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ABSTRACT

Auroral emissions are a reflection of magnetospheric processes, and at Jupiter, it is not entirely certain
how the morphology of the UV main emission (ME) varies with magnetospheric compression or the
strength of the central current sheet. This work leverages the observations from Juno-UVS to link
ME variability with particular magnetospheric states. We employed novel arc-detection techniques
to determine new reference ovals for the ME from perijoves 1 through 54, in both hemispheres, and
analysed how the size and shape of the ME vary compared to this reference oval. The morphology and
brightness of the ME vary in local time: the dawn-side ME is typically expanded, while the dusk-side
ME is contracted, compared to the reference oval, and the dusk-side ME is twice as bright as the
dawn-side ME. Both the northern and southern ME and the day-side and night-side ME expand and
contract from their reference ovals synchronously, which indicates that the variable size of the ME is
caused by a process occurring throughout the Jovian magnetosphere. The poleward latitudinal shift of
the auroral footprint of Ganymede correlates with the poleward motion of the ME, whereas a similar
relation is not present for the footprint of Io. Additionally, the expansion of the ME correlates well with
an increase in magnetodisc current. These two results suggest that a changing current-sheet magnetic
field is partially responsible for the variable size of the ME. Finally, magnetospheric compression is
linked to a global ME contraction and brightening, though this brightening occurs predominantly in
the day-side ME. This observation, and the observation that the dusk-side ME is typically brighter
than the dawn-side ME, stands in contrast to the modelled and observed behaviour of field-aligned
currents and thus weakens the theoretical link between field-aligned currents and the generation of
the auroral ME.

1. Introduction1

The ultraviolet aurorae of Jupiter, the brightest au-2

rorae in the Solar System, are divided into three3

parts. The most prominent of these parts comprises4

the main emission (ME), an approximately contin-5

uous band of emission that circumscribes Jupiter’s6

northern and southern magnetic poles (Grodent7

2015). The polar emission comprises the emission8

poleward of or interior to the ME. Likewise, the9

outer emission describes the auroral emission equa-10
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torward of or exterior to the ME and is dominated 11

by diffuse auroral emission and injection signatures 12

(Dumont et al. 2018). The outer emission also con- 13

tains the auroral footprints of the Galilean moons 14

(Io, Europa, Ganymede, and Callisto, though this 15

latter footprint is typically colocated with the ME 16

(Bhattacharyya et al. 2018) and hence difficult to 17

detect), which arise from the relative motion of the 18

moon compared to the magnetospheric plasma and 19

the thus-generated Alfvén wings, which propagate 20

along the magnetic field lines connecting the moon 21

with Jupiter’s ionosphere (Bhattacharyya et al. 22

2018; Kivelson et al. 1996; Saur 2004). Much of 23

Jupiter’s magnetospheric plasma comes from its 24

moon, Io, which is the source of some 600-2600 25
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kg s−1 of neutral material (Bagenal & Dols 2020),26

around half of which becomes ionised (Bagenal &27

Delamere 2011) mainly via electron collisions be-28

tween slowly moving neutral atoms and the coro-29

tating plasma of the Io torus (Bolton et al. 2015).30

The ME has been observed to be variable in both31

size and morphology. Thus far, understanding of32

this morphological variation has been limited by a33

lack of images of the full aurora, particularly on the34

night side. However, the Juno probe and its Ultra-35

Violet Spectrograph (UVS) instrument, in a polar36

orbit around Jupiter since 2016, have sent back a37

wealth of image data with unprecedented spatial38

resolution that capture the shape and brightness of39

the full UV aurora, in both hemispheres, on both40

the day and night sides simultaneously (e.g. Bon-41

fond et al. 2017; Greathouse et al. 2021). The aim42

of this work is to leverage these image data to in-43

vestigate how the morphology of the ME varies in44

response to magnetospheric conditions and to place45

this variation in the context of existing theories for46

the generation of the ME.47

The definition of the ME is fundamentally em-48

pirical; it is based on the visual appearance of the49

aurora, in which a bright and approximately con-50

tinuous band of emission is commonly visible in51

both hemispheres, though both the brightness and52

continuity of this band can vary greatly over time.53

However, taking the average of a set of auroral im-54

ages will typically reveal a bright and distinct ME.55

This empirical definition therefore does not imply a56

single magnetospheric origin for the entirety of the57

ME, but rather it allows for a multitude of origins58

for the various substructures (e.g. Sulaiman et al.59

2022) that compose the ME. This is in contrast60

to auroral structures such as injection signatures61

and the moon footprints, which are defined accord-62

ing to the magnetospheric processes that give rise63

to them. Additionally, the similar-yet-distinct term64

’main oval’ can occasionally lead to confusion. In65

this article, the term ’main emission’ refers to the66

observed bright loop of auroral emission present67

in any given image. The term ’main oval’ usually68

refers to the average size and position of the ME in69

the ionosphere. In this work, to avoid confusion, the70

term ’reference oval’ is used to denote the average71

ME contour.72

The ME has been thought to arise from field-73

aligned potentials originating from the breakdown74

of rigid plasma corotation at a distance of around75

30 RJ into Jupiter’s magnetosphere (Hill 1979;76

Cowley & Bunce 2001). In this framework, a field-77

aligned current (FAC) loop that passes from the78

ionosphere through the equatorial current sheet79

(ECS) and back to the ionosphere spins up magne-80

tospheric plasma to corotation with Jupiter’s mag-81

netic field via a J × B force, transferring momen-82

tum from the ionosphere to the magnetosphere83

in the process (Hill 1979). Since new, outward-84

flowing magnetospheric plasma is constantly pro-85

duced from Io’s plasma torus, there must be a86

permanent transfer of angular momentum to en- 87

sure corotation since angular momentum of the 88

plasma decreases as the plasma moves outwards 89

from Jupiter. At the distance that the current sys- 90

tem can no longer support the demand for angu- 91

lar momentum, due to limits imposed by the con- 92

ductivity of the ionosphere and the rate of mass 93

outflow from the Io torus, this rigid corotation 94

breaks down (Hill 1979), whereby field-aligned po- 95

tentials originate (Ray et al. 2009) that acceler- 96

ate electrons in Jupiter’s ionosphere, producing 97

the ME. Observations support several aspects of 98

this model: Jupiter’s magnetosphere has been ob- 99

served to depart from rigid corotation at 20-30 100

RJ (Belcher et al. 1980; Bagenal et al. 2016), and 101

models predict an ME that is consistent with ob- 102

servations in both global brightness and position 103

(Cowley & Bunce 2001). Multi-instrument studies 104

of the ionosphere have also indicated momentum 105

transfer from the magnetosphere that is consistent 106

with a sub-corotating plasma flow, as presented in 107

the corotation-enforcement framework (Wang et al. 108

2021; Al Saati et al. 2022). However, while the 109

field-aligned currents detected by the Juno space- 110

craft have intensities sufficient to account for the 111

power emitted by the ME (Nichols & Cowley 2022; 112

Kamran et al. 2022) and have been observed to un- 113

dergo enhancement at the same time as the bright- 114

ness of the aurora (Nichols et al. 2020), these cur- 115

rents are fragmented and north-south asymmetric 116

in the magnetosphere (Kotsiaros et al. 2019). Ad- 117

ditionally, the field-aligned potentials, theorised to 118

produce a unidirectional precipitation of electrons 119

and hence the ME in the corotation-enforcement- 120

current model, have only rarely been detected by 121

Juno. Even when they are detected, the distri- 122

bution of precipitating electrons remains decid- 123

edly bidirectional (Mauk et al. 2018; Sulaiman 124

et al. 2022), and their acceleration is dominated 125

by stochastic processes (Salveter et al. 2022). 126

An alternative generation mechanism for the 127

ME based on Alfvén waves has also been pro- 128

posed (Saur et al. 2003). In this model, small- 129

scale perturbations of the ECS plasma (Alfvénic 130

turbulence) in the middle magnetosphere prop- 131

agate along magnetic field lines in the form of 132

Alfvén waves. These waves can be partially re- 133

flected when they encounter plasma-density gra- 134

dients, most notably the ionosphere boundary at 135

one end of their path and the magnetodisc at the 136

other. The non-linear interaction between these re- 137

bounding waves prompts a turbulent cascade to- 138

ward shorter wavelengths. Once the wavelength be- 139

comes comparable to the kinetic scale of magne- 140

tospheric particles, these cascading Alfvén waves 141

can undergo wave-particle interactions via Landau 142

damping (Saur et al. 2018) to transfer energy to the 143

magnetospheric plasma and hence accelerate auro- 144

ral particles onto the ionosphere. This acceleration 145

is stochastic rather than unidirectional, which is 146

consistent with the bidirectional electron distribu- 147
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tions seen above the aurora by Juno (Mauk et al.148

2017). This framework also predicts Poynting fluxes149

sufficient to power the ME (Saur et al. 2018), and150

the emitted power of the ME appears to correlate151

well with the measured intensity of Ultra-Low Fre-152

quency (ULF) waves in the Jovian magnetosphere153

(Pan et al. 2021). Additionally, while the observed154

relationship between ME energy flux and charac-155

teristic electron energy in the ME (Gustin et al.156

2004; Gérard et al. 2016) is consistent with predic-157

tions of the corotation-enforcement-current model158

(Knight 1973), a similarly compatible relationship159

is also predicted under the Alfvénic framework160

(Clark et al. 2018). Alfvénic activity at high lati-161

tudes has also been observationally confirmed, with162

sufficiently high Poynting fluxes to power auroral163

emissions (Lorch et al. 2022). Both the corotation-164

enforcement-current model (Cowley & Bunce 2001)165

and the Alfvénic model (Saur et al. 2003) predict166

an ME location consistent with observations. It is167

currently unclear to exactly what extent these two168

mechanisms contribute toward the generation of169

the ME.170

Recent observations of the ME have noted sev-171

eral aspects that are not predicted by a FAC-based172

origin. Firstly, models of the magnetospheric cur-173

rent system predict a strong day-night asymmetry174

in the density of FACs, with the azimuthal current175

density expected to be far greater at night than176

during the day (Khurana 2001; Chané et al. 2017),177

as well as lesser dawn-dusk asymmetry, in which178

the dawn-side ME is expected to be brighter than179

the dusk-side ME by an order of magnitude due180

to the increased bendback of the magnetic field,181

the increased radial current (Khurana 2001), and182

the strengthened FACs that this would entail (Khu-183

rana 2001; Ray et al. 2014). These asymmetries in184

FAC density have been confirmed observationally185

by Juno (Lorch et al. 2020). However, the dominant186

asymmetry in the brightness of the ME appears187

to be the dawn-dusk asymmetry, not a day-night188

asymmetry, and is inconsistent with models and ob-189

servations of the distribution of FACs in the mag-190

netosphere: the dusk-side ME emits around four191

times as much power as the dawn-side ME (Bon-192

fond et al. 2015a; Groulard et al. 2024). This may193

indicate that FACs do not contribute straightfor-194

wardly to the brightness of the ME. Under the195

Alfvénic framework, this would correspond to a196

greater degree of turbulence in the dusk-side mid-197

dle magnetosphere, which is indeed supported by198

Galileo magnetometer measurements (Tao et al.199

2015). Additionally, the modelled response of the200

FACs under conditions of magnetospheric compres-201

sion by the solar wind does not appear to align202

with observations of the brightness of the ME. For203

example, the models of both Chané et al. (2017)204

and Sarkango et al. (2019) indicate that the day-205

night asymmetry of the FAC density should in-206

crease under conditions of solar-wind compression;207

the model of Sarkango et al. (2019) predicts an ab-208

solute drop in day-side FAC density and hence a 209

supposed decrease in day-side ME brightness. Ob- 210

servationally, the ME appears to increase in day- 211

side brightness during compression of the magne- 212

tosphere (Yao et al. 2022), which is consistent with 213

the response of the day-side ME in some FAC (Cow- 214

ley et al. 2007; Feng et al. 2022) and Alfvénic mod- 215

els (Feng et al. 2022). 216

The ME is considered to be a comparatively 217

steady structure that does not rapidly change its 218

size or brightness, unlike the polar emission, which 219

contains structures that can appear and disappear 220

on timescales of seconds, such as flashes (Palmaerts 221

et al. 2023). However, it has been previously deter- 222

mined that the size and brightness of the ME are, 223

in fact, neither static nor continuous, but instead 224

vary in local time (Grodent et al. 2003) and in re- 225

sponse to conditions present within Jupiter’s mag- 226

netosphere (Bonfond et al. 2012; Tao et al. 2018) 227

and in the interplanetary medium (Nichols et al. 228

2017; Yao et al. 2022). In addition to the previ- 229

ously discussed dawn-dusk asymmetry in bright- 230

ness, the ME frequently also shows a pre-noon dis- 231

continuity in its morphology (Radioti et al. 2008) 232

followed by a localised enhancement at noon (Pal- 233

maerts et al. 2014), attributed to a persistent 234

thermal-pressure minimum and corresponding re- 235

duced plasma-velocity gradient, caused by the in- 236

teraction between the rotating plasma of the mag- 237

netosphere with the magnetopause (Khurana 2001; 238

Chané et al. 2013; Palmaerts et al. 2014; Chané 239

et al. 2018). The general morphology of the ME 240

is also known to vary with local time, with the 241

dusk-side ME being far more disrupted and dis- 242

continuous than the dawn-side ME (Nichols et al. 243

2009a; Palmaerts et al. 2023). A number of dis- 244

crete ME features have also been identified, such as 245

arcs that extend into the polar region from the ME 246

called ’bridges’ (Palmaerts et al. 2023), signatures 247

of plasma injection in the magnetosphere (Grodent 248

et al. 2018), and dawn storms associated with re- 249

configuration events in the magnetotail (Bonfond 250

et al. 2021), which also affect the local morphol- 251

ogy of the ME. These latter two structures tend 252

to present themselves as amorphous regions of en- 253

hanced brightness in the ME, with dawn storms 254

able to outshine the rest of the ME in some cases 255

(Bonfond et al. 2021). Additionally, it has been sug- 256

gested that the ME tends to be contracted on the 257

dusk side and expanded on the dawn side, com- 258

pared to its nominally fixed position in System-III 259

longitude, though this conclusion was heavily bi- 260

ased in viewing geometry (Grodent et al. 2003). 261

These results, that the ME shows brightness pro- 262

files and morphologies that depend on local time, 263

imply that the solar wind can exert an influence 264

deep into Jupiter’s middle magnetosphere (Khu- 265

rana 2001), whence the ME is expected to origi- 266

nate. Hubble Space Telescope (HST) observations 267

of the day-side brightness of the ME indicate a pos- 268

itive correlation with solar-wind pressure, as mea- 269
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sured by Juno during its approach toward Jupiter270

(Nichols et al. 2017), which aligns with the gen-271

eral brightening of the day-side aurora with in-272

creased solar-wind pressure observed by the Hisaki-273

EXCEED telescope (Kita et al. 2016). Yao et al.274

(2022) investigated the state of compression of the275

magnetosphere directly, by using the detection of276

trapped low-frequency radio continuum radiation277

by Juno as a marker for magnetopause traver-278

sal, and found that global brightening of the ME279

systematically occurs during periods of magneto-280

spheric compression.281

There are also sources of variability in the282

brightness and morphology of the ME that are in-283

ternal to the Jovian magnetosphere, such as the284

variable rate of mass outflow from the Io plasma285

torus. The brightness of the northern aurora was286

observed to increase during a period of increased287

torus brightness and Io volcanic activity in 2015288

(Tao et al. 2018). This was suggested to arise from289

an increase in the strength of FACs from the in-290

creased plasma mass outflow rate (Nichols 2011)291

implied by Io’s greater degree of volcanism. In-292

creased mass outflow rate from the Io torus is also293

expected to lead to a higher plasma-sheet density294

and hence larger azimuthal currents in Jupiter’s295

ECS, which, in turn, increases contribution of the296

ECS to the global magnetic field (Hill 2001; Bon-297

fond et al. 2012). This works to stretch the mag-298

netic field of Jupiter outwards, and with it the ME299

moves equatorwards. This is in agreement with ob-300

servations showing an equatorward expansion of301

the ME during another period of enhanced volcanic302

activity on Io (Bonfond et al. 2012), though the303

extent to which Io’s volcanism can be related to304

the loading of the plasma torus is disputed (Roth305

et al. 2020; Bagenal & Dols 2020). In general, it306

is not well understood to what extent these two307

sources (solar wind, mass outflow from the torus)308

contribute to the observed morphological variabil-309

ity of the ME.310

Additionally, the variable size of the ME may311

be linked to two intermediate causes in the magne-312

tosphere: a change in the magnetic-field topology313

(which changes the magnetic mapping between the314

ME source region and the ionosphere) or a change315

in the magnetospheric depth of the ME source re-316

gion (Grodent et al. 2008; Vogt et al. 2022b). In the317

first case, it would be expected that even auroral318

features with fixed magnetospheric source depths319

(such as the moon footprints) would show an ex-320

pansion or contraction that correlates with the ex-321

pansion or contraction of the ME. In the second322

case, the moon footprints would not necessarily323

move with the ME, unless the reconfiguration of324

the ME source region itself altered the morphol-325

ogy of the magnetic field. Thus, if the moon foot-326

prints are not observed to move with the expansion327

of the ME, it is likely that the ME source region328

is changing, whereas, if the footprints are indeed329

observed to move with the ME, it is likely that330

the magnetic-field morphology is variable, though 331

a variable ME source region would not be fully ex- 332

cluded. Indeed, these two sources of variation may 333

themselves been related (Bonfond et al. 2012). Pre- 334

vious work that attempted to determine the extent 335

to which these two processes affect the positions of 336

auroral features based on HST images found that 337

the footprint of Ganymede sometimes, but not al- 338

ways, moves with the expansion of the ME, though 339

this result is hampered by the large uncertainties 340

in the planetary-limb-fitting procedure and limited 341

size of the dataset (Vogt et al. 2022b). Additionally, 342

in one HST image series taken during a period of 343

increased volcanic activity on Io, the footprint of 344

Ganymede (GFP) appeared to be observed interior 345

to the ME, indicating that the ME source region 346

had moved inside the orbit of Ganymede (Bonfond 347

et al. 2012); however, the viewing geometry (the 348

GFP was close to the limb) and ME morphology 349

at the time (very faint ME in the relevant sec- 350

tor) mean that this observation cannot, by itself, 351

be considered sufficient proof of a variable ME- 352

source-region distance, especially given the lack of 353

other such detections. In all, images from Juno- 354

UVS, which do not have the same restrictions on 355

viewing geometry nor the considerable uncertainty 356

in the centring of Jupiter as those made by HST- 357

STIS, may be able to clarify further the contribu- 358

tion of these two effects to the variable expansion 359

of the ME. 360

To process the ever-increasing amount of image 361

data from HST and Juno-UVS, automated image- 362

analysis techniques are required, such as arc detec- 363

tion. Automatic techniques have previously been 364

applied to the analysis of images of the Jovian au- 365

rora, such as for keogram feature detection (Ru- 366

tala et al. 2022) and principal component analy- 367

sis (Nichols et al. 2019), but not specifically to the 368

problem of arc detection. This comprises a range 369

of methods that aim to detect lines (curved or 370

otherwise) in images. It has been widely applied 371

to the analysis of Earth’s aurorae, in the context 372

of auroral-arc detection in all-sky-camera images 373

(Syrjäsuo & Pulkkinen 1999), the tracking of auro- 374

ral arcs (Syrjäsuo & Donovan 2002), or the assign- 375

ment of auroral-arc structures to a set of classes 376

(Wang et al. 2023). Many of these arc-detection 377

applications are based on the technique of skele- 378

tonisation, reducing a two-dimensional structure in 379

an image (such as the region covered by a particular 380

auroral arc) to a thin skeleton that best represents 381

the morphology of the arcs. A skeletonised repre- 382

sentation of a set of auroral arcs is often easier to 383

analyse than the image data itself and is less sensi- 384

tive to the presence of noise in the images (Syrjäsuo 385

& Pulkkinen 1999). A skeletonised representation 386

of auroral-arc structure is preferred over bounding- 387

region representation as auroral arcs typically do 388

not have clearly defined borders and are charac- 389

terised by a gradual decrease in intensity away from 390

a central axis. Another advantage of skeletonisa- 391
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tion is that it allows for consideration of auroral392

morphology independently of auroral brightness, at393

least for features with brightnesses above the back-394

ground level that render them detectable by the395

skeletonisation algorithm. This allows the relation-396

ships between auroral morphology and brightness397

to be investigated in a more objective fashion that398

by direct comparison of auroral images. Dimmer399

auroral features, such as those found in the Jovian400

polar aurora, can also be detected even when their401

low brightnesses leave them imperceptible against402

the much-brighter ME.403

While auroral-arc detection has previously been404

applied to the terrestrial aurorae, this work repre-405

sents the first application of auroral-arc detection406

to the aurorae of Jupiter. In this work, auroral-arc407

detection is applied to automatically characterise408

the global expansion and contraction of the ME and409

associate it with the conditions in Jupiter’s magne-410

tosphere, to further our understanding of the re-411

sponse of the morphology of the ME to conditions412

present in the magnetosphere.413

2. Observations414

The ultraviolet spectrograph on board Juno (Juno-415

UVS) operates in the 68-210 nm wavelength range416

and is mostly dedicated to the observation of417

the H2 aurora on Jupiter (Gladstone et al. 2017;418

Greathouse et al. 2013). Juno is a spin-stabilised419

platform, and spectrally resolved images are ac-420

quired by scanning the scene with the slit essen-421

tially perpendicular to the spin plane. A scan mir-422

ror at the entrance of the instrument allows it to423

point up to 30° away from that plane in both di-424

rections. The 7.2°-long slit has a dog-bone shape,425

being 0.2° wide at the borders and 0.025° wide at426

the center. Only the wide-slit data are used in this427

study, in order to maximise the signal-to-noise ra-428

tio of the produced spectral images. After a first429

radiation noise subtraction step (Bonfond et al.430

2021), every recorded photon detection event is pro-431

jected onto the ellipsoid of Jupiter at an altitude432

of 400 km above the one-bar level. The count-to-433

brightness conversion was performed according to434

the calibration of Hue et al. (2019). Hence, for each435

spin, the reconstructed image consists of two thin436

strips across the planet. These successive stripes437

need to be assembled in order to form an image of438

the UV aurora as complete and resolved as possible439

(Bonfond et al. 2017). For each perijove and each440

hemisphere, a ’exemplar’ map was created, made of441

the 100 successive spins as close as possible to the442

perijove time and that cover at least 75% of the au-443

roral region. Therefore, a total of 106 images were444

used in this work, one in the northern and southern445

hemisphere for the first 54 perijoves, barring peri-446

jove 2, where the spacecraft entered safe mode and447

no image data were collected.448

Hubble Space Telescope (HST) images used in449

this work come from the GO-14105 and GO-14634450

imaging campaigns, both using the Space Telescope 451

Imaging Spectrograph (STIS) instrument with a 452

strontium-fluoride filter to reduce the influence of 453

geocoronal emissions. Images were processed into 454

10-second frames using the CALSTIS calibration 455

tools from the Space Telescope Science Institute 456

(Katsanis & McGrath 1998), converted to bright- 457

ness in kilo-rayleigh (kR) assuming a colour ratio of 458

2.5 (Gustin et al. 2012), and fitted to the ellipsoid 459

of Jupiter as per Bonfond et al. (2009). 460

3. Methods 461

The detection of arcs in a series of auroral images 462

performed in this work proceeds in three phases: 463

– Preprocessing: this step comprises the pro- 464

cessing performed from the collection of the 465

images by HST and UVS and before any 466

detection-specific analysis is performed. Images 467

are converted to a polar-projected format and 468

smoothed to improve the efficiency of the arc- 469

extraction algorithm. 470
– Extraction: this step comprises the detection of 471

arcs in each preprocessed image. The image is 472

template-matched with an artificial arc profile 473

to detect those regions of the image that show 474

’arc-like’ shapes. The results of this template 475

matching are used to determine the skeleton of 476

the aurora, from where individual arcs can be 477

extracted. 478
– Characterisation: this step involves the extrac- 479

tion of a number of key properties of the de- 480

tected arcs (brightness, position, ...). These 481

properties are stored in a database, which al- 482

lows auroral arcs to be more quickly analysed 483

than directly from image data. 484

3.1. Preprocessing 485

For this work, images from Juno-UVS and HST 486

were first transformed into a 1024×1024-pixel 487

Cartesian polar projection, that is, as though 488

viewed from above the northern geographical pole 489

of Jupiter, with a System-III longitude of 0° toward 490

the top of the image and 90° toward the right. In the 491

case of the southern aurora, the aurora is still dis- 492

played as though seen from the northern geographi- 493

cal pole ’through the planet’, as this allows for more 494

intuitive comparison of images of the northern and 495

southern aurora. A 1024×1024-pixel projection was 496

chosen to ensure parity between the polar-projected 497

images and the maps from which they are made; 498

these maps have a resolution of 0.1° in both lati- 499

tude and longitude, which is roughly equivalent to 500

100 km on the globe of Jupiter and hence consistent 501

with the approximate 100-km-per-pixel resolution 502

of the polar-projected image. During this projec- 503

tion, it was assumed that the aurora be located at 504

an altitude of 400 km; this projection altitude is a 505

compromise between the moon footprints at 900 km 506

and the ME at 250-400 km (Vasavada et al. 1999; 507
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Bonfond et al. 2015b). The advantages of this for508

large-scale image analysis are essentially twofold:509

firstly, the projection of each pixel to System-III co-510

ordinates is consistent between polar-projected im-511

ages; and, secondly, the true size of features is pre-512

served near the pole. Since the aurorae of Jupiter513

remain largely fixed in System-III coordinates (e.g.514

Clarke et al. 2004) and are located near the geo-515

graphical poles of Jupiter, the comparison of the516

aurora between any two images is greatly simpli-517

fied. The difference between the projection altitude518

and actual altitude of auroral features will intro-519

duce an error into the projected position of the au-520

rora; however, for a typical Juno-UVS emission an-521

gle of 30° and an altitude difference of 200 km (i.e.522

projected vs assumed altitude of the ME), an error523

of some 115 km is introduced, which is equivalent to524

around one pixel in the polar-projected images used525

in this work. In conjunction with the fact that Juno526

views the aurora from many different positions and527

hence that the errors are not systematic, the error528

introduced by the projection was considered negli-529

gible.530

In the case of image data collected using STIS,531

collected photons are frequently collated into 10-532

second image frames to investigate the evolution533

of auroral features over short timescales. However,534

for this work, each STIS exposure was instead col-535

lated into a single frame, representing the pixel-536

wise median of all 10-second frames within the ex-537

posure. This has the disadvantage of reducing the538

signal from short-lived features; however, the use of539

median averaging is preferred over mean-averaging540

as it has the added advantage of reducing noise541

in the image and highlighting the morphology of542

the comparatively steady main emission, impor-543

tant when attempting automated analysis, as is544

done in this work. Features not in corotation (that545

move in System-III and hence also in the polar-546

projected images), such as the moon footprints, are547

not strongly filtered by this collation, provided they548

move sufficiently slowly.549

3.2. Extraction of auroral arcs550

The aurorae of Jupiter are composed of multiple551

smaller discrete features (Grodent 2015), many of552

which show arc-like morphologies. Previous work553

(e.g. Vogt et al. 2022b; Rutala et al. 2022) tends554

to employ techniques that use the position of the555

peak in the approximately Gaussian profile of the556

ME around some central location in the aurora or557

predefined statistical oval to determine its position558

in the images. A natural extension of this technique559

would be an arc-detection algorithm that works560

for all arc-like structures in the aurora, even unde-561

tected arcs for which a suitable ’central point’ has562

not been determined. The goal of this arc-detection563

algorithm, therefore, was the automatic extraction564

and characterisation of these auroral arcs, with-565

out bias toward brighter arcs, such as those found566

(a) UVS exemplar im-
age.

(b) Convolved image.

(c) Convolved image
with noise removal.

(d) Detected auroral
arcs.

Fig. 1: Arc-detection algorithm outlined in the text
applied to the UVS exemplar image of the north-
ern aurora from perijove 6. A 15°-by-15° grid in
System-III longitude and planetocentric latitude is
overlain on the aurora. The System-III longitude of
certain gridlines are given in white, and the plane-
tocentric latitudes of certain gridlines in magenta.
The brightness scale of the images of the aurora in
kR is given at the top of (a).

(a) Juno-UVS

(b) HST-STIS

Fig. 2: Histograms of the average pixel-brightness
distributions for the (a) UVS and (B) STIS images
used in this work. The position of the 75th (UVS) or
50th (HST) percentile cut-off has been annotated
with a dashed black line. The plot has been trun-
cated at a percentage pixel value of 0.1 to highlight
the position of the cut-off.
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in the ME. To this end, template matching with567

an artificial auroral-arc profile can be used to pro-568

vide a measure of ’arcness’ for each pixel in the569

polar-projected images. The template element was570

a 13×13-pixel kernel, with a normalised Gaussian571

profile with a FWHM of 8 px centred along the572

vertical axis of the kernel. By rotating the image573

between 0° and 180° in 1° increments, perform-574

ing the template matching against the vertical arc-575

profile kernel using the match_template function576

in Python3’s scikit-image library (van der Walt577

et al. 2014) on each rotated image, and taking578

the maximum normalised response to the template579

matching at each pixel over all the rotations, an580

arcness map of the original auroral image could be581

obtained that is not dependent on the brightness582

of the auroral arcs, as in Fig. 1b. However, back-583

ground shot noise in the auroral images leads to the584

presence of an unwanted background pattern in the585

convolved arcness maps. Since the template match-586

ing produces normalised responses, the intensity of587

this background pattern was comparable to the in-588

tensity of the ’true’ auroral arcs, despite the consid-589

erably greater brightness of the latter in the auroral590

images, and would interfere with the results of later591

arc-detection procedures. This background pattern592

is dependent on the distribution of the shot noise,593

and, as such, neither a change in the parameters594

of convolution element nor repeating the template595

matching will diminish its presence. To remove this596

background pattern, the background noise level of597

the polar-projected auroral images was estimated598

by taking either the 50th-percentile (HST) or 75th-599

percentile (UVS) pixel value of those pixels with600

values greater than 0; the choice of percentile is601

a consequence of the different typical coverages of602

HST and UVS polar-projected images. As shown in603

Fig. 2, these cut-offs provide a suitable boundary604

between background pixels (which make up the ma-605

jority of any given image) and brighter pixels that606

form part of the aurora. HST images have much607

flatter distributions of pixel value due to different608

detector throughput, which makes the placement609

of the cut-off a little less obvious; nevertheless, the610

chosen cut-off allows the autodetection procedure611

to reliably detect arcs in HST images. By inserting612

random Gaussian noise with a mean of 0 and a stan-613

dard deviation equivalent to this background level,614

the distribution of the background shot noise can be615

modified without disturbing the much-brighter au-616

roral arcs. The template matching was performed617

30 times with different random background noise618

profiles, and the final arcness map of an auroral619

image was the pixelwise median of these 30 itera-620

tions; see Fig. 1c, where the background pattern is621

clearly diminished compared to Fig. 1b. Some noise622

could still be seen in brighter parts of the aurora.623

For this work, which concentrates on the clear arc-624

like profiles of the ME with a considerable manual625

element, this noise did not materially impact the626

results; however, if dimmer arcs, such as the polar627

filaments (Nichols et al. 2009a), were to be inves- 628

tigated using this algorithm, the background-noise 629

removal process would be refined to remove this 630

pattern from the relevant regions of the aurora. 631

In the case of the aurora, it is more sensible 632

to extract the central axes of the auroral arcs via 633

skeletonisation, rather than attempt to define the 634

bounding shape, as auroral arcs are not structures 635

with well-defined borders. To this end, a suitable 636

threshold was applied to the arcness maps; it was 637

determined a posteriori that estimating the back- 638

ground level BG using the same pixel-value per- 639

centile as before, this time applied to the arcness 640

maps, then calculating BG+0.25(1−BG) provides 641

a suitable threshold to distinguish between true 642

arcs and background noise. Applying this threshold 643

to the arcness map returned a mask of the approx- 644

imate arc locations in the aurora, which could be 645

further reduced to a skeleton of the aurora through 646

the use of the skeletonize function included in 647

the scikit-image Python library (van der Walt 648

et al. 2014). This auroral skeleton can be inter- 649

preted in the form of a mathematical graph, with 650

nodes and edges, using the sknw Python library 651

under the ImagePy framework (Wang et al. 2018), 652

which allows for easier modification and process- 653

ing of the detected auroral arcs. A number of pro- 654

cessing steps were applied to this skeleton graph to 655

extract individual instances of auroral arc: 656

– Very short arcs (fewer than 10 pixels) were re- 657

moved, as these are likely to be background 658

noise. 659

– Graph nodes between three edges were assumed 660

to be the intersection between one larger arc 661

and one smaller arc, as it is unlikely that three 662

independent auroral arcs would meet in the 663

same location in the aurora. To this end, the 664

two edges that best align at the node were as- 665

sociated to the same auroral arc and are hence 666

merged together. 667

– Edges that exhibit very small local radii of cur- 668

vature (<5 px) were assumed to consist of two 669

auroral arcs that have been mistakenly included 670

in the same edge, since auroral arcs are pre- 671

sumed to curve relatively gradually. As such, 672

these edges were split into two arcs at the point 673

of minimum radius of curvature. 674

– If two arcs were well aligned (<30° difference 675

between straight-line fits to the arcs) and their 676

ends close to one another (<5 px), they were 677

assumed to form part of one larger arc than has 678

been mistakenly split into two arcs and were 679

hence merged together. 680

At the end of this processing, the set of detected 681

individual auroral-arc instances was returned; see 682

Fig. 1d. Detected arcs are given in red, with those 683

that are considered to belong to the ME highlighted 684

in orange. 685
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3.3. Characterisation of auroral arcs686

To perform further analysis on arc-like structures687

in Jupiter’s aurorae, it is necessary to extract key688

properties of the detected arcs. Many of these prop-689

erties (such as arc brightness, position, ...) can be690

trivially retrieved by reprojecting the detected arcs691

onto the polar-projected auroral images. However,692

several arc properties have slightly more involved693

derivations.694

In much the same way that a representative ’ex-695

emplar’ auroral brightness map can be constructed696

for each perijove, as in section 3.1, an exemplar697

auroral colour-ratio map can be established from698

the ratio between the radiance at 155-162 nm and699

at 125-130 nm (Bonfond et al. 2017). Whereas the700

auroral brightness contains information about the701

flux of the precipitating electrons, the colour ra-702

tio can be used as a proxy for the electron energy;703

higher-energy electrons are expected to be able to704

penetrate further into Jupiter’s atmosphere, where705

flux in the 125-130 nm band is more strongly at-706

tenuated by the CH4 layer, thus leading to a higher707

(’redder’) colour ratio.708

In this work, the JRM33 internal-magnetic-field709

model of Jupiter (Connerney et al. 2022) was used710

together with the Con2020 model of the exter-711

nal (ECS) magnetic field (Connerney et al. 2020)712

to model the total magnetic field, and to provide713

mappings between ionospheric and presumed ECS714

locations of detected auroral arcs. An 18th-order715

JRM33 magnetic-field fit is used to ensure the best-716

possible correspondence between the modelled and717

observed positions of the moon footprints, partic-718

ularly that of Ganymede (Moirano et al. 2024).719

These models are contained within the JupiterMag720

Python wrapper (James et al. 2022) as part of the721

Magnetospheres of the Outer Planets Community722

Code project (Wilson et al. 2023).723

The Con2020 model does not take into account724

local-time variations in the configuration of the725

magnetic field, and so an error is introduced. By726

using a model of the external field that does take727

into account this local-time variation, notably the728

KK2005 model of Khurana & Schwarzl (2005), the729

magnitude of this error can be estimated. A map-730

ping was performed from 10 positions in the magne-731

tosphere (30 RJ , evenly distributed in longitude) to732

the ionosphere using JRM33 + Con2020, then back733

to the magnetosphere using JRM33 + KK2005 (Ra-734

bia et al. 2024) at two times separated by 5 hours735

(half a Jovian rotation). In both the northern and736

southern hemispheres, this introduces a median ra-737

dial error of 5 RJ and a median longitudinal error738

of 1°. In this work, magnetic mapping is mainly739

used to obtain the magnetospheric longitude (and740

hence local time) of points in the main emission,741

with a resolution of one hour. A 1° longitude differ-742

ence is equivalent to 4 minutes in local time, and743

hence the use of Con2020, as a more recent model744

that uses measurements from Juno and more accu-745

rately reflects the behaviour of the magnetic field746

(a) North.

(b) South.

Fig. 3: Detected ME arcs for perijoves 1 through
54, shown in red, overlain on the pixelwise median-
average aurora for each hemisphere. A 15°-by-15°
grid in System-III longitude and planetocentric lat-
itude is overlain on the aurora. The System-III
longitude of certain gridlines are given in white,
and the planetocentric latitudes of certain gridlines
in magenta. The brightness scale of the images of
the aurora in kR is given at the bottom of (b). A
histogram of the distribution of detected ME arcs
in both local time (top) and System-III longitude
(bottom) is given for both the northern and south-
ern hemispheres.

in the inner magnetosphere (Rabia et al. 2024), is 747

justified. 748

Of particular importance to this work is the 749

correct identification of those auroral arcs that 750

comprise the main auroral emission. The ME 751

is broadly associated with the innermost semi- 752

continuous bright arc in the aurora, though, as dis- 753

cussed above, this definition is empirical and does 754

not prescribe a single shared magnetospheric ori- 755

gin to the entire ME. This morphology can be 756

strongly disrupted by the presence of bridges (Pal- 757

maerts et al. 2023), strong injection signatures 758

(Grodent et al. 2018), or dawn storms (Bonfond 759

et al. 2021), among other causes. The ME can 760

therefore have starkly different sizes and morpholo- 761

gies between any two images of the aurora, and, 762

as such, designation of the approximate region of 763

the polar-projected images that contain the ME 764

was performed manually. This manual designation 765

was based on the convolved images (such as Fig. 766

1c) with reference to the original brightness images 767

(Fig. 1a) to ensure that only bright regions (typi- 768
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cally those with brightnesses exceeding 200 kR, the769

upper threshold in the reference images used dur-770

ing the manual designation) showing strong arc-771

like profiles (or dimmer continuations of the same772

bright arc) were attributed to the ME. For each de-773

tected auroral arc, the part of the skeleton that fell774

within this manually designated region was taken775

to belong to the ME. This method has the benefit776

of the unbiased detection of auroral arcs from the777

automatic arc-detection algorithm as well as the778

certainty that only the ME is considered for further779

analysis. An automatic ME designation containing780

those arcs within a certain distance of the average781

UVS main oval was a posteriori determined to be782

inadequate; a distance limit from the reference con-783

tour sufficiently large to capture the full range of784

contraction and expansion of the ME would also re-785

sult in the inclusion of many detected poleward and786

equatorward arcs that do not form part of the ME,787

due to their insufficient length, misalignment with788

the ME reference contour, or being obviously pole-789

or equatorward of an ME arc. Manual designation790

also allows for the exclusion of the most heavily dis-791

rupted regions of the ME, where the arc-detection792

algorithm performs most poorly.793

The results of this semi-automatic ME-794

detection process are given in Fig. 3. The majority795

of the detected ME arcs were located on or near796

the reference contour for perijoves 1 to 54 (see sec-797

tion 4.1). Fig. 3 also shows that the ME was evenly798

sampled in System-III longitude; there are no por-799

tions of the ME that were distinctly under- or over-800

sampled. This is as expected, as many features that801

would prevent proper detection of portions of the802

ME (the presence of bridges, dusk-side disruption,803

dawn storms) are not fixed in System-III longitude.804

Indeed, the typically more disrupted morphology of805

the ME at dusk is reflected in the slightly poorer806

coverage of the detected ME arcs close to 18:00,807

though this asymmetry is very slight and is not ex-808

pected to materially affect the results of this work.809

Additionally, the average aurorae shown in Fig. 3810

would, at first glance, not appear to demonstrate811

the empirical result that approximately one third812

of the total auroral power can be attributed to each813

of the three regions of the aurora (ME, polar emis-814

sion, outer emission) (Grodent et al. 2018). This is815

due to the median averaging performed to obtain816

the average aurorae; for example, bright but tran-817

sient features that dominate the power output of818

the polar region are disproportionately diminished819

by median averaging. Median averaging is used here820

to ensure that the ME, the main subject of this821

work, is as clear as possible, free from the unwanted822

effects of transient elements such as dawn storms.823

4. Results and discussion824

4.1. New reference oval for the main emission825

Any investigation of the variable size of the ME826

must necessarily define a reference ME profile827

(a) North. (b) South.

Fig. 4: ME reference ovals defined in this work,
overlain on the pixelwise median-average aurora
for each hemisphere. The new UVS reference oval
is shown as a solid red line. The expanded and
contracted HST ME reference ovals from Bonfond
et al. (2012), shown as dashed yellow lines, and the
northern reference oval from Nichols et al. (2017),
shown as a magenta dotted line, are included for
comparison. The pseudo-magnetic-coordinate ref-
erence point is denoted by a green cross, alongside
the sense of pseudo-magnetic angle α. A 15°-by-15°
grid in System-III longitude and planetocentric lat-
itude is overlain on the aurora. The System-III lon-
gitude of certain gridlines are given in white, and
the planetocentric latitudes of certain gridlines in
magenta. The brightness scale of the images of the
aurora in kR is given at the bottom of (b).

against which individual images of the ME can be 828

compared. There exist previously defined ME ref- 829

erence ovals in the literature (e.g. Bonfond et al. 830

2012); however, for this work, new reference ovals 831

were defined based on the average position of the 832

ME in the UVS exemplar images between peri- 833

joves 1 and 54. These exemplar images were stacked 834

and the pixelwise median brightness (for those pix- 835

els with UVS coverage) taken to produce an aver- 836

age ME profile, separately for both the northern 837

and southern hemispheres; see Fig. 4. This aver- 838

age ME profile was then convolved with a Gaus- 839

sian kernel, as described in section 3.2, to pro- 840

vide a smooth and continuous contour for the aver- 841

age ME. A central reference point was defined for 842

each hemisphere (left-handed System-III longitude 843

φS3 = 185°, planetocentric latitude θ = 74° in the 844

north; φS3 = 32°, θ = −82° in the south; taken from 845

Bonfond et al. (2012)) and used to define a pseudo- 846

magnetic coordinate (radius and angle around the 847

reference point) for each point in the ME profile. 848

A univariate spline was fitted through the pseudo- 849

magnetic coordinates of the pixels in the average 850

ME contour, then converted to left-handed System- 851

III longitude and planetocentric latitude to pro- 852

vide the final ME reference oval for each hemi- 853

sphere. The use of pseudo-magnetic coordinates is 854

preferred here over System-III longitude and plan- 855

etocentric latitude to ensure a sensible spline fit- 856

ting that evenly samples the contour of the ME, 857
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most necessary in the northern hemisphere where858

the ME deviates noticeably from its idealised cir-859

cular shape.860

It can be seen in Fig. 4 that the new reference861

ovals well describe the average position of the ME862

between perijoves 1 and 54 in both the northern863

and southern hemispheres. In some locations, such864

as near 30° longitude in the south, the reference865

oval appears to favour the inner edge of the ob-866

served average ME. This is likely a visual illusion867

induced by the choice of brightness threshold in the868

images; the quasi-Gaussian brightness profile of the869

ME is typically wider on the equatorward side, due870

to the presence of the moderately brightward dif-871

fuse equatorward emission, which, when combined872

with the relatively low brightness threshold in the873

images, appears to move the arc of the ME equa-874

torward. For the most part, they also fall within the875

range of ME positions determined from HST data876

by Bonfond et al. (2012). The UVS reference ovals877

differ from the Bonfond et al. (2012) and Nichols878

et al. (2017) reference ovals most notably at high879

latitudes; this is to be expected, as these previous880

reference ovals are based on HST observations of881

the ME, in which the high-latitude aurora is ren-882

dered unobservable by the typical viewing geome-883

try. The Bonfond et al. (2012) and Nichols et al.884

(2017) ME reference ovals also notably underes-885

timate the size of the average UVS ME in the886

northern hemisphere in the region of the magnetic887

anomaly along the 150° System-III meridian (Gro-888

dent et al. 2008). This normally corresponds to the889

dusk-side hemisphere in HST images, in which the890

ME tends to be contracted (Grodent et al. 2003). It891

is therefore unsurprising that the HST-based refer-892

ence ovals underestimate the size of the ME in this893

sector. In the southern hemisphere, the ME in the894

15°-to-75° longitude range normally corresponds to895

the dawn-side hemisphere in HST images, and it is896

thus equally unsurprising that the Bonfond et al.897

(2012) reference ovals overestimate the size of the898

ME in this sector. These reference ovals are given899

in the Supplementary Material associated with this900

paper.901

4.2. Global behaviour of the main emission902

Using the UVS reference oval and the automati-903

cally detected ME arcs as described in section 3,904

it is possible to calculate the average global expan-905

sion of the ME for each perijove hemisphere. Using906

the same central reference point as shown in Fig. 4,907

the detected ME arcs for each perijove hemisphere908

were converted to pseudo-magnetic coordinates as909

per section 4.1. For each pixel in the ME arcs, the910

point on the reference oval with the same pseudo-911

magnetic angle was used to calculate the pixelwise912

expansion of the ME, since it is assumed that, for913

sufficiently small shifts, the aurora expands perpen-914

dicularly from the reference oval under conditions915

of global expansion or contraction. This expansion916

Fig. 5: Median-averaged global ME expansion from
the UVS reference oval in the north vs in the south
for perijoves 1 through 54. The fitted relationship is
given by a solid black line; its form and R-squared
goodness-of-fit value are given in the legend. The
1σ confidence level of the fit is given by the shaded
region. The position of the origin is denoted by two
dotted black lines. Negative (positive) values of ME
expansion indicate a global contraction (expansion)
of the ME.

was calculated in kilometres by projecting the ME 917

pixel and the reference oval to the globe of Jupiter. 918

By taking the median pixelwise expansion of every 919

pixel in each ME arc, an average ME expansion 920

can be defined for each perijove hemisphere. This 921

expansion is positive for an equatorward expansion 922

of the ME and negative for a poleward contrac- 923

tion. To estimate the uncertainty in this measure 924

of expansion, the standard deviation of the calcu- 925

lated pixelwise expansions was taken. To test the 926

assumption that the ME expand perpendicularly 927

from its reference contour, the UVS ME reference 928

contour was expanded and contracted by 20 pixels 929

(approximately equivalent to 2000 km, compara- 930

ble to the range of ME expansion seen in Fig. 5), 931

achieved by holding α constant and increasing or 932

decreasing the distance from the central reference 933

point by 20 pixels. Each point on the original ME 934

reference contour was linked to a point on the ex- 935

panded or contracted reference contour by taking 936

the pixel with the nearest pseudo-magnetic angle. 937

The expansion or contraction of each point was cal- 938

culated. The same was performed taking the pixel 939

with the closest mapped magnetospheric System- 940

III longitude and the expansion or contraction once 941

again calculated. The median difference between 942

these two estimations of expansion or contraction 943

for each point on the original reference contour was 944

less than 200 km in both the northern and south- 945

ern hemispheres, which is less than the estimated 946

uncertainty of the expansion of the ME, and so the 947

use of pseudo-magnetic coordinates to calculate the 948

expansion of the ME is reasonable. 949
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Fig. 5 provides a comparison of the global ex-950

pansion of the ME between the northern and south-951

ern hemispheres. Perijoves with sufficiently poor952

coverage in the northern hemisphere such that the953

position of no part of the ME can be reliably de-954

termined have been omitted. The standard devia-955

tions of the pixelwise expansions of the detected956

ME for each perijove are included in Fig. 5 as er-957

rorbars. These error bars appear considerable; how-958

ever, they are dominated by the expected dawn-959

dusk asymmetry in ME expansion. This is evi-960

denced by the significantly smaller average stan-961

dard deviations in ME expansion when only the962

dawn or dusk sectors are considered: in the north,963

the median standard deviation is 600 km, which964

drops to 300 km and 400 km in the dawn and965

dusk sectors, and in the south, the median stan-966

dard deviation is 700 km, which drops to 200 km967

and 400 km in the dawn and dusk sectors respec-968

tively. Fig. 5 shows a clear (R2 = 74%) positive cor-969

relation between the global expansion of the ME970

in the north and the south during a given peri-971

jove. This positive gradient indicates that expan-972

sions or contractions of the ME occur in conjunc-973

tion between the two hemispheres and that the974

physical origin of the variability in ME expansion975

is a global phenomenon that affects the aurorae in976

both hemispheres in the same manner, and indi-977

cates therefore that the process(es) giving rise to978

the ME are magnetospheric, and not ionospheric,979

in nature. The processes controlling the expansion980

of the ME must therefore also vary over timescales981

no shorter than the time required for Juno to pass982

from the northern to the southern hemisphere dur-983

ing a perijove (∼2.5 hours). The fact that the re-984

lation passes close to the origin indicates that the985

average position of the ME in the two hemispheres986

corresponds to the same magnetospheric state. Fig.987

5 also shows that the expansion of the northern ME988

varies around twice as much as the southern ME in989

absolute terms. This is as expected given the pres-990

ence of the low-field-strength magnetic anomaly in991

the north (Bonfond et al. 2015a) and thus the same992

relative expansion of the ME would typically result993

in a larger absolute-distance expansion in the north994

than in the south. There is also a similar region of995

elevated field strength in the northern hemisphere;996

however, an argument based on the conservation of997

magnetic flux indicates that low-field anomalies will998

more greatly affect the movement of the ME than999

high-field anomalies. The reader is asked to imag-1000

ine an event in the magnetosphere that stretches1001

the field lines outward. A series of field lines will1002

pass through an arbitrary section of the ME source1003

region; these field lines can be thought of as a flux1004

tube, and hence the total tube magnetic flux is con-1005

served between the ECS and the ionosphere (IS),1006

as1007

Φ = BECSSECS = BISSIS, (1)

where Φ is the total magnetic flux in the flux tube,1008

BECS and BIS refer to the magnetic field strength,1009

and SECS and SIS to the flux-tube foot surface area 1010

in the ECS and ionosphere respectively. We are free 1011

to choose rectangular flux-tube ends, such that 1012

SECS = ∆rECSlECS, SIS = ∆rISlIS, (2)

where ∆r refers to the radial shift of the magnetic 1013

field lines connecting the ME in the ionosphere to 1014

the ECS and l refers to an arbitrary (small) flux- 1015

tube end width. Since we are introducing an ar- 1016

bitrarily small radial stretch in the magnetic field 1017

lines in the ECS (such that BECS remains essentially 1018

unchanged and rECS is a small constant that we de- 1019

fine), 1020

BISSIS = Const, (3)

and hence 1021

∆rIS ∝ B−1
IS . (4)

Given this relation, and that the northern- 1022

hemisphere weak-field and strong-field anomalies 1023

are approximately half and twice as strong as 1024

the average surface magnetic field (Moirano et al. 1025

2024), it is therefore reasonable to assume that 1026

the weak-field anomaly affects the expansion of 1027

the northern ME twice as much as the strong-field 1028

anomaly in absolute distance, and hence that the 1029

northern ME would show a greater expansion in 1030

ionospheric distance than the southern ME for a 1031

given state of the magnetosphere. 1032

The expansion of the ME from its reference oval 1033

can also be investigated separately for regions of the 1034

ME that magnetically map to the day-side (06:00 1035

to 18:00 local time) and night-side (18:00 to 06:00 1036

local time) magnetosphere. Fig. 6 shows that, in 1037

both the northern and southern hemispheres, the 1038

correspondence between the expansion of the night- 1039

side ME and the expansion of the day-side ME 1040

can be well described by a positive linear relation 1041

(91% and 73% of the total variance in the data 1042

can be described by a linear relation, for the north- 1043

ern and southern hemisphere respectively). When 1044

the day-side ME is contracted, so too is the night- 1045

side ME. In both hemispheres, the day-side ME ex- 1046

pands more than the night-side ME; in the south- 1047

ern hemisphere, the day-side ME expands and con- 1048

tracts more than twice as much as the night-side 1049

ME in absolute distance. The fitted relations pass 1050

through the (0,0) origin in both hemispheres to 1051

within the error of the data (approximately ±400 1052

km). In all, these results indicate that processes 1053

that work to contract the ME affect both hemi- 1054

spheres simultaneously, though the day-side ME is 1055

frequently affected to a greater extent. 1056

The use of the automatic arc-detection algo- 1057

rithm in this work permits the systematic com- 1058

parison of the global ME expansion with other 1059

parameters, such as the brightness of the ME. In 1060

this work, the median-average brightness of all pix- 1061

els in the automatically detected arcs of the ME 1062

was taken as a characteristic measurement of ME 1063
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Fig. 6: Median-averaged global ME expansion from
the UVS reference oval in the day-side hemisphere
vs in the night-side hemisphere for perijoves 1
through 54, for the northern (red crosses) and
southern (blue triangles) aurorae. The fitted re-
lationships are given by a red dashed line and a
blue dot-dashed line for the northern and southern
hemisphere respectively; their forms and R-squared
goodness-of-fit values are given in the legend. The
1σ confidence levels of the fits are given by the
red and blue shaded regions, for the northern and
southern hemispheres respectively. The position of
the origin is denoted by two dotted black lines. Neg-
ative values of ME expansion indicate a global con-
traction of the ME.

Fig. 7: Characteristic ME brightness vs the median-
averaged global ME expansion from perijoves 1
through 54, in the southern hemisphere. The char-
acteristic brightness of the entire ME is given by
black squares, and the characteristic brightness of
only the day- and night-side hemispheres by red
and blue triangles respectively. Linear fits to the
data have been calculated and shown as a black
solid line (full ME), a red dashed line (day), or a
blue dotted line (night). The form and R-squared
goodness-of-fit value of these fits are given in the
legend.

brightness. We note that the median brightness of 1064

the detected ME cannot be directly related to any 1065

’average’ emitted auroral power measured by Juno- 1066

UVS and depends on the pixel binning of the polar 1067

projections; however, it does allow for the straight- 1068

forward comparison of a characteristic brightness 1069

of the ME between images, or between different 1070

regions of the ME in the same image. To ensure 1071

a sensible comparison, only those perijoves with 1072

a pseudo-magnetic ME coverage greater than 80% 1073

were taken, which amounts to 8 cases in the north 1074

and 25 cases in the south. We note that ’cover- 1075

age’ refers to the total pseudo-magnetic angular 1076

coverage of detected arcs that can be reliably as- 1077

sociated with the ME; it is possible that the en- 1078

tire aurora be imaged by UVS yet the coverage be 1079

less than 100% if, for example, parts of the ME are 1080

too dim or morphologically disrupted to be unques- 1081

tionably identified as belonging to the ME. Fig. 7 1082

shows that, in the southern hemisphere, the char- 1083

acteristic ME brightness increases with contraction 1084

(negative expansion) of the ME. The R2 value of 1085

this relationship indicates that a linear response in 1086

ME brightness to ME contraction can account for 1087

52% of the variance in the data; given the frequent 1088

presence of additional features on the ME that can 1089

contribute significantly to the detected brightness 1090

(dawn storms, disrupted morphologies), it is note- 1091

worthy that more than half of this brightness vari- 1092

ability can be attributed to a simple response to 1093

ME contraction. Therefore, in an ideal ME, one 1094

without additional features superimposed, it would 1095

be expected that the contraction-brightness rela- 1096

tionship be even clearer. The brightness of the ME 1097

is typically within the expected range of 50 to 500 1098

kR as measured by HST (Grodent et al. 2003). 1099

The results for the northern hemisphere have been 1100

omitted from Fig. 7 for the sake of clarity and the 1101

comparatively few perijoves (8) with the necessary 1102

80% coverage of the ME by UVS. Although a cov- 1103

erage of 80% was selected as a suitable threshold, 1104

the same relationships between ME expansion and 1105

brightness are present for coverage thresholds be- 1106

tween 50% and 99%, though the strength of this 1107

relationship decreases at lower coverage thresholds. 1108

The observed relation between ME expansion and 1109

brightness is therefore not merely an artefact of the 1110

selected cases. 1111

Additionally, Fig. 7 displays separately the 1112

characteristic brightnesses of the day-side and 1113

night-side ME, the regions of the ME that mag- 1114

netically map to the ECS from 06:00 to 18:00 and 1115

from 18:00 to 06:00, respectively. This shows that 1116

the positive dependence of the brightness of the 1117

ME on the contraction (negative expansion) of the 1118

ME is far more striking in the day-side hemisphere, 1119

with a given ME contraction increasing the day- 1120

side brightness by almost twice as much as the 1121

night-side brightness. If the global contraction of 1122

the ME can be associated with an increased solar- 1123

wind ram pressure, as indicated by models (Promfu 1124
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Fig. 8: Median-averaged expansion, characteristic
brightness, and colour ratio of the ME as a func-
tion of projected local time in the ECS. The north-
ern hemisphere is given by a red dashed line, the
southern hemisphere by a blue dot-dashed line, and
both hemispheres by a solid black line. The inter-
val spanned by the 25th-to-75th percentile range
has been shaded for each series.

et al. 2022), this result stands in opposition to1125

the expected behaviour of a FAC-driven ME; both1126

magnetohydrodynamical simulations (Chané et al.1127

2017; Sarkango et al. 2019; Feng et al. 2022) and1128

observations (Lorch et al. 2020) agree that solar-1129

wind compression more greatly increases the den-1130

sity of FACs on the night-side hemisphere. This is1131

discussed in greater detail and in the context of1132

further results below in section 4.7.1133

4.3. Local-time dependence of the morphology of1134

the main emission1135

In addition to investigating the global behaviour of1136

the ME, it is equally possible to analyse how the1137

properties of the ME change in local time, as shown1138

in Fig. 8. The arcs of the ME were projected to the1139

ECS using the JRM33 internal-field and Con20201140

external-field models, as described in section 3.3, to1141

allow for more meaningful comparison between the1142

northern and southern aurorae. The projected ME1143

arcs were binned in ECS local time in three-hour 1144

bins separated by one hour, and then the median 1145

average of each bin taken; this overlap between bins 1146

serves to smooth the data shown in Fig. 8. 1147

It can be seen in Fig. 8 that, in the north as 1148

well as the south, the ME tends to be contracted 1149

on the dusk side and expanded on the dawn side 1150

compared to the ME reference position, which is 1151

produced from the average ME position in many 1152

different images of the aurora (with many different 1153

subsolar longitudes) in which dawn-dusk asymme- 1154

tries are smoothed out. This is in broad agreement 1155

with the local-time dependence of the ME mapping 1156

of Vogt et al. (2011), which was associated with a 1157

corotation-enforcement current or plasma outflow 1158

rate that is local-time dependent. The range given 1159

by the 25th-to-75th-percentile values in each bin, 1160

given by the shaded regions in Fig. 8, is compara- 1161

ble between both hemispheres and is approximately 1162

uniform around the median value. The northern 1163

hemisphere is less locally variable in expansion than 1164

the southern hemisphere, which appears to stand in 1165

contrast to the global variability discussed previ- 1166

ously. However, one must be careful to distinguish 1167

between the local-time dependence of the expan- 1168

sion of the ME, which may be understood as a 1169

consequence of its local-time-dependent mapping 1170

to the ECS (Vogt et al. 2022b), and the global ex- 1171

pansion of the ME relative to the reference oval, 1172

which has previously been linked to the effect of 1173

solar-wind pressure or the varying strength of the 1174

ECS magnetic field (Promfu et al. 2022). Here, it 1175

may be said that the expansion of the dawn-side 1176

northern ME depends slightly less strongly on local 1177

time than the conjugate ME in the south, though 1178

the comparatively poor coverage of UVS in the 1179

north (only 8 perijoves with northern ME coverages 1180

>80%, against 25 in the south) limits the strength 1181

of this conclusion. 1182

The characteristic brightness of the ME also 1183

shows a strong dependence on local time. As in the 1184

discussion around Fig. 7, the characteristic bright- 1185

ness is defined as the median-average brightness 1186

of all pixels in the detected arcs of the ME, now 1187

binned in local time. The dusk-side ME is typically 1188

twice as bright as the dawn-side ME, with this dif- 1189

ference being more pronounced in the south than 1190

in the north, which is in agreement with previous 1191

observations (Bonfond et al. 2015a; Groulard et al. 1192

2024). These works noted that the power emitted 1193

from the dusk-side ME is around four times greater 1194

than that from the dawn-side ME. This is consis- 1195

tent with the result presented here, since emitted 1196

power is a consequence of both ME brightness and 1197

ME width, and the dusk-side ME is known to be 1198

around twice as wide as the dawn-side ME (Gro- 1199

dent et al. 2003). The simulations performed by 1200

Chané et al. (2017) also predicted this dawn-dusk 1201

ME brightness asymmetry. They also predicted a 1202

far greater day-night asymmetry in ME brightness; 1203

however, the dawn-dusk asymmetry in brightness 1204
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in Fig. 8 is more striking than a day-night asym-1205

metry, if one is indeed present. In contrast to the1206

dusk-side ME, neither the day- nor night-side ME1207

show consistently disrupted morphologies, so this1208

lack of obvious day-night asymmetry is unlikely to1209

be a result of poor sampling by the arc-detection1210

algorithm. The lack of obvious day-night asymme-1211

try in the brightness of the ME is difficult to rec-1212

oncile with the modelled (Chané et al. 2017) and1213

observed (Lorch et al. 2020) predominance of FACs1214

in the night-side magnetosphere, if FACs give rise1215

to the ME, as is the case in the explanation related1216

to corotation-enforcement; this is discussed in more1217

depth in section 4.7. The colour ratio of the ME1218

also peaks at dusk; this is likely a consequence of1219

the established dependence of ME colour ratio on1220

ME brightness (Gérard et al. 2016). The bright-1221

ness and, more clearly, the colour ratio also show1222

a secondary peak around 09:00. This may be at-1223

tributed to the presence of dawn storms, transient1224

auroral features that appear on the dawn-side ME1225

that show increased brightnesses and colour ratios1226

(Bonfond et al. 2021) and lead to a peak in electron1227

deposition at dawn (Rutala et al. 2024). The strong1228

peak in the 75th-percentile colour ratio around1229

09:00 supports the presence of a number of dis-1230

crete, high-colour-ratio structures at dawn, which1231

are very likely to be dawn storms. Dawn storms dis-1232

rupt the clear arc-like nature of the ME, and thus1233

are usually not included in the detected ME arcs. If1234

they were included, both the brightness and colour1235

ratio would show strong peaks between 06:00 and1236

12:00, since dawn storms are bright, high-colour-1237

ratio features that appears in around one-third of1238

the UVS images used in this work, in line with pre-1239

vious estimates (Bonfond et al. 2021). However, it is1240

possible that smaller, less disruptive pseudo-dawn1241

storms (Bonfond et al. 2021), frequently observed1242

in the aurora (Rutala et al. 2022), are included in1243

the dataset, which are the likely origin of this sec-1244

ondary peak. These are small features that lie on1245

the ME and so are unlikely to affect the measure1246

of ME expansion, both locally and globally.1247

4.4. Comparison with the Ganymede footprint1248

Expansion or contraction of the ME can be poten-1249

tially understood as the consequence of two physi-1250

cal processes. Firstly, the magnetic-field-line map-1251

ping between the ECS and the ionosphere may be1252

variable. For a fixed ME source region in the ECS,1253

a variable magnetic mapping would move the ME1254

poleward (contraction) if the field lines themselves1255

were compressed, and equatorward (expansion) if1256

the field lines were expanded. Alternatively, it may1257

be that the ME source region itself varies in posi-1258

tion in the magnetosphere, which would translate1259

to a variable global ME expansion. It is possible to1260

use the position of the Ganymede footprint (GFP),1261

as the moon closest to the presumed ME source1262

region at 30 RJ with a consistently visible auro-1263

ral footprint (Hue et al. 2023), to distinguish be- 1264

tween the relative contributions of these two pa- 1265

rameters (Vogt et al. 2022b). Since the magneto- 1266

spheric source region of the GFP, Ganymede, is 1267

unlikely to vary its distance from Jupiter as a func- 1268

tion of, for example, magnetospheric compression, 1269

a correlation between the global ME expansion and 1270

the movement of the GFP relative to a fixed refer- 1271

ence path would imply that a change in the mag- 1272

netic mapping is largely responsible for the vari- 1273

able expansion of the ME. If the two show little 1274

or no correlation, it is likely that the movement of 1275

the ME magnetospheric source region plays a larger 1276

role. Additionally, since the effect of a variable ECS 1277

magnetic field on the mapping of auroral features 1278

would become more prominent with distance into 1279

the magnetosphere, the latitudinal shift of the GFP 1280

is expected to correlate more strongly than the shift 1281

of the Europa footprint (EFP) with the ME ex- 1282

pansion, which itself would correlate more strongly 1283

than the Io footprint (IFP). 1284

In this work, the position of the IFP, EFP, and 1285

GFP were (where visible) manually identified in 1286

each of the UVS exemplar images. The position 1287

of these spots were compared with the magnetic- 1288

field-line mapping (as per section 3.3) of the orbit 1289

of their respective moons to an altitude of 900 km 1290

(Hue et al. 2023) from the one-bar level to deter- 1291

mine the shift of the moon footprint from a fixed 1292

reference path, in much the same way as the UVS 1293

ME reference was used in section 4.1. Here, the use 1294

of the magnetically mapped moon-footprint path 1295

is preferred over the use of the latest empirical 1296

paths based on UVS observations (Hue et al. 2023) 1297

since it is precisely the shift in position of the foot- 1298

prints in UVS images that is being measured in this 1299

work, and so comparison with a path independent 1300

of UVS image data is more sensible. The moon foot- 1301

prints are, in fact, made of multiple discrete spots 1302

(Bonfond et al. 2013b,a), but only the brightest of 1303

these spots, which is frequently but not always the 1304

Main-Alfvén-Wing (MAW) spot (Hue et al. 2022), 1305

was considered in this work. Since only the shift 1306

in magnetic latitudes of the footprints (perpendic- 1307

ular to the footprint path) are considered in this 1308

work, rather than any shift in longitude (along the 1309

footprint path), there is no need to distinguish be- 1310

tween the various spots that compose the moon 1311

footprints. Indeed, previous work has noted that 1312

the latitudinal positions of the MAW spot and the 1313

footprint tail do not show any meaningful devia- 1314

tion (Moirano et al. 2024), and so the position of 1315

the footprint tail is a suitable measure of the lati- 1316

tudinal shift of the moon footprint. 1317

As shown in Fig. 9, the latitudinal shift of the 1318

southern GFP relative to the magnetically mapped 1319

reference contour shows a reasonable (R2 = 0.42) 1320

correlation with the ME expansion, in agreement 1321

with early results based on limited data (Grodent 1322

et al. 2008). It is also in agreement with more recent 1323

work which found a moderate agreement between 1324
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Fig. 9: Median-averaged expansion of the southern
ME relative to the UVS reference oval vs the expan-
sion of the Io, Europa, and Ganymede auroral foot-
prints relative to their magnetically mapped con-
tours at 900 km. The expansion of the Io footprint
is denoted by green triangles, that of the Europa
footprint by blue circles, and that of the Ganymede
footprint by orange squares. The fitted relation be-
tween the Io-footprint expansion and the ME ex-
pansion is denoted by a green dashed line, that be-
tween the Europa-footprint location and the ME
expansion by a blue dotted line, and that between
the Ganymede-footprint location and the ME ex-
pansion by an orange dot-dashed line. The forms
and R-squared goodness-of-fit coefficients of these
relations are given in the legend. Cases at simi-
lar System-III longitudes have been annotated and
highlighted with red circles.

expansion of the day-side ME and latitudinal shift1325

of the GFP (Vogt et al. 2022b), though the relation1326

found in this work is both stronger and applicable1327

over a wider range of ME expansions. The uncer-1328

tainty in the position of the moon footprints in Fig.1329

9 has been estimated from their average apparent1330

radius of 3 px. This result indicates that it is likely1331

to be a changing magnetic mapping between the1332

ME source region and the ionosphere that best ex-1333

plains the variability in the global expansion of the1334

ME. This may be due to a changing current in-1335

tensity in the magnetodisc, and hence a changing1336

contribution to the total magnetic field of Jupiter,1337

which works to stretch the magnetic field lines out-1338

ward. This would correspond to an expansion of the1339

ME when the magnetodisc current intensity is ele-1340

vated, which can occur during periods of increased1341

plasma outflow from the Io torus (Nichols 2011).1342

The magnetic-field mapping to the ionosphere from1343

the ME source region and Ganymede, both at a1344

greater distance from Jupiter than Io, would be in-1345

fluenced by the changing ECS magnetic field. How-1346

ever, the mapping between the ionosphere and Io1347

itself, where the magnetic field is essentially dipolar1348

(Promfu et al. 2022), would remain relatively un-1349

affected; indeed, Fig. 9 shows that the footprint of1350

Io does not demonstrate any correlation with the 1351

expansion of the ME (R2 = 0.00). The latitudinal 1352

shift of the EFP, as expected of an intermediary 1353

moon, shows a correlation with the ME expansion 1354

that has both a gradient and R2 goodness-of-fit be- 1355

tween those of the IFP and the GFP. This indicates 1356

that the effect of the variable field-line stretching 1357

on the latitudinal shift of auroral features becomes 1358

more prominent with distance from Jupiter, as ex- 1359

pected. The majority of the cases in Fig. 9 show 1360

GFP latitudinal shifts in line with predictions from 1361

models (±650 km) (Moirano et al. 2024). Never- 1362

theless, the IFP does show variations from its ref- 1363

erence contour of comparable magnitude to those 1364

of the GFP. This may be in part due to the weaker 1365

magnetic field in the ionosphere at lower latitudes, 1366

which amplifies even the smaller magnetic varia- 1367

tions expected at Io to be of similar magnitude to 1368

those of the higher-latitude GFP in absolute (km) 1369

terms. Overall, the ME moves twice as much com- 1370

pared to its reference contour than the GFP. This is 1371

as expected, since the ME source region is around 1372

twice as far into the magnetosphere as Ganymede, 1373

where Jupiter’s internal magnetic field is weaker, 1374

and thus the ME magnetic mapping is affected to 1375

a greater extent by an increased magnetodisc field 1376

than that of the GFP. 1377

There exists a considerable scatter in the GFP 1378

data around their fitted relation, which is possi- 1379

bly due, in part, to systematic under- or over- 1380

estimation of the average GFP latitude by parts of 1381

the magnetically mapped reference contour. Given 1382

the comparatively few detections of the GFP in 1383

this dataset, it is not possible to robustly deter- 1384

mine which parts of the reference contour show sys- 1385

tematic inaccuracies and where the GFP shows a 1386

genuine deviation from its nominal location. Never- 1387

theless, the variation of the latitudinal shift of the 1388

GFP within a small region of the reference contour 1389

can be analysed in an effort to quantify this sys- 1390

tematic error. In Fig. 9, three cases with similar 1391

GFP System-III longitudes in a region of the refer- 1392

ence contour that is suspected to underestimate the 1393

latitude of the GFP have been highlighted: PJ10 1394

(φS3 = 272°), PJ24 (φS3 = 283°), and PJ30 (φS3 = 1395

267°). All three cases appear to show poleward GFP 1396

shifts despite the considerable range in ME expan- 1397

sion that they encompass, which indicates that the 1398

reference contour is indeed underestimating the lat- 1399

itude of the GFP in this range. Additionally, these 1400

three cases show the same positive relation between 1401

the expansion of the ME and the latitudinal shift 1402

of the GFP, suggesting that some portion of the 1403

scatter around the fitted linear relation is due to 1404

systematic errors in the reference contour. 1405

In all, the results indicate that a changing 1406

magnetic-field mapping, likely due to a variable 1407

contribution to the total magnetic field by the ECS, 1408

can largely account for the variable expansion of 1409

the ME. Its R-squared value indicates that a linear 1410

relation between the expansions of the ME and the 1411
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GFP can account for 46% of the variability in the1412

data. Care must be taken, however, when using this1413

goodness-of-fit value to make physical conclusions.1414

The conclusion offered, that a changing magnetic1415

mapping largely accounts for the variable expan-1416

sion of the ME, is not based simply on the relation1417

between the expansion of the ME and the GFP, but1418

rather on the combination of the linear relation be-1419

tween the expansion of the ME and the GFP, and1420

the lack of linear relation between the expansion1421

of the ME and the IFP. In this, therefore, the sta-1422

tistical strength of this conclusion does not allow1423

itself to be easily deduced from the goodness-of-1424

fits of the two relations. One can imagine the case1425

where the two relations shown in Fig. 9 perfectly1426

describe the data; in this case, both R-squared val-1427

ues would be unity, and the changing-magnetic-1428

mapping model would be strongly supported. How-1429

ever, if the relation between the ME and IFP ex-1430

pansions instead showed a positive gradient compa-1431

rable with the relation between the ME and GFP1432

expansions, the proposed conclusion would be less1433

strongly supported, despite the R-squared values of1434

unity, as it would no longer agree with the premise1435

that the magnetic field at Io depends much less1436

strongly on the state of the ECS. Thus, the cred-1437

ibility of the proposed conclusion depends on a1438

combination of the parameters of the linear rela-1439

tions, their R-squared values, and the accompany-1440

ing physical interpretation. This does not exclude1441

other explanations for this variability, such as a1442

moving ME source region, instead only indicating1443

that the changing magnetic mapping implied by the1444

relation shown in Fig. 9 accounts for a large por-1445

tion of the variability in the data. Indeed, in one1446

set of HST images, the GFP was detected pole-1447

ward of the ME (Bonfond et al. 2012), which in-1448

dicates that the ME source region can move. This1449

displacement of the ME source region was linked1450

to an increased mass outflow rate from the orbit of1451

Io, which would also work to stretch the magnetic1452

field lines. Thus, it is possible that this variability1453

in position of the ME source region can partially1454

account for the spread of the data in Fig. 9.1455

4.5. Comparison with magnetodisc current strength1456

Indeed, the relationship between the ECS1457

magnetic-field strength and the expansion of1458

the ME can be more directly studied using the1459

magnetodisc current constants fitted to each1460

perijove (Vogt et al. 2022a), as shown in Fig. 10a.1461

The global expansion of the ME shows a positive1462

correlation with the magnetodisc current constant,1463

which is consistent with an outward stretching1464

of the magnetic field lines by the magnetodisc1465

(Vogt et al. 2022b) and hence with the conclusions1466

drawn from Fig. 9. The same relationship is also1467

present in the perpendicular shift in the GFP,1468

as expected from Fig. 9. In both cases, a linear1469

relation with the magnetodisc current constant1470

(a)

(b)

Fig. 10: (a) Magnetodisc current constant fitted to
perijoves 1 through 34 after Vogt et al. (2022a) vs
the median-averaged global expansion of the ME
relative to the UVS reference oval and the expan-
sion of the Ganymede auroral footprint relative
to its mapped contour at 900 km, in the south-
ern hemisphere. The global ME expansion in the
south is denoted by blue triangles, and the expan-
sion of the southern Ganymede footprint by orange
squares. The fitted relation between the ME ex-
pansion and the current constant is denoted by a
blue dashed line, and that between the Ganymede-
footprint location and the current constant by an
orange dot-dashed line. The form and R-squared
goodness-of-fit values of the fitted relations are
given in the legend. (b) Auroral mapping of the
southern UVS ME reference oval (solid lines) and
the southern GFP (dashed lines) using the JRM33
+ Con2020 magnetic-field model with azimuthal
current constants equivalent to the average (288
nT, black), minimum (256 nT, red, innermost), and
maximum (316 nT, blue, outermost) values shown
in (a). The System-III longitudes of gridlines are
annotated around the outside of the plot, and the
planetocentric latitudes next to circular gridlines.
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accounts for around one third of the variation in1471

the data. This relationship was not previously1472

found in a similar analysis of HST data (Vogt1473

et al. 2022b), though this is possibly due to the1474

large uncertainty in the limb fitting of Jupiter in1475

HST images (Bonfond et al. 2017). Vogt et al.1476

(2022a) estimated an average magnetodisc current1477

constant µ0IMD of 288 nT; the fitted relationship1478

for the southern ME in Fig. 10a predicts a very1479

small global ME expansion of 92 km (less than one1480

pixel in the polar-projected images) at this value1481

of magnetodisc current constant, which supports1482

the use of the ME reference oval defined in this1483

work as the average position of the ME. This1484

relationship can be interpreted in the context of1485

an outward stretching of the global magnetic field1486

when the azimuthal current in the magnetodisc,1487

and hence the ECS contribution to the magnetic1488

field, is elevated, which leads to the mapping of1489

the fixed ME magnetospheric source region to a1490

smaller M-shell and therefore an expansion of the1491

ME (Vogt et al. 2017). Field-line tracing using the1492

JRM33 + Con2020 magnetic-field model (Fig. 10b)1493

indicates that an increased magnetodisc current1494

constant should indeed lead to an expansion of the1495

ME. The model predicts an ME contraction of -6501496

km at the minimum magnetodisc current constant1497

and an expansion of 660 km at the maximum,1498

which is in agreement with the fitted relation in1499

Fig. 10a to within the uncertainty of the data.1500

Fig. 10b also shows that the GFP is expected to1501

expand or contract with the ME but to a smaller1502

absolute extent (±310 km vs ±660 km for the1503

ME), which is in quantitative agreement with the1504

fitted relation shown in Fig. 9.1505

This variability in azimuthal current may be1506

the result of variable plasma mass outflow from1507

the Io torus, which works to stretch the magnetic1508

field lines outward and hence move the ME and1509

GFP equatorward (Nichols et al. 2009b). Addition-1510

ally, compression of the magnetosphere by the so-1511

lar wind has been observed increase current-sheet1512

intensity (Xu et al. 2023) and to move the GFP1513

(Promfu et al. 2022) and the day-side ME (see sec-1514

tion 4.6 below) poleward, which may explain some1515

portion of the variance in the data shown in Fig.1516

10. Therefore, the variability in the expansion of the1517

ME is likely a combination of both internal (mass1518

loading from the Io torus) and external (solar wind)1519

sources. To distinguish between these two sources,1520

information regarding the timescale of the change1521

in the ME expansion is required. Changes due to1522

solar-wind pressure are expected to occur over pe-1523

riods of several hours (Chané et al. 2017), whereas1524

those changes due to increased plasma outflow from1525

the Io torus are expected to happen over longer1526

timescales of several weeks (Bagenal & Delamere1527

2011; Nichols et al. 2017; Tao et al. 2018).1528

Fig. 11: Imaging date (as day-of-year 2017) vs the
median-averaged global ME expansion from the
UVS reference oval for those northern-hemisphere
HST image series with known magnetospheric (MS)
compression states, after Yao et al. (2022). An
uncompressed magnetosphere is denoted by a red
square and a compressed magnetosphere by a
green triangle. The average ME expansion in the
uncompressed-magnetosphere case (-600 km) is de-
noted by a red dot-dashed line, and that in the
compressed-magnetosphere case (-1600 km) by a
green dashed line. The shaded regions around each
average-value line denote the 1σ range.

4.6. Comparison with magnetospheric compression 1529

state 1530

As Juno passes through the magnetopause, it is 1531

possible to determine the state of compression 1532

of the magnetosphere (Yao et al. 2022). This is 1533

accomplished via the detection of trapped low- 1534

frequency radio continuum radiation, which indi- 1535

cates the crossing of the magnetosheath by Juno; 1536

were the magnetosphere compressed, this crossing 1537

would occur at a lower altitude. Since Juno is neces- 1538

sarily far from the planet when this occurs, no UVS 1539

image data are collected for comparison with the 1540

compression state of the magnetosphere. However, 1541

in many cases, HST image data are available dur- 1542

ing the period that Juno crosses the magnetopause. 1543

These HST data come with two caveats: firstly, that 1544

only the day-side ME can be imaged by HST; and 1545

secondly, that HST-STIS images have relatively 1546

large uncertainties in the centring of Jupiter (±8 1547

px ∼ 800 km) (Bonfond et al. 2017). Additionally, 1548

only northern-hemisphere cases have been consid- 1549

ered due to their favourable viewing geometry and 1550

a paucity of suitable HST image series imaging the 1551

southern hemisphere. 1552

As shown in Fig. 11, the average global ME 1553

contraction in the northern hemisphere shows a 1554

strong correlation with the compression state of 1555

the magnetosphere; when the magnetosphere is 1556

compressed, the day-side ME is also contracted. 1557

This behaviour is in line with results from mod- 1558
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elling work, which indicate that increased solar-1559

wind dynamic pressure compresses the day-side1560

field lines, moving the day-side ME poleward, and1561

that increased plasma mass outflow from the Io1562

torus stretches the day-side magnetic field lines1563

outwards, moving the day-side ME equatorward1564

(Promfu et al. 2022). The errorbars in Fig. 11 may1565

look substantial, but they do not represent a true1566

error or uncertainty in the calculated ME expan-1567

sions, but rather show the distribution of pixel-1568

wise expansions along the detected ME, subject1569

to the significant but expected dawn-dusk asym-1570

metry in the size of the ME. The 1σ ranges of1571

the two data series overlap only very slightly, in-1572

dicating that the difference in the average contrac-1573

tion of the ME in magnetosphere-compressed and1574

magnetosphere-uncompressed cases is of reasonable1575

statistical significance. It should be noted here that,1576

due to the typically more disrupted morphology of1577

the dusk-side ME during magnetospheric compres-1578

sion (Yao et al. 2022) and its resulting unsuitabil-1579

ity for the arc-detection algorithm, the compressed-1580

magnetosphere cases in Fig. 11 are likely biased1581

toward the dawn-side ME. However, this is not1582

necessarily an issue when interpreting Fig. 11. It1583

has been previously shown (Fig. 8) that the dawn-1584

side ME tends to undergo expansion from the av-1585

erage ME position, and that, conversely, the dusk-1586

side ME tends to be contracted; did the dusk-1587

side ME not show this disruption during mag-1588

netospheric compression, and were it hence more1589

consistently included when determining the global1590

ME expansion, it would likely only serve to make1591

the distinction between magnetosphere-compressed1592

and magnetosphere-uncompressed cases more strik-1593

ing. Additionally, in HST images of the northern1594

hemisphere, the dusk-side ME is located in the1595

region of the low-strength magnetic anomaly and1596

therefore moves more in kilometre terms than the1597

dawn-side ME for a given change in the magnetic1598

field, which would lead to an even greater distinc-1599

tion between the magnetosphere-compressed and1600

magnetosphere-uncompressed cases if the dusk-side1601

ME was more consistently included.1602

4.7. Interpreting the results in the context of1603

theories of ME generation1604

Existing models of ME generation under both FAC-1605

based and Alfvénic frameworks are not entirely suf-1606

ficient to explain the appearance and behaviour of1607

the ME. We consider three recent models of the1608

distribution of FACs in the Jovian magnetosphere:1609

– The model of Chané et al. (2017) predicts a1610

steady-state ME that is brightest at night and1611

dimmest during the day, with a slight dawn-1612

dusk asymmetry in favour of the dusk-side emis-1613

sion. In response to a solar-wind compression,1614

the ME undergoes a dramatic brightening in1615

night-side sector, a lesser brightening at dusk,1616

and a slight dimming in the day-side ME.1617

– The model of Sarkango et al. (2019) predicts a 1618

steady-state ME that is brightest at night and 1619

dimmer during the day, but with no observable 1620

dawn-dusk asymmetry. In response to a forward 1621

solar-wind shock, the ME undergoes a brighten- 1622

ing in night-side sector and a slight dimming in 1623

the day-side sector. In the presence of a Parker- 1624

spiral-type shock, the dusk-side ME also under- 1625

goes a strong brightening. 1626

– The FAC-based model presented in Feng et al. 1627

(2022) predicts a steady-state ME that is 1628

brightest during the day and at dawn, in con- 1629

trast to the two models above. Additionally, 1630

during solar-wind compression, the ME is to in- 1631

crease in brightness in a uniform way. 1632

Two of the three models given above predict 1633

FACs, responsible for generating the ME in the 1634

corotation-enforcement-current model (Cowley & 1635

Bunce 2001), that are stronger at night, which has 1636

been observed by Juno (Lorch et al. 2020). If these 1637

currents give rise to the ME, it would be expected 1638

that the steady-state ME be brighter at night than 1639

during the day. However, as previously discussed 1640

in section 4.3, the dominant asymmetry in the 1641

ME is a dawn-dusk asymmetry; only the model 1642

of (Chané et al. 2017) predicts a (slight) dawn- 1643

dusk asymmetry, and this is overshadowed by the 1644

far-greater day-night asymmetry predicted by the 1645

model, which is not found in this work. Feng et al. 1646

(2022) also predicts a dawn-dusk asymmetry, but 1647

one where the dawn-side ME is brighter than the 1648

dusk-side ME, inconsistent with the other models 1649

and Fig. 8. FAC density is also predicted to be far 1650

greater during the day than at night in this model, 1651

which is inconsistent with the other models and ob- 1652

servation (Lorch et al. 2020). 1653

Additionally, the responses to solar-wind com- 1654

pression of the magnetosphere, which has been 1655

shown to contract the ME, that are predicted by 1656

these models do not well align with the observed 1657

behaviour. Firstly, to link a global contraction of 1658

the ME with compression of the magnetosphere, 1659

several steps are required. Firstly, it has been de- 1660

termined that the day-side ME and the night-side 1661

ME expand and contract together (Fig. 6); under 1662

conditions of global contraction of the ME, both 1663

the day- and night-side are also contracted from 1664

their average location. Secondly, under conditions 1665

of magnetospheric compression, the day-side ME 1666

was observed to be consistently contracted (Fig. 1667

11). These two results suggest that compression 1668

of the magnetosphere results in a global contrac- 1669

tion of the ME. Under global contraction, the ME 1670

is observed to undergo global brightening. This 1671

brightening is both more prominent and better cor- 1672

related with ME contraction in the day-side ME 1673

(Fig. 7). The brightness of the night-side ME is 1674

both less prominent and shows a poorer (though 1675

still present) correlation with global ME contrac- 1676

tion than the brightness of the ME as a whole. 1677

This is in disagreement with the modelled response 1678
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of the FACs to solar-wind compression by Chané1679

et al. (2017) and Sarkango et al. (2019), in which1680

the night-side FACs increase in strength and the1681

day-side FACs remain approximately constant or1682

undergo a slight reduction. The model of Feng et al.1683

(2022) does predict an increase in the strength of1684

the day-side FACs during solar-wind compression,1685

though this accompanied by a night-side increase1686

of equal magnitude, which is not supported by this1687

work.1688

An Alfvénic model for the generation of the ME1689

may better explain these results. It has been previ-1690

ously estimated that the Alfvénic Poynting flux is1691

of the order of 62 to 620 mW m−2 in the auroral1692

acceleration region (Pan et al. 2021), which is con-1693

sistent with the downward energy fluxes, thought1694

to give rise to the Jovian aurorae, measured by the1695

JEDI instrument aboard Juno (Mauk et al. 2017).1696

The dusk-side middle magnetosphere is known,1697

from Galileo magnetometer measurements, to have1698

a greater degree of turbulence than the dawn-side1699

middle magnetosphere; under the Alfvénic frame-1700

work of Saur et al. (2003), this would correspond1701

to a greater generation of Alfvén waves in the dusk-1702

side magnetosphere and hence a brighter dusk-side1703

ME, as demonstrated in this work.1704

Feng et al. (2022) also includes the results of1705

an Alfvénic model of the ME. During periods of1706

compression of the magnetosphere by the solar1707

wind, this predicts an increase in auroral Alfénic1708

power, most notably in the day-side aurora, which1709

is broadly consistent with the findings of this work.1710

However, in their simulation, this increase in day-1711

side Alfvénic power is also accompanied by an in-1712

crease in the day-side FACs, and so this model does1713

not necessarily support an Alfvénic framework over1714

a FAC framework. Solar-wind compression of the1715

magnetosphere also leads to an expansion of the1716

ME in this model, in both the FAC and Alfvénic1717

frameworks, which is inconsistent with the results1718

of this work. The peak in the intensity of the FACs1719

does not correspond to exactly the same location1720

in the aurora nor does it occur at exactly the same1721

time after the solar-wind shock as the peak in the1722

Alfvénic Poynting flux. Additionally, this model1723

would indicate that, in the steady state, the au-1724

rora is brightest in the day- and dawn-side sectors,1725

which is not consistent with other models nor ob-1726

servations.1727

As it stands, neither the proposed FAC-based1728

nor Alfvénic ME-generation mechanisms are fully1729

consistent with observation, and deeper analysis of1730

turbulence within the magnetosphere is required.1731

Additionally, information regarding the timescale1732

of the changes in the expansion of the ME is neces-1733

sary to distinguish between the response of the ME1734

to solar-wind compression and torus-mass-outflow1735

inflation of the magnetosphere, as well as to dis-1736

tinguish between the response of a FAC-based and1737

Alfvénic ME to solar-wind compression.1738

5. Conclusions 1739

The findings of this work can be summarised as 1740

follows: 1741

1. In Juno-UVS image data between perijoves 1 1742

and 54, Jupiter’s main auroral emission was ob- 1743

served to globally expand and contract by as 1744

much as ±2000 km from its average position. 1745

There is excellent correlation between the ex- 1746

pansion in the northern and southern hemi- 1747

spheres, which indicates that the process(es) 1748

causing this expansion or contraction are global 1749

within the magnetosphere, as well as between 1750

the expansion of the day-side and night-side 1751

ME, suggesting that the processes that work 1752

to contract the ME affect both hemispheres si- 1753

multaneously and are stable over timescales of 1754

several hours. 1755
2. The global expansion of the ME is anti- 1756

correlated with its brightness in both the north- 1757

ern and southern hemispheres; a contracted ME 1758

is usually brighter than an expanded ME. This 1759

brightening is more pronounced in the day-side 1760

ME. 1761
3. Additionally, the local morphology of the ME 1762

is asymmetric in local time; the dawn-side ME 1763

is typically expanded, and the dusk-side ME is 1764

contracted, compared to the average ME posi- 1765

tion. 1766
4. The perpendicular shift of the auroral footprint 1767

of Ganymede from its magnetically mapped ref- 1768

erence path is positively correlated with the 1769

global expansion of the ME, while the shift of 1770

the IFP from its reference position shows no cor- 1771

relation, which indicates that a variable magne- 1772

todisc magnetic field can account for a consid- 1773

erable part of the variability of the expansion of 1774

the ME. The behaviour of the EFP was found 1775

to be intermediate to that of the IFP and GFP, 1776

which is consistent with this interpretation. 1777
5. The equatorward expansion of the ME for peri- 1778

joves 1 to 32 correlates well with increased mag- 1779

netodisc current constant, reinforcing the previ- 1780

ous conclusion that the current-sheet magnetic 1781

field is an important factor in determining the 1782

expansion of the ME. 1783
6. An analysis of the day-side expansion of the 1784

ME in HST images of the aurora showed a 1785

clear distinction in day-side expansion of the 1786

ME between the cases with compressed and un- 1787

compressed magnetospheres; when the magne- 1788

tosphere is compressed, the day-side ME is con- 1789

tracted. When combined with the correlation 1790

between the day-side and night-side expansion 1791

of the ME, this indicates that an increased com- 1792

pression of the magnetosphere works to com- 1793

press the magnetic field lines and hence globally 1794

contract the ME. 1795
7. The combination of these results suggests that 1796

solar-wind compression of the Jovian magne- 1797

tosphere works to increase the global bright- 1798

ness of the ME, though predominantly that of 1799
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the day-side ME. This result stands in oppo-1800

sition to models and observations of the field-1801

aligned currents in the middle magnetosphere,1802

which are expected to give rise to the ME in the1803

corotation-enforcement-current framework.1804

Similar techniques can be applied to the study of1805

similar arc-like features in the Jovian aurora, as1806

well as to understand how the morphology of the1807

ME varies over shorten timescales in response to1808

the solar wind.1809
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