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Key Points:18

• Temperatures and H+
3 densities of Saturn’s auroral ionosphere mapped in detail19

for the first time, at unprecedented sensitivity20

• Both temperature and density contain centrally inverted pairs of maximum and21

minimum values, indicators of the planetary period current22

• The H+
3 density peak is collocated with the heat source from past modeling, sug-23

gesting magnetospheric feedback may drive these currents24
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Abstract25

Past measurements of Saturn’s upper atmosphere have allowed only a broad scale view26

of the temperature and ion density structures within the auroral region. However, Sat-27

urn’s auroral currents include a planetary period current component that is produced28

by neutral atmospheric flows. In order to understand the ultimate source for Saturn’s29

planetary period aurora, we need vastly improved measurements of Saturn’s auroral re-30

gion. Here, using the first JWST/NIRSpec observations of Saturn, we reveal incredibly31

high spatial resolution (<500 km/pixel) views of Saturn’s auroral region for the first time.32

This provides at least an order-of-magnitude improvement in our measurement of the33

temperature and column density structure within Saturn’s auroral region. It reveals an34

auroral region at the time of observation that is highly controlled by the planetary pe-35

riod currents, resulting in a series of upwards and downward currents from the pole to36

below the main auroral region. These are paired with reflected and inverted regions of37

heating and cooling across the auroral region. These patterns match surprisingly well38

to past model predictions, suggesting both the changes in column density and temper-39

ature are the direct result of localized heating positioned over the region of strongest par-40

ticle precipitation. This strongly indicates that the planetary period currents are pro-41

duced by a feedback loop, powered by the energy of magnetospherically generated au-42

rora, preferentially heating one side of the auroral region.43

Plain Language Summary44

Saturn’s ionosphere has been notoriously difficult to observe. Our best tool to re-45

motely measure the upper-most layers of Saturn’s atmosphere is to measure the glow from46

an ionic molecule called trihydrogen cation. This molecule is heated by Saturn’s ther-47

mosphere, and so glows brightly, allowing us to directly measure the ionosphere from Earth.48

However, in contrast with Jupiter’s very hot thermosphere, the moderate temperatures49

in Saturn’s upper atmosphere have always made detailed measurements very challeng-50

ing. Here, we use JWST observations of the trihydrogen cation at Saturn to revolution-51

ize our understanding of this layer of the atmosphere. In incredible detail, we reveal com-52

plex temperature and density structures across this region that are very highly ordered,53

with rotating regions of heating and cooling. These regions are very similar to previously54

published models, indicating that Saturn’s unique ‘atmosphere-driven’ aurora is self-sustained,55

powered like a heat pump, draining energy from the magnetosphere.56

1 Introduction57

There is little direct information about how energy flows into and through the up-58

per atmosphere of Saturn, unlike both Jupiter and Uranus, where plentiful measurements59

of the ionospheric temperatures have been made over several decades. Jupiter’s auro-60

rae strongly control the atmospheric temperatures observed in both the auroral upper61

atmosphere (Stallard et al., 2002), as well as the powering heating deeper within the un-62

derlying stratosphere (Melin et al., 2006; Sinclair et al., 2023) and transporting heat equa-63

torward through the thermosphere (Yates et al., 2020; O’Donoghue et al., 2021, 2025;64

Roberts et al., 2025). While the drivers of heat within Uranus’s thermosphere are more65

controversial, we do have detailed measurements of the upper atmospheric temperature,66

which has been steadily declining for unknown reasons, since Voyager II visited the planet67

in 1986 (Melin et al., 2011; Melin, 2020).68

At the heart of many of these observations is the use of at least moderate-resolution69

spectroscopy to measure the ro-vibrational temperatures of the molecular ion H+
3 within70

a planet’s ionosphere. These ions are typically embedded within the surrounding ther-71

mosphere, and so are quasi-thermalized (Miller et al., 1990), such that measurements of72

the relative brightness of different ro-vibrational lines of H+
3 can provide the observer with73

a proxy for the temperature of the surrounding thermosphere (Drossart et al., 1989).74
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In contrast with this, Saturn’s auroral temperatures have remained poorly constrained75

(Miller et al., 2020). Ground-based observations of the auroral region have the advan-76

tage of very high spectral resolution, allowing Saturn’s rich background of reflected sun-77

light and non-ionospheric emissions to be better accounted for, but the relative weak-78

ness of Saturn’s ionospheric emission makes resolving spatial details difficult. Stallard79

et al. (2019) provides a highly-smoothed local time averaged northern temperature map80

(combining seven nights of Keck data) with temperatures ranging between 350-450 K.81

While in line with past measurements which smoothed over significant latitude and/or82

longitudinal regions (527 K, 418 K and 361 K from O’Donoghue et al., 2014, 2016 and83

Chowdhury, Stallard, Melin, & Johnson, 2019 respectively), on individual nights, Stallard84

et al. (2019)’s temperature maps covered much wider ranges, between 250-650 K.85

Similarly, Cassini’s Visible and Infrared Mapping Spectrometer (VIMS) measure-86

ments of auroral temperatures were able to resolve small-scale features well, including87

regions above the limb (567-611 K; Stallard, Melin, Miller, O’Donoghue, et al., 2012) and88

within the main oval itself (440 K; Melin et al., 2011), but on larger scales struggled with89

background subtraction, due to the low spectral resolution of VIMS (Miller et al., 2020),90

so that published temperature maps again measured very large temperature ranges be-91

tween 200-800 K (Lamy et al., 2013). Cassini Ultraviolet Imaging Spectrograph (UVIS)92

occultation observations of the exosphere also provide good measures of the upper at-93

mospheric temperatures (380-590 K across all latitudes; Koskinen et al., 2015), with au-94

roral temperatures showing significant variability, decreasing from ∼500 K at both 60◦N95

and 60◦S to ∼400 K at the pole (Brown et al., 2020). However, as point measurements,96

these again fail to provide anything other than time-averaged spatial information across97

the planetary disk. As a result, since the detection of H+
3 at Saturn in 1992 (Geballe et98

al., 1993), neither ground or space based instrumentation has been able to properly re-99

solve spatial variations in the physical parameters of Saturn’s auroral region.100

Equally, infrared measurements have struggled to tightly constrain the H+
3 densi-101

ties within the auroral ionosphere, since these calculations rely upon temperatures, re-102

sulting in column densities between 1-2×1015 m−2 (O’Donoghue et al., 2014), 2-8×1015 m−2
103

(Chowdhury et al., 2019) and 5-30×1015 m−2 (O’Donoghue et al., 2016), with Stallard104

et al. (2019)’s column densities effectively measuring noise. Cassini-VIMS provided a con-105

straint on a very narrow segment of the main aurora at 7×1015 m−2, but failed to map106

column densities across the entire auroral region (Lamy et al., 2013).107

The poor constraints on Saturn’s auroral temperatures are particularly notewor-108

thy, because uniquely within the solar system, Saturn’s main auroral oval is thought to109

be driven, in part, by atmospheric winds. This main auroral emission is generated by110

two separate processes (Hunt et al., 2014):111

The first type of aurora, observed to be highly local time dependent, is poorly con-112

strained in detail, but is produced through ‘sub-corotation currents ’ resulting from a com-113

bination of interactions between the magnetosphere and solar wind. The likely source114

is driving currents within the middle magnetosphere (Bunce et al., 2008; Hunt et al., 2014),115

perhaps a Saturnian Vasyliunas-cycle equivalent (Vasyliunas, 1983) to the Earth’s Dungey-116

cycle aurora (Dungey, 1961), evidence of which has been observed in Saturn’s dawn re-117

gion (Hunt et al., 2022). This is believed to be an approximately axisymmetric current118

system producing upward currents around ∼75◦N, though the aurora is typically brighter119

at dusk (Bader et al., 2019). However, changes in solar wind conditions drive dramatic120

enhancements in the auroral brightness and morphology, with bright dawn aurora dom-121

inating (Bader et al., 2019; Clarke et al., 2009).122

The second type of aurora, however, results from a super-imposed system of cur-123

rents, locked with the approximate rotation rate of the planet, entering the auroral re-124

gion on one side of the planet, flowing over the pole, then out at the other side. This sec-125
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ond ‘planetary period ’ auroral current is driven by thermospheric flows within the up-126

per atmosphere (Chowdhury et al., 2022).127

There are two results for the super-position of the sub-corotation and planetary128

period currents. Firstly, the aurora has a rotating region of bright and dim aurora that129

are observed remotely as a flashing pulse of kilometric radiation (Kaiser et al., 1980),130

where changes in the pulse-period were the origin of Saturn’s changing radio measure-131

ments of the apparent rotation rate (Gurnett et al., 2007). Secondly, the planetary pe-132

riod currents from each polar ionospheric region (North and South) induce asymmetric133

components into the magnetosphere, resulting in variations in both magnetic fields (e.g.134

Andrews, Cowley, Dougherty, & Provan, 2010) and magnetospheric plasmas (e.g. Krupp135

et al., 2005), where the two phases constructively and destructively interact.136

1.1 Saturn’s planetary period auroral currents137

The source of Saturn’s planetary period auroral currents was once highly contro-138

versial (Carbary et al., 2018), but recent observations of Saturn’s ionospheric winds (Chowdhury139

et al., 2022) and the changing location of magnetospheric currents (Hunt et al., 2014)140

have proven that these currents originate within the atmosphere of the planet, as mod-141

eled by Smith (2011) and Jia et al. (2012).142

As highlighted in Figure 1a, these currents are the result of an as-yet unidentified143

neutral twin-cell vortex, rotating with a period close to a Saturnian day. This neutral144

twin-cell vortex partially accelerates ions in the ionosphere, but the incomplete accel-145

eration of these ions results in an ‘effective E×B ion drift ’ (the ion drift within an elec-146

tric E and magnetic B field, relative to the surrounding neutral atmosphere, with an ef-147

fective ion drift occurring even when no electric field exists; Wang et al., 2023) in the148

opposite direction to the neutral twin-cell vortex. Collisions between neutrals and ions149

in this effective E×B ion drift then drives a perpendicular Pedersen current across the150

pole of the planet. This results in a current divergence on one side of the pole, thus pro-151

ducing field-aligned currents that flow out of the planet into the surrounding magneto-152

sphere, and a current convergence at the other side of the planet, resulting in field-aligned153

currents closing from magnetosphere back into the planet (Smith, 2011; Jia et al., 2012).154

As shown in Figure 1b and Figure 1c, these currents then flow along magnetic field155

lines, partially-closing within the magnetosphere, reducing their strength, and then clos-156

ing within the hemispherically-opposite ionosphere in a weakened state (Hunt et al., 2014).157

These currents drive distortions within the magnetosphere, measured as periodic oscil-158

lations in the magnetic field, known as ‘planetary period oscillations ’, as well as numer-159

ous other changes across the magnetosphere, including the observed magnetospheric plasma160

density and velocity. As the field-aligned currents enter and leave each ionospheric hemi-161

sphere, they enhance and reduce sub-corotational auroral currents (the white and grey162

dotted regions in Fig 1a), driving an asymmetric rotating enhancement in the aurora in163

both poles, most notably the radio aurora.164

This is important because radio pulses are typically used to measure a planet’s in-165

ternal rotation rate, including at Jupiter (Burke & Franklin, 1955), Uranus (Warwick166

et al., 1986) and Neptune (Warwick et al., 1989), as well as at other astrophysical ob-167

jects including pulsars (Gold, 1968) and brown dwarfs (Yu et al., 2011). Uniquely then,168

as a result of the varying rotation of Saturn’s two polar upper atmospheric regions, Sat-169

urn’s magnetic field oscillation and radio auroral pulse are physically disconnected from170

the internal rotation rate, measured to be 10 h 32 m 45 s (Helled et al., 2015) using grav-171

itational measurements or 10 h 33 m 38 s using ring seismology (Mankovich et al., 2019).172

In Saturn’s northern polar region (and likely the southern polar region) they are also dis-173

connected from the underlying troposphere, where the north pole hexagon and its as-174

sociated eastward jet have rotated with a steady rotation period of 10 h 39 m 23 s, vary-175

ing by only 3 seconds across the entire period from 1980 (Voyager 1) to 2014 (Cassini)176
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Figure 1. The northern planetary period current system. Panel a) shows twin-cell neutral

vortex flows through the upper atmosphere (red block arrows), ineffectively accelerating the iono-

sphere bulk velocity (blue block arrows), resulting in an effective E×B ion drift in the opposite

direction (with green block arrows showing the bulk flow of the ionosphere from the perspec-

tive of the co-located neutral atmosphere). Collisions between the ions and neutrals within this

effective E×B ion drift results in a Pedersen current that flows perpendicular to this ion drift

(blue line arrows). Currents flowing out of the planet (circle-dots) combine within the auroral

region with the axi-symmetric sub-corotation currents, driving an enhancement in downwardly

accelerated electrons, resulting in enhanced aurorae (white dotted region), while inwardly flowing

currents (circle-crosses) mitigate the sub-corotation currents, resulting in reduced aurorae (grey

dotted region). Equatorward of these auroral currents, ionospheric currents flow towards and

away from the regions of divergence, originating closer to the equator from across the equatorial

region, here represented by a single equatorward region of field aligned currents (dashed blue

line arrows). Panel b) shows how the planetary period currents flow from one hemisphere (here,

the North), to partially close in the other hemisphere (here the South). Note that in the figure,

phase in the southern hemisphere is still given in ΨN , since it highlights currents driven by the

northern twin-cell vortex closing into the south (independent of this, a separate current system

driven within the southern polar region will also be driving currents in the ΨS phase). These

weakened closing currents flow across the southern pole in the opposite direction to the North,

but result in bulk neutral and ion flows in the same direction as in the North. This is possible,

because the effective E×B ion drift is oppositely directed, with the ions powered externally from

the other hemisphere moving more quickly, dragging the neutrals more slowly. Panel c) shows

how the planetary period currents flow through the magnetosphere, weakening through partial

closure within the magnetosphere before closing in the southern hemisphere. Notably, the match-

ing planetary period current system originating in the southern auroral ionosphere (rotating in

ΨS phase), and their driven closing currents in the northern hemisphere, are not shown.
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(Sánchez-Lavega et al., 2014), an atmospheric feature that extends upwards 300 kilome-177

ters into the lower stratosphere (Fletcher et al., 2018).178

This shows that the heat source that drives Saturn’s twin-cell neutral vortex must179

originate from either the upper stratosphere or thermosphere. One possibility is that this180

energy source is localized as a single region of heating (Smith, 2011), resulting in a tem-181

perature difference within the neutral atmosphere that drives thermal winds across the182

auroral region. As these neutral winds flow, they drag ions within them, moving the charged183

ions across the planet’s magnetic field, and thus inducing the planetary period current.184

Since this hot spot is entrained within the neutral atmosphere, this current rotates close185

to the internal rotation rate of the planet, but since no atmospheric layer is perfectly cou-186

pled with the underlying atmosphere, this layer can drift, resulting in a changing rota-187

tion rate, with different drift rates within each pole of the planet, producing the two dif-188

ferent hemispheric periods of the planetary period current system (Gurnett et al., 2009).189

1.2 Saturn’s magnetospheric planetary periods190

While it is the planetary period current system that drives these changes through191

the Saturnian system, measurements of these currents at the planet are incredibly chal-192

lenging (Chowdhury et al., 2022), and cannot be used to constrain the rotational period193

of each ionosphere that drives them. As a result, measurements must be made outside194

the ionosphere, where the currents induced within the northern and southern ionosphere195

overlap to some degree, resulting in blending of the magnetic field variations (Provan et196

al., 2011) and auroral emission (Gurnett et al., 2009). However, despite these overlap-197

ping currents, the Cassini mission was able to take both radio (Kurth et al., 2008) and198

magnetometer (Andrews et al., 2008) measurements originating from each ionospheric199

hemisphere, producing two different rotational phases, one from the north and one from200

the south. Although broadly agreeing with one another, there were contrasts and con-201

tradictions between these phases.202

Historically, for most of the Cassini mission, the ‘planetary period oscillations ’ ob-203

served by the magnetometer instrument were so clear that the resultant northern and204

southern phases could be easily identified (Andrews et al., 2008), resulting in a rotat-205

ing coordinate system with which to frame both these magnetic oscillations and the cur-206

rents that drive them. Defined in Hunt et al. (2014), in the southern planetary period207

phase ΨS , currents flow from the magnetosphere into the planet at 90◦ΨS (reducing the208

sub-corotation currents, and weakening the electron accelerated aurora) and out from209

the planet (enhancing the sub-corotation currents, and brightening the electron accel-210

erated aurora) at 270◦ΨS . These currents then flow into the surrounding magnetosphere,211

closing partially within the equatorial plasma and partly as a weaker interhemispheric212

current into the northern hemisphere. In the northern planetary period phase ΨN (Hunt213

et al., 2015), separate currents flow into the planet at 270◦ΨN (reducing the sub-corotation214

currents) and out of the planet (enhancing the sub-corotation currents) at 90◦ΨN , again215

flowing through and partially closing within the magnetosphere, before closing in the south-216

ern hemisphere.217

The two hemispheric phases ΨN and ΨS (and thus the rotation rates of the two218

upper atmospheres) are usually independent of one another, aligned with the observed219

Saturn Kilometric Radiation which also varies independently in each hemisphere. How-220

ever, this independence is clearly reduced near the crossing of seasons. The Ulysses space-221

craft measured an apparent convergence in the southern and northern periods in the years222

around the November 1995 equinox (Gurnett et al., 2010). Cassini’s measurements of223

the Saturn Kilometric Radiation showed several convergencies in the rotation rate af-224

ter the August 2009 equinox, with both hemispheres having similar periods and phases225

between March 2010 and February 2011, then again between August 2011 and June 2012226

(Fischer et al., 2015).227
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In this same period, the magnetic field phases transitioned from pre-equinoctal val-228

ues (where the rotational periods were very different) to much closer rotational periods229

as early as 2010, though unlike the radio periods, these did not fully converge until a rel-230

atively narrow period between mid-2013 and mid-2014, where the two phases were locked231

in antiphase (Provan et al., 2016). However, the broader period is also notable because232

of sudden and dramatic jumps in the magnetic phase every 100-200 days, with evidence233

these shifts occurred during periods of solar wind compression (Provan et al., 2015). The234

apparent contradictions between radio period and magnetic field phase have been sug-235

gested to result from the local time line-of-sight of Cassini’s radio observations (Cowley236

& Provan, 2016).237

After this, the radio periods of the two hemispheres once again diverged, and were238

observed to change independently until the end of the Cassini mission (Ye et al., 2016),239

with the northern period lengthening from 10.63 hours to 10.76 hours over four years,240

while the southern rotation remained relatively stable around 10.69 hours. The final mea-241

surements of these phases by Cassini, between the beginning of 2016 and the end of mis-242

sion in mid-September 2017, showed a close alignment between the radio and magne-243

tospheric periods, with a northern period of 10.79 hours and a southern period of 10.68244

hours, both varying by only 0.01 hours (Provan, Lamy, et al., 2019). Notably, despite245

these relatively stable rotation rates, their associated errors over the seven year gap be-246

tween 2017 and 2024 result in a complete loss of phase for each hemisphere. So signif-247

icant is the uncertainty here, we estimate the error in the northern phase is >56 Satur-248

nian days in 2024.249

Notably, away from the equinoctial period, the rotational periods are slower in the250

summer hemisphere in the South before 2009 and the North after 2015, at around 10.8251

hours and faster in the winter hemisphere, around 10.6 in the North before 2009 and 10.7252

in the South after 2015. Brooks et al. (2019) argued that this was driven by the differ-253

ential torque provided to the summer hemisphere as a result of enhanced conductivity254

in the sunlit ionosphere, which they predicted could drive a reduced overall rotation rate.255

Cowley et al. (2020) used magnetic field measurements to model these torques and showed256

that although (against the predictions of Brooks et al., 2019) the main auroral regions257

show comparable torques in both summer and winter, the polar open field line regions258

do show a strong torque asymmetry, suggesting a potential source for the slower rota-259

tion rates in summer. However, as will be discussed later and as noted by Cowley et al.260

(2020), the thermospheric rotation rates within the polar region are far slower than the261

planetary period of the current system, suggesting the source of this variable rotation262

rate is outside the polar and/or upper atmosphere.263

In the Cassini Grand Finale, the dual modulation by the northern and southern264

planetary period current systems was found almost continuously across all mapped mag-265

netic longitudes, including regions mapping to the rings (Provan, Cowley, Bradley, et266

al., 2019), though not within the D-ring region where azimuthal magnetic fields are thought267

to be driven by a separate equatorial inter-hemispheric current (Provan, Cowley, Bunce,268

et al., 2019). Notably, when correlated to the northern phase, the measured magnetic269

oscillation drifted with latitude from pole to equator, with the peak oscillation rotating270

by 90 degrees, from 90◦ΨN in the auroral region to 0◦ΨN near the equator. At the same271

time, the amplitude of the equatorial magnetic field oscillation was reduced down to ap-272

proximately 1/3 the strength in the auroral regions (Provan, Cowley, Bradley, et al., 2019).273

There was also no evidence of the northern phase within the southern mid-latitudes, but274

the northern phase was clearly observed within the southern auroral regions. Interest-275

ingly, the same (rather than opposite) is true for the southern planetary period oscilla-276

tion, also showing a drifting phase and reduced amplitude in the northern hemisphere277

and no signal in the southern hemisphere at mid-latitudes.278

Measurements of the equatorial electron densities using the Cassini Radio and Plasma279

Wave Science instrument seem to align with this twisted planetary period current, show-280
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ing the highest electron densities at a northern phase of 0 ◦ΨN (Provan, Cowley, et al.,281

2021). If the equatorial phase is twisted by 90 degrees, as suggested by Provan, Cow-282

ley, Bradley, et al. (2019), this would place regions of enhanced electron densities within283

the equatorial downward field-aligned currents. Notably, these electron density measure-284

ments only observe a separation in electron density with planetary period above ∼2500285

km, well above the H+
3 emission layer, with electron densities below this matching across286

all planetary phases.287

Closer to the planet’s polar ionosphere, the dominance of the current system as-288

sociated with each hemisphere’s planetary period current becomes stronger, though not289

completely dominant. Both the auroral currents (Hunt et al., 2015) and emission bright-290

ness (Bader et al., 2018) include components from the planetary period currents of both291

hemispheres, with the auroral variation also being influenced, to a lesser extent, by both.292

In H+
3 emission, the statistical northern aurorae varies by twice as much in the north-293

ern phase ΨN than when observed in the southern phase ΨS , and the statistical south-294

ern aurorae varies by three times as much in the southern phase as in the northern phase295

(Badman et al., 2012). In contrast with this, Chowdhury (2022) showed that while Sat-296

urn’s northern ionospheric winds were strongly correlated to the northern phase, there297

were no clear southern phase correlations, suggesting the current closure associated with298

currents from the opposing hemisphere do not cleanly flow over the pole.299

1.3 Origin for the atmospheric energy source300

Although observations have resolved an atmospheric origin for Saturn’s planetary301

period current, they have ultimately just moved the question to Saturn itself. The new302

question has become: “Where is the energy source that drives Saturn’s planetary period303

current, and how does it produce this current?”304

All theories for how neutral flows within Saturn’s atmosphere drive currents out305

into the magnetosphere ultimately rely on collisional acceleration of the ionosphere, ex-306

changing neutral momentum into ions that are forced to move perpendicularly through307

the surrounding magnetic field, driving ionospheric currents that then close within the308

surrounding magnetosphere.309

Smith (2011) used a general circulation model to investigate the effect of arbitrary310

axially-asymmetric heating on the thermospheric winds, with the heat source fixed in311

longitude and at the latitude of the main auroral oval. This study demonstrated that312

such a model could qualitatively reproduce the main features of the observed planetary313

period currents. It produced a temperature contrast of about 15 K across the polar cap,314

leading to currents approximately 100 times too small to explain the observed field per-315

turbations. A follow-up study (Smith & Achilleos, 2012) introduced a speculative feed-316

back effect between auroral currents and electron precipitation as a driving mechanism317

for the asymmetric heat source. This produced currents of approximately the correct mag-318

nitude, but with three apparent flaws: (i) a temperature contrast of the order of 50K across319

the polar cap, (ii) a requirement for 5 MeV auroral electron energies, far in excess of ob-320

served values, (iii) a current distribution that was not m=1 symmetric (i.e. possessing321

a single line of symmetry), due to the feedback effect concentrating heating in a vortex-322

like wind structure. Nevertheless, this study demonstrated a possible mechanism for driv-323

ing and sustaining wind systems that rotate at the planetary period in the thermosphere,324

with potential to explain the observations if the underlying assumptions of the model325

– for example the conductivity distribution – turned out to be flawed.326

Subsequently, Smith (2014) argued that these thermospheric models were not plau-327

sible as explanations for the planetary period currents. This was for two reasons – first328

due to the large amount of Joule heating predicted to be associated with the required329

currents, and second due to the difficulty of sustaining a corotating temperature anomaly330

in a sub-corotating and highly sheared thermospheric flow (i.e. the thermosphere con-331
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tains closely located flows in opposing directions, resulting in significant shearing within332

the atmosphere). The first objection could be overcome if thermal energy was transported333

away from the polar regions more efficiently than believed at the time, for which there334

is now some evidence (Müller-Wodarg et al., 2019; Brown et al., 2020; Koskinen et al.,335

2021). The second is overcome if the feedback effect of enhanced electron precipitation336

driving the asymmetric heat source (Smith & Achilleos, 2012) – or something similar –337

was operational, since this provides a mechanism for generating and sustaining a struc-338

ture within a sheared flow. In the absence of these processes, Smith (2014) proposed that339

it was more plausible for the planetary period current systems to be generated deeper340

in the atmosphere, in the Hall conducting layer. A series of papers (Smith et al., 2016;341

Smith, 2019, 2021) developed the Hall conductivity model further, demonstrating how342

Rossby waves in the upper stratosphere could potentially drive the planetary period cur-343

rents. The main unresolved problem with these models is the ultimate location of the344

energy source driving the waves, which could be in the deep atmosphere, in the conduct-345

ing layer, or in the magnetosphere. The lack of robust measurements of the Hall con-346

ductance in the polar regions also makes these models difficult to evaluate.347

To begin to resolve exactly how Saturn’s planetary period currents are generated,348

we need to understand the energy processes within Saturn’s upper atmosphere, but as349

highlighted above, we have little detail on this. The only published past measurement350

to provide any temperature constraint within the planetary period phase was O’Donoghue351

et al. (2016), which showed a weakly constrained 50 K enhancement at planetary period352

phases between 45-90 ◦ΨN . Chowdhury (2022) also constrained temperatures within a353

thesis chapter, using the same observations used within their velocity measurements. These354

also tentatively identified an average 50 K enhancement in temperatures around 90 ◦ΨN ,355

compared with 270 ◦ΨN , with localized regions of temperature varying between 450 K356

and 350 K respectively, but these were associated with errors comparable with the tem-357

perature differences observed. Until recently, this was as far as our investigations could358

progress. Saturn’s aurora was just too weak to be observed in detail, Cassini could no359

longer provide us with a planetary period current phase and so we had no way to bet-360

ter constrain Saturn’s upper atmospheric induction processes.361

Here, we utilize the first observations of Saturn’s auroral H+
3 made by the James362

Webb Space Telescope (JWST), to step beyond the past limitations of both ground- and363

space-based instrumentation, and observe Saturn’s auroral energy distribution for the364

first time.365

These observations were first examined in the companion paper to this (Stallard366

et al., 2025), hereafter described as Paper 1. In that study, broader regions of emission367

and background were summed and subtracted, to produce overall brightness maps for368

both the ionosphere and underlying layers. Herein, we take these same data cubes, and369

instead fit the emission spectrally, to extract details of the H+
3 physical parameters, al-370

lowing the first spatially resolved maps of Saturn’s H+
3 ionospheric temperature, column371

density and total emission.372

2 Data analysis373

The JWST Near Infrared Spectrograph integral field unit (NIRSpec IFU; Jakobsen374

et al., 2022) observed Saturn’s northern auroral region continuously through a Saturnian375

day, between 04:00-13:58 UT on 29 November 2024. At that time, Saturn was in late north-376

ern summer, approaching equinox in May 2025, providing us with a clear view of the north-377

ern pole. Our aim with these measurements was specifically to track and understand tem-378

perature changes within Saturn’s auroral region, and so a 4-point ∼1.6 arcsec dither (a379

series of small positional offsets) provided an effective coverage of 5x5 arcsec per set of380

4 individual observations. Using the F290LP/G395H filter/grating allowed us to observe381

numerous H+
3 emission lines between 2.86-5.27 micron at a spectral resolution of R≈2700.382
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The data was pipeline processed and cleaned using the methodology outlined in Paper383

1, but unlike that paper, which combined a range of wavelengths to produce pseudo-image-384

filters, we here will process the data to allow us to remove non-ionospheric background385

emission from data, before extracting and fitting the pure H+
3 emission signal. Using this,386

we will construct a planetocentric spectral data cube of Saturn with a map scale of 0.5387

degrees in the latitude and longitude directions (approximately 500 km in latitude and388

150 km in longitude at the northern aurora). From this, we will then produce maps of389

the H+
3 temperature and density across the auroral region.390

2.1 Spectral background subtraction and fitting391

Figure 2 shows the background correction and fitting process, tuned to the chang-392

ing background at different planetary positions, for three different regions of the atmo-393

sphere, all at a longitude of 270◦W (all latitude and longitude positions within this pa-394

per are in System III West kroniographic coordinates). The first column (blue) shows395

a spectrum at 80◦N, inside the main auroral region, in a location where the reflected sun-396

light and thermal emission are relatively weak. The second column (green) shows a spec-397

trum at 70◦N, in a transition region away from the aurora, with increasing background398

signal. The third column (red) is within the sub-auroral region where dark spots of emis-399

sion have been observed; here, H+
3 emission is weaker, and the background signal is sig-400

nificantly stronger across all wavelengths.401

For each column, we show the same background correction process:402

0. Before being mapped into a spectral cube, data are partially passed through the403

JWST reduction pipeline (Bushouse et al., 2025). The reduced spectral data are404

contained within a 39x35 pixel data cube for each of the individual 104 images (no-405

table for its difference in size from the original 30x30 pixel IFU, due to JWST pipeline406

processing). Spectral radiance is converted from MJy/sr to W/m2/μm/sr. Because407

those pixels close to the limb cover very large regions of the map, we exclude pix-408

els whose center is closer than 500 km to the 1 bar limb. Data from the top four409

and bottom three rows and the outer most columns of each data cube, along with410

any other data with NaN values, are also excluded due to data issues in these re-411

gions. From the remaining spatial positions within each data cube, we then cal-412

culate and scale the proportion of each latitude-longitude bin filled by that pixel413

(see Supplementary Figure 1 for clarification of this), to construct a planetocen-414

tric spectral data cube of Saturn with a map scale of 0.5 degrees in the latitude415

and longitude directions, with each of these positional bins containing a full wave-416

length spectrum.417

• We note here that, in combining measurements across a full planetary rotation,418

each longitude position consists of overlain data from a range of dayside local419

times, effectively smoothing out local time effects. Within the map, latitudes420

poleward of ∼60◦N have at least 10 separate dithers contributing to them, and421

within the main auroral region (∼75◦) more than 20 individual dithers contribute422

to the map (see Supplementary Figure S2a). This means that, between 8-16 UT,423

the largest gap in UT within each bin of the map within the main auroral re-424

gion is, on average, 73 minutes (see Figure S2b). A future study will investi-425

gate Saturn’s auroral variability in local time.426

I. The first spectral row in Fig. 2 shows the raw spectrum across the entire 2.8-5.2427

micron range at three positions of this data cube, at 80◦N, 70◦N and 60◦N lat-428

itude, with all three positioned at 270◦W longitude. From this full wavelength range,429

six sub-regions are chosen (because they contain both bright H+
3 emission and back-430

ground that can be modeled relatively easily), highlighted in gray. These regions431

are: 1) 3.270-3.470 microns, 2) 3.526-3.565 microns, 3) 3.610-3.630 microns, 4) 3.709-432
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Figure 2. Spectral characteristics within Saturn’s ionosphere. At the top, a thin slice of a

polar plot of H+
3 emission (taken from several wavelength ranges; see Paper 1) shows the reduc-

tion of H+
3 emission brightness away from the main auroral region; here we show the normalized

logarithm of H+
3 brightness, to highlight weaker emission. On this, we note three latitude pixels

(at 80◦N in blue; 70◦N in green and 60◦N in red), all at the same longitude (270◦W), with the

spectra associated with these pixels shown in the three columns beneath (with matching blue,

green and red line colors to correspond with the respective pixel positions these spectra are taken

from). The top spectral row shows the pixel spectra after only limited pipeline reduction, with

six sub-regions identified. The second spectral row shows five of these six regions, along with the

scaled Planetary Spectral Generator (PSG) spectra for these regions (maroon dashed lines). The

third spectral row shows all six of these regions, with PSG spectra subtracted. A second set of

sub-regions is identified with a pink background, within which the fitted methane fluorescence

and a background quadratic are also shown (purple dashed line). In the final spectral row, these

secondary sub-spectra are shown with PSG, methane fluorescence and quadratic background

all removed. To this, h3ppy fits the H+
3 spectra (indigo dashed line). Most notable here is the

relative strength of H+
3 emission close to the pole, and the relative strength of background emis-

sion away from the pole; this contributes to a very strong gradient in ability to accurately fit H+
3

emission away from the polar auroral region.
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3.721 microns, 5) 3.890-3.911 microns, and 6) 3.923-3.958 microns. These sub-regions433

are then analyzed:434

II. In the second spectral row in Fig. 2, the first background correction is applied to435

the previously defined sub-set of wavelengths. Here, sub-regions 2-6 contain vary-436

ing amounts of reflected sunlight and internal thermal emission. To start to re-437

move this background, the predicted spectral signature is modeled using Saturn’s438

default settings within the Planetary Spectral Generator (PSG; Villanueva, Smith,439

Protopapa, Faggi, & Mandell, 2018; we note that the default output from PSG440

contains neither methane fluorescence nor H+
3 ). For each sub-region separately,441

the top quartile of the PSG model spectrum (shown as a dashed dark red line)442

brightness is scaled to the top quartile of non-H+
3 spectral brightness. This scaled443

PSG model is then removed from the spectrum. Sub-region 1 does not contain sig-444

nificant sunlight or thermal emission, but does contain significant methane fluo-445

rescence, corrected separately in the next step:446

III. In the third spectral row in Fig. 2, we then apply a second background correction,447

like that used in past JWST temperature fitting (for example at Neptune; Melin,448

Moore, et al., 2025). Within the 3.0-3.6 micron wavelength region, the methane449

fluorescence is fitted with a combination of methane fundamental and hot band450

components.451

• It is worth noting that methane fluorescence has significant non-LTE compo-452

nents, and this fit is not intended to be used to understand the complexities of453

methane fluorescence, but instead to remove it within a chosen wavelength range454

where the fit produces acceptable results. We do, however, show the result of455

the fit to methane hot band components later in the paper.456

In addition to methane fluorescence, this background fitting also provides a quadratic457

polynomial fit to the remaining background, which accounts for sunlight in the458

3.0-3.6 micron range, and also helps improve the background fit in other regions.459

Here, we have slightly modified the accepted wavelengths where this fit is applied460

in Melin, Moore, et al. (2025), removing some previously used regions due to cor-461

ruption from Saturn’s non-methane sources. The second narrower set of sub-regions462

each of these corrections is applied to is: a) 3.29-3.31 microns, b) 3.37-3.4 microns,463

c) 3.4-3.43 microns, d) 3.445-3.465 microns, e) 3.526-3.56 microns, f) 3.60-3.63 mi-464

crons, g) 3.7105-3.718 microns, h) 3.8762-3.893 microns, i) 3.924-3.9318 microns465

and j) 3.9495-3.957 microns. These final wavelength ranges can then be fitted for466

temperature-dependent H+
3 emission lines using the open source code h3ppy (Melin,467

2025):468

IV. In the fourth and final row of Fig. 2, we show the fully background cleaned spec-469

trum. Each sub-region is taken from the wavelength range indicated in step III470

and, as a result, these regions cover a smaller number of wavelength bins, and the471

x-axis is reduced in size. This emission is fitted in two steps. Firstly, a ratio of the472

summed emission from the H+
3 R lines contained in region (e) and the H+

3 Q line473

contained in region (j) is measured. Using h3ppy, we have pre-calculated the mod-474

eled h3ppy relative brightness of these two regions over a range of temperatures,475

then fitted the change in this ratio with temperature with a second-order poly-476

nomial (as shown in the Supplementary Figure S3). As a result, using this pre-477

fitted quadratic, the ratio of the two regions provides a preliminary temperature478

Tpre:479

Tpre = 198.6 + 227.16×
(∑

R∑
Q

)
+ 37.285×

(∑
R∑
Q

)2

(1)

This pre-fit is needed, as h3ppy tends to be highly sensitive to the pre-selected tem-480

perature, often failing if the initial temperature is too high or low. This pre-temperature481

typically results in a difference with the final fitted temperature of <50 K. Once482

the pre-temperature is calculated, h3ppy happily fits the full spectrum, first by483

guessing the density, then fitting across temperature, density, spectral resolution,484
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Figure 3. Saturn’s northern auroral physical parameters. All panels show polar plots of the

physical parameters in Saturn’s northern auroral ionosphere. Panels (a) and (b) show a hatched

region where the fitted error values are >5% and >1/3 respectively. Panel (a) shows H+
3 iono-

spheric temperature, (b) shows H+
3 column density and (c) shows H+

3 total emission. The second

row shows the same values as the top row, but here, for each latitude, the longitudinal median

at that latitude has been removed, resulting in a difference values for each, (d) H+
3 temperature

difference, (e) H+
3 density difference, (f) H+

3 total emission difference (all three red positive, blue

negative). In the bottom row, we show the calculated errors in fitting for temperature (g) and

density (h) from h3ppy, as well as an estimated percentage error, compared with the highest

temperature and density plotted in panels (a) and (b). The final panel (i) shows the modeled

methane fluorescent hot band emission, used in cleaning the H+
3 spectra, as in final two rows of

Fig. 2. Panels (b), (c), (e), (f) and (h) show line-of-sight corrected values.

and Doppler shift. This fit also produces uncertainties for both temperature and485

density. From this fit, it is possible to calculate the total H+
3 emission (Miller et486

al., 2013), a value which represents radiative atmospheric energy loss due to H+
3 ,487

first introduced in Lam et al. (1997).488

2.2 Line-of-sight correction489

Once values are fitted, we can also apply a line-of-sight correction to convert the490

column density and total emission values from an emission angle column into a vertical491

column looking down on the surface of the planet from above, comparable to the cor-492

rection previously applied at Jupiter (Stallard et al., 2018). Here, we assume a uniform493

shell of H+
3 emission between 900-1300 km (based upon Stallard, Melin, Miller, Badman,494

et al. (2012)’s past auroral measurements of Saturn’s auroral atmospheric column).495
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3 Results496

In Figure 3, we show the results of this fitting process. The level of detail observed497

here represents a spectacular improvement from past observations, rivaling the highest-498

quality pre-JWST measurements of physical parameters in Jupiter’s auroral region. The499

temperature map in Figure 3a shows a strong asymmetry in temperature, hottest in the500

sub-auroral regions at 120◦W, and coldest around 300◦W. Inside of this, filamented tem-501

perature structure is seen across the auroral region, with strands of heating and cool-502

ing at far higher detail than previous observations of Saturn, or even the highest reso-503

lution ground-based observations of Jupiter (e.g. Johnson et al., 2018).504

The density map in Figure 3b reveals broad enhancement in the densities within505

the pole, particularly enhanced close to 75◦N around 120◦W, surrounded by a very low506

density arc at 71◦N around 120◦W. The polar region (at latitudes >80◦N) have mod-507

erate enhancements in density. The main auroral emission fades in density both east-508

ward and westward of 120◦W, reaching a minimum at 300◦W, slightly less dense than509

more equatorial regions.510

When temperatures and densities are combined to produce a calculation of the to-511

tal emission from all lines of H+
3 , shown in Figure 3c, this results in a very asymmetric512

aurora, brightest at 75◦N that is also highly asymmetric, strongest around 130◦W, with513

weaker polar emission across the polar region north of ∼80◦N. Notably, the latitude of514

total emission aligns with the latitude of peak density, but the longitudinal emission peak515

aligns with enhanced temperatures. This highlights the shared contribution of temper-516

ature and density to the total emission, and why H+
3 brightness might be misaligned with517

the phase of planetary period oscillations (e.g. Badman et al., 2012), skewed by ther-518

mospheric temperatures.519

As previously discussed in Paper 1, this auroral enhancement close to 130◦W is strongly520

indicative of an auroral region dominated by atmospheric planetary period currents rather521

than magnetospheric sub-corotation currents, since sub-corotation enhancements would522

not sustain an enhanced emission at a specific planetary phase, smearing out as the planet523

rotated. When observed in sequence, as in Paper 1, the enhancement is clearly observed524

as a bright spot that rotates with the planet. Both magnetospheric observations (e.g.525

Hunt et al., 2015) and observations of the southern auroral region by VIMS (Badman526

et al., 2012) show a strong auroral enhancement in phase with the planetary period cur-527

rent.528

In order to compare our observations with past studies, it is useful to estimate a529

planetary period phase for the current system, since the phase from Cassini has been long530

since lost, based upon the variation in rotation rate observed in 2017 (Provan, Lamy, et531

al., 2019). The best measure of planetary period current system phase are the phases532

from the magnetospheric planetary-period oscillations, as defined in Hunt et al. (2014).533

From magnetic field measurements, the northern planetary period is defined by a peak534

upward current at 90◦ΨN and a peak downward current at 270◦ΨN , reaching a mini-535

mal current at 0◦ΨN and 180◦ΨN . Paper 1 used the auroral intensity as a guide to the536

northern planetary period phase ΨN , since upward currents close to 90◦ΨN will produce537

enhanced auroral emission. However, historically, peak auroral brightness has both led538

and followed planetary period phase by tens of degrees (Badman et al., 2012; Bader et539

al., 2018).540

For H+
3 emission, this is partly a result of the influence of temperatures on the emis-541

sion brightness. Instead, H+
3 density can provide a more exact measure of the planetary542

period phase. This is because H+
3 lifetimes are typically short in gas giant auroral re-543

gions: at Jupiter, they are no longer than 10 minutes across the entire polar region (Stallard544

et al., 2016), with half-lifetimes as short as two minutes in the auroral region (Nichols545

et al., 2025) and one minute on the Io spot (Mura et al., 2025), with later showing sig-546
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nificant reductions in lifetime for the brightest emission. Equally, Saturn’s infrared au-547

roral brightness is dominated by electron precipitation (Badman et al., 2012). Particle548

precipitation processes are not always driven by currents, most notably at Jupiter, where549

broad band precipitation contributes more than 90% of the total precipitating particles550

(Salveter et al., 2022). However, despite this, Jupiter’s auroral power is strongly corre-551

lated to magnetospheric currents (Nichols & Cowley, 2022), suggesting that the major-552

ity of auroral broad band precipitation is produced by instabilities that are associated553

with auroral currents (Mauk et al., 2017). As such, the observed auroral column den-554

sities provide a good proxy for changing particle precipitation flux, with higher densi-555

ties indicating stronger upward currents and lower densities indicating weaker upwards556

or downwards currents, assuming that it is the northern phase that dominates Saturn’s557

northern ionosphere and atmosphere, as indicated by Chowdhury (2022).558

As a result, here, we use changing H+
3 column density to estimate the planetary559

period phase. Given the complex sequence of reversing density peaks and dips we ob-560

serve, we align our observations using the region where the planetary period current is561

weakest, at the balance point between upward and downward currents. Measuring the562

location where the H+
3 column density most closely matches the median value (the val-563

ues closest to zero in Fig. 3e), this axis of symmetry in the density measurements can564

aligned with the minimum currents at 0◦ΨN and 180◦ΨN . This results in a slightly re-565

vised phase of 0◦ΨN at 45◦W (rather than 55◦W in Paper 1).566

The observed auroral asymmetries, in phase with the planetary period, are revealed567

even more strongly by subtracting the median values across all longitudes, individually568

measured in each bin of latitude, shown for temperature, line-of-sight corrected density569

and total emission in panels d), e) and f) respectively. Here, the main constraint is the570

relatively weak sub-auroral differences observed when compared with the errors in our571

fitting. For both temperature d) and column density e), we have set the difference val-572

ues to zero anywhere the difference from median values are less than the fitted errors.573

All three parameters are dominated by planetary period phase across all latitudes574

where these values are significant. Temperatures (Fig. 3d) are clearly hottest (480 K)575

at the region equatorward of the main auroral region (between latitudes of 70−73◦N)576

near 90◦ΨN and coldest (400 K) in direct anti-phase with this, again just equatorward577

of the main aurora (between latitudes of 70 − 73◦N) near 180◦ΨN . This temperature578

gradient is ∼150 K across the entire auroral region. Inside the region of main emission,579

the temperatures are more moderated, varying across this region by only ∼50 K. This580

appears offset from previous observations by O’Donoghue et al. (2016), where the main581

temperature gradient was measured either side of 90◦ΨN , and broadly agrees with mea-582

surements by Chowdhury (2022) peaking at 90◦ΨN , though these were both poorly con-583

strained within errors.584

This heating and cooling in phase with the planetary period extends equatorward,585

with a broad region of < ±25 K heating and cooling on either side extending as far as586

is statistically meaningful, down to latitudes >55◦N. The majority of the sub-auroral tem-587

perature is smoothly structured, but between 240 − 300◦W, it varies sharply at loca-588

tions close to a region where dark ionospheric beads have previously been observed in589

Paper 1. The temperature structures in this region are at the edge of statistical sepa-590

ration above the fitting errors, but the largest dark bead, shown as a pinkish region be-591

tween 260−290◦W and 60−65◦N in Fig. 3c, appears to align with a statistically sig-592

nificant cool region, between 350-370 K, ∼50 K lower than the median. The brighter re-593

gions are warmer than the beads (∼400 K), but we cannot statistically separate between594

cold spots surrounded by median temperatures, and a broad cool region with hot ma-595

terial between the beads.596

In H+
3 column density (Fig. 3e), the clearest signature is an asymmetry associated597

with the main auroral emission. There are three bands of anti-phase auroral emission,598
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all strongly aligned with planetary phase. At 90◦ΨN , the H+
3 density alternates between599

strong-weak-strong-weak (red-blue-red-blue) from two sub-auroral, the main auroral and600

polar regions (at latitudes between 67−70◦N, 70−73◦N, 73−81◦N and 81◦N and the601

pole, respectively). At 270◦ΨN , the polar H+
3 column density is in almost exact anti-phase602

with this, alternating between weak-strong-weak-strong (blue-red-blue-red) again between603

67-70◦N, 70−73◦N, 73−81◦N and 81◦N and the pole, respectively - however, it is no-604

table that the strength of this alternation appears much less statistically significant at605

270◦ΨN equatorward of 73◦N, as values fall below the error limit (likely due to the re-606

duced temperatures in this region). The strongest contrast is seen between the main au-607

roral region and its surrounding sub-auroral region, with smooth weak emission differ-608

ences seen equatorward of this and weakest in the polar region. The values measured,609

ranging between 2-8 ×1015 m−2, match well with the minimum values measured by O’Donoghue610

et al. (2016) in previous ground-based observations, but are smaller than the highest val-611

ues previously observed, which measured values as high as ∼ 2 ×1016 m−2 near 90◦ΨN .612

In H+
3 total emission, these subtle differences are lost, instead resolving out as a613

clear brightness asymmetry, brightest at 90◦ΨN and weakest near 270◦ΨN . This strongly614

correlates with the asymmetries previously observed in H+
3 brightness in Paper 1, along615

with the weak sub-auroral darkened beads detected in around ∼60◦N and between 180−616

300◦W. The auroral values measured, ranging between 0.5-2 × 10−6 Wm−2, are much617

lower than those measured by O’Donoghue et al. (2016), who measured values between618

6-10 × 10−6 m−2.619

Figure 3g and h both show that these observed variations are significantly larger,620

by a factor of 20 for temperatures and a factor of 5 for column density, than the mea-621

sured errors for the auroral region. We do not show total emission errors. Nominally, these622

could be calculated by factoring the temperature and density errors with one another,623

but the resultant value would massively over-estimate the total emission errors, since the624

main contributor to fitting error is the anti-correlation between temperature and den-625

sity (Melin et al., 2013), with total H+
3 emission originally being devised specifically to626

provide a value not-effected by this anti-correlation (Lam et al., 1997). Errors will ex-627

ist, but are hard to calculate directly, requiring an empirically modeled test of variations628

for a given noise level.629

Notably, significant regions of the pole show direct correlations between the tem-630

perature and density (i.e. Figs 3d and e are both red, or both blue), in particular the631

broad scale structures within the auroral region. Such correlation is surprising, since these632

values are more typically anti-correlated (Melin et al., 2013). This anti-correlation is the633

result of one of two processes within auroral regions: (1) higher H+
3 density drives en-634

hanced cooling, reducing the H+
3 temperatures, or; (2) higher H+

3 density is an indica-635

tor of enhanced precipitation flux, which is often coupled to higher particle precipita-636

tion energies, driving the H+
3 peak deeper, into colder thermospheric altitudes. It is also637

possible that changes in H+
3 density are driven by interactions between H+

3 and the sur-638

rounding ionosphere, since changes in electron density produce changes in the H+
3 de-639

struction rate, as previously observed at Saturn within the regions coupling to Saturn’s640

rings (O’Donoghue et al., 2013; Moore et al., 2015).641

These direct correlations show that the temperature structures are indicators of642

localized heating, rather than an artifact of changing precipitation depth or changing cool-643

ing rates. However, it is possible that the strongest enhancement in temperature, close644

to 70− 73◦N and 90◦ΨN , could be the result of weaker precipitation, associated with645

the very weak column densities in this region. In the polar region, temperatures on the646

90◦ΨN side of the 0 − 180◦ΨN line are highly correlated with column density, but on647

the 270◦ΨN side they are also anti-correlated, again potentially being driven by chang-648

ing precipitation depth, changes in in-situ cooling or interactions between H+
3 and the649

surrounding electrons.650
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Finally, Figure 3i shows the fitted hot band methane fluorescence modeled in step651

3 of the data fitting process. While this does not give an accurate measure of the true652

methane fluorescence, since that emission is highly non-thermal and requires detailed mod-653

eling to fully understand, it does give a broad overview of the changing emission bright-654

ness of fluorescing methane hot bands within the auroral region. Paper 1 showed no au-655

roral enhancement within fluorescing fundamental methane emissions, suggesting that656

only the methane hot band emission is aurorally enhanced.657

4 Discussion658

Firstly, let us caveat these observations. This is a single (∼10 hour) day of obser-659

vation, and the extent of planetary period control over the auroral region may change660

on other days, and during periods of solar-wind associated activity, it will almost cer-661

tainly be more strongly controlled by local-time dominated auroral processes.662

However, during this Saturnian day, the entire auroral region provides a unique pic-663

ture of the ionospheric interactions through a full planetary rotation, relatively free of664

local time dependency, combining dithers from a wide range of local times, with a max-665

imum gap between local times of just ∼73 minutes. Saturn’s aurora is often highly vari-666

able as a result of magnetospheric interactions; but such dynamics would be asymmet-667

rically smeared through the planetary rotation. As a result, this data provides a unique668

new window into the dynamics involved in a single rotation, one strongly dominated by669

variations associated with the planetary period current.670

4.1 Saturn’s ionosphere mapped into the planetary phase671

The delicate changes observed in both temperature and density structure are far672

more sensitive than any past measurements, providing us with a unique view of the chang-673

ing auroral conditions through a full rotation. The incredible reflection and inversion of674

both temperature and density features within Saturn’s ionosphere reveals the dominance675

of the planetary period currents during this period. This is particularly notable where676

the temperature and density are correlated.677

However, this approximate alignment between the temperature and column den-678

sity enhancements, both peaking near a planetary period phase of 90◦ΨN , is somewhat679

challenging when compared with past theory of how planetary period currents are gen-680

erated. Both theoretically require both a perpendicular flow between the neutral twin-681

cell vortex that powers the currents and the Pedersen currents flowing through the iono-682

sphere, and a direct alignment between the source of heating and the flow of that heat683

out across the auroral region; the atmosphere flows radially away from a localized heat684

source, thus driving E×B forces that drive perpendicular winds, as described from the685

magnetospheric perspective in Jia et al. (2012) and from the atmospheric perspective686

in Smith (2014).687

The Smith (2011) model takes a different atmospherically-focused approach, en-688

forcing a thermospheric heating that then drives neutrals and ions, resulting in current689

divergencies that can drive planetary period currents out into the surrounding magne-690

tosphere. A direct comparison between our data and this model can potentially better691

highlight the origin of the planetary period currents.692

4.2 Direct comparison with ion winds and atmospheric modeling693

In Figure 4 we directly compare our temperature and column density measurements694

with past Keck measurements of the ionospheric twin-cell vortex observed by Chowdhury695

et al. (2022), and the temperature and current divergency modeled in Smith (2011), as696

well as the horizontal neutral winds and currents produced by that model.697
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Figure 4. Comparisons between the temperature and density differences observed by JWST,

and comparable values from Smith (2011). Here, the left panels are our observed values of dif-

ference in temperature (top; as Fig. 3d) and column density (bottom; as Fig. 3e). On the top

left, we have replotted the vector ion winds observed by (Chowdhury et al., 2022) using the Keck

telescope, rotated so that 0◦ΨN aligns with 45◦W. To the right of this, we show outputs from

Smith (2011)’s model, rotated so that the integrated current divergence (bottom right) best

matches with our observed column density. The top right two panels each show filled contours

of the modeled temperature difference at pressure level n=6 (middle; shown in Smith, 2011 as

Fig. 4) and pressure level n=8 of the model, along with the modeled thermospheric horizontal

neutral wind velocities (pale green arrows, with the longest arrow representing ∼20 m/s and ∼30

m/s respectively). In the bottom right panel, we show contours of the height-integrated electric

current divergence, showing regions of upward (negative divergence; red) currents and downward

(positive divergence; blue) currents. The integrated horizontal currents are shown (pale blue

arrows, with the longest arrow representing a current of ∼1 mA/m). In both bottom panels, we

also show the location where Smith (2011) positioned the heat source driving these differences

(black dashed box).
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Aligning the past observations of ionospheric winds with our dataset is relatively698

simple, since the Doppler shift measurements made by Chowdhury et al. (2022) were specif-699

ically grounded to planetary period phase by simultaneous measurements from the Cassini700

spacecraft. As a result, we can simply rotate the twin-cell vector field observed by Chowdhury701

et al. (2022) to match with our 45◦W at 0◦ΨN . The comparison between these datasets702

in the top left panel of Fig. 4, appears to show some beautiful alignments, despite the703

seven year gap between their observations. Though Chowdhury et al. (2022) clearly ob-704

served a poleward flow towards 0◦ΨN , the flows along the flank near 90◦ΨN appeared705

to split. Here, we see that this split in ion flows is likely driven by neutral winds flow-706

ing directly out from the region of highest heating. Between 260−350◦ΨN ions appear707

to be drawn into the pole across the region of cooling.708

The region of highest temperatures, between 100−160◦W and 70−73◦N, is par-709

ticularly noteworthy, since the co-located column densities in this region are very low,710

in fact lower than any other measured part of the ionosphere within JWST’s field of view,711

including much more equatorial regions. As such, the measured H+
3 density is unlikely712

to simply be the result of reduced particle precipitation, which at most would reduce the713

H+
3 density back to the background solar ionization level. It instead suggests one of two714

drivers. One possibility is that the region of high temperature is produced by a very high715

flux but low energy particle precipitation. Past modeling of soft electron precipitation716

has shown that it can produce large amounts of secondary electrons that increase dra-717

matically in temperature (Galand et al., 2011). Enhanced electron densities in this re-718

gion could then potentially destroy H+
3 , lowering the H+

3 density below the EUV back-719

ground values. Alternatively, the ion flows observed by Chowdhury et al. (2022), flow-720

ing away from this hot region in all directions, may be actively excavating H+
3 from this721

region, leaving it as an anomalously low density region.722

Before we can directly compare our data with the Smith (2011) model, we have to723

align the data with the model. Since Smith (2011) directly modeled the generation of724

these currents from thermal flows, and was written before a planetary phase was defined725

by Hunt et al. (2014), we need to align the model outputs into a planetary period phase.726

As described above, we estimated a northern planetary period phase using the regions727

where the H+
3 column density approaches the median value at 75◦N as a proxy for the728

planetary phase line between 0◦ΨN and 180◦ΨN .729

We can apply a similar principle to the current divergence values in Smith (2011),730

aligning 0−180◦ΨN phase line with the median values in current divergence again within731

the main auroral region, with enhanced currents falling in the 90◦ΨN sector between these732

values, and reduced currents falling in the 270◦ΨN sector. In doing so, we can compare733

the model with our data, as well as with the wider literature that uses planetary phase734

as a constraint.735

Having assigned a planetary period phase to the structures within the Smith (2011)736

model, we reveal three important qualifiers that potentially address the expectations from737

magnetospheric models (shown in Fig. 1); that closing currents should flow perpendic-738

ular to the 0−180◦ΨN line (from 270◦ΨN to 90◦ΨN ), and atmospheric neutrals should739

flow parallel to the 0 − 180◦ΨN line from 180◦ΨN to 0◦ΨN . We compare these mod-740

eled values with observations in Figure 4:741

1. A simple expectation of neutral flows might be that they would flow from hot to742

cold over the pole, from the hottest regions at 90◦ΨN to the coldest at 270◦ΨN .743

Instead, flows are twisted westward by the sub-rotating polar cap, so that the trans-744

polar neutral flows are offset from the 90−270◦ΨN line by ∼45◦W at ∼1,100km745

(Fig. 4c), flowing over the pole from ∼135◦ΨN to 315◦ΨN , before twisting further746

at ∼1,300km (Fig. 4d), flowing over the pole from ∼175◦ΨN to 355◦ΨN . As a re-747

sult, neutral winds actually do flow from broadly from 180◦ΨN to 0◦ΨN , as shown748
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in many papers (e.g. Smith, 2014; Hunt et al., 2014; and in Fig. 1), and observed749

in ion winds by Chowdhury et al. (2022).750

2. However, while these neutral winds produce in a strong negative divergence (up-751

ward current) around 90◦ΨN and positive divergence (downward current) around752

270◦ΨN , the direction of altitudinal-integrated horizontal currents over the pole753

are complex (Fig. 4e). These twist significantly around the region of highest di-754

vergence, but approximately flow over the pole from ∼300◦ΨN to 120 ◦ΨN . Since755

the horizontal currents are integrated across all altitudes, they are twisted from756

polar neutral winds at specific altitudes, offset closer to 130−170◦ longitude with757

those winds closest to expectations at 1300 km (Fig. 4d).758

3. The source of heating (effectively positioned on the 90◦ΨN side of the planet, be-759

tween 0−180◦ΨN ) in the atmosphere is offset from the location of enhanced tem-760

peratures, with atmospheric dynamics moving heat away westward from the re-761

gion of heating, only around 10◦ at 1100 km (Fig. 4c), but closer to 45◦ westward762

at 1300 km where temperatures are higher (Fig. 4d). Notably, the model’s heat763

source (the dashed half torus in Fig. 4e), aligns more closely with the region of764

negative divergence than the overall temperature structure.765

The overall shape of current divergence (Fig. 4e) modeled by Smith (2011) matches766

with our observed column densities (Fig. 4b) surprisingly well. While negative divergen-767

cies (associated with upward currents and thus the downwardly-accelerated electrons that768

drive aurorae, red in Fig. 4e) are spread across almost all planetary phases, they are most769

strongly negative at phases between 30−120◦ΨN , where our column densities are high-770

est. This matches the leading statistical H+
3 auroral brightness measured in Cassini-VIMS771

(Badman et al., 2012), peaking between 0− 90◦ΨN , but contrasts with the statistical772

lagging UV emission brightness, peaking at around ∼115◦ΨN (Bader et al., 2018). The773

strongest positive divergence (blue in Fig. 4e, associated with downward currents which774

weaken upward co-rotation currents and thus also weaken the associated downwardly-775

accelerated electrons that drive aurorae) occurs between 190−280◦ΨN , again aligning776

with the region of lowest column density.777

It is worth noting that while the polar regions are twisted by the magnetospheric778

torque, the equatorial regions are expected to be uniform. The significant heating we ob-779

serve down to at least 55◦N is highest at 90 ◦ΨN , and might be expected to drive neu-780

tral (and weaker ion) flows both East and West towards the cooler regions around 270781

◦ΨN . This could explain the twisting in the planetary period phase observed within mag-782

netometer data taken near Saturn’s rings (Provan, Cowley, Bradley, et al., 2019), where783

the peak planetary period oscillations were observed close to 0 ◦ΨN instead of 90 ◦ΨN .784

However, a neutral wind flowing East at 0 ◦ΨN and West at 180 ◦ΨN would be expected785

to drive Pedersen currents towards the equator and towards the pole respectively, in the786

wrong direction - this would be expected to have the strongest upward current at 180787

◦ΨN . Clearly, the processes that drive current closer within Saturn’s equatorial regions788

are complex.789

More compelling is the reversal of both current divergence and column density dif-790

ference within the polar region. These appear to be in direct anti-phase with the val-791

ues on the main auroral region suggesting pairs of upward and downward currents flow-792

ing between the main auroral regions and the poles. The locations of these are incred-793

ibly well-aligned, switching in both divergence and column density difference at a lat-794

itude of 82◦N and peaking at a latitude of 87◦N and a planetary phase of 90 and 270◦ΨN .795

Upward and downward currents poleward of 80◦N will largely be on open field lines, and796

so are ignored in magnetospherically-focused diagrams models of the planetary period797

currents (e.g. Hunt et al., 2014), but magnetometer measurements of this region also iden-798

tify this reversal in their data between 80− 85◦N (see Figure 7 of Hunt et al., 2015).799
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One contrast between Smith (2011) and our observations is the strong weakening800

in the H+
3 density (Fig. 4b) equatorward of the main emission, compared with only a very801

weak modeled positive current divergence (Fig. 4e). As discussed above, the very low802

column densities here may be the result of enhanced destruction or removal processes,803

but there is notably a matching localized enhancement in density on the 270◦ΨN side804

of the oval at similar latitudes, along with a comparable reversal of the current diver-805

gence to more negative in a similar location. While models of the planetary period cur-806

rent do expect an equatorward reversal, this is typically expected away from the auro-807

ral region, and no reversal is observed in currents equatorward of the main auroral emis-808

sion (Hunt et al., 2015). Equally, Smith (2011) does not model the apparent third re-809

versal at even more equatorward regions. This might indicate that JWST has revealed810

an even more twisted spiral of heating and cooling away from the auroral region than811

is captured by Smith (2011), perhaps similar in structure to the spiraling temperatures812

modeled as a result of local time heating within Saturn’s thermosphere, that extend down813

to the equator (Iñurrigarro et al., 2024).814

Having aligned our data to the Smith (2011) model, temperatures can also be di-815

rectly compared. Pressure level = 6 is the model layer with largest Pedersen currents816

and, at a median altitude of ∼1,100 km, is the layer most aligned with Saturn’s observed817

emission peak (Stallard, Melin, Miller, Badman, et al., 2012). At this level (Fig. 4c), there818

is a notable difference in magnitude between the observations and model, with Smith819

(2011) only producing temperature differences of ∼ ±8 K, though this also greatly under-820

estimated the required currents and more recently observed ion winds associated with821

this current system (Chowdhury et al., 2022). The temperatures observed are closer in822

scale to those in the Smith and Achilleos (2012) model, though those are a specialized823

case where asymmetries in temperature structures drive a varying rotation rate, unlike824

the symmetry observed here. The observed temperatures (380-450 K) are much lower825

than those required by Smith (2014), requiring Jupiter-like temperatures between 700-826

1000 K. However, while the absolute value of the Smith (2011) model’s temperature gra-827

dients and neutral winds are much lower, we do see surprisingly similar morphology at828

1100 km. Temperatures are spread out equatorward of the main auroral emission, though829

our measured temperatures seem to increase more in the sub-auroral region compared830

with the model, and our observed temperatures appear more balanced either side of 90831

and 270◦ΨN . The flows observed do approximate to the flow directions observed by Chowdhury832

et al. (2022), but are mis-aligned by about 45◦E.833

At pressure level = 8, positioned at ∼1,300 km (Fig. 4d), slightly above the observed834

H+
3 emission peak, the temperature structure is similar in magnitude, but appears to be835

rotated westward, compared with our observed values. However, the modeled neutral836

wind flow vectors at this altitude match incredibly well in direction to the ion winds ob-837

served by Chowdhury et al. (2022), with the observed ions expected to be dragged with838

the neutral atmosphere. These co-aligned polar flows, both flowing from 180◦ΨN to 0◦ΨN839

before veering west at a similar latitude, as well as showing similar flow patterns on the840

inner edge of the return flow around 90◦ΨN .841

4.3 How to sustain an asymmetric heat source in the thermosphere842

The observations support the basic assumptions and thermospheric modeling re-843

sults of Smith (2011) in demonstrating that there is an asymmetric heat source in the844

thermosphere (i.e. the black dashed lines in the bottom panels of Fig. 4), and that it drives845

currents as predicted. The question is: are we witnessing the process that drives the plan-846

etary period currents, or another secondary effect driven by this system of currents?847

If Saturn’s thermosphere were the ultimate driving mechanism of these currents,848

perhaps via the feedback mechanism of Smith and Achilleos (2012), then the existing849

problem of how the north and south planetary period current systems became ‘locked’850
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in 2013-2014 would be more difficult to resolve, since a mechanism for the feedback ef-851

fects in the north and south to communicate with each other would need to be discov-852

ered.853

It is possible, though, that the Pedersen currents implied by these observations are854

not the primary driver of planetary period currents, but exist alongside Hall currents driven855

from deeper layers of the atmosphere, and it is the Hall currents that dominate the ob-856

served planetary period current systems. This scenario was envisaged in the discussion857

section of Smith (2021) which proposed that the atmospheric waves in the stratosphere858

could potentially penetrate into the Pedersen conducting layer and drive small Peder-859

sen currents which could transfer energy to and therefore drive the magnetosphere.860

Past observations of the ultraviolet (UV) auroral emission are unclear about the861

depth of particle precipitation, with the measured altitudes from UV images placing the862

aurora between 800-1200 km altitude, yet measurements of hydrocarbon absorption of863

this auroral emission compared with models suggests a much lower altitude of >610 km864

(Gérard et al., 2009). Our measurement of the methane hot band fluorescence shown in865

Fig 3i, reveals emission from the upper stratosphere that includes a brightness enhance-866

ment that is very well correlated with our brightest emission. Notably, Paper 1 showed867

no comparable enhancement in the fundamental emission, while JWST observations of868

Jupiter have shown that the main emission at Jupiter has significantly stronger fluores-869

cence enhancement in the methane hot band emission, compared with the fundamen-870

tal emission (Melin, Stallard, et al., 2025). This suggests that there is a significant source871

of either heating or excitation of the methane within the fluorescence emission peak at872

∼600 km altitude (Stallard, Melin, Miller, Badman, et al., 2012).873

One indicator for the extent to which these currents are dominated by Pedersen874

or Hall currents is the temperature structures measured herein. The main source of ther-875

mal gradient observed in these observations results from a narrow band enhanced tem-876

perature difference at ∼70◦N. This tightly confined region is well outside the primary877

region for direct particle precipitation heating, highlighted by enhanced column densi-878

ties in Fig. 3e, suggesting the heat has moved away from the auroral source, as predicted879

by Smith (2011) and Smith and Achilleos (2012). However, this heat source is located880

in a region where the ionosphere is significantly sub-corotating (Stallard et al., 2004).881

If Saturn’s thermosphere is at all like Jupiter’s (Wang et al., 2023), the neutral ther-882

mosphere in this region will also significantly sub-corotate. This would drag heat away883

from the planetary-phase, with the shearing winds redistributing the heat across all lon-884

gitudes within a single rotation. However, these temperature differences could be sus-885

tained within the stratosphere if this sub-rotation fades between 600 and 1100 km. If886

these underlying temperature differences are deeply confined, heating the thermosphere887

through vertically propagating waves, as suggested by recent modeling (Smith, 2024),888

which would suggest deeper Hall currents dominate the overall planetary period currents,889

with the Pedersen current flows revealed in the upper ionosphere (Chowdhury, 2022),890

driven by the temperatures observed here, making only a partial contribution. The ex-891

tent to which each contributes can only be ascertained through detailed modeling, that892

this dataset will uniquely allow.893

One alternative source for the differential rotation rate is the equatorial thermo-894

sphere, rather than the deeper polar regions. The ∼100 K thermospheric temperature895

gradient we observe equatorward of 65◦N (the mapped location of Enceladus, where the896

breakdown in corotation begins; Stallard, Melin, Cowley, Miller, & Lystrup, 2010) is well897

outside the direct ion drag driving of the outer magnetosphere. If this thermal gradient898

is sustained, it should allow heat to move at approximately the rotation rate of the planet,899

with a difference in thermospheric sub-corotational winds of only 100-200 m/s between900

the summer and winter hemisphere to match with observed magnetospheric rotation rates.901
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The feedback mechanism within Smith and Achilleos (2012) may not be enough,902

alone, to sustain the temperature differences observed here, or contained deeper within903

the atmosphere. However, both the northern and southern planetary period currents di-904

rectly alter the thickness and locations of the current sheet within the surrounding mag-905

netosphere (e.g. Morooka et al., 2009; Provan et al., 2012; Thomsen et al., 2017; Cow-906

ley & Provan, 2017; Agiwal, Hunt, Dougherty, Cowley, & Provan, 2020; Provan, Bradley,907

et al., 2021), with a thinning of the current sheet being strongly correlated with recon-908

nection signatures in magnetic field data associated with both tailward propagating plas-909

moids and planetward propagating dipolarizations (Jackman et al., 2016; Bradley et al.,910

2018).911

Recurrent dipolarizations have been observed to result from individually generated912

reconnection bursts occurring sequentially at similar favorable planetary period phases913

(Cowley & Provan, 2021), and overall, such reconnection events typically contribute about914

a fifth of the total mass loss from Saturn’s magnetosphere, though at some advantageous915

times becoming the dominant mass loss process (Agiwal et al., 2022). Such reconnec-916

tion events have been associated with localized enhancements in the auroral brightness917

(Bader et al., 2019). There is also a weak association between the phase of planetary pe-918

riod currents and plasma instability interchange events, further driving energy into the919

inner magnetosphere, producing auroral enhancements (Azari et al., 2019).920

The planetary period phase was observed to change in dramatic jumps during pe-921

riods of solar wind compression near equinox (Provan et al., 2015), with similar compres-922

sions often resulting in dramatic auroral enhancements (Clarke et al., 2009), with this923

auroral strengthening most likely driving more heat into the ionosphere as at Jupiter (Stallard924

et al., 2002; O’Donoghue et al., 2021). Hunt et al. (2020) showed that the relative lat-925

itudinal locations of both the upward planetary period currents and upward sub-corotation926

currents are maintained across local time, implying an intrinsic link between the two sys-927

tems.928

As such, while the planetary period currents are driven by the temperature struc-929

tures revealed here, the temperature asymmetry alone, preferentially varying incoming930

middle magnetospheric currents, might not be enough to sustain the continuous heat flow931

that drives these currents. Instead, it may be both the continuous auroral enhancement932

and weakening on either side of the auroral oval associated with this steady auroral heat-933

ing, combined with the pulsing of magnetospheric events caused by changes in the mag-934

netosphere wrought by this current system that ultimately provide the feedback loop that935

sustains this auroral system. Given the alignment of the modeled heat source with the936

region of strongest upward currents, localized enhancements in the aurora from magne-937

tospheric process would pulse heat into the planetary period current system exactly where938

it is needed to enhance these currents.939

We note, however, contradictory to this, that Bader et al. (2018) show the high-940

est overall UV emission when the northern and southern phases are in antiphase with941

one another, and yet, these same periods show the lowest variation with northern phase.942

This perhaps suggests the planetary period currents actually limit enhancements from943

the magnetosphere at the planetary phase where brightening occurs.944

5 Conclusion945

These observations of Saturn’s auroral region represent a huge step forward in our946

understanding of Saturn’s auroral ionosphere, as well as the currents associated with the947

planetary period current system. Past measurements of the auroral brightness within948

a single rotation have been challenging in the UV with Cassini and impossible with Hub-949

ble, due to the cadence of those orbits around Saturn and Earth respectively; Cassini-950

VIMS could produce weak measurements of individual planetary rotations (see supple-951
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mentary movie S1), but never at a sensitivity to be scientifically useful. We have com-952

pared the observations here with the statistical intensity of the aurora, but these mea-953

surements were made over many Saturnian days (e.g. Kinrade et al., 2018; Badman et954

al., 2012).955

However, detailed spatially-resolved measurements of auroral H+
3 temperatures and956

densities have never previously been possible. Previous statistical averages typically had957

errors of ±50 K, on par with the largest temperature differences revealed here. With ex-958

pectations for JWST’s one-hundred-fold improvement in signal-to-noise over Keck, we959

hoped for a ten-fold improvement in our errors. Here, the ten-fold improvement is seen960

in each 0.5◦ latitude-longitude bin, resulting in incredible acuity, revealing delicate fil-961

amented temperature structures. Equally, column density details are revealed for the first962

time with incredibly low density errors, again with an up to ten-fold improvement, where963

our best past measurements have had ∼50% errors over much broader regions (e.g. O’Donoghue964

et al., 2016).965

Saturn’s ionosphere and aurora have been shown to be highly orientated in rota-966

tional phase, aligning with past expectations of an aurora dominated by the variations967

caused by the planetary period auroral current. From this, we assume a northern plan-968

etary period phase of ∼0◦ΨN phase at 45◦W at the time of these observations.969

Temperatures range between 403-489 K (the central 98% quantile), with localized970

variations observed, across <10◦ regions, resulting from changes in temperature of only971

20-30 K. Temperatures are strongly enhanced around a planetary period phase of ∼90◦ΨN ,972

partially agreeing with the weakly constrained measurements from O’Donoghue et al.973

(2016) and Chowdhury (2022), but here revealing a matching cooling at ∼270◦ΨN , with974

the strongest heating/cooling at 70◦N. There is also weaker heating/cooling in the sub-975

auroral region, which remains statistically significant as far equatorward as ∼55◦N.976

We have also identified statistically significant cooling focused on the darkest of the977

sub-auroral beads previously identified (Paper 1), between 240−300◦W. While we can-978

not statistically resolve the density changes across this region, this does indicate the bright-979

ness differences are at least partially controlled by a thermospheric cooling within beads980

themselves, strengthening the case these are the result of atmospheric dynamics, either981

propagating from below or moving within this layer of the thermosphere. Further ob-982

servations investigating these features is needed to understand how and why they are983

formed, and whether they are associated with the aurora, the observed underlying strato-984

spheric complexity, or a combination of both.985

Column density measurements suggest alternating bands of upward and downward986

currents, reflected and inverted either side of the 0−180◦ΨN line. These measurements987

reveal more complex structures in the planetary period current system than have ever988

been seen before, but broadly agree with past spacecraft measurements (e.g. Hunt et al.,989

2015) and the predictions from modeling (e.g. Smith, 2011). Most notably, the main au-990

roral emission is enhanced and reduced by comparable amounts through the rotating up-991

ward and downward currents, resulting in ±2×1015 m−2 density differences.992

Notably, past models place the heating source, yielding temperature distributions993

similar to those observed here, directly over the region of highest column density, indi-994

cating that the aurora itself is the heat source for the planetary period current. Since995

the region of highest temperatures (around 70−73◦N) is well away from the peak au-996

roral region (around 75◦N), at the region of the thermosphere that significantly sub-rotates997

at >1 km/s, we speculate the main heat sink within the atmosphere is found deeper in998

the atmosphere, beneath the region modeled by Smith (2011). This deeper upper strato-999

spheric region (∼600km; Stallard, Masters, et al., 2012) has significant enhancement of1000

the methane hot band fluorescence that most closely aligns with the H+
3 total emission,1001

suggesting this layer is equally affected by both temperature enhancements and incom-1002
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ing precipitation. That suggests significant auroral energy is penetrating into this layer,1003

driving similar localized heating, but resulting in potentially very different thermal winds.1004

According to Smith (2014), if the underlying layer is heated similarly to the ther-1005

mosphere, producing a hot spot near 90◦ΨN and a cold spot near 270◦ΨN , neutral winds1006

would flow directly across the pole, dragging ions more slowly with them, but leaving1007

electrons magnetized and stationary on magnetic field lines. This, combined with the1008

localized enhancement in Hall conductivity within the auroral region, results in an ef-1009

fective E×B drift and Hall current flowing across the local auroral regions at 90◦ΨN and1010

270◦ΨN , resulting in the same negative current divergence and upward currents at 90◦ΨN ,1011

and the same positive current divergence and downward currents at 90◦ΨN . From this,1012

we predict that the planetary period Pedersen currents driven within the thermosphere1013

make up only part of the entire current, with a significant additional contribution com-1014

ing from deeper Hall currents. We speculate that the planetary period currents might1015

be further enhanced by the changing magnetospheric conditions that result from these1016

currents, driving a feedback loop of enhanced reconnection and precipitation in phase1017

with the atmospheric current system.1018

This result has important implications for other planets. If the atmospheric con-1019

ditions can drive currents out into the surrounding atmosphere, detailed measurements1020

of the stratospheres of these worlds may help reveal more complex interactions, acting1021

to enhance and weaken the aurora in unique and, as yet, unexpected ways.1022

Ultimately, we have revealed the temperature structures that appear to drive the1023

planetary period currents, either within the thermosphere or deeper, and have associ-1024

ated these temperature structures with heating from the magnetosphere. Further mod-1025

eling of the atmosphere, ionosphere and magnetosphere are needed to fully understand1026

this complex system, but the temperatures presented here provide the unique and spe-1027

cific key, previously missing, that will allow these models to fully resolve the processes1028

that produce Saturn’s unique planetary period current.1029
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Sánchez-Lavega, A., Ŕıo-Gaztelurrutia, T., Hueso, R., Pérez-Hoyos, S., Garćıa-1391
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