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Abstract We present near‐infrared observations of the northern aurora of Jupiter using the NIRSpec
instrument on the James Webb Space Telescope, mapping emissions from H+3 and CH4 across the polar region.
The data were acquired over a period of ∼4 hr, providing a temporally averaged view of these emissions. From
the H+3 spectra we derive the temperature of the upper atmosphere and H+3 ion densities. Temperatures are
elevated along the main auroral oval at both dawn and dusk, though the highest temperatures recorded were
poleward of the main oval at dawn, approaching 1500 K. The highest ion densities were observed dusk‐ward of
the main oval, closely correlating with the observed H+3 radiance. Using overlapping individual observations (or
dithers) we investigate the temporal variability of the temperatures, which we found change too fast to represent
wholesale changes to the vertical temperature structure of the upper atmosphere. Instead, these fast changes are
likely connected to variable electron precipitation energies, which produce H+3 at different altitudes that sample
different parts of the thermospheric temperature profile. The 3.3 μm CH4 fundamental and hotband emissions
are brightest at 210°W close to the pole, which has been seen previously. However, we also see emission along
the main oval, suggesting excitation of this non‐LTE emission by direct precipitation. Lastly, we suggest that the
CH4 band ratios can be used to trace the penetration depth of the precipitating electrons, and therefore their
energies.

Plain Language Summary The James Webb Space Telescope is the most advanced telescope ever
constructed and it provides unrivaled sensitivity with which to observe our Universe. By pointing the telescope
at Jupiter's northern pole we can observe the bright northern lights, or aurora, of the planet. These vibrant light‐
shows are a result of the charged particles streaming along magnetic field‐lines, crashing into the upper
atmosphere, causing both excitation and ionization. An important signature of this process are the emissions
from the molecular ion H+3 and by observing its near‐infrared spectrum, we can derive the ion's temperature and
density, which are tracers of thermal and chemical change in the auroral region. Because the observations
overlap on the planet, we can investigate how the temperature and density change over time. These changes are
very large and fast, which suggests that the electrons responsible for creating H+3 are changing energy rapidly.

1. Introduction
The bright aurora of Jupiter is produced by the most vociferous interaction between neutral thermosphere,
charged particle ionosphere, and magnetosphere within our Solar System. Vast current‐systems, largely driven by
the motions of plasma within the magnetosphere (e.g., Cowley & Bunce, 2001) and by wave particle interactions
above the atmosphere (e.g., Sulaiman et al., 2022), are established that flow into and through the planet's
ionosphere. Collisions between charged particles and the neutral atmosphere generate significant heating in this
region, via electron impact, Joule heating, and ion drag (e.g., Lystrup et al., 2007; Tao et al., 2009; Wang
et al., 2024). As the currents travel into, out, and through the atmosphere they also excite and ionize its con-
stituents, producing emission at different wavelengths, from X‐ray to radio (see Badman et al., 2015; Yelle &
Miller, 2004). These different emissions provide unique information about the energetics and dynamics of the
auroral process, and how it alters the physical state of the atmosphere.
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The ionosphere is the charged component of the upper atmosphere, and a major constituent within it is the
molecular ion H+3 , along with H+. By performing remote sensing spectroscopic observations of H+3 in the near‐
infrared, the physical properties of this region can be determined (e.g., Miller et al., 2020), namely: temperature,
H+3 column density, and radiative cooling rates. The retrieved H+3 temperature is a column average, weighted by
the H+3 density altitude profile, so the derived temperature is biased toward the lower part of the ionosphere where
it is densest (Moore et al., 2019). In other words, spatial or temporal changes in the observed H+3 temperature can
be interpreted in two ways: (a) changes in the heating and cooling of the upper atmosphere due to internal
(e.g., deposition of gravity waves) and external forcing (magnetospheric processes) and/or (b) changes in the
precipitating electron energy and flux, producing H+3 at different altitudes, sampling different parts of the
increasing (in altitude) temperature profile (e.g., Grodent et al., 2001; Seiff et al., 1996; Tao et al., 2011).

In the auroral region, the main mechanism of H+3 production is via electron impact ionization of H2, and the
energy distribution of the electrons will determine at what altitude H+3 is produced. For example, low energy (soft)
electrons will produce H+3 at high altitudes, whereas high energy (hard) electrons will produce H+3 at lower al-
titudes. If the altitude of maximum energy deposition is below the homopause (<20 keV, Tao et al., 2011), the
precipitating electrons will not increase the density of H+3 . This is because the ion is rapidly destroyed via charge
exchange by molecular species that have a proton affinity higher than H2, that is, by hydrocarbons such as
methane (CH4).

The northern H+3 aurora has been spectroscopically mapped by both ground‐based and spacecraft instrumentation
(Dinelli et al., 2017; Johnson et al., 2018; Lam et al., 1997; Moore et al., 2017; Nichols et al., 2025; O’Donoghue
et al., 2021; Raynaud et al., 2004; Stallard et al., 2002; Wang et al., 2023). These types of observations reveal the
northern aurora to be hundreds of K hotter than lower and equatorial latitudes, with a relatively smooth tem-
perature gradient from pole‐to‐pole (e.g., O’Donoghue et al., 2021; Roberts et al., 2025).

Johnson et al. (2018) observed the H+3 morphology and temperature distribution of the northern aurora using the
Very Large Telescope, with the combination of an 8 m telescope and R = 100,000 spectrometer providing the
lowest uncertainty temperature measurements to date. Whilst the dawn emission were spatially confined, they
coincided with a broad region of elevated temperature (∼950 K). This is in contrast to the dusk region, which was
brighter across a range of longitudes, but was much cooler than dawn (∼850 K). Of particular note is a warm
region that traversed the auroral region, from dusk to dawn, elevated by about 50 K. Moore et al. (2017) produced
temperature maps with similar temperature structures. Juno JIRAM observed the opposite scenario, wherein the
dusk main oval was warmer by about 100 K, compared to the dawn oval (Dinelli et al., 2017), indicating that the
morphology of the auroral temperatures can change significantly between different epochs. Wang et al. (2024)
observed the northern aurora of Jupiter using the Keck telescope, with partial coverage, and found elevated
temperatures at dawn and dusk, along the main oval up to 1050 K. They concluded that the bulk of the auroral
heating occurs at altitudes below the peak H+3 production.

Precipitating electrons can directly excite H2 to produce emission observable in the ultraviolet and more energetic
electrons can enhance deeper CH4 emissions (1–10 μbar, Sinclair et al., 2019). The CH4 emissions have a very
different morphology to that of H2 and H+3 , dominated by an extended bright region, appearing at high latitudes
within the northern edge of the main oval with a temperature of ∼500 K (Kim et al., 2015; Moriconi et al., 2017).
While the exact driver of the CH4 emission is not known it is thought to result from one or more of the following:
(a) increased temperatures, e.g., by auroral heating near the homopause (b) elevated homopause altitudes
(Sánchez‐López et al., 2022), and, (c) non‐LTE effects that pump the CH4 energy states (Sinclair et al., 2019), and
(d) direction excitation of vibrational states by electrons (Bhardwaj & Mukundan, 2015).

The JamesWebb Space Telescope (JWST), with its unrivaled infrared sensitivity, provides an opportunity to shed
new light on Jupiter's auroral region, and howmagnetospheric interactions affects the upper atmosphere. Here, we
present JWST NIRSpec Integral Field Unit (IFU) observations of the northern aurora. In Section 2, we describe
the observations and analysis process, followed by a description of results in Section 3 and a discussion in
Section 4, and finishing with a summary in Section 5.
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2. Observations and Data Analysis
The observations presented here are part of JWST program #3665 (Principal Investigators T. S. Stallard and H.
Melin), which scanned the limb of Jupiter using the NIRSpec IFU (Jakobsen et al., 2022), starting at 35°N on the
dawn side scanning clock‐wise around the planet. The primary aim of the programwas to directly observe vertical
ionospheric profiles as a function of latitude at both dusk and dawn, and occurred at the same time as a Juno radio
occultation during perijove 54 (PJ54). The F290LP/G395H filter/disperser was used, producing spectral cubes
between 2.87 and 5.14 μm, at a spectral resolution of R∼2,700. Each spaxel has a spatial resolution of 0.1ʹʹ × 0.1ʹʹ
and the IFU comprises 30 × 30 spaxels. The first eight observations, each with 4 dithers, executed as expected,
but during the subsequent observation the guide‐star acquisition failed, and no further data from Jupiter was
obtained until later in the day. The exposure time per dither is 86 s (4 groups and one exposure using the
NRSRAPID readout mode), and the JWST calibration context was jwst_1237.pmap. Each dither was pro-
cessed separately to Calibration Level 3, using the ifualign coordinate system and the emsm weighting in the
cube_build step, to reduce the effect of fringing.

The observational geometry was calculated using the JWSTSolarSystemPointing Python class, which uses
pointing information from the JWST World Coordinate System (WCS) and NASA's Navigation and Ancillary
Information Facility (NAIF, Acton, 1996). The mean emission angles and local‐times are shown in Figure S1 in
Supporting Information S1. Figure 1a shows the observational geometry of the observations, obtained on 2023‐
09‐07, with details listed in Table 1. As the scan moves from left to right, Jupiter rotates underneath, so a sig-
nificant portion of the northern aurora (centered at about 180°W) was captured. Figure 1b shows the projected
overlap of individual dithers, with a maximum overlap of 12 dithers, highlighting that most of the northern auroral
region is captured by this (intentional) observational design.

The wavelength region between 3.2 and 4.1 μm contains strong absorption of sunlight by deep CH4 that produces
a spectral region void of solar reflectance features from the lower atmosphere, and bright H+3 and high altitude
non‐LTE CH4 emission lines are seen. Here, the modeling of the non‐LTE CH4 emissions is highly simplified, as
the full treatment is very complex and falls outside the scope of this study. This simplified process is outlined in
Melin et al. (2024), and involves modeling the CH4 spectrum with three basic components: a fundamental
spectrum (ν3 → ground), a hotband component (ν3 + ν4 → ν3), and a polynomial background. Whilst this
approach does not yield CH4 temperature and density, it allows us to extract both the fundamental and hotband
radiances from the JWST observations. Once the CH4 and background components have been quantified, they
can be subtracted to reveal the isolated H+3 spectrum. Figure 2a (top) shows an example spectrum from an in-
dividual IFU spaxel, showing the CH4 (fundamental and hotband) and the H+3 model components required to fit
the data, as well as the residual spectral radiance (bottom). The residual falls largely within the 3‐σ uncertainty,
which is based on the instrumental Poisson and read noise.

Figure 1. (a) Geometry of the JWST NIRSpec IFU observations on 2023‐09‐07, showing the first dither of an observation in
white (with mid‐observation UTC time and median System III longitude indicated), and the other dithers in green. The
background image (for context) was obtained on 2023‐09‐08 03:06 UTC by Yann Le Gall in France. The RA and Dec
coordinates are relative to the center of the planet. (b) The projected overlap of the 32 individual dithers. The dashed white
line indicates the expected location of the main auroral oval (30 RJ , Connerney et al., 2022), and the dotted lines shows the
magnetic mapping of the orbit of Io (5.9 RJ). Dawn is to the left, and dusk is to the right.
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Since there is significant overlap of the individual dithers in the auroral region (Figure 1b), we construct a median
spectrum for each point on a projected grid in the following way:

1. The modeling procedure outlined above was applied to each spaxel of each dither to produce the isolated H+3
spectrum, as well as the CH4 fundamental and hotband components, each to be projected separately.

2. Each wavelength slice of each dither was projected onto a System III (Seidelmann & Divine, 1977) planet-
ocentric latitude and west longitude grid with 0.2° × 0.2° resolution. Both the optically thin H+3 emissions and
optically thick CH4 emissions are highly dependent on the observing geometry, and both increase sharply
toward the limb as the line‐of‐sight column length increases. In order to combine the individual JWST ob-
servations, each with slightly different observing geometry, we apply a correction factor at each spaxel to
account for this. For the H+3 emissions we apply a simple line‐of‐sight correction, assuming a uniform slab of
500 km (Johnson et al., 2018). For the CH4 emissions, the dependence on emission angle was analytically

Table 1
The JWST NIRSpec IFU Observations Used in This Study, Obtained on 2023‐09‐07, Showing the Observation Name, Dither
Number, the Mid‐Time of the Observation, the Median Latitude, System III West Longitude, and Local‐Time

Observation name Dither Time (UTC) Lat (°) Lon (°) LT (h)

1 JUPITER‐DAWN‐L35N 1 12:04:42 36.4 131.3 7.6

2 JUPITER‐DAWN‐L35N 2 12:08:17 31.0 125.7 8.2

3 JUPITER‐DAWN‐L35N 3 12:11:52 32.7 136.9 7.6

4 JUPITER‐DAWN‐L35N 4 12:15:26 34.7 128.7 8.3

5 JUPITER‐DAWN‐L45N 1 12:37:59 45.7 150.6 7.7

6 JUPITER‐DAWN‐L45N 2 12:41:34 40.2 142.4 8.4

7 JUPITER‐DAWN‐L45N 3 12:45:09 41.8 154.4 7.7

8 JUPITER‐DAWN‐L45N 4 12:48:43 44.2 145.8 8.5

9 JUPITER‐DAWN‐L55N 1 13:11:27 54.9 169.3 7.8

10 JUPITER‐DAWN‐L55N 2 13:15:02 49.2 157.3 8.7

11 JUPITER‐DAWN‐L55N 3 13:18:37 50.9 170.8 8.0

12 JUPITER‐DAWN‐L55N 4 13:22:11 53.6 161.6 8.8

13 JUPITER‐DAWN‐L65N 1 13:54:02 63.8 190.2 8.1

14 JUPITER‐DAWN‐L65N 2 13:57:37 57.7 175.0 9.3

15 JUPITER‐DAWN‐L65N 3 14:01:12 59.6 190.2 8.4

16 JUPITER‐DAWN‐L65N 4 14:04:47 62.5 179.6 9.3

17 JUPITER‐DAWN‐L75N 1 14:24:49 72.3 197.0 8.9

18 JUPITER‐DAWN‐L75N 2 14:28:24 65.0 179.6 10.2

19 JUPITER‐DAWN‐L75N 3 14:31:59 67.8 197.3 9.2

20 JUPITER‐DAWN‐L75N 4 14:35:33 70.6 183.3 10.3

21 JUPITER‐DAWN‐L85N 1 14:55:57 79.3 185.1 11.0

22 JUPITER‐DAWN‐L85N 2 14:59:32 69.6 175.7 11.7

23 JUPITER‐DAWN‐L85N 3 15:03:07 74.4 192.4 10.8

24 JUPITER‐DAWN‐L85N 4 15:06:42 75.8 172.0 12.3

25 JUPITER‐DUSK‐L85N 1 15:27:16 79.6 152.2 14.4

26 JUPITER‐DUSK‐L85N 2 15:30:51 69.6 166.3 13.6

27 JUPITER‐DUSK‐L85N 3 15:34:26 76.1 176.0 13.1

28 JUPITER‐DUSK‐L85N 4 15:38:01 74.5 156.4 14.6

29 JUPITER‐DUSK‐L75N 1 15:58:46 72.7 139.9 16.5

30 JUPITER‐DUSK‐L75N 2 16:02:21 65.2 162.4 15.2

31 JUPITER‐DUSK‐L75N 3 16:05:56 71.2 165.4 15.1

32 JUPITER‐DUSK‐L75N 4 16:09:30 67.9 151.6 16.2
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characterized away from the auroral region, at the dawn equator, where solar processes dominate. Figure 3a
shows the integrated radiance as a function of emission angle, and a quadratic function was fitted (RCH4 ):

RCH4
(θ) = a1 + a2θ + a3θ2 (1)

where θ is the emission angle and the an are the polynomial constants. For the fundamental band, the constants
are an = (1.30 × 10− 2, − 3.27 × 10− 4, 2.84 × 10− 6), and for the hotband they are an = (2.12 × 10− 2,
− 6.37 × 10− 4, 5.40 × 10− 6). The geometric correction factor for a particular emission angle, CCH4

(θ), was
then constructed as follows:

CCH4
(θ) =

RCH4
(60°)

RCH4
(θ)

(2)

Figure 2. (a) An example JWST NIRSpec IFU spectrum (top), showing the CH4 fundamental, CH4 hotband, and H+3
components required to model the observed spectrum. The bottom plot shows the residuals of the data fitting procedure, with
the shaded region indicating the 3‐σ uncertainty. (b) The projected map of Jupiter's northern H+3 aurora derived from the
JWST NIRSpec IFU observations.

Figure 3. (a) The integrated CH4 fundamental and hotband radiances on the dawn equator (dots). The quadratic fits (solid
lines) are used to derive a geometric correction factor for the CH4 emissions at the pole. (b) The ratio between the CH4
fundamental and hotband emissions (c) The CH4 fundamental emission (d) The CH4 hotband emission.
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The H+3 emissions were projected to an altitude of 550 km above the 1‐bar pressure level (Grodent et al., 2001),
and the CH4 emissions were projected to an altitude of 250 km. In the NAIF system, the 1‐bar pressure
“surface” of Jupiter is defined by the oblate spheroid described by an equatorial radius of 71,492 km and a
polar radius of 66,854 km.

3. For each wavelength in the spectral region of interest (Figure 2a), the spectral radiance was calculated by
taking the median of the projected dithers at that wavelength, which overlap on the projected grid. In this
manner, we produced projected median spectra for H+3 and the CH4 fundamental and hotband emissions.

Figure 2b shows the integrated H+3 radiance in the auroral region, where the dashed line indicates a L‐shell of 30
RJ , the expected location of the main auroral oval (Connerney et al., 2022) and the dotted lines shows the
magnetically mapped orbit of Io at 5.9 RJ . The radiance integrated CH4 fundamental component is shown in
Figure 3c, and the CH4 hotband is shown in Figure 3d and the ratio between the CH4 fundamental to the hotband
radiances is shown in Figure 3b.

By fitting the projected H+3 spectrum at each latitude and longitude using the h3ppy fitting code (Melin, 2025b),
maps of H+3 temperature (T) and column integrated density (N) can be produced across Jupiter's polar region,
along with their uncertainties, assuming conditions of quasi‐Local Thermal Equilibrium (LTE, Johnson
et al., 2018). These are shown in Figures 4a and 4b, with the uncertainties shown in Figures 4c and 4d. The
increased uncertainties toward lower latitudes is driven by a decrease in the signal‐to‐noise.

Figure 1b shows the spatial overlap between individual IFU dithers. Where the same region on the planet is
covered by two or more dithers, the temporal variability of the H+3 temperature and density can be investigated. To
facilitate this, the CH4 and background subtracted spectra of each individual dither was fitted using h3ppy, and the
retrieved temperature and H+3 column density along with their uncertainties, where projected in the same style as
Figure 4. This produced 32 maps of H+3 temperature and H+3 column density, all with different latitude and
longitude coverage. Figure 5a shows the maximum difference in time for overlapping observations in seconds,
that is, the latest minus the earliest time for the overlap of the dithers across the pole (tmax − tmin). The longest time
difference occurs where the greatest spatial overlap is located (2.9 hr), whereas fewer overlapping dithers yields
shorter timespans. This indicates the timespan during which any changes are captured. Figure 5b shows the

Figure 4. (a) The polar projected retrieved H+3 temperatures using h3ppy. The plot is limited to 1100 K, but they extend up to
∼1500 K in the high‐latitude dawn region. (b) The retrieved H+3 column integrated densities. (c) The percentage uncertainty
in the temperature, and the (d) percentage uncertainty in the H+3 column density.
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difference between the largest and smallest retrieved temperature (Tmax − Tmin), showing the change in tem-
perature over the periods indicated in Figure 5a. By dividing the magnitude of the change temperature and H+3
density by the timescales (i.e., by Figure 5a), we produce the average rate of change of these parameters over the
sampled time period, which can be expressed as:

dT
dt
=
ΔT
Δt
=
Tmax − Tmin

tmax − tmin
(3)

and

dN
dt
=
ΔN
Δt
=
Nmax − Nmin

tmax − tmin
(4)

These are shown in Figures 5c and 5d, respectively. These rate‐of‐change parameters provide a direct measure of
the variability of the H+3 temperature and density, in Jupiter's northern auroral region, as captured by these JWST
observations. This should be considered as the minimum rate of change since, for example, Tmax and Tmin at a
particular longitude and latitude may not be contained in the first and the last of overlapping dithers.

The detailed temporal variability can be investigated at any point where dithers overlap. Here, we investigate
two regions of interest: the “noon active region” (NAR, ∼63°N/170°W) and the “dusk active region”
(DAR, ∼71°N/150°W, Nichols et al., 2009), and the temporal evolution of H+3 temperature (black) and
column density (red) at these points is shown in Figure 6. The location of these two points are indicated
as annotated dots in Figure 5a. The NAR region (Figure 6a) has the largest number of overlapping dithers
(12—see Figure 1a), whereas the DAR region (Figure 6b) has six overlapping dithers.

2.1. Juno UVS

The Ultraviolet Spectrograph (Gladstone et al., 2017) onboard the Juno spacecraft has spectral coverage between
68 and 210 nm, covering the H2 Lyman and Werner band auroral emissions. During PJ54, the orbital geometry

Figure 5. (a) The maximum time difference between spatially overlapping IFU dithers on 2024‐09‐07. The dots shows the
locations of the NAR and DAR, shown in more detail in Figure 6. (b) The maximum difference in temperature retrieved from
individual overlapping dithers. (c) The temperature rate of change (dT/dt), calculated from Equation 3, and (d) the density
rate of change (dN/dt), calculated from Equation 4.
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was not favorable for observations of Jupiter's northern aurora, and it could only be observed at high emission
angles. Nonetheless, we consider observations obtained between 11:36 and 11:43 on 2023‐09‐07 that provide
partial coverage of the northern pole, acquired just before the start of the JWST observations. The data was
processed in the same way as Greathouse et al. (2021). The H2 brightness between 155 and 162 nm is shown in
Figure 7a, and the H2 color ratio (i.e., 155–162 nm divided by 123–130 nm) can be seen in Figure 7b.

We note that the Jovian Infrared Auroral Mapper (JIRAM; Adriani et al., 2017) would have provided a highly
complementary data set to the JWST observations, with overlapping near‐infrared spectral coverage. However,
during PJ54, the spatial coverage of JIRAM in the northern auroral region was insufficient to enable a meaningful
comparison.

3. Results
The H+3 map of northern auroral emission (Figure 2b) represents a median view over ∼4 hr of observation,
covering local‐times between∼7 and∼16 h (Table 1). The main auroral emissions are narrowly confined at dawn

Figure 6. The temporal evolution of H+3 temperature and column density at the (a) “noon active region” (NAR) and (b) the
“dusk active region” (DAR). These regions are indicated as dots in Figure 5a. The Pearson correlation coefficient between
the temperature and density for each region is indicated (p).

Figure 7. (a) The Juno UVS observations of Jupiter's aurora during PJ54 obtained between 11:36 and 11:43 on 2023‐09‐07,
just before the JWST auroral observations, showing the total brightness of H2 between 155 and 162 nm. (b) The UV color
ratio, that is, 155–162 nm divided by 123–130 nm. High ratios are indicative of energetic electrons penetrating down to low
altitudes.
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but broader across the dusk region. There are bright and spatially variable polar emissions, including a number of
small scale features, seen at the NAR and the DAR. The “dark region”, just inside the dawn oval appears dark, as
does an extended dark region centered at ∼75°N/170°W. The observed lower latitude H+3 emissions are ∼10% of
the auroral emissions.

Figure 4 shows the projected H+3 temperatures and column integrated densities, along with uncertainty for each
parameter. The range of observed temperatures is large, from ∼700 up to ∼1500 K, whereas the plot is thresh-
olded to 1100 K to more clearly show the spatial variability across the aurora. The high latitude dawn region is by
far the hottest, but localized heating is also observed along the lower latitude dawn oval as well. At dusk, there is
an extended region of elevated temperatures located inside the main auroral oval (DAR), with localized regions of
higher temperatures seen at the NAR. The “dark region” does not show any decrease in temperature, and is instead
rendered dark by lower H+3 column densities. The median temperature across the entire field of view is 862 K with
a standard deviation of 223 K, whereas the median temperature at latitudes above 55°N is 897 K, with a standard
deviation of 219 K.

The H+3 column densities in Figure 4 are morphologically similar to the integrated H+3 radiance (Figure 2b), with a
Pearson correlation coefficient of p = 0.65 between the two. The column densities peak dusk‐ward of the main
oval at ∼1.5 × 1016 m− 2, and the median density across the entire field‐of‐view is 5.2 × 1015 m− 2, with a
standard deviation of 3.5 ×1015 m− 2. There is no strong anti‐correlation between the retrieved H+3 temperatures
and densities ( p = − 0.27), highlighting the excellent signal‐to‐noise ratios of the data (Melin et al., 2014) which
results in small uncertainties (Figures 4c and 4d).

Figure 5c shows the observed minimum rate of change in temperature. The largest temperature changes occurs on
the dawn edge of the main oval, close to the pole (∼ 1Ks− 1), and there are pronounced changes occurring at 73°N/
150°W (at the DAR), and along the dusk edge of the auroral oval. The smallest temperature changes occur at the
center of the auroral oval, and equatorward of the main oval. The variability along the Io footprint aurora is
explored in a parallel study. The variability observed at low latitudes is of note, and this is a region associated with
significant uncertainties (see Figure 4c), due to lower signal‐to‐noise ratios. However, the observed difference in
temperature is above the retrieved uncertainties, and so this may be considered to be real.

The rate of change of the H+3 column density is shown in Figure 5d, with changes of up to ∼1013 m− 2s− 1,
particularly on the dusk oval, extending down toward lower L‐shells (to the right). Very low variability is
observed at the center of the oval, which increases toward the oval itself. The variability at lower latitudes appears
stochastic.

Figures 3c and 3d shows the corrected (Equation 2) and projected 3.3 μm CH4 fundamental and hotband
emissions with a distinct brightening around 210°W inside the main auroral oval (dashed lines), and weaker
emissions along most of the main auroral oval. For the hotband, stronger emissions are present at lower latitudes,
where the solar incidence angle is smaller, generating stronger fluorescence. The ratio between the CH4
fundamental and hotband emission is shown in Figure 3b, and highlights that the two components do not have the
same morphology, with significant differences across the auroral region. For example, along the main oval the
hotband is brighter (i.e., the ratio is lower) than at the bright emission at 210°W, where the fundamental emissions
are brighter.

The temporal evolution of the NAR and DAR is shown in Figure 6, and the two exhibit very different behaviors.
In the NAR, both the H+3 temperature and column density appears to vary in unison and as the temperature in-
creases so does the column density, with a Pearson correlation coefficient of p = 0.54. The temperature changes
overall are relatively small, ∼12%, whereas the changes in column density are much larger, ∼81%. The fastest
change in temperature occurs between 16:02 and 16:06 with a difference of 18 K, which equates to 0.08 Ks− 1. The
fastest change in H+3 column density occurs between 14:48 and 14:35 with a difference of 0.3 × 1016 m− 2, which
equals a rate of change of 7.5 × 1012 m− 2s− 1. In the DAR, where the dither overlap is smaller, the temperature
and column density appear strongly anti‐correlated (p = − 0.81), and the variability in both temperature and
column density is large, ∼38% and ∼101%, respectively. The fastest change in temperature occurs between 16:06
and 16:10 with a difference of 121 K, which gives a rate of change of 0.6 Ks− 1. The fastest change in H+3 column
density occurs between 15:31 and 15:38 with a difference of 0.3 × 1016 m− 2, which equals a rate of change of
7.1 × 1012 m− 2s− 1, which is very similar to what is observed at the NAR.

Journal of Geophysical Research: Space Physics 10.1029/2025JA034261

MELIN ET AL. 9 of 16

 21699402, 2025, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JA

034261 by T
est, W

iley O
nline L

ibrary on [27/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The ultraviolet Juno UVS observations of the H2 brightness, obtained slightly before the JWST auroral obser-
vations, are shown in Figure 7a, and the derived color ratio is shown in Figure 7b. Whilst the slant viewing
geometry from the spacecraft affords a relatively patchy view, clear emissions are observed along the main oval,
as well as within it. The higher color ratios along the main oval, as well as within it (at the NAR), indicate more
energetic precipitation at those locations.

4. Discussion
The temporally averaged morphology of the H+3 auroral emissions in Figure 2b share similarities with previous
studies: bright emission along the main auroral oval, and significant levels of emissions contained within the main
oval, with a number small‐scale structures situated within it (Gérard et al., 2018; Johnson et al., 2018) at the NAR
and DAR.

The H+3 temperature retrievals in Figure 4a reveal the fine‐scale structure of the auroral heating at the H+3 altitudes.
The range of temperatures observed here (∼500–1500 K) is much larger than observed with Juno JIRAM during
the first perijove (700–950 K, Dinelli et al., 2017), and the spatial distributions also show significant differences.
First, the very high temperatures at high latitudes at dawn in Figure 4a are not seen in the JIRAM observations.
Second, the Dinelli et al. (2017) temperatures at dusk peak outside of the main oval, whilst the density peaks
inside it. Here we see the opposite, with temperatures peaking at ∼1000 K inside the main oval, whilst the
densities have a broad distribution just outside of it (Figure 4b). Third, the peak densities of Dinelli et al. (2017)
are observed at dawn, whilst the peak densities here are seen at dusk. This highlights the strong variability of
Jupiter's aurorae.

Previous ground‐based observations have also produced high‐fidelity maps of H+3 temperature and column
density (Johnson et al., 2018; Moore et al., 2017; O’Donoghue et al., 2021; Raynaud et al., 2004; Wang
et al., 2024). Again, the range of temperatures found in those studies is less (∼600–1000 K) than observed here.
This may be related to the fact that ground‐based studies often cannot reliably map regions close to the limb, due
to telluric seeing, and may therefore miss the highest temperatures observed here at high latitudes at dawn. The
spatial morphology of the temperature distribution of Figure 4a has similarities to that of Johnson et al. (2018),
with the dawn sector being hotter than the dusk (apart from the DAR), and with a cooler region at the center of the
main auroral oval. They also reported a strong correlation between the H+3 column density and the observed H+3
radiance, which is also seen in this study. Moore et al. (2017) also observed higher temperatures at dawn and the
highest H+3 column densities at dusk, similar to Wang et al. (2024). The fact that the dawn‐side is consistently
hotter suggests that this is where the largest Pedersen currents are present, driving strong Joule heating. This is
consistent with the increased Pedersen conductances at dawn, compared to dusk, as noted by Rutala, Clarke,
et al. (2024).

O’Donoghue et al. (2025) reported high auroral temperatures during a solar wind compression, with dynamic
pressures of ∼0.6 nPa. The Tao et al. (2005) and Rutala, Jackman, et al. (2024) solar wind propagation models
predict the arrival of strong solar wind dynamic pressure in the morning of 2023‐09‐08, which peaks at ∼0.3 nPa,
and significantly increased velocity (Figure S2 in Supporting Information S1). Given the relatively large un-
certainty in the arrival time (∼20 hr), this may be indicative of solar wind driving of the magnetospheric system at
the time of the JWST observations, producing a significant increase of the Joule heating in the upper atmosphere
and generating elevated temperatures, particularly at polar dawn. The ultraviolet aurora of Jupiter was observed
using the HISAKI spacecraft to respond to solar wind compressions with a lag of 10–15 hr, where the solar wind
pressure was <0.1 nPa, whilst larger compression did not trigger brighter emissions (Kita et al., 2019), suggesting
that the electron precipitation flux did not change significantly. In contrast, the observations of O’Donoghue
et al. (2021) showed increased H+3 column densities and elevated temperatures during a strong solar wind
compression (∼0.6 nPa), painting a complex picture of the relationship between ultraviolet H2 emissions and
those of H+3 , and how these respond to external forcing. Both the UV brightness and the H+3 column densities
should be sensitive to electron precipitation flux (Tao et al., 2011), whilst the H+3 temperature senses predomi-
nantly Joule heating (Cowley et al., 2005) and/or changes in the electron energies which sample different parts of
the thermospheric temperature profile.
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MELIN ET AL. 10 of 16

 21699402, 2025, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JA

034261 by T
est, W

iley O
nline L

ibrary on [27/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4.1. Variability

Figure 5c shows the minimum rate of change of temperature, with significant variability observed along and
within the main oval. Particularly large changes are seen in the polar‐dawn region and at the DAR, which see
changes of ∼1 Ks− 1. To calculate the power required to physically change the thermal profiles of the upper
atmosphere we adopt the same methodology as Melin et al. (2006), using the model auroral atmospheres of
Grodent et al. (2001) and Tao et al. (2011). The required power as a function of the rate of change of temperature
is shown in Figure 8a. The power required to produce a change of 1 Ks− 1 is between 85 and 115Wm− 2, depending
on the specific model profiles. Using a general circulation model Bougher et al. (2005) derived Joule heating rates
of 0.07 Wm− 2 in the northern auroral region. From Figure 8a, this power input produces heating rates of 6.1 to
8.3 × 10− 4 Ks− 1, which means that it takes ∼25 min to produce a 1 K change in the upper atmosphere. This
illustrates that physically altering the temperature profile at Jupiter requires a significant amount of energy that is
applied over an extended period of time. Therefore, the fast temperature variations observed here are unlikely to
be wholesale changes to the thermospheric temperature structure, and are instead more likely to represent sig-
nificant changes in the precipitating electron energies: soft electrons will produce H+3 at high altitude where the
atmosphere is generally hotter, whilst more energetic electrons will produce H+3 at lower, cooler, altitudes.
Therefore the variability in temperature may be signatures of significant temporal changes in the electron en-
ergies. This notion is qualitatively explored, again using the same model vertical profiles used above. The
observed line‐of‐sight H+3 temperature is a column average of the local thermospheric temperature, weighted by
the local H+3 density. By simply shifting the local model H+3 density upwards in altitude, and calculating the H+3
temperature, we produce a relationship between peak H+3 altitude and the H+3 temperature, shown in Figure 8b.
This shows that elevating the peak H+3 density can produce significant changes in the observed H+3 temperature.
This is because the temperature profiles increases sharply in the lower thermosphere, so that a small change in the
peak altitude produces a big change in the observed temperature.

Whilst the observed temperatures are likely related to the electron energies, the rate of change of the H+3 column
densities (Figure 5d) are instead related to the electron flux, which governs the rate of impact ionization of H2

required to produce H+3 . It is also important to note that any changes in the precipitation flux would not be
mirrored instantaneously in the H+3 column density, but would be smoothed by the chemical lifetime of H+3 , τr,
which is given by:

τr (H+3 ) =
1

δ(e− )κr (H+3 )
(5)

where δ(e− ) is the electron density and κr (H+3 ) is the recombination rate constant (∼10− 12 m3 s− 1, Leu
et al., 1973). Therefore, as the electron density increases, the lifetime of H+3 decreases. The H+3 lifetime has been
reported to be between 10 and 15 min (Achilleos et al., 1998; Tao et al., 2011), but may also be significantly
shorter (∼150 s, Nichols et al., 2025). Since the observed electron densities are highly variable and generally

Figure 8. (a) The work required to produce temperature changes in the auroral upper atmosphere of Jupiter, based on the
model upper‐atmospheric profiles of Grodent et al. (2001) and Tao et al. (2011). The calculation is detailed in Melin
et al. (2006). (b) The column averaged H+3 temperature weighted by the local H+3 density (i.e., the observed H+3 temperature)
as a function of peak H+3 ionospheric altitude.
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decrease with altitude (Mendillo et al., 2022), we may also expect the H+3 lifetime to be variable within the
ionosphere and increase with altitude.

Figure 6 shows the temporal evolution at the NAR and the DAR, as observed in overlapping NIRSpec dithers.
Whilst the NAR shows the broad‐scale H+3 temperature and column density increasing and decreasing in unison
( p = 0.54), the DAR is highly anti‐correlated ( p = − 0.81). This hints that these two regions display very
different behaviors. In addition, whilst the density variability is largely similar, the DAR shows much greater
variability in temperature, up to 0.6 Ks− 1 and changes 314 K overall over a period of 39 min. As outlined above,
rapid changes in temperature are likely linked to changes in the precipitation energy, which alters the peak
production altitude, which in turns impacts the observed H+3 temperature (Figure 8b). The fact that the H+3
temperature and density are correlated in the NAR and anti‐correlated in the DAR suggest that the electron
precipitation behaves differently in these two regions. If these changes are solely an altitude effect, then correlated
H+3 temperature and densities suggest that as the electron energies decrease to sample higher altitudes (i.e., hotter
temperatures), the electron flux increases to produce an increase in H+3 density, whereas anti‐correlated emissions
suggest that as electron energies decrease the flux increases.

The fact that the observed H+3 temperature in the polar region of Jupiter is determined by both the presence of
auroral heating and the altitude at which precipitating electrons deposit their energy presents a dichotomic
challenge: how do we differentiate between physical changes to the thermal structure as opposed to just sampling
different parts of a (invariable) thermospheric temperature profile? High temperatures are observed along the
main auroral oval (Figure 4a) where we also observe high UV color ratios (Figure 7b), indicating hard electrons
that penetrate deep that produce H+3 just above the homopause, sampling the coldest part of the temperature
profile. In this instance, the high temperatures are likely to be driven primarily by auroral Joule heating that has
altered the thermal structure. However, the temperatures also vary significantly along the main oval on short time‐
scales (Figure 5c), which shows that there is strong variability in the precipitating electron energy. In general,
temporally averaged temperatures (e.g., Figure 4a) will hide this short‐term variability and reveal where heating
occurs.

4.2. CH4 Emissions

Figures 3c and 3d reveals the fine structure of the CH4 fundamental and hotband emission for the first time. The
brightest feature, located at∼210°Whas been observed previously by Juno JIRAM (Moriconi et al., 2017) and by
ground‐based observatories (e.g., Kim et al., 2015; Kim et al., 2023), and so appears stable over very long time‐
scales. At around the homopause, where the CH4 emission emanates from Sánchez‐López et al. (2022), the
radiative timescales are ∼1 month (Guerlet et al., 2020), whilst at the altitudes that H+3 emit, these time scales are
likely on the order of <1 hr (Yelle & Miller, 2004). Consequently, the way these two different regions respond to
energy inputs may be radically different. If the brightest CH4 feature in Figure 3c is driven by temperature (Kim
et al., 2015), indicating that it is produced via heating, then the observed morphology is a result of temporally
averaged auroral heating and stratospheric dynamics and transport. Cavalié et al. (2021) discovered ∼300 ms− 1

jets in the auroral stratosphere, likely driven by magnetospheric coupling processes, extending deep into the
atmosphere (e.g., Sinclair et al., 2023; Wang et al., 2023). It is possible that the combination of long radiative
timescales, localized auroral heating in an offset magnetic field, and stratospheric transport interplay to produce
the bright CH4 morphology within the main oval at high latitudes. However, elevated homopause altitudes can
also drive enhancements in the CH4 emissions at 3.3 μm (Sánchez‐López et al., 2022). Sinclair et al. (2020)
derived elevated homopause altitudes inside the main auroral oval, but did not have spatial resolution nor the
spatial coverage close to the pole, where the brightest emissions are observed here. Therefore, the brightest CH4
3.3 μm emissions may represents where the highest homopause altitude is located within the main auroral oval. To
untangle this, further analysis of the data set presented here, as well as from high spatial resolution mid‐infrared
observations is required, for example, similar to the JWST MIRI analysis of Rodríguez‐Ovalle et al. (2024) at
Jupiter's southern pole, but for the north.

Figures 3c and 3d also shows fainter CH4 emissions present along the main auroral oval, suggesting a near
instantaneous response to the auroral particle precipitation bombardment. This presents a challenge because of the
long radiative time‐scales normally associated at the altitudes from which this emission emanates (see above).
The non‐LTE nature of this emission can significantly reduce these time‐scales, activating the CH4 hotband more
quickly in response to energization, compared to the fundamental band. This notion is supported by the CH4 band
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ratio shown in Figure 3b: along the main auroral oval, the fundamental to hotband radiance ratio is ∼2, indicating
elevated levels of hotband emissions. This also indicates the degree to which the CH4 emissions depart from LTE
is highly variable across the auroral region. The fundamental CH4 emissions originate from a lower pressure
levels (∼1 μbar) than the hotband emission (∼100 μbar, Sánchez‐López et al., 2022). If the non‐LTE CH4
emissions are in part driven by direct excitation by auroral electrons (e.g., Mapstone & Newell, 1994), or their
secondaries, then this suggests that very energetic electrons are required to penetrate this deep (several hundreds
of keV, Gérard et al., 2014), broadly consistent with the energies along the main oval and in the NAR, derived
from Juno UVS observations (Benmahi et al., 2024). However, Bhardwaj and Mukundan (2015) modeled the
electron bombardment of CH4 and found that energies above 50 eV effectively ionizes CH4, whilst energies less
than 10 eV produces vibrational excitation (which is observed here). Therefore, it may be the case that soft energy
secondary electrons produce excitation, whilst more energetic electrons initiate ionization and the subsequent
complex chain of hydrocarbon chemistry (e.g., Moses et al., 2005). This is conceptually supported by the
increased abundances of acetylene seen at the main oval in the southern aurora (Rodríguez‐Ovalle et al., 2024).

4.3. Comparisons Between the JWST and Juno UVS

The following discussion must be caveated by the fact that the Juno UVS and JWST observations are not truly
simultaneous. The UVS data was acquired between 11:36 and 11:43 on 2023‐09‐07, whilst the JWST data does
not reach auroral latitudes (>50°N) until 13:19, and continues until 16:10 to build up the spatial coverage.
Nonetheless, we feel that the multispectral comparison is of value.

The H+3 column integrated densities in Figure 4b show significant densities of (up to 1.4 × 1016 m− 2) on the dusk
region of the planet, with a broad distribution extending from L = 30 RJ toward lower L‐shells. In general,
localized increases in the H+3 density requires localized particle precipitation, indicating that the ionization of H2,
which is responsible for the production of H+3 , occurs in this instance over a broad range of L‐shells. In this region
the UV H2 brightness appears diffuse with a relatively low color ratio (Figure 7). This is broadly consistent with
the relatively soft broadband electron precipitation that appears omnipresent throughout the auroral region
(Salveter et al., 2022). In contrast, the UVS observations show bright emissions on the main oval at around
∼160°W, accompanied by high color ratios. Here, the H+3 emissions are very weak (Figure 2b), indicative of a
more narrow electron energy distribution that penetrates deep without producing much H+3 above the homopause.
The H2 emission morphology and color ratios observed by UVS (albeit with limited spatial coverage) are broadly
consistent with those previously observed by the Hubble Space Telescope (e.g., Gustin et al., 2016).

In the NAR region, the UV color ratio is high along with bright H2 emissions, and patchy emissions are seen in
H+3 . The temporal evolution of the H+3 temperature and column density is seen in Figure 6a, showing relatively
modest changes in temperature, but larger changes in the density. Again, this is consistent with a variable
broadband electron energy distribution that excites and ionizes a large part of the atmospheric column.

The Juno UVS observations show a high color ratio (Figure 7b) along the main oval and at the NAR, which is also
where the CH4 fundamental to hotband band radio is the lowest (Figure 3b), indicating elevated hotband radi-
ances. This suggests that the CH4 band ratio can be used to trace precipitation depth, in a similar way to the UV
color ratio, although detailed modeling would be required to determine the relationship between the observed CH4
band ratio and precipitating auroral electron energy.

5. Summary
In this study we have presented an analysis of JWST NIRSpec IFU observations of Jupiter's northern auroral
region acquired over a range of local times. The averaged view of the H+3 aurora show strong emissions along the
main oval, but also within it. The highest H+3 temperatures are seen at polar‐dawn, and these are also the most
variable. Significant variability is additionally seen within the DAR region. The peak H+3 density is observed
equator‐ward of the dusk side of the main auroral oval, which is a region associated with low temperature
variability. Since this study combines observations obtained over several hours, it is also possible to investigate
the temporal variability of the auroral H+3 temperatures and column densities. Significant changes (>50%) are
seen on time‐scales of ∼1 h, which suggests that the energy of the electron precipitation is highly variable, or that
the softer electron fluxes sample the sharp gradient in the vertical temperature profile.
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The 3.3 μm CH4 emissions have been mapped at a high spatial resolution with JWST for the first time, showing a
bright feature at 210°Wat high latitude, which has consistently been observed in the past. There is also significant
emission along the main auroral oval, suggesting excitation by direct precipitation, driving these non‐LTE
emissions. Additionally, the CH4 fundamental to hotband ratio appears to be associated with precipitation
depth within the auroral region. The broad spectral coverage, relatively high resolving power, high spatial res-
olution offered by JWST offers a powerful new tool with which to investigate the energetics of the aurora at
Jupiter, and specifically how this process changes the polar upper atmosphere.

Data Availability Statement
The ground‐based image of Jupiter by Yann Le Gall in Figure 1a is available at the Planetary Virtual Observatory
and Laboratory: http://pvol2.ehu.eus/pvol2/. The JWST NIRSpec IFU data is available at https://doi.org/10.
17909/zp4p‐0c93 (Melin, 2024). The h3ppy H+3 modeling and fitting code is available https://github.com/
henrikmelin/h3ppy and Melin (2025b). The projected maps presented here are available at https://doi.org/10.
5281/zenodo.16535636 (Melin, 2025a).
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