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e Juno data and solar wind modeling
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several hours prior by fast solar wind
streams

e The hot feature may drift equatorward
from the aurora at 1.1 + 0.2 km s™!, or
be driven by a novel magnetospheric
energy source

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

J. O’Donoghue,
james.odonoghue @reading.ac.uk

Citation:

O’Donoghue, J., Moore, L., Melin, H.,
Stallard, T., Kurth, W. S., Owens, M., et al.
(2025). Sub-auroral heating at Jupiter
following a solar wind compression.
Geophysical Research Letters, 52,
€2024GL113751. https://doi.org/10.1029/
2024GL113751

Received 17 NOV 2024
Accepted 6 MAR 2025

Author Contributions:

Conceptualization: James O’Donoghue
Data curation: James O’Donoghue,

L. Moore, W. S. Kurth, J. E. P. Connerney,
K. Roberts

Formal analysis: James O’Donoghue,

T. Stallard

Funding acquisition: James O’Donoghue
Investigation: James O’Donoghue,

L. Moore, H. Melin, T. Stallard,

W. S. Kurth, M. Owens, T. Bhakyapaibul,
C. Tao, J. E. P. Connerney, K. L. Knowles,
H. Kita, K. Roberts, P. I. Tiranti,

O. Agiwal, R. Johnson, R. Wang,

E. Thomas, G. Murakami

Methodology: James O’Donoghue,

L. Moore

© 2025. The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

'

Sub-Auroral Heating at Jupiter Following a Solar Wind
Compression

James O’Donoghuel’2 , L. Moore® ©, H. Melin®, T. Stallard* ©, W. S. Kurth® ©, M. Owens! ©,
T. Bhakyapaibul®, C. Tao’ ©, J. E. P. Connerney®® ©, K. L. Knowles* (0, H. Kita'’, K. Roberts>,
P. L. Tiranti* ©, 0. Agiwal® @, R. Johnson'! ©©, R. Wang'? ©, E. Thomas* ©, and G. Murakami’

'Department of Meteorology, University of Reading, Reading, UK, “Institute of Space and Astronautical Science, Japan
Aerospace Exploration Agency, Sagamihara, Japan, *Center for Space Physics, Boston University, Boston, MA, USA,
“Department of Mathematics, Physics and Electrical Engineering, Northumbria University, Newcastle-upon-Tyne, UK,
Department of Physics and Astronomy, University of Towa, Towa City, IA, USA, ®The Grainger College of Engineering,
University of Illinois Urbana-Champaign, Urbana, IL, USA, "National Institute of Information and Communications
Technology (NICT), Tokyo, Japan, *NASA Goddard Space Flight Center, Greenbelt, MD, USA, °Space Research
Corporation, Annapolis, MD, USA, 19Tohoku Institute of Technology, Sendai, Japan, ! lDepartment of Physics,
Aberystwyth University, Aberystwyth, UK, '?School of Physics and Astronomy, University of Leicester, Leicester, UK

Abstract Jupiter's polar aurorae deliver significant heating at the poles, thought to spread across the planet
through atmospheric winds. Additionally, ground-based Keck observations have revealed a large-scale high-
temperature region, spatially distinct from the aurorae. Here, we investigate the origins and characteristics of the
feature using Keck data, in-situ Juno spacecraft measurements, and solar wind modeling. Juno exited the
magnetosphere on approach to Jupiter, coinciding with modeled high-speed solar wind impact that compressed
the magnetosphere. This hot feature may be dynamic, transported equatorward by winds following auroral
activity enhancements from magnetospheric compression akin to a large-scale traveling ionospheric disturbance
on Earth, or driven by the inner magnetosphere particle precipitation. Exploring the dynamic case, we calculated
equatorward velocities ranging from 0.46 to 2.02 km s~!, similar to those seen at Earth. Our study underscores
the importance of the solar wind at all planets, exemplified by its ability to alter Jupiter's upper-atmospheric
energy balance globally.

Plain Language Summary Jupiter's powerful aurorae release vast amounts of energy into the
planet's upper atmosphere, primarily in the polar regions. Normally, temperatures decrease gradually toward the
equator, reflecting how auroral energy is redistributed across the planet. However, a recent discovery revealed a
large, high-temperature region far from the aurorae, disrupting this typical pattern. In this study, data from
NASA's Juno spacecraft and solar wind models indicate that strong solar winds likely compressed Jupiter's
magnetic field several hours before this hot region appeared. This compression may have intensified auroral
heating, driving the hot region away from the auroral zone. Alternatively, the region could have been heated by a
yet unknown process. In either case, prior solar wind activity appears to have been the key trigger.

1. Introduction

Jupiter's upper atmosphere begins hundreds of kilometers above the planet's 1-bar pressure surface and may be
considered composed of two co-located components: a thermosphere and an ionosphere (Yelle & Miller, 2004).
The neutral thermosphere is mainly composed of molecular hydrogen, co-located with an ionosphere composed
of electrons and (mainly) H} and H* jons (O’Donoghue & Stallard, 2022; Tao et al., 2011). Escaping neutrals
from the volcanic moon o, in orbit about Jupiter at 5.9 R; (where 1 R; is Jupiter's equatorial radius; 71,492 km at
1-bar pressure), become ionized by charge-exchange and solar extreme ultraviolet (UV), populating the Jovian
magnetosphere with plasma. However, the 9-hr 56-min rotation period of Jupiter and its magnetosphere partially
entrap the plasma, ultimately generating magnetosphere-ionosphere coupling currents which deliver charged-
particle precipitation and heating to the polar regions, forming the Jovian aurorae (Cowley et al., 2005).
Auroral upper atmospheric temperatures at the magnetic poles of Jupiter are typically over 900 K (Adriani
et al., 2017; Johnson et al., 2018; Melin et al., 2006; Moore et al., 2017; T. Stallard et al., 2001), whereas
temperatures away from the auroral region are on the order of 700 K (Lam et al., 1997; Melin et al., 2024;
Migliorini et al., 2019).
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Polar region temperatures are adequately explained by ion-neutral collisional heating associated with the auroral
mechanism, but the remainder of the planet is simulated to be 200 K based on solar heating alone, some 500 K
lower than observed (Miller et al., 2020; Strobel & Smith, 1973; Yelle & Miller, 2004). Two main candidate
heating mechanisms have been thought to explain these temperatures in recent literature: the dissipation of gravity
and acoustic waves traveling from below and/or the global distribution of auroral energy by upper atmospheric
circulation. Gravity waves were modeled to either heat or cool the thermosphere by tens of Kelvin, while acoustic
waves could heat the region by hundreds of Kelvin (Lian & Yelle, 2019; Matcheva & Strobel, 1999; Walterscheid
etal., 2003). The upper atmosphere above Jupiter's Great Red Spot was once measured to be over 1,600 K and was
interpreted as a signature of acoustic wave heating (O’Donoghue et al., 2016), but subsequent observations have
not shown a significant temperature enhancement in the region, which may indicate that such heating is time-
variable (Melin et al., 2024; O’Donoghue et al., 2021).

A redistribution of auroral energy has long been proposed to explain this discrepancy, requiring that the hot upper
atmosphere from the magnetic polar regions continuously propagates toward the equator through a system of
winds. Bougher et al. (2005) demonstrated this process using a global circulation model (GCM) at Jupiter.
Observations of auroral temperature measured by Hi—a proxy for neutral upper atmosphere temperatures
(Miller et al., 2006)—found that auroral temperatures fall off too quickly over time to be explained by radiative
cooling alone, supportive of the idea that polar heat is transported away (Melin et al., 2006). However, subsequent
GCM studies for Jupiter and Saturn showed that efficient heat redistribution was unlikely, as Coriolis forces
associated with intense zonal winds on these rapidly rotating planets deflect meridional flows, effectively
confining heat near the poles (Smith et al., 2007; Yates et al., 2020).

Recently, two longitude-latitude maps of Jupiter's upper atmosphere temperatures were produced with ground-
based Keck telescope observations of HY (O’Donoghue et al., 2021). The two maps, recorded in 2016 and
2017, show a temperature gradient in which high polar temperatures gradually diminish to lower temperatures at
the equator, consistent with the idea that hot auroral atmosphere is able to escape to lower latitudes, in spite of the
zonal flows which ought to resist them. While temperature gradients help to confirm global energy transport and
its direction (on average), a useful next step to improve our understanding of this mechanism is to measure the
velocity of the flows planet-wide. In the auroral regions, velocities of hundreds of m s~! were measured using
Doppler-shifted HY lines with a spectral resolution of R ~ 100,000 (Johnson et al., 2018). High spectral reso-
lution and signal to noise enable sub-pixel precision here, but outside the aurora, where lines are an order of
magnitude fainter, such measurements are difficult.

The 2017 temperature map of O’Donoghue et al. (2021) reported on the presence of a large hot feature (up to
950 K above a background of 750 K) far from the auroral region, which extends 160° in longitude around the
planet. There are no known heating mechanisms capable of producing a feature with these temperatures outside of
the auroral region, so it was hypothesized that the feature was launched toward the equator from the main auroral
oval. A rapid increase in auroral heating may facilitate such a launch, as the resultant adiabatic expansion of the
upper atmosphere would lead to winds which transport hot gases away from the main auroral oval, which is often
seen in Earth's upper atmosphere (Palmroth et al., 2021). Assuming an auroral origin, a growing distance between
the feature's center and the main oval was measured throughout the several-hour observing sequence, from which
the feature's median equatorward velocity was derived to be 620 m s~'. However, this single, simplistic estimate
was only based on a growing latitudinal distance between the feature and the main oval at the same longitudes and
did not include the possibility of longitudinal drift.

The cause of the sudden auroral heating itself was thought to be due to a solar wind compression of the Jovian
magnetosphere, as global circulation modeling work predicted extended regions of equatorward flow in this
scenario (Yates et al., 2014). Indeed, modeled solar wind dynamic pressure at Jupiter was estimated to be an order
of magnitude higher than in the several days preceding the Keck observation on 25 January 2017, but the arrival
time uncertainty was a wide +1.5 days. If this feature has a solar wind driver, it adds to growing evidence that the
Jovian aurorae and the global upper atmosphere at large are strongly affected by conditions in the solar wind,
despite the system being driven internally (Baron et al., 1996; Bonfond et al., 2020; Moore et al., 2017). Un-
certainties in solar wind arrival times and the dynamics of the hot feature—assuming it is indeed moving—have
limited our ability to draw definitive conclusions about the origin and underlying physics of this important
mechanism. In this study, we incorporate new data from the Juno spacecraft which reveals the state of the Jovian
magnetosphere, providing updated estimates for solar wind conditions at Jupiter. Furthermore, we explore the
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Figure 1. An example Keck NIRSPEC slit-viewing camera image (top) and spectral image (bottom) recorded on 25 January
2017 at 11:42 UT. (top) A guide-camera image of Jupiter filtered between 2.134 and 4.228 pm, used to indicate the position

of the slit relative to Jupiter, which is fixed to local noon throughout the observations. Bright regions mainly correspond with
reflected sunlight from ammonia cloud decks and polar hazes, while the satellite Europa can also be seen on the top left.
(bottom) A spectral image of Jupiter divided into two orders showing spectral radiance versus wavelength and planetocentric
latitude. Methane absorbs sunlight strongly at shorter wavelengths (left), while reflected sunlight dominates at longer
wavelengths (right). H} emission lines are present in both spectral orders, vertically extending from the north pole (and above
the planet) to just-south of the equator.

hypothesis that the feature is dynamically moving by deriving precise velocities across all longitudes, which also
returns an estimated launch time for the feature.

2. Observations

Here, we re-interpreted observations originally presented in O’Donoghue et al. (2021). On 25 January 2017,
between 11:36 and 16:28 Universal Time (UT), Jupiter's upper-atmospheric H¥ rotational-vibrational emissions
were observed in the near-infrared (3—4 pm) by the 10-m Keck II telescope with its R ~ 25,000 spectral resolution
spectrometer, NIRSPEC (Near-InfraRed Spectrometer) (McLean et al., 1998). The NIRSPEC slit, measuring
24" % 0.432", was aligned from north pole to equator along Jupiter's rotational axis as shown in Figure 1 (top) by
an example NIRSPEC slit-viewing camera image. These images were taken every 9 s in order to ascertain the
changing position of the slit in front of the planet during the night, while spectral images, such as that shown in
Figure 1 (bottom), were simultaneously recorded for the spectral analysis of HY emission lines, with each
exposure lasting 60-s. Calibration and other overheads meant that exposures were captured on Jupiter's noon
meridian every 3.4 min, during which the planet rotated 2.3°. These observations were astronomically reduced
and mapped to produce a data cube of Hf -containing emissions for Jupiter's entire northern hemisphere between
120 and 330° longitude, a process described in more detail in O’Donoghue et al. (2021).

From this data cube, the intensity ratio of two Hf emission lines, one at 3.41277 pm and one at 3.9529 pm, were
fitted using a model of the ion in order to determine three key HY parameters: column-averaged temperature,
radiance (also known as the total emission) and line-of-sight corrected column-integrated density. The model and
the fits it produced for the present work were reported by O’Donoghue et al. (2021), so the procedures are only
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Figure 2. Map projections of HY temperatures with analyses of the sub-auroral hot feature, all recorded at local noon on the
planet. Panel a displays temperatures as a function of longitude and latitude, with the main auroral oval outlined in solid
black. This oval corresponds to regions magnetically mapped along field lines to a distance of 25 R; in Jupiter's equatorial
plane. Panel b displays an equirectangular projection of a portion of panel a with the fit to the center of the hot feature. Here, the
hot feature is connected to its nearest neighbors (along a great circle) to the auroral oval by black arrows, while magnetic
footprints are overlaid and marked at equatorial distances of 5.9 R; (Io's orbit) and 2.0 R;. Panel c indicates where in the
equatorial magnetosphere the hot feature traces to, in terms of Jupiter radii (L-shell). Panel d presents the distance between the
hot feature and the oval, where velocities are calculated by dividing the change in distance by the time interval between data
points. Six velocities are obtained using pairs separated by one intermediate data point; an example is given in the main text,
with details of the magnetic field model used. Error bars in panels b and d derive from the telescope pointing errors and
atmospheric seeing. Panel b is re-plotted in Figure S4 in Supporting Information S1 so as to provide an unobstructed view of the
hot feature.

briefly discussed here. While more emission lines are present in the data, these two were found to be considerably
less affected by emissions from other species at all latitudes. The Hf model itself, based in the Interactive Data
Language (IDL) programming language, has been used in numerous prior studies (Melin et al., 2014, 2016;
O’Donoghue et al., 2014; T. S. Stallard et al., 2018) and now has an open-source Python-language counterpart
(h3ppy; https://github.com/henrikmelin/h3ppy). Four example fits to the ion, along with corresponding tem-
peratures and uncertainties, are shown in Figure S1 in Supporting Information S1.

3. Results and Discussion

On the night of 25 January 2017, a total of five maps were generated for each of the three HY parameters. The
temperature map is projected in Figure 2 and has an overall median uncertainty of 1.6%. The full maps for HY
density and emission are shown in Figure S2 in Supporting Information S1. The location of Jupiter's main auroral
oval is overlaid in Figures 2a and 2b, connected by Jupiter's magnetic field to 25 R; in the equatorial plane.
Additional magnetic mappings to 5.9 R; (Io's orbit) and 2.0 R; are included for reference. This mapping used the
JRM33 internal magnetic field model (Connerney et al., 2022) with an external model for Jupiter's magnetodisc

O’DONOGHUE ET AL.

4 of 10

85UB0 17 SUOLILLIOD BAIER1D) 3|qeoljdde ay) Aq pausenob a1e saoie WO ‘88N JO s3I 104 Akeiq 1T UIIUO AB|IM UO (SUOIIPUOD-PUR-SWRYLLODAB | 1M ARe1q)1BUIIUO//SARY) SUORIPUOD PUe WS L 83U} 89S *[6202/70/50] uo Ariq auljuo AB|IM 9L Aq TSLETT 19¥202/620T 0T/10p/LLod A8 m AReiq putjuo'sgndnBe//:sdny WwoJy papeojumoq . ‘S0z ‘L008r76T


https://github.com/henrikmelin/h3ppy

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL113751

(““Con2020”) (Connerney et al., 2020), and was generated using the open-source JupiterMag code in Python
(version 1.3.1, to degree 13) (Wilson et al., 2023). The precipitation of charged particles occurs mainly along and
within the main oval, producing Hf which, by the reaction H, + Hf —HZY + H, leads to high H densities along
the oval seen in Figure S2 in Supporting Information S1 (Miller et al., 2010). Temperatures in the polar region are
elevated on and inside the main oval, indicating that auroral heating is not well confined to the oval; a result seen
in previous studies (Johnson et al., 2018). A high temperature feature is evident, covering approximately 180° of
longitude and several degrees of latitude, displaced far equatorward of the main auroral oval (solid black). There
are two distinct hypotheses for its origin that we explore in this section: either it is imposed by the magnetosphere
locally and therefore stationary on the planet itself, or it is dynamic, transported to the region from the auroral
region.

In the stationary case, we suggest that the feature could be driven by forcing from the innermost Jovian
magnetosphere and/or radiation belts, potentially through mid-latitude particle precipitation or a current system
causing Joule heating. Precipitation is occurring in this region, as observed remotely by Juno in UV Gladstone
et al. (2017) and in situ through measurements of electron density enhancements (Kurth et al., 2025). Cowley
et al. (2005) estimated Jovian global upper-atmospheric heating contributions of 1 TW from solar UV, 4-8 TW
from particle precipitation, and 600 TW from auroral-zone Joule heating. While particle precipitation can
contribute to heating, it may not be sufficient to produce the auroral-like heating required to explain the planetary-
scale hot feature seen here. Furthermore, Figure S2 in Supporting Information S1 shows evidence that H} density
is not elevated and even slightly decreased along the feature, whereas localized particle precipitation would be
expected to increase it. An alternative explanation may be that precipitation preferentially falls at high altitudes
here, enhancing HY production where upper-atmospheric temperatures are highest, thus weighting our column-
integrated emission measurements toward hotter regions. However, under this scenario, Hf production should
still exceed the solar-produced background level.

An associated electric current system delivering Joule heating may instead explain the hot feature, akin to the
aurorae but temporary, as it has only been observed on one night to date. This current system, or the previously
discussed preferentially high-altitude precipitation, could be sustained by Jupiter's ionospheric dynamo through
complex vertical and horizontal drifts within the ionosphere (Kurth et al., 2025). Figure 2c¢ illustrates where the
feature maps to in Jupiter's equatorial plane via magnetic field lines, suggesting either that the magnetospheric
source region (if it is indeed the source) is broad or moves rapidly, on the order of tens of km s~!. The lack of a well-
defined theoretical source region, coupled with the fact that the hot feature spans half the planet without inter-
ruption, leads us to consider a dynamic explanation in which hot atmosphere has traveled from the aurorae to this
position. It is possible that the hot feature we see on Jupiter is essentially a manifestation of a large-scale traveling
ionospheric disturbance seen on Earth. These occur when a sudden auroral heating increases ion temperatures,
which expands the thermosphere, and drives winds away from the region (Borries et al., 2017). The expansion also
lifts heavier molecules (O,, N,), increasing recombination rates and reducing total electron content; if hydro-
carbons reach higher altitudes at Jupiter under the same mechanism, it may quench HY and other ions, and may
therefore explain the slight HY reduction seen in Figure S2 in Supporting Information S1.

Figures 2a and 2b show increasing separation between the feature and auroral oval over time, enabling velocity
measurement under the assumption of auroral origin. In the prior study on this data set, only the latitudinal
differences between this feature were measured at each longitude, using the (older) JRM09 magnetic field model
of Connerney et al. (2018); O’Donoghue et al. (2021). Here, distances are determined by selecting longitudinal
positions along the hot feature's latitudinal central position (obtained using Gaussian fits shown in Figure 2b),
before connecting them to the main oval by the shortest (“great circle”) route at several locations. The nearest-
neighbor vectors show flows advancing south-west from the main oval, though this is expected given the ge-
ometry of the oval at the longitudes covered and the strong westward zonal winds. Using Newton's Method for
solving the inverse geodesic problem and accounting for the oblateness of Jupiter (Karney, 2013), eight distances
between the main oval and the hot feature were determined, as illustrated in Figure 2d. With increasing longitude,
the feature moves further from the oval: the change in the distance between any two data points is divided by the
change in time between them, allowing for the calculation of velocity. To reduce positional uncertainties in our
estimate of velocity, we selected distance/data pairs separated by one intermediate value to cover more longi-
tudes. For example, the feature moved 1,588 km between 182 and 217° longitude, while 58 min elapsed, leading
to a velocity of 0.46 km s~
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Dividing a distance from the oval at each longitude in Figure 2d by a velocity, we produce an estimate for its

1

launch time. The overall mean velocity of the feature is 1.1 + 0.2 km s™', which implies an average launch time

for the whole feature of 10: 24733™" UT on 25 January. The average of the three highest-longitude velocities is
1.8 0.2 km s™!, giving an average launch time for the feature in this location of 12: 14733™" UT on 25 January,
which may explain the hot region near to the auroral oval at 130° longitude (recorded at 11:45 UT) and 80°

latitude in Figure 2. The average value for the three velocities at the lowest longitudes is 0.49 + 0.2 km s™!, giving

an average launch time of 06: 24f§:$’;; UT on 25 January. Figure S3 in Supporting Information S1 displays these
values individually for close inspection, and we note that as the perimeter of the feature extends equatorward of its
central position, activity likely began hours earlier still. The potential for measuring Doppler shifts of HI lines
was assessed: R ~ 25,000 provides 12 km s~! per pixel, or 1.2 km s~ with 0.1 pixel precision. However, the

signal-to-noise ratio was insufficient for the required accuracy to detect these velocities.

The velocities we report at lower longitudes align well with the 0.62 km s~! velocity average reported by
O’Donoghue et al. (2021), but the overall average and high longitude values here are much larger. In other Jovian
observations, velocities of approximately 2 km s~! have been recorded within the auroral region, comparable with
the faster flows seen here (Wang et al., 2023). At Earth, Nykiel et al. (2024) report velocities for LSTIDs on the
order of 0.5-1.6 km s~!, which span most of the range of velocities seen here at Jupiter. Modeling work dem-
onstrates westward zonal flows between 0.5 and 1.2 km s~! far away in the thermosphere's sub-auroral region
(Bougher et al., 2005), but Yates et al. (2014) modeled meridional flows of just 0.18 km s~! in response to solar
wind compression. From our observations, it remains unclear to what extent this hot feature is carried by an
existing background flow or actively drives it.

Solar wind conditions at Jupiter for the dates surrounding 24 and 25 January were hind-cast in O’Donoghue
et al. (2021), using the 1-Dimensional magnetohydrodynamic model Tao-MHD (Tao et al., 2005). A more than
ten-fold increase in solar wind dynamic pressure was found near the observations, and such an increase can
compress the Jovian magnetosphere substantially, moving the dayside magnetopause from 100 to 50 R;
(Bagenal, 2007). Here, we also add an open-source 1-D hydrodynamic model of the solar wind, called the He-
liospheric Upwind eXtrapolation model (time-dependent) (HUXt) Owens et al. (2020); Barnard and
Owens (2022), which hind-casts high velocity solar wind streams of ~650 km s~! impacting the Jovian system on
24-25 January (following typical velocities of ~400 km s™'), as seen in Movie S1.

During this time, the Juno spacecraft was in Jupiter orbit, providing in-situ insights into magnetospheric activity:
data from the Juno Waves instrument is shown in Figure 3 (Kurth et al., 2017). Overlain on this figure, in all
panels, is the full range of launch times (derived above) and the Keck observation time range. Trapped continuum
radiation, typically observed in the outer magnetosphere, appears between 0.3-5 kHz (panel d), with a low-
frequency cutoff at the local plasma frequency proportional to the square root of electron density (panel c).
The emission vanishes at the end of 24 January, returning late on 25 January, indicating that Juno exited the
magnetosphere into the higher-density magnetosheath and later re-entered it. Indeed, Louis et al. (2023) report
that the Juno spacecraft crossed the magnetopause six times in total over a 22-hr period between January 24-25
(listed as magnetopause crossings 118 through 123 in that study). This occurred despite the Juno spacecraft
moving 9 R; closer to the planet on the dawn sector (5:08 Jupiter local time) during January 24-25, demonstrating
that the retreating magnetopause overtook the spacecraft and that the Jovian magnetosphere was being com-
pressed by the impinging solar wind at this time.

Arguments in favor of the hot feature being dynamic are compelling. Energy transport from the main auroral
ovals in the form of winds is expected even during quiet conditions, but dramatically so following a solar
wind compression of the magnetosphere, particularly at Earth in the form of LSTIDs (Nykiel et al., 2024;
Palmroth et al., 2021; Yates et al., 2014). If the feature is stationary on the planet, then it is likely induced
externally by the inner-magnetosphere via particle precipitation and associated currents which lead to Joule
heating (Kurth et al., 2025). Solar wind compressions are known to shift Io's plasma torus, enhancing the
dawn-to-dusk electric field in the inner magnetosphere (Murakami et al., 2016). If this electric field connects
to the ionosphere along magnetic field lines, it could increase Joule heating through associated currents, and
mark the first time that a large-scale heating mechanism outside the aurora has been documented.
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Figure 3. Solar wind propagation modeling at the vicinity of Jupiter with Juno spacecraft instrument data taken in-situ in
Jupiter orbit. Panel (a) shows the output of the HUXt solar wind model, illustrating the solar wind speed at Jupiter. Panel
(b) presents Juno magnetometer data, showing both the magnetic field magnitude and the root mean square (RMS)
fluctuations calculated over 60-s intervals. The RMS fluctuations are in the B, component of the magnetic field, aligned with
the spacecraft's rotation axis (primarily pointed toward Earth), with light shades indicating positive B_, and darker shades
indicating negative B,. In panel (c), derived electron densities are shown from Juno's Waves instrument (Kurth et al., 2017).
Panel (d) shows a time-frequency plot of electric field spectral density, from which the electron density in panel (b) was derived.
The X-axes show date and Juno spacecraft radial distance (from the center of Jupiter). Overlain are the independently derived
Keck launch times for the hot feature, as well as the observations themselves.

4. Conclusions

This study presents a new analysis of Jupiter's upper atmosphere observations taken by the Keck II telescope on
25 January 2017, in which an anomalous hot feature extending over approximately 180° longitude and several
degrees of latitude was present. The hot feature is significantly displaced from both the modeled main auroral oval
and regions of elevated HI column density typically associated with auroral precipitation, and reaches temper-
atures of up to 950 K on top of the surrounding atmospheric background of approximately 750 K.

We explored the hypothesis that the feature was dynamically transported equatorward from the main auroral oval
by thermospheric winds, launched after a solar wind-induced compression of the Jovian magnetosphere, anal-
ogous to LSTIDs at Earth. Supporting evidence includes the derivation of a realistic mean flow velocity of
1.1 = 0.2 km s~!, which aligns with the central (hottest) part of the feature having left main oval on average at
10:24 UT, though the feature has a wide range of velocities in longitude. The derived velocities likely correspond
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to the feature's own velocity mixed with that of the background wind field, but the relative contributions are
unknown. Two solar wind models predict high pressure, fast streams arrive at Jupiter in the days surrounding the
observation, and the Juno spacecraft detected characteristic signatures of magnetospheric compression from
several hours prior to the observations. These facts imply that, if the high temperature feature results from
magnetospheric compression, hot thermospheric flows began escaping from the main oval as soon as the
magnetosphere started being compressed.

We also considered the possibility that the hot feature is stationary, imposed by inner magnetosphere-ionosphere
coupling. This could potentially be linked to enhanced dawn-to-dusk electric fields in the inner magnetosphere
following solar wind compressions. While some particle precipitation (and energy) must be deposited to the upper
atmosphere at mid-latitudes (Kurth et al., 2025), the magnitude of energy required for heating is non-trivial, and
without precedent. First; these are auroral-like temperatures over an area larger than the auroral oval, and second;
these high temperatures may be sustained over several hours, as they were present during most of the observation
window on 25 Jan.

Jupiter's UV aurorae and the solar wind have previously exhibited a complex and variable coupling process that
affects auroral brightness and structure (Kita et al., 2016; Nichols et al., 2007). Our findings highlight that the
solar wind plays a significant role in the thermal and possibly dynamic behavior of Jupiter's upper atmosphere,
outside of the auroral regions. Future observations, ideally conducted over consecutive Jovian rotations, will
definitively determine whether hot features like the one identified are migrating equatorward. Concurrently,
theoretical studies may uncover new mechanisms for energy delivery within the innermost magnetosphere.
Regardless of the underlying cause of the additional heat in this region, our analysis suggests that the solar wind is
the most probable root cause, with profound consequences for global thermal energy balance.

Data Availability Statement

Telescopic data (spectra and guider images) are publicly available in a raw FITS format on https://nexsci.caltech.
edu/archives/koa/. Open-source computer code used for fitting to Hf and producing temperatures, densities and
radiances is available in the Python programming language at https://pypi.org/project/h3ppy/. Results from the
work presented here are available and stored as IDL .sav files with temperature, density and radiance as a function
of longitude and latitude, along with their uncertainties, together with longitude, latitude and L-shell mappings for
the hot feature (O’Donoghue, 2025). The Juno Waves data used in this paper are available from NASA's Planetary
Data System (Kurth, 2021). Open-source JupiterMag Python code was used to perform magnetic field-line tracing
from the planet to the equatorial plane (version 1.3.1, to degree 13) (Wilson et al., 2023). Open-source HUXt code
was used in propagating the solar wind at out to Jupiter (version 4.2.0) (Barnard & Owens, 2022).
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