere Ionosphere Coupler/Solver (MIX)243

model for geospace with constant Pedersen conductance set to 0.5 mho and zero Hall con-244

ductance (Merkin & Lyon, 2010). We solve the ionospheric current closure in the rotating245

frame and therefore the electric field at the inner boundary includes both the corotation246

electric field and the electrostatic potential from current closure.247

3 Results and Discussion248

3.1 Identification of magnetospheric regions249

As shown by Zhang et al. (2021) the dawnside magnetosphere is composed of a non-250

corotating closed polar flux region along the dawn/tail flank formed by flux pileup in a251

rapidly rotating magnetosphere, a corotating inner (closed) magnetodisc, and a transition252

region that potentially contains open flux, mapping, on average, to a crescent-shaped po-253

lar region. We note that the open flux was shown to be highly variable on the 10-hour254

rotation period, suggesting intermittent reconnection is operating in the simulations.255

The overall magnetic structure of the dawn to midnight magnetosphere is consistent256

with that of a magnetodisc, i.e., dominated by the radial and azimuthal components of257

the magnetic field. While Delamere and Bagenal (2010) used the term “cushion” (i.e.,258

dominated by the vertical magnetic field component, Bθ) for the outer dawnside magneto-259

sphere, we suggest abandoning this terminology given the absence of a cushion region as260

reported by Gershman et al. (2018). Instead, the governing property of our magnetosphere261

regions will be the vertical plasma distribution.262

Juno’s orbital precession is downward/southward. Due to this precession the dwell263

times near the equatorial region in the outer magnetosphere became small after orbit264

∼15. As a result, all data was limited to the inbound portions of orbits 1-15. An ana-265

lytical model of Jupiter’s plasma sheet by (Phipps & Bagenal, 2021) was then used for266

verification of the spacecraft’s proximity to the center of the plasma sheet, measured by a267

vertical distance zcent . Using mean JADE counts as a proxy for plasma density as well as268
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Figure 2. Juno Magnetometer (Top), Mean JADE Counts (Middle), and Waves (Bottom)

data from start to perijove of Orbit 7, showing the outer flux pileup region (grey), plasmadisc

(red), and intermediate region (purple).

Figure 3. Orbital path of Juno for orbits 1-15. Shading when the spacecraft enters the pileup

region, intermediate region between the pileup and disk, and the plasmadisc region.

the spacecraft’s Waves instrument, windows of time were hand picked and categorized as:269

(a) a dawn-side flux pileup region (Zhang et al., 2021; Delamere & Bagenal, 2013), (b) an270

inner plasmadisc region, and (c) an intermediate region.271

The flux pileup region was identified by relatively uniform density as a function of272

zcent (e.g., <10× variation in mean JADE counts), implying a large scale height. We argue273

that this region is similar to the “boundary layer” region identified by (Gurnett et al.,274

1980), noting that actual magnetopause boundary layer likely has a more limited radial275

spatial extent. The flux pileup region could also be similar to the tailward-flowing “mag-276

netospheric wind” region described by Cheng and Krimigis (1989); therefore, we do not277

expect centrifugal plasma confinement in the flux pileup region due to non-corotational278

flows. In contrast, large 10-hour fluctuations in mean JADE counts (e.g., two to three279

orders of magnitude) and Waves data (e.g., continuum radiation +< 100 Hz) as a function280

of zcent were considered properties of the plasmadisc region. Here the plasma is assumed281

to be strongly centrifugally confined with large corotational flows. The plasmadisc region282

could be similar to the inner plasmasphere of (Cheng & Krimigis, 1989). We also identified283

an intermediate region, exhibiting a seeming mix of these two limiting cases. The inter-284

mediate case could be similar to the plasma sheet region of (Cheng & Krimigis, 1989) and285

may be the transition to substantially subcorotational flow. It should also be noted that286

Zhang et al. (2021) showed that open flux can be found between the centrifugally-confined287

magnetodisc and the closed polar flux. The open flux is highly variable on the planet’s288

rotation period and we suggest that the intermediate region may be capturing some the289

variable open flux (see Section 3.3). The open flux regions are likely associated with very290

low density, but we caution identifying these low-density regions as the lobe due to vari-291

ability and stark difference with the terrestrial magnetic topology (e.g., see Zhang et al.292

(2021) Figure S6).293

The identified regions for Orbit 7 are shown in Figure 2 using Juno magnetometer294

(top), JADE mean counts (middle), and Waves (bottom) data. We note the magneto-295

sphere for this orbit was considered unperturbed as the aurora showed a continuous quiet296

morphology (Yao et al., 2019). The outer flux pileup region (grey), plasmadisc (red), and297

intermediate (purple) are shown. The flux pileup region (grey) shows little variation in298

JADE mean counts and Waves data cutoff frequency. The plasmadisc shows large ampli-299

tude fluctuations of uniform spacing as Juno traverses through the confined structure. The300

intermediate region shows smaller uniformly spaced fluctuations with some areas punctu-301

ated by larger non uniform fluctuations. We suggest that the intermediate region could be302

a transition between the pileup and plasmadisc regions and/or could be indicative of tem-303

poral variability (e.g., solar wind dynamic pressure). The remaining orbits are shown in304

the electronic supplement. Figure 3 summarizes the selected regions. A lack of intermedi-305

ate regions identified within the first 6 orbits is apparent, this is due to the lack of plasma306

data as well as numerous magnetopause boundary crossings making accurate categoriza-307

tion rather difficult. We note that the transition from a plasmadisc-like configuration (red)308

to a flux pileup region (black) is roughly consistent with the Voyager 1 and 2 transition at309

> 80 RJ (Gurnett et al., 1980), though Juno observations indicate significant variability310

from one orbit to another. The transition from a plasmadisc to intermediate configura-311

tion (yellow) occurs between 60 and 80 RJ. We also note the peculiar feature of Orbit 12312

where the innermost region is identified as intermediate case, contrary to expectation for a313

well-confined plasmadisc.314
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Figure 4. Histogram of the peaks in power spectral density in the JADE mean counts data

split into the three regions. Flux pileup (Top), Intermediate (Middle), and the plasmadisc region

(Bottom).

Figure 5. Histogram of the peaks in power spectral density in the magnetometer data split

into the three regions. Flux pileup (Top), Intermediate (Middle), and the plasmadisc region

(Bottom).

3.2 Periodicities in Juno MAG and JADE data315

Figures 4 and 5 show the histogram of peaks in the PSD of JADE mean counts and316

magnetometer data, respectively. We note that peaks for periods less than five hours were317

identified by the peak finding method in roughly 65 of the 70 selected intervals, demon-318

strating the persistence of this characteristic. Both distributions are split into the three319

identified regions. The number of cases as a function of region is due to the increasing320

spacecraft dwell time in the outer magnetosphere. The peaks at 10 and 5 hours are clearly321

evident in all regions, while peaks are also found in the 2 to 3 hour range. The magnetic322

field data show a consistent peak near (but greater than) 3 hours in all three regions,323

while the JADE mean counts show consistent 3-hour peaks in the intermediate and plas-324

madisc regions. It should be noted that the ∼3-hour peak is roughly the m = 3 harmonic,325

but with low statistics and peaks occurring between the harmonics we suggest that this326

could also be indicative of physical density structure. Peaks occurring at shorter periods327

may be related to a turbulent spectrum that characterizes the magnetic field spectrum (Ng328

et al., 2022).329

To evaluate the harmonic structure of the base 10-hour rotation period, a simple330

analytic model of Juno’s sampling of the plasmadisc was created (i.e., Gaussian density331

profile as a function of zcent , where zcent is sampled in sinusoidal manner similar to the332

Juno trajectory. See electronic supplement for details.). To mimic Juno data the model333

was tested for varying levels of plasma confinement similar to the separate identified re-334

gions, as well as varying the offset of the sinusoidal trajectory from the centrifugal equator335

plane. For large offsets we found the 10-hour period showed very strongly with the m = 2336

and m=3 harmonics appearing. Varying the confinement slightly increased the prominence337

of the harmonics, however the harmonics still yielded less wave power than the base fre-338

quency. For no offset, the 5-hour period dominated (m=2) along with the m=4 harmonic.339

This simple model showed that we can expect to see the harmonics appear in the CWT340

analysis, but at varying degrees through the Juno orbit. We emphasize that harmonics341

will contribute to the PSD in the 2-4 hour range; however, with significant variability in342

amplitude, broadband wave power, and with peaks also occurring at intermediate values,343

we argue that a separate physical mechanism is likely responsible.344

An additional mechanism for periodic behavior are resonant cavity eigenoscillations.345

For Saturn, Rusaitis et al. (2021) demonstrated that the magnetodisc resonant cavity can346

produce a 3-hour eigenoscillation. If the plasmadisc is highly structured in density, then347

a consistent eigenfrequency is unlikely, but the eigenmodes could instead span a broader348

range of frequencies. As we will show below (Section 3.3), GAMERA simulations support349

a highly structured plasmadisc that could contribute to the observed periodicities.350

3.3 GAMERA simulations351

The simulation achieved a steady-state configuration at roughly 200 hours when352

density structures transported from the inner magnetosphere take form and coalesce into353

an m ∼ 5 to 10 azimuthal structure. The structured magnetodisc is bounded by extremely354

low density regions (e.g., < 10−3 cm−3), eventually reaching the density floor of 10−4 cm−3
355

that is imposed to ensure numerical stability. In the latest stage of the simulations, the356

density variations grow in amplitude and likely result from an inadequate proton source357

–8–
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Figure 6. GAMERA simulation showing density variations in the equatorial plane.

Figure 7. GAMERA simulation showing density variations (left) and open vs. closed flux

(right) in the meridional plane. The contour lines encompass regions of open field lines. The up-

per left image shows density in the equatorial plane with the red line denoting the location (LT

= 3) of the meridional plane.

Figure 8. Juno Orbit 7 density variations from JADE moments (Huscher et al., 2021) for

radial distances from 30 to 50 RJ and |zcent | < 5. The thick black line is the average profile for all

crossings. The thick blue curve is the fitted Gaussian, showing a much broader distribution (σ= 3

RJ) as a function of zcent .

Figure 9. Relative density variations from Juno/JADE (Huscher et al., 2021) for radial dis-

tances from 30 to 50 RJ compared with variations from GAMERA simulations for radial dis-

tances from 10 to 60 RJ . For the respective Gaussian fits, σ=46.0 and σ=41.4.

for the high latitude regions. For comparison with the Juno/JADE observations, we have358

selected the interval between 200 and 350 hours because of the remarkable consistency359

with the data (described below).360

Figure 6 shows the density structures at t = 291.4 hours. We find that the361

dawn/midnight sector is structured by both the radial transport of density “arms” from362

the inner magnetosphere as well as low density flux tubes (due to tail reconnection) in-363

jected sunward and adjacent to the dawnside magnetopause boundary. The confluence364

of outward transport and reconnection flows leads to substantial variability in this dawn365

flank region of the magnetosphere. Adding to further complexity is the preponderance of366

global-scale Kelvin-Helmholtz waves at the magnetopause boundary.367

Figure 7 shows density (left) and open vs. closed flux (right) in the meridional plane368

with contours encompassing regions of open flux taken at roughly 3 LT (similar to Juno369

Orbit ∼ 12). Here we see substantial variations in density with latitude (or zcent). In370

the inner magnetosphere, the magnetodisc is bounded by low-density regions (e.g., 10−3
371

cm−3). The outer magnetosphere, on the other hand, exhibits a much larger scale-height372

with less contrast in density as a function of zcent , consistent with the findings of Gurnett373

et al. (1980). The open flux regions are highly variable during the planetary rotation pe-374

riod. At this particular time, it is evident that extremely low density (e.g., < 10−3 cm−3)375

can be found on closed field lines; therefore, the simulations suggest that density is not a376

reliable measure of field topology. In fact, there are instances where the density is higher377

on open field lines compared with the density on closed field lines at smaller |zcent |. The378

polar closed flux (flux pileup region) shows consistently low density at high latitude.379

3.4 GAMERA vs. JADE relative density variations380

The empirical scale height of Jupiter’s magnetodisc was given by (Bagenal & De-381

lamere, 2011), as a monotonically increasing function with an asymptotic value of roughly382

4 RJ . However, Huscher et al. (2021) showed that for a given plasma sheet crossing, the383

density e-fold was typically much less than 4 RJ with considerable variability. Figure 8384

illustrates this property for orbit 7 between 30 and 50 RJ and for |zcent < 5|, where zcent is385

the vertical distance from the centrifugal equator plane as defined by Phipps and Bagenal386

(2021). The density values are a 40-point rolling mean of the moments from Huscher et387

al. (2021) (with relative uncertainty <1000%), with color indicating time to separate the388

various crossings. The black line is a binned average and the blue line is a Gaussian fit to389

the binned average with a scale height of 2.6 RJ. The variations in peak density and 1/e390

–9–
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Figure 10. Histogram of GAMERA density PSD peaks.

Figure 11. Histogram of GAMERA magnetic field PSD peaks.

change in density functions of zcent are clearly evident, consistent the with conclusions of391

Huscher et al. (2021) that the plasma sheet shows considerable small-scale structure.392

To further quantify the variability of the plasma sheet, we have compared the rela-393

tive variations in peak density between consecutive crossings. We applied a peak-finding394

algorithm to identify density maxima for Juno Orbits 5 to 26. Because of the Juno orbital395

precession, we admitted time intervals between maxima ranging from 2 to 11 hours. In the396

early orbits, many of consecutive crossings occurred < 10 hours. Figure 9 is a histogram397

of the relative variations in log density. The fitted Gaussian (i.e., exp(−(x − x0)2/σ2))398

has σ = 46.0. The bias toward negative density variations is due to the general trend of399

decreasing density with radial distance. Figure 9 also shows the relative density variations400

in the GAMERA simulation. To mimic the Juno observations, we sampled the equatorial401

density in the dawn/midnight region at 10-60 RJ using an ensemble of sampling intervals402

ranging between 2 and 10 hours (i.e., 2, 4, 6, 8, and 10 hours). The width of the fitted403

Gaussian is σ=41.4, remarkably consistent with the observations.404

3.5 Periodicities in the GAMERA simulations405

For this study 44 static points lying in the dawn-side equatorial plane were selected.406

To conduct this analysis in a similar fashion as the Juno data we split the points into two407

regions: an inner region (10 RJ < R < 60 RJ) bounding an area that housed the density408

“arm” structure, and an outer region (R > 60 RJ) that contains a relatively uniform den-409

sity distribution with intermittent low density flux tube injections from tail reconnection.410

We do not attempt to identify an intermediate region in the GAMERA simulations as411

R ∼ 60 RJ qualitatively defines a distinct transition region. Again, the simulations were412

performed with steady solar wind conditions; thus, the magnetosphere is not subject to413

expansion and compression. Similar CWT analysis was done on each of the 44 points to414

get a distribution of peaks in the PSD (hereafter referred to as the active periods) for both415

the density and magnetic field fluctuations. The active periods for density fluctuations are416

shown in Figure 10 and active periods from magnetic field fluctuations are shown in Figure417

11.418

The active period distributions in both data sets exhibit a strong 10-hour period419

similar to the Juno data, attributed to the rotation period of the planet. The active pe-420

riods in the density data (Figure 10) show a slight local maximum around 3-hours for421

R < 60 RJ, and a sharp peak between 2-3 hours with a steady increase in wave power as422

period decreases further for R > 60 RJ, which we attribute to a power law PSD with local423

maxima at shorter periods that the peak-finding algorithm identified but that we consider424

to be insignificant. The active period distribution for the magnetic field (Figure 11) shows425

a similar slight maximum at 3-hours for R < 60 RJ, with a decrease in wave power for426

R > 60 RJ. We expect a corotating m = 3 to 5 density structure to contribute in the 2-3427

hour range at R = 60 RJ (i.e., where m is the number of density maxima on the azimuthal428

spatial domain), though subcorotation would support higher m structures, consistent with429

Figure 6.430

4 Conclusions431

Using Juno data (JADE, MAG, and Waves) we have demonstrated that Jupiter’s432

dawnside magnetosphere exhibits tremendous variability. Understanding the temporal vs.433

spatial aspects of this variability is an ongoing challenge. However, the overall meridional434

spatial structure is consistent with an inner, centrifugally-bound plasmadisc bounded by435

very low density regions and an outer region characterized by weak density variation in the436

–10–
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vertical direction. Comparing with global GAMERA simulations, we have associated these437

regions with the simulated magnetic field topology. The outer magnetosphere contains438

closed flux, mapping to the high latitude polar region. Zhang et al. (2021) referred to this439

region as the flux pileup region. The low-density regions separating the inner and outer440

magnetosphere may contain open flux (Zhang et al., 2021).441

While the gross meridional structural may be an adequate average representation,442

variability is clearly apparent from one orbit to another. Our qualitative assessment of443

three regions (i.e., outer flux pileup, inner plasmadisc, and intermediate transition) shows,444

very roughly, that the transition from a well-defined plasmadisc structure to the flux445

pileup region occurs between 60 and 100 RJ, and that the periodicities are present in all446

regions. This variability is likely to be a function of solar wind dynamic pressure and the447

expanded/compressed state of the magnetosphere. The intermediate cases could be asso-448

ciated with transitions between expanded/compressed configurations. Alternatively, the449

intermediate cases could be strongly influenced magnetotail dynamics under steady solar450

wind driving. Future simulations that include solar wind variability would be necessary451

to address the intermediate cases. Additionally, the state of the magnetosphere should452

be compared with Hubble Space Telescope observations of Jupiter’s aurora to determine453

possible states of the system (Grodent et al., 2018; Yao et al., 2022).454

The GAMERA simulations showed that the plasmadisc is highly structured, ex-455

hibiting radial density “arms”. Other global simulations have shown similar structure456

(e.g., Tanaka et al. (2021)). The agreement between relative JADE density variations and457

the GAMERA density structures support the existence of such a highly structured plas-458

madisc and related magnetospheric dynamics. These structures could also account for the459

∼three-hour periodicity seen in the Juno data. A three-hour period is consistent with a460

corotating m ∼ 3 structure or higher m structures for subcorotational flows. Solar wind461

modulation from a Kelvin-Helmholtz-active magnetopause boundary could also contribute462

to the three-hour periodicity, where the solar wind advection time past the magnetospheric463

cavity is on the order of hours. Magnetotail dynamics could impose a periodicity, as peri-464

odic injection flows are seen in the GAMERA simulations, but we note that the injection465

flows are confined to the outer magnetosphere on the dawn flank. Finally, resonant cavity466

eigenmodes of the magnetodisc structure could be another alternative for the three-hour467

periodicity. We find the latter less likely due to the extremely different plasma conditions468

(and corresponding wave velocities) found throughout the dawnside magnetosphere.469

Future investigations will include a comparison of plasma properties from the JADE470

and JEDI instruments with the GAMERA simulations. Additional simulations studies471

should include a multi-species treatment of the iogenic plasma, solar wind variations,472

sensitivity to ionospheric boundary conditions, ionospheric outflow, sensitivity to grid473

resolution, inclusion of a plasma heat source to account for the superthermal ion popula-474

tion. Test particle simulations should be conducted to assess the impact of drift physics475

on the periodicities, particularly in the injection flow regions. We also intend to employ476

information theory to understand possible nonlinear and causal relations in the simulations477

(Wing & Johnson, 2019). Collectively, these future studies could provide insights into478

periodicities on the ∼hours time scale.479

5 Data availability statement480

The Waves data can be downloaded from Kurth and Piker (2022). We acknowl-481

edge useful discussions with Bill Kurth on the Waves data. JADE data can be download482

from Allegrini et al. (2022). The JADE density moments are available from Huscher et483

al. (2021). We acknowledge useful discussions with Rob Wilson on the JADE data. MAG484

data can be accessed from Connerney (2022). The figure data used in the paper are avail-485

able in Delamere and Schok (2023).486
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