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Abstract  45 

Jupiter’s Swirl Region, poleward of the main auroral emission, has been characterised 46 

in previous observations as having highly variable auroral emission, changing 47 

dramatically across the region on a two-minute timescale, the typical integration time 48 

for UV images.  This variability has made comparisons with H3
+ emission difficult.  49 

Here, we show that the Swirl region in H3
+ images is characterised by relatively stable 50 

emission, often with an arc of emission on the boundary between the Swirl and Dark 51 

regions. Coadding multiple UV images taken over the approximate lifetime of the H3
+ 52 

molecule in the ionosphere, show similar structures to those observed in the H3
+ 53 

images. Our analysis shows that UV auroral morphology within Jupiter’s Swirl region 54 

is only highly variable on short timescales of ~100s, an intrinsic property of the 55 

particle precipitation process, but this variability drops away on timescales of 5-15 56 

minutes. On moderate timescales between 10-100 minutes, the Swirl region is stable, 57 

evolving through as yet unknown underlying magnetospheric interactions. This shows 58 

that observing the UV aurora over timescales 5-15 minutes resolves clear auroral 59 

structures that will help us understand the magnetospheric origin of these features, 60 

and that calculating the variability over different timescales, especially >15 minutes, 61 

provides a new and important new tool in our understanding of Jupiter’s polar aurora. 62 

63 



 4 

Introduction 64 

 65 

We have a broad understanding of how most of Jupiter’s auroral regions are formed, 66 

the magnetospheric origin of the currents that drive these aurora, and the auroral 67 

morphology which is produced as a result of these currents [Clarke et al., 2004; 68 

Badman et al., 2015; Delamere et al., 2014; Grodent, 2015].  However, the source of 69 

polar aurorae, in particular emission in the dawn side of this polar region, remains 70 

controversial.  Ground-based observations have shown that this region is directly 71 

associated with the Solar Wind, with ions in this region held at a zero velocity in the 72 

inertial frame (Stallard et al., 2003). However, the two leading theories on how the 73 

solar wind controls this region require very different interactions with the surrounding 74 

magnetosphere. Cowley et al. [2003] evoke an Earth-like Dungey cycle interaction 75 

with the Solar Wind, while Delamere and Bagenal [2010] explain the interaction 76 

through closed field lines connected to viscous processes with the magnetopause 77 

boundary. 78 

 79 

Past observations of Jupiter’s aurora have been made in numerous wavelength bands, 80 

but our understanding of Jupiter’s auroral morphology comes broadly from ultraviolet 81 

and infrared light. Ultraviolet (UV) aurorae are the result of prompt emission from 82 

atomic and molecular hydrogen, as in-falling energetic electrons excite these species, 83 

so that the observed UV emission provides a measurement of the instantaneous 84 

particle precipitation process, both in morphology and with the brightness of the H2 85 

Lyman and Werner bands being linearly proportional to the precipitation energy flux. 86 

In contrast, infrared observations typically measure emission from the H3
+ molecule, 87 

though IR observations have also been used to study the aurora within H2 quadrupolar 88 
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emissions at 2.1 microns [Trafton et al., 1988; Raynaud et al., 2004] and hydrocarbon 89 

emissions in the mid-infrared [Caldwell et al., 1983; Kim et al,. 1985]. This H3
+ is 90 

produced by ionising molecular hydrogen in the upper atmosphere then thermalized 91 

through collisions with the neutral atmosphere, producing infrared ro-vibrational 92 

emission over its ~10 minute lifetime.  93 

 94 

Jupiter’s main auroral emission co-rotates with the planet, forming an approximately 95 

oval morphology aligned around each magnetic pole, offset from the planet’s 96 

rotational pole [Connerney et al., 1993; Clarke et al., 1996; Grodent et al., 2008]. 97 

These main aurorae are driven by the breakdown in corotation within the 98 

magnetosphere, when the equatorial plasmasheet, loaded with plasma that originated 99 

from the volcanic moon Io, drives currents into the ionosphere [Cowley and Bunce, 100 

2001].  101 

 102 

Additional auroral components away from the main emission were initially 103 

investigated using ground-based infrared observations of the H3
+ aurora. These 104 

observations also identified an auroral spot and trail directly associated with Io 105 

[Connerney et al., 1993].  Other moons have since been shown to have analogous 106 

auroral features and the interaction between Jupiter’s magnetosphere and its moons 107 

that causes these features have been studied in detail in the UV  [Clarke et al., 1996; 108 

Clarke et al., 2002; Bonfond et al., 2008; Hess et al., 2011].  Poleward of the main 109 

emission, Satoh and Connerney [1999] identified broadly stable H3
+ auroral 110 

structures, with a polar region consisting of a ‘Ying-Yang’ emission, dark in the dawn 111 

and bright in the dusk.  However, our understanding of the morphology of this region 112 
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is now much more detailed, as a result of studies of Jupiter’s UV auroral morphology 113 

[Grodent, 2014; and references therein].   114 

 115 

Figure 1 shows an image of the H3
+ aurora taken over a CML range of 181-193 at 116 

02:35 on the 31 December 2012, constructed from a scan of individual 10s long-slit 117 

spectra. The 40” x 0.2” slit of the CRIRES instrument, on ESO’s Very Large 118 

Telescope, was aligned East-West across the auroral region and scanned through the 119 

auroral region over a period of ~15 minutes. The high spectral resolution of the 120 

observations (~100,000) results in an auroral image entirely containing only pure H3
+ 121 

emission.   122 

 123 

The auroral emission seen in Fig. 1 broadly follows the UV emission described by 124 

Grodent et al., [2003]. Both the main emission and Io spot and trail are clearly 125 

displayed, though small-scale structures are not easy to distinguish in the IR due to 126 

the lower spatial resolution.  Poleward of the main emission, the ‘Active’ region fills 127 

the dusk side and has been associated with bright variable emission that forms into 128 

flares and arc-like structures, observed to exist over entire sequences of images, 129 

suggesting relatively stable structures that last for more than an hour, though this 130 

region does see a 2-3 minute periodicity which may be associated with pulsed dayside 131 

reconnection [Bonfond et al., 2011]. This region has been shown in past observations 132 

to have a H3
+ brightness between 50-75% of the peak auroral brightness (Stallard et 133 

al., 2001). The dawn side of the polar region is split into two regions.  The ‘Dark’ 134 

region is a crescent shaped region adjacent to the poleward edge of the dawnside main 135 

auroral emission. In the UV, this region is almost devoid of auroral emission, the 136 

order of only a few tens of kR above the background level. Past IR ground-based 137 
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observations of this region have proven difficult, as it is narrow, and turbulence in the 138 

Earth’s atmosphere usually blends this region with the surrounding main oval and 139 

Swirl regions. In Figure 1, where the observing conditions are particularly clear, this 140 

region is clearly visible, and has an emission ~25% of the peak auroral brightness. 141 

Poleward of this, the ‘Swirl’ region, in UV emission, is a region of faint patchy 142 

emission features that occasionally form swirls.  Emission in this region appears to be 143 

transitory, with emission features changing from image to image, suggesting the 144 

features occur with a cadence of ~100s [Grodent et al., 2003].  Past observations have 145 

suggested the presence of arc-like features in this region, both following the main 146 

auroral emission [Pallier and Prangé, 2001] and producing trans-polar arcs [Nichols et 147 

al., 2009], but such observations have remained controversial due to the essentially 148 

transient nature of the emission in this region. Past H3
+ observations have shown that 149 

this region appears much less variable in the infrared, producing a general brightening 150 

of ~50% the peak auroral brightness (Stallard et al., 2001).  151 

 152 

Despite differences in production, the broad distribution of the H3
+ and UV aurora 153 

have previously been shown to be similar, particularly on the main auroral emission 154 

and within the aurora associated with moon interactions, with the major differences 155 

most likely the result of changing temperature driving variability in the H3
+ emission 156 

[Clarke et al., 2004, Radioti et al., 2013]. The Active region has also been shown to 157 

have broadly similar in morphology in both wavelengths [Clarke et al., 2004; Radioti 158 

et al., 2013].  However, the Swirl region shows significant differences in the 159 

instantaneous emission in the two wavelengths. The differences seen are dominated 160 

by the high variability seen within the UV Swirl aurora, making any comparison with 161 

the more long-lived H3
+ emission difficult.  162 
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 163 

In this paper, we will identify the typical H3
+ emission structure seen within the polar 164 

region. We will then look at the UV emission over an extended timescale, removing 165 

any short-term variability, so that the emission can be observed under similar 166 

conditions as H3
+ emission and a direct, like-for-like, comparison of morphology can 167 

be made. 168 

 169 

H3
+ infrared images 170 

 171 

Jupiter’s H3
+ aurorae have been observed in detail over an extended period of time, 172 

including extensive observations between 1995-2000 by J. Connerney and T. Satoh 173 

using the NSFCam instrument on the NASA Infrared Telescope Facility (IRTF) 174 

[Shure et al., 1994]. The data was reduced using the methodology laid out in Satoh 175 

and Connerney [1999], with individual images undergoing sky subtraction, bad-pixel 176 

removal and image flattening. These individual images are then cross-correlated, 177 

shifted, and added together to reconstruct one final image, combining 6 sets of 20 178 

coadded 1s integrations, for a total integration time of 120s. Each image has a pixel 179 

scale of 0.148”. For this paper, we have chosen those observing nights with clear 180 

observing conditions and where the northern auroral oval was observed with at least 5 181 

different central meridian longitudes (CMLs) in 10-degree steps, between CMLs of 182 

140 and 210. These constraints resulted in the seven separate nights and a total of 45 183 

images, shown in Figure 2. These images are taken using two very narrow (spectral 184 

resolution 200) filters, centered on either 3.4265 micron or 3.542 micron.  185 

 186 
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These images clearly show the Active, Swirl and Dark regions are common within all 187 

the images, and are thus common features of both the UV and H3
+ aurora. On long 188 

timescales (while observing from night to night), the polar region of Jupiter appears to 189 

change significantly in morphology and relative brightness. At times the Active 190 

region is broadly infilled with emission typically ~75% the peak emission brightness 191 

(29jun95, 27jul98 and Fig 1: 31dec12), while at other times it is dominated by bright 192 

arcs and spots that are as bright as the main oval (23sep99, 11oct99 and 19dec00), 193 

similar to those seen in the UV emission, and at times relatively little emission is seen 194 

in this region, with emission as dark as only ~40% peak emission brightness 195 

(08jul96).  The Swirl region seems to have comparable variability, sometimes 196 

appearing to be infilled with emission typically ~50% peak emission brightness 197 

(27jul98 and Fig 1: 31dec12), often having a crescent arc of emission inside the main 198 

auroral emission that is between 50-80% peak emission brightness (29jun95, 23sep99 199 

and 19dec00), which appears to be co-located with the boundary between the Dark 200 

Region and Swirl region, and sometimes appearing to have little emission, as low as 201 

only ~30% peak emission brightness (08jul96 and 07aug97).  Even on those nights 202 

when little emission is seen in the Swirl region, the emission in this region is notably 203 

brighter than the emission in the Dark region, which appears to have typical a 204 

emission brightness of ~25% peak emission brightness. 205 

 206 

Three additional regions are repeatedly identifiable within the H3
+ auroral emission.  207 

Firstly, broad region of limb-brightening that extends down the dusk limb.  This 208 

brightening is likely to be caused by dayside H3+ rotating over the limb, allowing an 209 

increased line-of-sight enhancement as it move above the underlying dark disk of 210 

Jupiter. In contrast with this is the generally dark dawn limb, which sees the nightside 211 
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ionosphere rotating into view.  Generally, this nightside ionosphere has no H3
+ away 212 

from the auroral region (Stallard et al,. 2015), and so, as this ionosphere empty of H3
+ 213 

rotates onto the dayside, there is no emitting H3
+ to be limb-brightened. However, a 214 

second feature seen within these images, a weak dawn limb-brightened emission, is 215 

sometimes observed.  This appears as a narrow arc with a brightness ~25% the peak 216 

emission brightness, at magnetic latitudes that approximately map to the Io torus. This 217 

occurs on multiple nights when the Io spot is clearly located near noon (07aug97, 218 

19dec00 and marked as (L) on Fig. 1: 31dec12).  This brightening is not matched by a 219 

localised dusk enhancement, suggesting that it is associated with more than just the 220 

limb-brightening of the Io trail, which would produce a stronger dusk emission when 221 

the Io spot itself is near noon.  Thirdly, a region of auroral darkening also appears 222 

close to the magnetic pole of the planet, in between the Swirl and Active regions. This 223 

region has a similar brightness as the Dark region, with typical emission ~25% the 224 

peak emission brightness. At times, this appears as a narrow dark channel that appears 225 

to follow the inner edge of the Active region (in particular 11oct99; marked as (P) in 226 

Fig. 1: 31dec12), but at other times it is a broader dark region centered on the 227 

magnetic pole (29jul95, 27jul98 and 19dec00).  This may be a region of reduced 228 

particle precipitation, but equally might be caused by a lack of heating across the 229 

magnetic pole, perhaps indicating that the ionospheric currents that drive Joule 230 

Heating are minimised here. 231 

 232 

Other previously identified UV auroral features can also be seen within these images, 233 

such as an apparent trans-polar arc (08jul96) similar to that identified by Nichols et al. 234 

[2009a] and an extended region of isolated emission equatorward of the main oval 235 
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(07aug97) like those Bonfond et al. [2012] has previously identified and attributed to 236 

the injection of depleted flux tubes. 237 

 238 

However, while there is significant variability on longer timescales, many of these 239 

different broad-scale structures in the polar region are stable over the timescales of the 240 

observations on each individual night, so that they are seen approximately rotating 241 

with the planet between CMLs of 140 and 210, over ~90 minutes (as Jupiter rotates 242 

by ~0.6 degrees per minute).  In most cases, these structures evolve to some extent 243 

over this timescale, and some change significantly on timescales as short as only ~30 244 

minutes (e.g. the Active Region on 23sep99).  However, most notably, none of the 245 

aurora has significant variations on timescales <30 minutes, most notably in the Swirl 246 

region where the UV aurora shows significant short-term variability.   247 

 248 

This short-term temporal stability in the H3
+ aurora results from the extended ~10-15 249 

minute lifetime of the molecule in Jupiter’s ionosphere [Achilleos et al., 1998; Tao et 250 

al., 2011], so that short-term bursts of particle precipitation provide only a partial 251 

contribution to the total ionisation of H3
+ over a 10-minute period.  If particle 252 

precipitation in the Swirl region resulted in truly random UV emission patches, the 253 

H3
+ emission in this region would emit as a uniform dim glow, as random 254 

precipitation, varying over ~100s, would uniformly ionise the entire Swirl region over 255 

the 10 minute lifetime of H3
+.  The presence of stable arc structures, concentrated on 256 

the boundary between the Swirl and Dark regions in the H3
+ emission must, thus, 257 

result from either one or from a combination of both of the following processes:  258 

 259 
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1) A uniform H3
+ density across the region is preferentially heated along the 260 

boundary between the Dark and Swirl regions, resulting in a thermally 261 

enhanced H3
+ emission in this region.  This heating may be the result of the 262 

significant sub-rotation observed in this region [Stallard et al., 2001; 2003], 263 

which dominates heating in the auroral region though joule heating [Melin et 264 

al., 2006]. 265 

2) The H3
+ density is enhanced by increased ionisation along this region, as a 266 

result of currents driving particle precipitation along the Dark and Swirl region 267 

boundary.  This second possibility would require that similar structures also 268 

exist in the UV emission, with these features obscured on the timescale of 269 

individual images by an apparently random process inherent to particle 270 

precipitation process. 271 

 272 

H and H2 UV images 273 

 274 

If the dawn structures observed in the H3
+ emission are the result of particle 275 

precipitation, they will also occur in the UV aurora, and will become apparent when 276 

observed over similar time-scales as the H3
+ lifetime. In order to test this, we must 277 

emulate the H3
+ lifetime within the UV emission by temporally averaging UV 278 

emission over 12 minutes, emulating the H3
+ ~10-15 minute lifetime.  For such 279 

emulation, we must combine multiple UV images, each taken within the 12 minute 280 

period. Unfortunately, early observations of the UV aurora, including the 281 

simultaneous data from 2000 presented in Clarke et al. [2004] and Radioti et al. 282 

[2013], were taken further apart in time.  283 
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Instead, we use images of Jupiter’s northern FUV auroral emission obtained by the 284 

solar blind channel (SBC) of the Advanced Camera for Surveys (ACS) on board HST 285 

over January-June 2007, as described in detail within Clarke et al. [2009]. As 286 

described in that paper, the Solar Blind Camera (SBC) on ACS has a wavelength band 287 

pass of 115–170 nm including the H2 Lyman bands, Werner bands, and the H Ly-α 288 

line. For clear images, using the F115 filter, assuming an auroral spectrum, the 289 

assumed conversion factor from counts per second per pixel to kRayleigh is 0.0021. 290 

This study also uses filtered images taken in the same HST orbit with the ACS filter 291 

F125LP (>125 nm), using a flux conversion factor to kRayleigh of 0.00028 counts per 292 

second per pixel. The images within each set of observation used were taken in bursts, 293 

with multiple images taken within a single orbit, providing the time resolution needed 294 

to emulate the H3
+ images. In order to produce a useful comparison, we have limited 295 

our investigation to auroral images that are suitably similar: we have used only 296 

images that have a 100s integration time, that observe the northern hemisphere, and 297 

that include at least one image with a CML between 170-190 (so that we have a clear 298 

view of the northern aurora).  All the sets of observation we have utilised have the 299 

same observing pattern: five images using the F125 filter, eight images using the F115 300 

filter, then a final five using the F125 filter, providing total of eighteen images on 301 

each day.  The F115 filter is open, including the bright H Ly-α emission at 121.6nm, 302 

while the F125 filter excludes this emission below 125nm, and so is dominated by H2 303 

auroral emission.  For the purposes of this study, we have assumed that the auroral 304 

emission within these two filters is identical; we will test this assumption later in the 305 

paper.  306 

 307 
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The UV images were processed using a pipeline that has been extensively discussed 308 

previously [see, e.g., Clarke et al., 2009; Nichols et al, 2009b], background reflected 309 

sunlight being modelled and removed and with units converted from counts to kR.  310 

Figure 3 shows a sequence of images of Jupiter’s UV aurora taken on May 16, 2007 311 

with individual exposures of 100s, and a total observation time of ten minutes.  312 

 313 

These images have then been combined; however, simply coadding these images 314 

would result in significant smearing of the emission in longitude, as the planet rotates 315 

by 6 degrees during this period. In order to account for the longitude variation while 316 

adding these images, the images were projected onto a planetocentric latitude-317 

longitude grid assuming an emission altitude of 240 km [see Grodent et al., 2003b for 318 

details]. Once mapped in latitude and longitude, we averaged all the resultant maps of 319 

emission, then re-projected the combined emission map back into the viewing angle 320 

seen from Earth. This results in a 12-minute time-averaged UV image, shown as the 321 

bottom panel in Figure 3, free of the smearing effect of the planets rotation, analogous 322 

to the H3
+ images shown in Figure 2.  323 

 324 

The result of this combination of images is that polar features seen in this region 325 

appear to be much more clearly resolved. Although the peak brightness of auroral 326 

features in the polar region is reduced, the region as a whole is filled with continuous 327 

emission of moderate brightness (~100kR). The Dark Region is very well defined and 328 

may have some low-level emission associated with it (~40kR). Both the Active and 329 

Swirl regions have arc-like features crossing them, most notably an arc that appears to 330 

follow the boundary between the Dark and Swirl regions (which peaks at ~150kR). 331 

 332 
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In Figure 4, we have repeated this coadding of individual images across twelve 333 

sequences of images, each covering a total of ~45 minutes, from the north auroral 334 

regions on various days within 2007. What is immediately apparent from these 335 

images is that for each day, the three coadded image appear very similar. This means 336 

that the morphology of Jupiter’s UV polar emission appears to be far more stable 337 

when observed over moderate timescales. However, on longer timescales, between 338 

days, the polar auroral structure varies significantly in morphology.  339 

 340 

On some nights, a bright arc of emission can be seen between the Dark and Swirl 341 

regions, with bright spots located along the edge of this arc each day.  On some days, 342 

this arc is discrete (27feb07, 11may07, 16may07, 18may07, 27may07, 03jun07), 343 

while at other times it appears far more diffuse (04mar07, 05mar07, 07jun07), and 344 

often includes brighter sub-structures, such as spots and arcs (e.g. 03jun07). On other 345 

nights there is no obvious arc of emission between the Dark and Swirl regions; this 346 

appears to occur mostly when the Dark region is particularly dark (<10kR; 12may07, 347 

13may07, 17may07, 23may07, 31may07, 10jun07), although there are examples 348 

where that is not the case (26feb07, 29may07, 08jun07). When this happens, the 349 

boundary between these regions appears to be more poleward, and in most cases the 350 

swirl region also has significant bright spots within it (with the clear exception of 351 

08jun07, and possibly 23may07).  Although the boundary is sometimes a gradual 352 

transition in brightness (10jun07), in most cases the boundary itself has fragmented 353 

arcs or dots of emission along it (12may07, 13may07, 17may07, 23may07) and in one 354 

case has a thin faint arc close to the boundary (31may07).  The apparent anti-355 

correlation between the occurrence of bright high-latitude spots of emission and a 356 

bright arc of emission on the boundary between the Dark and Swirl regions may be 357 
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indicative of changing magnetospheric conditions, though the wide variety of 358 

morphologies observed shows that any correlation is complex, and needs a more 359 

detailed study to fully understand.  360 

 361 

The Active region clearly varies dramatically on different days, with many of 362 

previously identified features (Grodent et al., 2003), such as bright emission close to 363 

the main oval (04mar07, 07jun07), multiple arcs across the region (05mar07, 364 

11may07, 27may07) or bright spots between the Active and Swirl regions (26feb07, 365 

27feb07, 17may07).  Arc-like structures appear to be relatively stable on moderate 366 

timescales, but the intensity of bright spots changes significantly over these moderate 367 

timecales.  368 

 369 

We can also look for evidence of those features identified in our H3
+ images.  The 370 

region of polar darkening, marked as (P) on Fig. 1, is not readily apparent within the 371 

UV emission, even on moderate timescales. There is one day where the region around 372 

the magnetic pole appears to be darker than the Dark region (11may07), though this 373 

may be due to poor background subtraction on this day.  This lack of a clear boundary 374 

suggests that the H3+ density in this region is also relatively smooth, and so is a 375 

strong indicator that the difference in H3+ emission brightness results from a 376 

significant change in the thermospheric temperature in this region, most likely 377 

because of the significant ion winds within the Swirl region driving strong Joule 378 

heating in that region. There is more evidence for an enhancement in the Limb 379 

brightening, marked as (L) on Fig. 1, within the UV emission.  At least two nights 380 

show a dawn limb brightening at times when the Io spot is clearly visible on the body 381 

of the planet (26feb07, 04mar07).  The scale of the enhancement (~25% the peak 382 
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brightness) is very similar to the enhancement observed in H3
+ brightness, suggesting 383 

that this feature may be caused by enhanced across the precipitation across the dawn 384 

terminator.  385 

 386 

Having shown that summing individual UV images over a period equivalent to the 387 

lifetime of H3
+ results in images that, like H3

+ images, produce relatively stable broad-388 

scale polar structures.  We will now attempt to quantify both the timescales of 389 

variability previously observed in the polar region, and whether longer-timescale 390 

variability is also seen. 391 

 392 

Figure 5 shows Jupiter’s aurora from May 16, 2007 in the top frame, the same aurora 393 

shown in Fig. 3, but here show the integrated intensity from all 18 images within the 394 

sequence taken on that day.  For clarity, we have also labelled the emission features 395 

described in Fig. 1.  Unlike that auroral image, on the May 16, the Io spot is located 396 

on the midnight side, and so the dawn enhancement may be a combination of both the 397 

line-of-sight enhanced Io tail and/or an additional dawn limb component. 398 

 399 

In order to understand the variability seen across the auroral region, we have 400 

calculated the standard deviations in intensity within each mapped latitude-longitude 401 

grid position, across the individual observations that were combined to make this 402 

image. This produces a map of the standard deviations across the sub-images with 403 

time, shown in the middle panel of Fig. 5, effectively showing the auroral variability 404 

across the total period of observation; this variability is measured between individual 405 

images, and so has effective cadence of 100s.   406 

 407 
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What is immediately apparent is that while past discussions of variability have 408 

highlighted the variability within the dawn polar region (e.g. Grodent et al., 2003a), 409 

the absolute variability across the whole region is significantly less than that seen on 410 

the main auroral emission.  The bright auroral arc seen between the Swirl and Dark 411 

regions is one polar region where variability is comparable that seen in the main 412 

auroral emission.  The brightness variation in this region has previously been shown 413 

to match with changes in the main oval brightness, and has tentatively been associated 414 

with changes in plasma circulation processes within Jupiter’s magnetosphere, 415 

indirectly controlled by changes in Io volcanism (Kimura et al., 2015).  In our 416 

measurements, we also show significant variability in the Active region, including a 417 

localised region of significant variation in the dusk-midnight sector. 418 

 419 

However, while this figure reveals the regions of absolute variability, it fails to 420 

highlight the variations in the Swirl region.  The reason variability in this region has 421 

been highlighted in the past is that the magnitude of variability is significant 422 

compared with the absolute brightness of the emission.   423 

 424 

In the bottom panel of Fig. 5, in order to reveal this variability, we have divided the 425 

standard deviations by mean auroral brightness, resulting in a map of standard 426 

deviations as a percentage of auroral brightness, scaled between 0-100%.  Most 427 

notable here is the non-aurora region, where true noise within the image is revealed as 428 

a broad region where the scaled standard deviations are often >100%, where the 429 

variation is significantly larger than the averaged intensity.  However, within the 430 

auroral region, where the signal-to-noise is relatively low, both the Swirl and Dark 431 

regions are revealed as the parts of the polar aurora with the largest scaled standard 432 
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deviations. The relative variability associated with the main auroral emission is now 433 

very small, while bright polar auroral features have a similar level of scaled variability 434 

as the rest of the polar region. 435 

 436 

This variability across individual images is the same variation described in past papers 437 

(e.g. Grodent et al., 2003a).  In order to better understand how this variability changes 438 

across different timescales, we will repeat the calculation of the scaled standard 439 

deviations, but using a combination of multiples of individual observations.  To 440 

calculate this, we bin the individual images into five timescale sets, covering the 441 

binning of 2, 3, 4, 6 and 9 images.  Each of these sets is produced from the averaging 442 

of individual images, with each averaged image containing unique images: when 443 

binning 2 images, we average images 1+2, then 3+4, then 5+6, and so on; when 444 

binning 3 images, we average images 1+2+3, then 4+5+6, and so on; finally, when 445 

binning 9 images, we average all images between 1 and 9 and then all images between 446 

10 and 18.  We then measure the mean standard deviations across each of these sets of 447 

images, and scale this against the mean auroral brightness across the entire time 448 

period, in the same way as described above for Fig. 5. Each individual image takes 449 

100s to integrate, with an additional 40s between each observation.  This results in six 450 

timesteps: 1 minute 40 seconds; 4 minutes; 6 minutes 20 seconds; 8 minutes 40 451 

seconds; 13 minutes 20 seconds; and 20 minutes and 20 seconds. 452 

 453 

The resultant scaled standard deviations are shown in the left column of Fig. 6, for 454 

each of the different time steps.  When integrating over longer and longer periods, the 455 

characteristics of the observed variability changes.  In all time steps, the noise away 456 

from the auroral region dominates, with typical scaled standard deviations above 457 
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100%, though this reduces at longer integration times.  Within the auroral region, the 458 

Swirl region dominates the scaled standard deviations from individual image to image 459 

(top-left, and Fig. 5), with scaled standard deviations at ~35% emission brightness.  460 

However, when comparing the scaled standard deviations from images averaged over 461 

twenty minutes (bottom-left), the variability in this region has been reduced 462 

significantly. Regions near noon and midnight have scaled standard deviations of 463 

~25%, but the core part of the swirl region has scaled standard deviations as low as 464 

~5-10%.  Other parts of the aurora maintain their variability over much longer 465 

timescales, most notably the localised variability in the dusk-midnight sector, and the 466 

arc near noon, with scaled standard deviations ~30-40% emission brightness. 467 

 468 

In order to better understand the timescales at which the Swirl region transitions from 469 

highly variable to more stable, we must analyse the differences in variability between 470 

the time steps. In the middle column of Fig. 6 we show how variability decreases as 471 

additional observations are added together.  This is produced by dividing the scaled 472 

standard deviations measured across individual files (top-left) by the scaled standard 473 

deviations for each subsequent set of time steps (left column). Each image shows a 474 

percentage change in variability between 30-300% (with red showing variability at 475 

30% the original variability and blue at 300% the original variability). As such, the 476 

first resultant difference map, the top middle panel of Fig. 6, shows the difference 477 

between the 1m 40s and 4m time steps. 478 

 479 

The most obvious result from this analysis is that the total variability within the polar 480 

region reduces to a greater and greater degree with increasing timestep.  The 481 

difference in variability between the two most extreme time steps, 1m 40s (100s) and 482 
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20m 20s (middle-bottom) sees the variability in the Swirl region reduced to 25-33% 483 

of the variability seen in individual images.  The variability within the brighter auroral 484 

emission does not change significantly between these time steps.  485 

 486 

To better understand the timescales of variability, we can also analyse the changes in 487 

variability between sequential time steps. In the right column of Fig. 6 we divide the 488 

variability of a time step by the immediately subsequent time step, so that the final 489 

panel of Fig. 6, bottom right, consists of the variability within the 13m 20s time step 490 

divided by the variability within the 20m 20s time step. Here, each image shows a 491 

percentage change in variability between 60-140% (with red showing variability at 492 

60% the variability of the shorter time step and blue at 140% the shorter time step).   493 

 494 

These plots show that for timescales of less than 6m 20s, variability always reduces, 495 

across the entire auroral region, as the time step increases.  This suggests that the 496 

entire auroral region has significant auroral variability over a ~0-5 minute time period 497 

that is smoothed by combining the data over the length of this time period. However, 498 

between 6m 20s and 13m 20s, while the majority of the Swirl and Dark region see 499 

continued reduction in variability, the Active region and some regions of bright 500 

emission in the Swirl region now see increasing variability (shown in blue).  This 501 

suggests that these regions have variations in the 5-15 minute timescale, which 502 

matches well with past observations of these regions (e.g. Grodent et al., 2003).  The 503 

final time step, between 13m 20s and 20m 20s, sees a dramatic change in the overall 504 

variability, with significant increases in variability within the majority of bright 505 

regions.  This variation is greatest in the noon sector of the Swirl region, suggesting 506 

this region is significantly more variable at moderate timescales of >15 minutes, with 507 
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an increase of ~140%. The main auroral emission also sees an increase in variability 508 

in at this longest time step, getting ~120% more variable. This correlates well with the 509 

variability seen within Fig. 1, where the H3
+ images have broadly similar structures, 510 

but the relative brightness of these structures appears to change over a 1-2 hour 511 

period. This variability is, in turn, likely to be the start of longer timescale variations 512 

that ultimately lead to the significantly different auroral configuration on sequential 513 

days of observation, as can be seen in Figs. 4 and 7. 514 

 515 

Figure 6 has shown us that smoothing the data temporally can significantly reduce 516 

short-term variability, resulting in a greatly reduced variation in the Dark and Swirl 517 

regions of the polar aurora. However, at timescales ~>15 minutes, variability begins 518 

to increase again.   In Figs. 4-6, we have only analysed the variation seen within a 519 

single day of observation.   520 

 521 

In Figure 7, we show the average emission across the entire period of each 522 

observation, effectively the average of each set of three images in Fig. 4. This again 523 

reveals the broad structures discussed in Fig. 4. Below each of these images, we also 524 

show the absolute standard deviations using a time step of 13m 20s, effectively the 525 

average standard deviations across the three images shown in Fig. 4.  This shows that 526 

the extent of polar variability changes significantly across the set of auroral images 527 

studied here. In all these images, the absolute variability is largest in the brightest 528 

regions.  The Active region appears to have a large variation in the majority of the 529 

images, though on a few days (13may07, 18may07, 03jun07) this region varies less 530 

than the Swirl region.  The Swirl region appears to have periods of low variability 531 

(04mar07, 11may07, 12may07, 08jun07, 10jun07), periods where variability is low, 532 
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except in the noon bright arc region (26feb07, 16may07, 23may07), periods when 533 

there appears to be an oval of variability surrounding the Swirl region (27may07, 534 

29may07, 03jun07) and times when the entire polar region is highly variable 535 

(27feb07, 18may07).  536 

 537 

Such dynamic variability makes it difficult to make conclusions about the drivers of 538 

this variability from this relatively small number of auroral observations investigated 539 

here, but it seems to indicate that there are multiple sources of variability within the 540 

polar region, that often correlate with emission brightness, but can act with significant 541 

independence from it.  542 

 543 

So far, we have assumed that the measured auroral emission from the two different 544 

HST filters (F115 and F125) is the same, despite the F125 filter excluding the 545 

dominant H ly-α emission at 121.6nm. In Figure 8 we test this assumption by 546 

assessing  and comparing the average emission brightness and variability measured in 547 

these two separate filters.  We have taken the measured emission for combined orbit 548 

of observation, each of which consists of five F125 observations, eight F115 549 

observations, then five F125 observations.  Firstly we calculated the average emission 550 

measured within each of these two filters across all eighteen days we have used in this 551 

study.  The observed emission within the two filters, shown in the left column of 552 

Figure 8, is very similar when compared by-eye, with the most notable differences 553 

falling within the Active region, where the open F115 filter appears to show multiple 554 

arcs inside the main oval, while the F125 filter appears to have more spotted structure.  555 

There are no notable differences within the Dark and Swirl regions, though these 556 

regions are significantly darker, and so differences might be difficult to observe. 557 
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 558 

In order to properly emission within the two filters, we calculate the absolute 559 

difference in brightness across the two filters, and scale this against the average 560 

brightness of both filters.  This difference in auroral emission is largest close the main 561 

auroral oval, where the differences measured are ~20% of the auroral brightness. 562 

Although some parts of the active region have differences significantly higher than 563 

this, these spots are caused by individual events that would produce significant 564 

differences irrespective of the filter used. Interestingly, a section of the Dark region 565 

close to Dawn shows an emission change with filter of >10%, which comes because 566 

this region is consistently darker in F125 than in F115. However, the emission 567 

observed in the Swirl region differs very little between the two filters, with the two 568 

filters differing by <5% in this region.  569 

 570 

In order to assess the change in variability between the two filters, we have calculated 571 

the variability at the shortest timescale, observing the difference in emission on 572 

between subsequent images, ignoring the differences between images when the filter 573 

changes.  We then take the average of these differences within each filter, as is shown 574 

in the right column of Figure 8. The variability seen within the two filters is not 575 

notably different across the majority of the auroral region, though it does appear 576 

somewhat higher in filter F125, in particular within the Active region, where bright 577 

auroral spots appear to change significantly.  This increased variability is most likely 578 

caused by bursts of particle precipitation which penetrate below the homopause for a 579 

short time (<100s), resulting in hydrocarbons absorption of the H2 auroral emission, 580 

enhancing the changes in brightness observed from one image to the next. These 581 

differences are highlighted in the bottom image in the right column of Figure 8, which 582 
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directly shows the differences in variability between the two filters. Again, the largest 583 

differences are seen in the Active region, but the Swirl region is also somewhat more 584 

variable in F125 than in F115. 585 

 586 

These filter dependent differences in variability will have an effect upon the variation 587 

values presented earlier in the paper.  However, this effect is minimised at shorter 588 

time steps, where most of the calculated variability will occur in images from the 589 

same filter, and at the longest 20m 20s time step, where the 5, 8, 5 observing pattern 590 

means that any changes in the observed variability will be equally balanced between 591 

the two timesteps.  It will be maximised in the 13m 20s, where the three sets of 592 

images used to calculate variability fall close in timing to the change in filter within 593 

the observations.  However, Figure 6 appears to show a clean progression of 594 

variability from the shorter to longer timesteps, with no obvious increase in variability 595 

at 13m 20s, suggesting that the effect of changing filter is minimal when compared to 596 

the true variability within the auroral features. 597 

Conclusion 598 

 599 

In conclusion, by producing UV images effectively integrated over a twelve minute 600 

period, we show similar polar structures to those seen in H3
+ emission, where the 601 

lifetime of H3
+ naturally enforces a ~10-15 minute temporal smoothing to the particle 602 

precipitation processes. This shows, for the first time, that auroral morphology within 603 

Jupiter’s Swirl region exhibits broad auroral features driven by and indicative of 604 

large-scale magnetospheric interactions. On short timescales of ~100s, the particle 605 

precipitation and resultant UV emission are highly variable, suggesting that the 606 

particle precipitation process has an intrinsic variability associated with it.  This 607 
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variability falls away on timescales between 5-15 minutes, resulting in a relatively 608 

stable Dark and Swirl regions.  On timescales >15 minutes, some brightness 609 

variability is seen, but images of the H3
+ aurora show that broad structures observed 610 

within the Swirl region are present for at least 100 minutes. On some days, significant 611 

variability remains in the Swirl region at moderate timescales, though in all cases, 612 

variability is reduced between 2 and 20 minutes. This indicates that the short-term 613 

variability observed and commented on in past papers within the Swirl region 614 

dominates only on the relatively short term timescales of individual images, and on 615 

longer timescales structures that are indicative of the underlying magnetospheric 616 

interaction are observed across the polar auroral region.  617 

 618 

One dominant feature regularly observed in H3
+ emission, and apparent with the UV 619 

emission investigated here, is a bright arc of emission on the boundary between the 620 

Dark and Swirl regions. Importantly, this confirms the existence of polar auroral arcs 621 

seen by Pallier and Prangé [2001], though further investigation is required to properly 622 

assess their conclusion that these arcs extend into the Active region.  If the Swirl 623 

region represents the region of open field lines, as has been suggested using velocity 624 

measurements [Cowley et al., 2003; Stallard et al., 2003], this arc of emission could 625 

be analogous to the main auroral emission produced at Saturn and Earth. Comparison 626 

of the size of the Swirl region would then also provide a direct measure of location of 627 

open flux, which, when mapped out along magnetic field lines, could provide 628 

important constraints to our understanding of the outer magnetosphere, an improved 629 

version of the modelling performed by Vogt et al. [2011] who used the location of the 630 

main auroral oval to produce an estimate of the region of open flux. If, however, the 631 

dawn polar region maps to the flanks of the magnetosphere [Delamere and Bagenal, 632 
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2010], this emission provides important clues as to how such a process occurs.  The 633 

brightness of this feature may be significantly enhanced in the H3
+ emission as a result 634 

of additional heating in this region, the result of the expected joule heating associated 635 

with strong sub-rotation in the dawn polar region. 636 

 637 

Future investigation of the polar region of Jupiter should examine the changes in this 638 

underlying structure (in either UV or IR emission) with changing conditions in the 639 

surrounding magnetosphere and solar wind, in order to identify the underlying 640 

influences on what has been previously considered a highly variable polar region, and 641 

utilising the wider sets of auroral observations not investigated in this study, 642 

potentially revealing further information about both the magnetospheric conditions 643 

and the conditions within Jupiter’s upper atmosphere. Such studies should also 644 

investigate the observed variability on different timescales, which this study shows is 645 

a useful tool that reveals new details within the aurora. In addition, given the 646 

similarities between UV and IR aurora over comparative timescales, any future 647 

investigation of the differences between these aurora will need to include the effects 648 

of temporal smearing within any UV observations used for comparison. 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 

 657 
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Figures 670 

 671 

 672 

Figure 1: Jupiter’s H3
+ northern auroral morphology.  This image, started at 02:35 on 673 

the 31 December 2012 and constructed from a scan of individual 10s long-slit spectra, 674 

was collated over ~15 minutes, with each vertical pixel representing emission from a 675 

single spectrum. It shows the northern auroral emission from the H3
+ ν2 Q(1,0-) 676 

spectral line at Jupiter, at a CML of 181-193. The major UV auroral features are 677 

identified (M: Main emission, D: Dark region, S: Swirl region, A: Active region and 678 

I: Io spot and trail; Grodent et al., 2003), along with two regions commonly seen 679 

within H3
+ images (L: dawn Limb brightening, P: Polar darkening). A linearly 680 

increasing scale is presented at the bottom, ranging from 0-1.52 Wm-2 μm-1str-1. 681 

 682 

 683 
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 685 

Figure 2: Jupiter’s H3
+ northern auroral variability.  These images, taken over a period 686 

of five years (left to right) show the changes in morphology with time and central 687 

meridian longitude (~16 minute steps, ~10 degree steps; top to bottom). While the 688 

main auroral emission is relatively stable on long timescales, the region poleward of 689 

this is highly variable, with significant differences in both the Swirl and Active 690 

regions from year to year.  However, on any particular day, the emission structures 691 

seen within the pole are consistent across the period of observation, with changes 692 

occurring slowly over several images (with timescales >30 minutes). 693 

 694 

 695 

Figure 3:  Individual images of Jupiter’s northern auroral UV aurora on 16 May 2007, 696 

and the co-added product of these images.  Each image integrates for 100s, and the 697 

resultant morphology is very similar on the main auroral emission, but shows 698 

significant changes in the polar regions.  The intensity has been scaled to highlight 699 

polar emission. Each image is polar projected and rotated to the same CML of the 700 
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final frame, before co-adding, allowing the images to be coadded temporally, without 701 

spatial smearing. This image is also shown in Figure 4, as the first image in the 702 

16may07 sequence. Also note the lack of emission above the limb, lost through the 703 

polar projection process.  The intensity stretch used for the images is shown with the 704 

linear scale at the bottom, ranging between 0-200 kR. 705 

 706 
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Figure 4: Eighteen sequences of coadded images for the auroral region, from various 708 

observations across 2007. Each of these coadded images is made up of multiple 709 

individual images taken over a total of ~12 minutes, so that the whole sequence of 710 

three coadded images covers ~45 minutes. Emission intensity is scaled to highlight 711 

polar emission, with values ranging between 1/20 and 5 times the mean value within 712 

the auroral region of each image, displayed with a gamma correction of 0.3. This 713 

clearly shows that significant stable structures can be identified in both dawn and 714 

dusk regions on timescales similar to those seen in the H3
+ emission. 715 

 716 

 717 

 718 

Figure 5: Jupiter’s integrated auroral intensity from all 18 images from 16 May 719 

2007(1; blue), is shown same labelled emission features as described in Fig.1. Here, 720 

the emission ranges between 20-200 kR, and has been gamma corrected with the 721 

equivalent of a fifth-order-root of the values (a gamma correction of 0.2) – this 722 
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reveals the polar auroral features more clearly.  In the middle (2; green), we show the 723 

average standard deviations within the 18 individual images across this entire 724 

sequence, scaled linearly between 2.2-8.9 kR (representing a variance of 5 – 80 kR). 725 

At the bottom (3; green), we show the average standard deviations as a percentage of 726 

auroral brightness, scaled between 0-100%. 727 

 728 
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 729 

Figure 6: In the left column, we show the average standard deviations as a percentage 730 

of auroral brightness (shown in green), a measure of the auroral variability across six 731 

different time steps between 1m 40s and 20m 20s, scaled between 0-100%.  In the 732 

central column, we show the percentage difference between the shortest time step and 733 

the five longer time steps, scaled between 30-300%, with blue showing increased 734 
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variability and red showing decreased variability. In the right column, we show the 735 

percentage difference between each sequential time step, scaled between 60-140%, 736 

again with blue showing increased variability and red decreased variability. 737 

 738 

 739 

Figure 7: The average auroral emission across each day of observation is shown 740 

(blue). For each day, we also show the standard deviations measured within combined 741 

images with a time step of 13m 20s (green).  These are scaled to a variance of 5 – 80 742 

kR, with a gamma correction of 0.3. 743 

 744 
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 745 

Figure 8: A comparison of the emission and variability observed across this study 746 

within the two filters (F115 and F125) used. We show the average emission observed 747 

within the two filters (left top and middle), scaled between 2 – 200 kR, with a gamma 748 

correction of 0.2.  We show the difference between these two images, on a linear 749 

scale, scaled to 25% of the average intensity of both filters (left bottom). We also 750 

show variability within the two filters by measurement the average difference from 751 

image to image for the two filters (right top and middle), scaled between 3 – 60 kR, 752 

with a gamma correction of 0.3. We show the difference between these two 753 

measurements using the same scaling (bottom right) 754 

 755 
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