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• Propadiene and propene detected for the first time at Jupiter’s
mid-to-high latitudes.

• Abundances of propadiene and propene peak inside Jupiter’s
northern auroral region.

• Abundances of propadiene and propene are significantly
enriched compared to existing models.

• Propane was not detected and stringent upper limit abun-
dances were derived.

• Auroral-related chemistry preferentially enriches complex,
unsaturated hydrocarbons.



Detection of propadiene (CH2CCH2), propene (C3H6) and non-detection of propane
(C3H8) in Jupiter’s northern polar stratosphere

James A. Sinclaira, Thomas K. Greathouseb, Rohini S. Gilesb, Keeyoon Sunga, Conor A. Nixonc, Nicholas A. Lombardod, Vincent
Huee, Julianne I. Mosesf, Leigh N. Fletcherg, Patrick G. J. Irwinh, Glenn S. Ortona

aJet Propulsion Laboratory/California Institute of Technology, MS 183-301, 4800 Oak Grove Drive, Pasadena, 91109, CA, United States
bSouthwest Research Institute, M6220 Culebra Road, San Antonio, 78238, TX, United States

cPlanetary Systems Laboratory, NASA Goddard Space Flight Center, 8800 Greenbelt Road, Greenbelt, 20771, MD, United States
dDepartment of Earth and Planetary Sciences, Yale University, 210 Whitney Avenue, New Haven, 06511, CT, United States

eAix-Marseille Université, CNES, Institut Origines, LAM, Marseille, France
fSpace Science Institute, 4765 Walnut Street, Suite B, Boulder, 80301, CO, United States

gSchool of Physics & Astronomy, University of Leicester, University Road, Leicester, LE1 7RH, United Kingdom
hDepartment of Physics, University of Oxford, Parks Road, Oxford, OX1 3PU, United Kingdom

Abstract

We report the first detection of stratospheric propadiene (CH2CCH2) and propene (C3H6) at Jupiter’s mid-to-high northern latitudes
using IRTF-TEXES measurements recorded on March 5-6, 2025. Using radiative transfer software to quantitatively test for the
presence of propadiene and propene, we report a >12-σ detection of propadiene and a >17-σ detection of propene at high latitudes
inside Jupiter’s auroral region, where the species are most concentrated. For example, at 62◦N (planetocentric) inside Jupiter’s
northern auroral region (henceforth ‘NAR’), we derive a 1-mbar propadiene abundance of 2.0 ± 0.2 ppbv, which is 40 ± 3 higher
than abundances predicted by the Moses and Poppe (2017) photochemical model (henceforth ‘MP17’), and significantly higher
than the 1.2-pbbv upper limit abundance derived at 42◦N (the lowest latitude sampled by the observations). Similarly, we derive a
1-mbar propene abundance 8.1 ± 0.6 ppbv at 62◦N inside Jupiter’s NAR, which is 28 ± 2 higher than the MP17 predicted abundance
and significantly higher than the 6-ppbv 1-mbar upper limit abundance derived at 42◦N. The fact that propadiene and propene are
most enriched inside Jupiter’s NAR strongly suggests that perturbations to the chemistry by auroral-related heating and exogenous
ions/electrons are responsible for their significant enrichment, as has been observed for other unsaturated/aromatic hydrocarbon
species. Spectral features of propane were not detected at any of the locations sampled by the data (poleward of 42◦N): 3-σ upper
limits of ∼10 ppbv at 10 mbar were derived at 62◦N inside Jupiter’s NAR, which is ∼2.5 times the MP17 predicted abundance.
The non-detection of propane could, in part, be explained by the vertical sensitivity of its mid-infrared emission lines to deeper
pressures, where there is negligible auroral-related heating to warm the line forming region. The results of this work strongly
advocate for development of ion-neutral chemistry models of Jupiter’s polar stratosphere to quantify how strong auroral-related
heating and magnetospheric particles modify the reaction pathways that produce higher-order hydrocarbons.
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1. Introduction

The atmospheres of the giant planets, and Saturn’s moon, Titan,
are host to a rich photochemistry. CH4 is transported from the
deeper atmosphere, photolyzed by solar ultraviolet radiation at
higher altitudes and then recombines in different ways to pro-
duce higher-order hydrocarbons (Gladstone et al., 1996; Moses
et al., 2005; Moses and Poppe, 2017; Hue et al., 2018). These
include acetylene (C2H2) and ethane (C2H6), which have strong
and readily detectable spectral features on all giant planets (e.g.
Kim et al. 1985; Orton et al. 1987; Nixon et al. 2007; Howett
et al. 2007; Greathouse et al. 2011; Sinclair et al. 2013; Melin
et al. 2018; Roman et al. 2020).

Near the magnetic poles of each planet, the stratospheric pho-

tochemistry is made more complex by the influence of auro-
ral processes. This is particularly extreme on Jupiter since it
has the strongest planetary magnetic field in our Solar Sys-
tem and a volcanically-active moon that serves as as an inter-
nal plasma source (e.g. Bagenal et al. 2017; Bonfond et al.
2012). Magnetospheric dynamics and interactions with the so-
lar wind ultimately drive ions and electrons deep into its neutral
atmosphere producing auroral emissions from X-ray to radio
wavelengths (e.g. Dunn et al. 2017; Grodent et al. 2018; Collet
et al. 2025). A significant amount of auroral energy reaches as
deep as Jupiter’s lower stratosphere (∼10 mbar), which heats
the atmosphere by up to several tens of Kelvin (e.g Sinclair
et al. 2017a, 2018; Sinclair et al. 2023; Rodríguez-Ovalle et al.
2024a). The auroral-related heating alone modifies chemical
reaction rates thereby modulating the chemistry compared to
elsewhere on the planet. The influx of ions and electrons from



the magnetosphere significantly increase the rates of ion-neutral
and electron recombination reactions, which preferentially en-
hances the production of heavier, complex hydrocarbons (e.g.
Wong et al. 2000; Friedson et al. 2002; Wong et al. 2003; Hue
et al. 2024). We henceforth refer to the combined effects of
auroral-related heating and the influx of ions and electrons on
the polar chemistry as ‘auroral-related chemistry’. Detailed dis-
cussion of Jupiter’s polar heating and chemistry is provided in
Hue et al. (2024).

The auroral-related heating together with the enriched abun-
dances of hydrocarbon species make their mid-infrared emis-
sion features highly observable. Caldwell et al. (1980) first de-
tected the enhanced emissions of stratospheric CH4 at Jupiter’s
poles, which were interpreted to result from auroral-related heat-
ing. Enhanced emissions of C2H2, C2H6 and CH3D (deuter-
ated methane) were also observed in Voyager-IRIS (Infrared In-
terferometer Spectrometer and Radiometer, Hanel et al. 1980)
spectra of Jupiter’s poles recorded during the Voyager flybys
in 1979 (Kim et al., 1985). These same Voyager-IRIS obser-
vations of Jupiter’s northern auroral region also allowed the
first detection of ethylene (C2H4), methylacetylene (CH3C2H),
and benzene (C6H6). These species were later detected out-
side Jupiter’s auroral region (Fouchet et al., 2000; Bézard et al.,
2001a,b) using ISO-SWS (Infrared Space Observatory’s Short
Wave Spectrometer, Kessler et al. 1996). The enhanced mid-
infrared emissions of the aforementioned species in Jupiter’s
auroral regions continued to be reported using ground-based in-
strumentation (e.g. Drossart et al. 1986, Livengood et al. 1993,
Kostiuk et al. 1993, Romani et al. 2008) and from Cassini-
CIRS (Composite Infrared Spectrometer, Kunde et al. 1996)
observations recorded during the 2000-2001 flyby of Jupiter
(Flasar et al., 2004; Kunde et al., 2004). However, given that the
strength of the emission features depend both on the tempera-
ture of the line-forming region as well as the abundance of the
emitting molecule, it remained a challenge to interpret whether
the enhanced hydrocarbon emissions from Jupiter’s auroral re-
gions were the result of heating, an enhanced abundance, or
some combination of both.

Sinclair et al. (2017a) performed a retrospective radiative trans-
fer analysis of Voyager-IRIS and Cassini-CIRS data in an at-
tempt to disentangle the contribution of heating and chemistry
to the observed spectral features of Jupiter’s auroral regions.
Under the assumption that the vertical profile of CH4 is hor-
izontally homogenous, the emission features of stratospheric
CH4 were inverted using radiative transfer software to retrieve
the vertical temperature profile and then, the emission features
of the higher-order hydrocarbons were inverted to retrieve their
vertical abundance profiles. This analysis demonstrated that
Jupiter’s polar stratosphere was subject to strong auroral-related
heating and C2H2 abundances approximately twice as high com-
pared to non-auroral regions. However, abundances of C2H6
were tentatively lower inside Jupiter’s auroral region compared
to elsewhere on the planet. A similar method was adopted in
further reanalyses of Voyager-IRIS, Cassini-CIRS and IRTF-
TEXES (Texas Echelon Cross Echelle Spectrograph on NASA’s

Infrared Telescope Facility, Lacy et al. 2002) observations recorded
in 2014 to demonstrate that Jupiter’s auroral regions were also
respectively enriched in C2H4, CH3C2H and C6H6 by factors of
∼1.6, ∼3.4 and ∼16 compared to photochemical models (Sin-
clair et al., 2018; Sinclair et al., 2019). However, the afore-
mentioned assumption that the vertical profile of CH4 is hor-
izontally homogenuous was subsequently demonstrated to be
poor. The CH4 homopause, which marks the level in the at-
mosphere where the eddy and molecular diffusion coefficients
are equal and is a commonly-used metric to quantify the rate of
vertical transport, was demonstrated to be lower in pressure or
higher in altitude in Jupiter’s auroral regions compared to else-
where on the planet (e.g. Clark et al. 2018; Sinclair et al. 2020;
Rodríguez-Ovalle et al. 2024a; Sinclair et al. 2025). Thus, the
relative abundances of the aforementioned hydrocarbons be-
tween auroral and non-auroral regions may differ if spatial vari-
ability of the CH4 homopause had been considered.

Giles et al. (2023) demonstrated that C2H2 was enhanced by a
factor of ∼3 in Jupiter’s southern auroral region compared to
elsewhere on the planet using Juno-UVS (Ultraviolet Spectro-
graph, Gladstone et al. 2017). Their analysis did not rely on
a temperature profile derived from an assumed vertical profile
of CH4. Using JWST-MIRI (Mid-Infrared Instrument on the
James Webb Space Telescope, Rieke et al. 2015) observations,
and accounting for spatial variability of the CH4 homopause,
Rodríguez-Ovalle et al. (2024a) also determined that Jupiter’s
southern auroral region was enriched in C2H2 by a factor of
∼3 compared to non-auroral longitudes. Further analysis of
the same observations also found that: 1) C2H6 exhibited neg-
ligible change in abundance between non-auroral and auroral
longitudes in the same latitude circle, 2) C6H6 was enriched
by an order of magnitude in Jupiter’s southern auroral region
compared to elsewhere on the planet (Rodríguez-Ovalle et al.,
2024b).

Overall, auroral-related chemistry yields differing effects on the
higher-order hydrocarbons. Presumably, this range of effects
results from differences in molecular weight, number of carbon-
to-carbon double/triple bonds, formation and destruction mech-
anisms, vertical profiles, temperature dependence of the reac-
tion rates, sensitivity to ion chemistry, and altitude-dependent
photochemical lifetimes. The effects of the influx of ions and
electrons on Jupiter’s polar chemistry were modeled in Wong
et al. (2000); Friedson et al. (2002); Wong et al. (2003), where
they found the ion chemistry in Jupiter’s auroral regions en-
riched ethylene, benzene and polycyclic araomatic hydrocar-
bons (PAHs) but with insignificant changes to the abundances
of acetylene and ethane. However, there have been significant
advancements in chemical kinetic rate information since these
studies were conducted (e.g. see discussion in Moses and Poppe
2017; Moses et al. 2018). State-of-the-art ion chemistry models
of Jupiter’s polar atmosphere are in development (at the time of
writing). In order to validate the output of such models and
to gain a more holistic understanding of how auroral processes
modify the stratospheric chemistry, we seek to detect and mea-
sure new hydrocarbon species in Jupiter’s atmosphere and their
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contrast in abundance inside and outside Jupiter’s auroral re-
gion.

In this work, our goal was to detect the spectral features of
propadiene (CH2CCH2, also called allene, an isomer of methy-
lacetylene), propene (C3H6, also called propylene) and propane
(C3H8). Spectral features of all three hydrocarbons have been
detected on Saturn’s moon, Titan (Maguire et al., 1981; Nixon
et al., 2013; Lombardo et al., 2019a; Sylvestre et al., 2015;
Lombardo et al., 2019b), and C3H8 has also been detected in
Saturn’s atmosphere (Greathouse et al., 2006; Guerlet et al.,
2009; Fletcher et al., 2018; Fletcher et al., 2023) and so it seemed
conceivable that they would be detectable on Jupiter. These
neutral C3 species represent a range in photochemical stability
and saturation. C3H8 is fully saturated with single carbon-to-
carbon bonds but forms from neutral photochemistry at lower
altitudes and is relatively non-reactive and stable against pho-
tolysis. Propadiene has two carbon-to-carbon double bonds, is
produced at both low and high stratospheric altitudes, but is
not the most stable isomer of C3H4 in Jupiter’s stratosphere.
Propene has one single and one double carbon-to-carbon, is also
produced at both low and high stratospheric altitudes, but has
a relatively short photochemical lifetime. These considerations
are based on neutral photochemistry (e.g. Moses et al. 2005,
Moses and Poppe 2017, Hue et al. 2018), whereas ion-induced
auroral chemistry has not been as extensively explored to date.

2. Observations

We chose to focus our search for propene, propadiene and propane
on Jupiter to its mid-to-high northern latitudes for several rea-
sons. First, at the higher zenith emission angles of Jupiter’s
mid-to-high latitudes as viewed from Earth, the tropospheric
continuum is limb darkened and stratospheric emission lines are
generally limb brightened, which increases the line-to-continuum
ratio and makes detection of an emission line more likely. Sec-
ondly, Jupiter’s mid-to-high northern latitudes are host to the
northern auroral oval, which extends poleward from 55◦N and
covers longitudes from ∼140 to ∼240◦W (see Figure 1). As
noted in the Introduction, the auroral-related chemistry has been
observed to enrich the abundances of higher-order unsaturated/aromatic
hydrocarbons including C2H4 (ethylene), CH3C2H (methylacety-
lene) and benzene (C6H6) (e.g. Kim et al. 1985; Kostiuk et al.
1993; Sinclair et al. 2019, 2023; Rodríguez-Ovalle et al. 2024a,b).
This, together with the strong auroral-related heating the warms
the line forming region, make this region an ideal place to search
for trace, stratospheric species. While there is an auroral hotspot
in Jupiter’s southern hemisphere, it does not extend as equator-
ward (<68◦S), and therefore is more challenging to view from
Earth, compared to its northern counterpart.

2.1. Measurement strategy

High spectral resolution (45000 < R < 80000) TEXES (Lacy
et al., 2002) spectral scans were performed on NASA’s Infrared
Telescope Facility on March 5-6 2025. On March 5th 2025,
spectra were recorded in settings centered at 587, 748, and 1248
cm−1. The 587 cm−1 and 1248 cm−1 spectral settings respec-
tively capture the (readily-detectable) spectral features of the
H2 S(1) quadrupole and CH4 emission, which are commonly
inverted to derive the vertical temperature profile (e.g. Fletcher
et al. 2016; Sinclair et al. 2018). The 748 cm−1 spectral set-
ting captures the stratospheric emission lines of C2H2 and the
targeted emission lines of C3H8. On the first night of observa-
tions, focus was given to the 748 cm−1 setting (and the 587/1248
cm−1 settings needed for contemporaneous temperature infor-
mation) to increase the effective exposure time to compensate
for the poorer telluric transmission and therefore poorer signal-
to-noise ratio (SNR) in this setting. On March 6th 2025, spec-
tra were recorded in settings centered at 587, 843, 912, and
1248 cm−1. The 843 cm−1 captures predominantly the emission
lines of C2H6, and the targeted spectral features of propadiene.
Spectra recorded at 912 cm−1 capture the stratospheric emission
features of C2H4, tropospheric NH3 and PH3, and the targeted
spectral features of propene.

In a given spectral setting, the slit of the instrument (ranging
from 9.9-13.3” in length and 1.3-1.9” in width depending on
the spectral setting) was aligned parallel to Jupiter’s central
meridian and scanned west to east across Jupiter’s mid-to-high
northern latitudes. Scans were performed in steps of half the
slit width for Nyquist sampling and with a 4-second exposure
recorded at each step and chopping between the target and a
blackbody card mounted in the instrument foreoptics. Several
planet-free steps on the sky were included at the beginning and
end of each scan, which allowed for efficient sky subtraction.
The scans were repeated in all the remaining spectral settings
for a given night. Tables A.1 and A.2 provide details of all in-
dividual scans recorded on March 5 and 6, 2025, respectively.
Raw and calibrated forms of the data are publicly available -
see Data Availability section for details.

2.2. Reduction & Calibration

For each individual scan, the sky emission was calculated from
the sky steps at the beginning and end of the scan and sub-
tracted from the target spectra. Flatfielding was achieved using
the normalized blackbody exposures. A first-order telluric cor-
rection was performed by dividing the target spectra by (Rb -
Rsky), where Rb and Rsky are the radiance spectra of the foreop-
tics blackbody and the sky, respectively. The absolute calibra-
tion scale factor was calculated using the blackbody exposure
and its known temperature at the time of the scan and applied
to all spectra of Jupiter. Individual spectra were corrected for
Jupiter’s Doppler shift, which results both from the radial veloc-
ity of Jupiter with respect to Earth and the rotational velocity of
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Figure 1: A northern polar projection of Jupiter indicating the latitude and lon-
gitude ranges adopted for coaddition of individual spectra. The circumference
latitude is 40◦ (planetocentric), enclosed concentric circles are spaced by 4◦ in
latitude. The magenta line represents the statistical mean position of the au-
roral oval (Bonfond et al., 2017). Spatial bins in black represent regions that
do not overlap in latitude with the auroral oval, blue and red spatial bins repre-
sents areas outside and inside the auroral oval, respectively. TEXES achieves
diffraction-limited spatial resolutions of 0.7” to 1.4” over the wavelength range
adopted in this study, which corresponds to a latitude-longitude footprint of 5-
10◦ at 60◦N.

Jupiter. For each individual scan, the wavenumber-dependent
noise-equivalent spectral radiance was calculated by determin-
ing the standard deviation in radiance of background sky pixels.

2.3. Spatial coaddition

In order to increase the effective signal-to-noise ratio, individ-
ual spectra were spatially coadded according to the binning
scheme shown in Figure 1. Spectra were sorted into latitude
bins 8◦ in width and Nyquist-sampled by 4◦. For latitude bins
equatorward of the northern auroral oval (<55◦N), spectra recorded
over all sampled longitudes were coadded to compute a longitudinal-
mean spectrum. For latitude bins that overlap with the auroral
oval (>55◦N), spectra were sorted into those that sampled out-
side and inside the auroral oval (blue and red ranges in Figure 1,
respectively) and coadded to compute a ‘non-auroral mean’ and
‘auroral mean’ spectrum, respectively. We chose this binning
scheme to: 1) reflect the 0.7-1.4” diffraction-limited spatial res-
olutions achieved by TEXES over the wavelengths adopted in
this study, which corresponds to a latitude-longitude footprint
of 5-10◦ at 60◦, 2) maximize the number of spectra available for
coaddition in the lower-latitude/non-auroral regions to compen-
sate for the poorer signal-to-noise ratio in such cooler regions,
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Figure 2: The top panel shows an auroral mean, 912 cm−1 spectrum (black
line with error bars) at 62◦N recorded on March 6 2025. Detector artefacts are
readily identifiable as dips in radiance that are regularly spaced in wavenumber,
as indicated by the vertical, red lines. The bottom panel shows synthetic spec-
tra of Jupiter for comparison with the observed spectra. The black spectrum
was calculated assuming the nominal atmospheric model and radiative trans-
fer model detailed in Section 3. Additional spectra are shown where a given
species’ abundance was increased by a factor of 2, as indicated in the legend.

3) resolve latitudinal information both inside and outside the
auroral oval, 4) ensure that spectra of very similar emission an-
gles/geometries were coadded together.

2.4. Noise propagation

As noted previously, the wavenumber-dependent noise-equivalent
radiance for each spectrum was calculated by determining the
standard deviation in radiance of background sky pixels. The
sky emission is much more variable at wavelengths of poorer
telluric transmission and thus, the noise on the target spectra is
higher at such wavelengths. This means that regions of poorer
telluric transmission/higher noise are weighted less upon anal-
ysis with optimal estimation retrieval techniques (see Section
3).

The noise on the coadded spectrum was assumed to be the
larger of either the standard deviation on the mean or the uncer-

tainty on the mean (i.e. ¯σ(ν) =
√
σ1(ν)2 + σ2(ν)2 + ... + σ(ν)2

N/N,
where σ1(ν), σ2(ν) and σN(ν) are the noise-equivalent radiance
spectra for the 1st, 2nd and Nth spectra coadded).

For spectra recorded in the 912 cm−1 setting, detector artefacts
were apparent, as shown in Figure 2. These artefacts originate
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b) 2025-March-5, auroral mean, 748 cm-1
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c) 2025-March-6, auroral mean, 843 cm-1
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d) 2025-March-6, auroral mean, 912 cm-1
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e) 2025-March-6, auroral mean, 1248 cm-1
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Figure 3: Coadded spectra recorded on March 5th 2025 at 587 cm−1 (1st panel), 748 cm−1 (2nd panel), and on March 6th 2025 at 843 cm−1 (3rd panel), 912 cm−1

(4th panel) and 1248 cm−1 as black lines with error bars and with radiances according to the left-hand y-axis. Telluric transmission spectra are shown as solid red
lines according to the right-hand axis. Jupiter spectra have been Doppler-shifted to the rest frame, telluric transmission spectra have been Doppler-shifted by the
same amount as the Jupiter spectra.
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as narrow gaps in spectral coverage on the detector in individual
spectra but become wider features when many spectra recorded
over a range of Doppler shifts (due to Jupiter’s rotation) are
corrected into the rest frame and then coadded. While stan-
dard practice is to remove the artefacts by fitting a high order
polynomial, this would have been complicated by the fact that
some of the artefacts were convolved with Jovian spectral fea-
tures (e.g. a C2H4 emission line at 913.6 cm−1 or a NH3 ab-
sorption feature at 912.3 cm−1, Figure 2). Instead, the noise
within ∆ν ∼0.15 cm−1 of the artefacts was increased such that
they were insignificant with respect to uncertainty and therefore
ignored in subsequent spectral fitting. Figure 3d shows an ex-
ample of a 912 cm−1 recorded on March 6 2025 with the noise
adjusted as detailed above.

2.5. Radiometric calibration adjustment

As noted in previous work (e.g. Sinclair et al. 2017b, 2018; Sin-
clair et al. 2023, 2025), we found that we could not simultane-
ously fit the 587 cm−1 and 1248 cm−1 spectral settings with the
same temperature profile unless radiances in the 587 cm−1 were
increased by a factor of ∼1.3. In the aforementioned past work,
this has been attributed to some form of beam dilution in the
587 cm−1 setting. All 587 cm−1 spectra analyzed in this study
were therefore scaled by a factor of 1.3 with respect to their
nominal absolute calibration. The nominal calibration of the
remaining spectral settings was found to be sufficient for spec-
tral fitting. Figure 3 shows the auroral mean spectra at 62◦N in
all spectral settings.

3. Radiative Transfer Model

Radiative transfer modeling and inversions were performed us-
ing the NEMESIS radiative transfer code (Irwin et al., 2008).
NEMESIS is a publicly available software suite - see Data Avail-
ability section for further details.

3.0.1. Atmospheric model

The vertical profiles of H2, He, NH3 and PH3 were adopted
from Sinclair et al. (2020) and references therein. A compact,
grey aerosol layer at the 800-mbar level with an optical depth
of 0.3 was also assumed to be consistent with results derived
for Jupiter’s high latitudes in Fletcher et al. (2016). For the ver-
tical profiles of temperature and hydrocarbons, we adopted the
photochemical models presented in Sinclair et al. (2025) and
Rodríguez-Ovalle et al. (2024a). These photochemical mod-
els are based on those published in Moses and Poppe (2017)
but with the model output at 60◦N and calculated over a range
of homopause levels. These models are included in a Mende-
ley archive linked to this publication - see the Data Availability
section for further details. As demonstrated in Sinclair et al.
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Figure 4: The predicted vertical profiles of Jupiter’s hydrocarbon species for
a low (top panel) and high (bottom panel) homopause model. Model 1b was
adopted in fitting spectra outside of the auroral oval, Model 10b was adopted
in fitting spectra inside the auroral oval. These profiles are based on the neutral
photochemical model presented in Moses and Poppe (2017) and are henceforth
referred to as the ‘MP17’ profiles.

(2020); Rodríguez-Ovalle et al. (2024a); Sinclair et al. (2025),
the homopause level is elevated in Jupiter’s auroral regions com-
pared to elsewhere on the planet. For radiative transfer model-
ing of observations inside of Jupiter’s northern auroral region,
we adopted the photochemical model ‘10b’ with a 35-nbar ho-
mopause level, which was typically found to be the best-fitting
homopause level in observations sampling inside Jupiter’s au-
roral region (Sinclair et al., 2025). For observations sampling
outside of Jupiter’s northern auroral region, we adopted the
‘1b’ model assuming a 754-nbar homopause level. Figure 4
shows the predicted vertical profiles of the relevant hydrocarbon
species for this work. We henceforth refer to these predicted
profiles by Moses and Poppe (2017) as the ‘MP17’ profiles.

3.0.2. Spectroscopic line date

The spectroscopic line data of H2, PH3, NH3, CH4 and its iso-
topologues were adopted from Supplementary Table 1 of Fletcher
et al. (2018). For C2H2, C2H4, C2H6, the line data was based on
that of HITRAN 2020 (Gordon et al., 2022) but with modifica-
tions to the line parameters for a H2-dominated atmosphere. For
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Figure 5: a) The goodness-of-fit calculated over 845.2 - 845.3 cm−1 between
the observed auroral-mean spectrum at 66◦N recorded on March 6 2025 and a
synthetic spectrum as a function of the wavenumber offset applied to propadi-
ene lines between 800-900 cm−1. An offset of -0.003 cm−1 produces the best
correspondence between the observed and modelled location of the propadi-
ene feature at ∼845.25 cm−1, as indicated by the vertical, dashed line. b) the
observed auroral-mean spectrum at 62◦N (points with error bars), a synthetic
spectrum assuming the nominal wavenumbers of propadiene lines (red) and a
synthetic spectrum with an offset of -0.003 cm−1 applied to the wavenumbers
of propadiene lines. The location of C2H6 lines in the spectrum are also indi-
cated.

C2H2, the foreign broadened line width and temperature depen-
dence were adjusted according to Varanasi (1992). For C2H4,
foreign broadening line widths and temperature dependencies
were modified according to the results of Bouanich et al. (2003)
and Bouanich et al. (2004). For C2H6, the line broadening tem-
perature dependence was modified to n = 0.94 for consistency
with Halsey et al. (1988). While HITRAN 2024 (Gordon et al.,
2026) was released during the preparation of this article, as far
as we can tell, there were no changes to the line lists of C2H2,
C2H4 and C2H6 at the wavelengths of this study.

For propadiene, we adopted the line list from GEISA 2020 (De-
lahaye et al., 2021) but with the temperature dependence of
the air broadening halfwidth modified to 0.5 to be consistent
with that assumed for methylacetylene (an isomer of propadi-
ene) in a giant planet atmosphere (see Supplementary Table 1
of Fletcher et al. (2018)). In the absence of empirical mea-

surements of line broadening widths for propadiene in a H2-
dominated atmosphere, we adopted the air broadening width.
The GEISA linelist is itself based on that compiled by Lom-
bardo et al. (2019a) (see Section 2.2.1 of their paper), which
includes a correction of line positions to match experimental
room temperature data recorded at 0.08 cm−1 resolutions. In
preliminary spectral fitting, we noticed that the position of the
propadiene line in synthetic spectra was consistently offset from
that in the observed spectra. Figure 5a shows the goodness-of-
fit between observed and synthetic spectra as a function of the
offset applied to the propadiene line positions. An offset of -
0.003 cm−1 allows the synthetic spectra to best reproduce the
observed spectra, which is demonstrated spectrally in Figure 5b.
We do not attribute this offset to be a result of wavenumber cali-
bration uncertainty in the observed spectra since the location of
C2H6 lines in observed spectra accurately match those of syn-
thetic spectra. Instead, we attribute the offset to the significantly
coarser resolution (0.08 cm−1) of laboratory measurements used
to update the propadiene list, as noted above. We also note a
similar offset between observed and synthetic propadiene lines
in an analysis of Titan spectra (Lombardo et al., 2019b). The
results presented in this paper adopted a -0.003 cm−1 shift to all
propadiene lines in the 800 - 900 cm−1 range.

For propene, we adopted a pseudoline list based on labora-
tory measurements (Sung et al., 2018). As with propadiene,
we adopted the air broadening widths in the absence of any
hydrogen-based line width measurements. For propane, we
similarly adopted the pseudoline list based on Sung et al. (2013)
but with the foreign-broadening widths and temperature depen-
dences respectively modified to 0.08 cm−1 and 0.75 for all lines
for consistency with the approach of Fletcher et al. (2018).

3.0.3. Vertical sensitivity

The spectra presented in this study capture continuum emission,
the emission lines of H2 S(1), CH4, C2H2, C2H4, C2H6, and
the expected location of lines of CH2CCH2, C3H6 and C3H8.
The vertical functional derivatives, dRi/dx j, where Ri is the
radiance at the ith wavenumber, and x j is an atmospheric pa-
rameter (e.g. temperature, abundance) at the jth atmospheric
level, were calculated in order to determine the vertical sensi-
tivity of the aforementioned spectral features. The calculations
assumed the vertical profiles of Model 10b (Figure 4) and an au-
roral temperature profile retrieved from Gemini-TEXES obser-
vations recorded on March 19 2017 (see Figure 10 of Sinclair
et al. (2023)). The vertical functional derivatives with respect
to temperature and all aforementioned hydrocarbons are shown
in Figure 6a and b, respectively.

The continuum spectral regions sound Jupiter’s upper tropo-
sphere from ∼70 to 700 mbar. We note that the tropospheric
continuum in the 748, 843 and 912 cm−1 spectral settings sound
significantly deeper pressure than the tropospheric continuum
in the 587 cm−1 setting. The emission lines of H2 S(1) at 587.03
cm−1 and CH4 from 1245 - 1252 cm−1 collectively sound the at-
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to a) temperature and b) hydrocarbon abundances for the spectral features indi-
cated in the legends.

mosphere from ∼80 mbar to ∼5 µbar.

The emission lines of C2H2, C2H4 and C2H6 peak in sensitivity
in the 5 to 0.5 mbar range with a smaller, secondary peak in
sensitivity at microbar pressures. The targeted spectral features
of propadiene and propene peak in sensitivity at the ∼3 mbar
and ∼1 mbar levels, respectively. The targeted spectral features
of propane predominantly sound the upper troposphere at ∼200
mbar (which would be observed as a broad, absorption feature)
with a secondary peak in sensitivity at ∼10 mbar (which would
be observed as a narrower emission line).

4. Analysis

4.1. Retrieval of temperature distributions

The mid-infrared emission features of stratospheric hydrocar-
bons are modulated both by the temperature of the line-forming
region as well as the abundance of the emitting molecule. We
therefore first derive the temperature distributions before fitting
the higher-order hydrocarbon emission features to derive their
abundances.

As noted previously, we respectively adopt Models 1b and 10b
(Figure 4) in fitting spectra outside and inside Jupiter’s north-
ern auroral region. In preliminary retrievals, we retrieved the
vertical temperature profile from the H2 S(1) and CH4 emis-
sions and then adopted the retrieved temperature profile in the
spectral fitting of the 748, 843 and 912 cm−1 spectral settings.

In such a two-step process, the temperature profile derived in
the first step did not sufficiently fit the tropospheric continua
in the 748, and 912 cm−1 spectral settings. This was deter-
mined to result from differing vertical sensitivity: as shown in
Figure 6, the tropospheric continuum in the 587 cm−1 setting
peaks in sensitivity at ∼100 mbar whereas those of the 748, 843
and 912 cm−1 settings are more sensitive to deeper pressures.
This issue was resolved by simultaneously fitting the spectral
emission features of H2 S(1) in the 587 cm−1 setting, CH4 in
the 1248 cm−1 setting and the tropospheric continua in the 748
cm−1 or 912 cm−1 setting.

For observations on March 5th 2025, the vertical temperature
profile was retrieved by simultaneously inverting the H2 S(1)
quadrupole emission feature at 587.03 cm−1, the tropospheric
continuum in the 587 cm−1 setting, the tropospheric continuum
in the 748 cm−1 spectral setting, and the CH4 emissions in the
1248 cm−1 spectral setting. Spectra at 843 cm−1 and 912 cm−1

were not measured on March 5 2025.

For March 6th 2025, a similar procedure was performed but us-
ing the tropospheric continua in the 843 and 912 cm−1 spectral
settings. The tropospheric continuum in the 912 cm−1 is also
modulated by the absorption features of tropospheric ammonia
(NH3) and phosphine (PH3) gas (see Figure 2) and so their ver-
tical profiles were also allowed to vary in order to optimize the
fit. The vertical profiles, q(p), of gaseous NH3 and PH3 were
parameterized by a deep, constant volume mixing ratio, q0 up
to a knee pressure, p0 above which the abundance decayed ac-
cording to a fractional scale height, f , as shown in the Equation
below. As in Fletcher et al. (2016), the knee pressures of NH3
and PH3 were fixed to 800 mbar and 750 mbar, respectively, and
only the deep volume mixing ratio and fractional scale height
were varied in order to reduce the size of the parameter space.

q(p) =

q0 p > p0

q0

(
p
p0

) 1− f
f p ≤ p0

Figure 7 shows the retrieved temperature distributions retrieved
from observations recorded on March 5 and 6 ,2025. The pres-
ence of strong auroral heating is apparent as deep as ∼4 mbar
in comparing retrieved temperatures inside and outside the au-
roral regions in a given latitude band, as noted in previous work
(e.g. Sinclair et al. 2017a, 2018; Sinclair et al. 2023). We
discuss the interpretation of auroral heating further in Section
5. For NH3, we derived deep volume mixing ratios ranging
from ∼130 to ∼160 ppmv with fractional scale heights of ∼0.2.
This corresponds to an abundance of 20-30 ppmv at 500 mbar,
which is in agreement within uncertainty with abundances de-
rived by Fletcher et al. (2016) using Cassini-CIRS observa-
tions recorded in 2000-2001 and IRTF-TEXES observations
recorded in 2014. Similarly, for PH3, we derive deep volume
mixing ratios and fractional scale heights of ∼1.3 ppmv and
∼0.3, respectively. This corresponds to 500-mbar abundances
of ∼0.5 ppmv, which is also in agreement with values derived
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Figure 7: Retrieved temperature distributions for observations recorded on March 5, 2025 (left column) and March 6, 2025 (right column). Results for observations
sampling longitudes outside and inside the northern auroral region are shown in the top and bottom rows, respectively. Results are colored according to the colorbar
at the bottom of the figure.

by Fletcher et al. (2016). These results are not included in Fig-
ure 7 for clarity.

4.2. Detection of propadiene (CH2CCH2) at 845.25 cm−1

The 843 cm−1 spectra are dominated by the emission lines of
C2H6. We therefore first inverted the 843 cm−1 spectra by adopt-
ing the vertical temperature profile retrieved in Section 4.1 and
allowing the vertical profile of C2H6 to vary. The MP17 pro-
files for C2H6 (Figure 4) were adopted as a priori in inverting
the 843 cm−1 spectra. The vertical profile of C2H6 was allowed
to vary continuously at all altitudes but sensitivity is greatest in
the 5- to 0.5-mbar pressure range (Figure 6).

Once the vertical profiles of temperature and C2H6 had been re-
trieved at each location, forward model spectra were computed
over a grid where the MP17 profile for propadiene (Figure 4,
Moses and Poppe 2017) was scaled by a constant at all altitudes
over a range from 0 to 60. For each forward model, the χ2 statis-
tic (Equation 1) was calculated from 845.22 - 845.29 cm−1,
which covers the expected position of the strongest propadiene
line and surrounding tropospheric continuum.

χ2 =

N∑
i

(
Oi − Mi

σi

)2

(1)

Oi, σi and Mi are the observed radiance, uncertainty on ob-
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Figure 8: a) shows variations in absolute χ2 (Equation ??) as a function of the scale factor applied to the predicted MP17 profile for propadiene (Moses and Poppe,
2017) in fitting the non-auroral mean spectrum at 42◦N on March 6 2025. The corresponding 1-mbar abundances are indicated by the upper y-axis and the 1-σ, 2-σ
and 3-σ confidence levels are indicated by the horizontal and vertical dashed lines. b) compares the observed spectrum (black points with error bars) with synthetic
spectra (solid, colored lines). The best-fitting spectrum and corresponding propadiene scale factor are indicated in the legend and poorer fitting model spectra are
also shown for comparison. Panels c)-d) and panels e)-f) show similar results for the non-auroral and auroral-mean spectra at 62◦N, respectively.

served radiance and modeled radiance at the ith wavenumber,
N is the number of wavenumbers. We considered detection of
propadiene statistically significant if ∆χ = (χ2

0 - χ2
min)0.5 ≥ 3

(i.e. the 3-σ confidence level), where χ2
0 and χ2

min are respec-
tively the values calculated using synthetic spectra computed
with zero opacity of propadiene and the abundance of propa-
diene that best fits the observation. Detection was considered

tentative if 2 ≤ ∆χ <3 (intermediate of the 2-σ and 3-σ con-
fidence levels) and insignificant if ∆χ <2. Figure 8 shows the
variation in χ2 with respect to the scale factor applied to the
MP17 propadiene profile for three locations and corresponding
spectral fits.

At 42◦N, an abundance of propadiene that is a factor of 8 higher
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than the MP17 predicted abundance minimizes χ2/is the best fit-
ting model (Figure 8a). However, the synthetic spectrum com-
puted assuming zero opacity of propadiene corresponds to∆χ ∼
2.3: the detection of propadiene at this location is greater than
2σ but less than 3σ, which we consider tentative. This is fur-
ther demonstrated in Figure 8b, which compares the observed
spectrum at 42◦N with synthetic spectra: the spectrum com-
puted without propadiene opacity and the spectrum including
propadiene at a factor of 8 times higher than predicted both ade-
quately fit the observed spectrum within uncertainty at ∼845.25
cm−1. Given the detection is tentative at this location, we quote
the abundance at the upper 3-σ confidence level as an upper
limit, which is a factor of ∼19 higher than the MP17 predicted
abundance. This corresponds to a 1-mbar abundance of 1.2
ppbv at the 1-mbar level, where vertical sensitivity to propa-
diene peaks (Figure 6).

However, at higher latitudes, propadiene was detected with >3-
σ statistical significance at all locations. For example, at 62◦N
but sampling longitudes outside the auroral region, the fit to
the observed spectra at ∼845.25 cm−1 was optimized by scaling
the MP17 propadiene profile by a factor of 25+5

−4 (quoting 1-
σ uncertainties, Figure 8c). This corresponds to an abundance
of 1.6 ± 0.3 ppbv at the 1-mbar level. The detection is also
spectrally illustrated in Figure 8d, which demonstrates that zero
abundance or even the photochemically-predicted abundance of
propadiene (a scale factor of 1) produces a featureless spectrum
at 845.25 cm−1 that does not adequately fit the observed.

At the same latitude, but sampling longitudes inside the auroral
region, propadiene is further enriched: the fit to the observa-
tions was optimized using a scale factor of 40 ± 3 applied to the
MP17 propadiene profile (Figure 8e, f), which corresponds to
a 1-mbar abundance of 2 ± 0.2 ppbv. The synthetic spectrum
computed assuming zero opacity of propadiene corresponds to
the ∆χ2 = 152 or the 12.3-σ level: the detection of propadi-
ene at this latitude in Jupiter’s northern auroral region therefore
represents a >12-σ detection. The fact that propadiene abun-
dances are enriched inside Jupiter’s auroral region compared to
non-auroral longitudes in the same latitude band and lower lati-
tudes does suggest that the source of the enriched propadiene is
the auroral-related chemistry. We discuss the interpretation of
the chemistry further in Section 5.

4.3. Detection of propene (C3H6) at ∼912.5 cm−1

The 912 cm−1 spectra include the emission lines of C2H4. The
spectra at 912 cm−1 were therefore inverted by adopting the
profiles of temperature, NH3, PH3 retrieved in Section 4.1 and
allowing the vertical profile of C2H4 to vary. The predicted
MP17 profiles for C2H4 were adopted as a priori (Figure 4,
Moses and Poppe 2017) and allowed to vary continuously at all
altitudes.

The retrieved vertical profiles of temperature, NH3, PH3 and
C2H4 were adopted and forward model spectra were computed

over a grid where the MP17 propene profiles (Figure 4, Moses
and Poppe 2017) were scaled by a constant at all altitudes over
a range from 0 to 60. For each forward model, the χ2 statistic
(Equation 1) was calculated from 912.4 - 912.7 cm−1, which
covers the expected position of the strongest propene line and
surrounding tropospheric continuum. The detection criteria were
the same as those detailed for propadiene in the previous sec-
tion. Figure 9 shows the variation in χ2 with respect to the scale
factor applied to the MP17 propene profile for three locations
and corresponding spectral fits.

At 42◦N, the MP17 propene profile scaled by a factor of 5.5
minimizes the χ2 value (Figure 9a). Zero abundance of propene
corresponds to the lower 1.5-σ level, which we consider a neg-
ligible detection at this location. This is also demonstrated in
Figure 9b where the forward models assuming scale factors of
0 and 5.5 with respect to the MP17 photochemical profile both
fit the spectra with uncertainty at 912.56 cm−1. We therefore
quote the abundance at the upper 3-σ confidence level as an
upper limit, which corresponds to a scale factor of ∼16 higher
than the MP17 abundance profile or 6 ppbv at the 1-mbar level.

However, at higher latitudes, and particularly those that over-
lap with the northern auroral region (>55◦N), the detection of
propene is much more significant. At 62◦N but sampling lon-
gitudes outside the auroral region, the fit to the observed C3H6
emission line was optimized using the predicted MP17 propene
profile scaled by a factor of 15+3

−4 (Figure 9c). This corresponds
to an abundance of 5.3+1.1

−1.2 ppbv at the 1-mbar level, where sen-
sitivity to propene peaks (Figure 6). This is also demonstrated
spectrally in Figure 9d.

At 62◦N, but sampling longitudes inside the auroral region, the
abundance of propene is further enriched compared to longi-
tudes outside the auroral region. The fit was optimized using
the MP17 propene profile scaled by a factor of 28 ± 2 (Fig-
ures 9e), which corresponds to a 1-mbar abundance of 8.1 ±
0.5 ppbv. The synthetic spectra computed without any propene
opacity corresponds to the ∆χ2 = 312 or the 17.7-σ level. The
detection of propene at this latitude in Jupiter’s northern auroral
region therefore represents a >17-σ detection. The detection is
also clearly demonstrated spectrally in Figure 9f.

As for propadiene, the fact that propene abundances are en-
riched inside Jupiter’s auroral region compared to non-auroral
longitudes in the same latitude band and lower latitudes does
suggest that the source of the enrichment is the auroral-related
chemistry. We discuss this further in Section 5.

4.4. Non-detection of propane at 748 cm−1

The expected position of propane lines in the 748 cm−1 setting
neighbor those of the much stronger C2H2 lines. Adopting the
vertical temperature profiles derived in Section 4.1, the spectra
recorded at 748 cm−1 were inverted by allowing the vertical
profile of C2H2 to vary. The predicted MP17 profiles of C2H2
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Figure 9: a) shows variations in absolute χ2 (Equation ??) as a function of the scale factor applied to the predicted MP17 profile for propene (Moses and Poppe,
2017) in fitting the non-auroral mean spectrum at 42◦N on 2025-March-6. The corresponding 1-mbar abundances are indicated by the upper y-axis and the 1-σ, 2-σ
and 3-σ confidence levels are indicated by the horizontal and vertical dashed lines. b) compares the observed spectrum (black points with error bars) with synthetic
spectra (solid, colored lines). The best-fitting spectrum and corresponding propene scale factor are indicated in the legend and poorer fitting model spectra are also
shown for comparison. Panels c)-d) and panels e)-f) show similar results for the non-auroral and auroral-mean spectra at 62◦N, respectively. The location of the
strongest propene and ethylene lines are also indicated.

(Figure 4, Moses and Poppe 2017) were respectively adopted
as a priori and allowed to vary continuously at all altitudes.

At each location, the retrieved vertical profiles of temperature
and C2H2 were adopted, and spectra were forward modelled
assuming the predicted MP17 profiles of C3H8 (Figure 4) scaled

at all altitudes by factors ranging from 0 to 100. Figure 10
shows the χ2 statistic (Equation 1) calculated for each forward
model as a function of C3H8 scale factor for 42◦N, the non-
auroral and auroral mean spectra at 62◦N.

At all locations, zero abundance of C3H8 provides the best fit
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Figure 10: a) shows variations in absolute χ2 as a function of the scale factor applied to the predicted MP17 profile of propane (Moses and Poppe, 2017) in fitting
the non-auroral mean spectrum at 42◦N on 2025-March-6. The corresponding 10-mbar abundances are indicated by the upper y-axis and the 1-σ, 2-σ and 3-σ
confidence levels are indicated by the horizontal and vertical dashed lines. b) compares the observed spectrum (black points with error bars) with synthetic spectra.
The best-fitting spectra (assuming zero abundance of C3H8) and spectra corresponding to the 3-σ upper limits are shown indicated in the legend and poorer-fitting
model spectra are also shown for comparison. Panels c)-d) and panels e)-f) show similar results for the non-auroral and auroral-mean spectra at 62◦N, respectively.

to the observations. At 42◦N, we derive a 3-σ upper limit
abundance of C3H8 that is ∼5.5 richer than the MP17 propane
profile or approximately 32 ppbv at the 10-mbar level, where
sensitivity to stratospheric C3H8 peaks. At 62◦N, we derive
upper-limit abundances corresponding to ∼3 and ∼2.5 times
photochemically-predicted values outside and inside Jupiter’s
auroral region, respectively.

5. Discussion

High-resolution TEXES spectra were recorded in settings cen-
tered at 587, 748, 845, 912 and 1248 cm−1 on March 5 - 6
2025. Spectra were sorted into 8-◦ wide latitude bands. For lati-
tudes that overlapped with the northern auroral region (>55◦N),
spectra were further sorted into those sampling longitudes in-
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Figure 11: Retrieved temperatures (1st panel), and abundances of propadiene
(CH2CCH2, 2nd panel) and propene (3rd panel) at the 1-mbar level as a func-
tion of planetocentric latitude using observations recorded on March 6 2025.
Note that abundance panels are shown in logarithmic units. Blue and red results
denote temperature/abundances derived from observations that sample outside
and inside Jupiter’s northern auroral region, respectively. Error bars are 1 σ.
Results shown as an upper error bar indicate only a upper limit was derived at
that location. Horizontal, dashed lines denote the a priori 1-mbar abundances
based on neutral photochemical predictions.

side and outside the auroral region (Figure 1. Spectra in each
spatial bin were coadded to improve the signal-to-noise ratio
(Figure 3). The spectra were then analyzed with the NEME-
SIS radiative transfer code (Irwin et al., 2008) in order to de-
rive atmospheric information and to test for the presence of the
targeted propadiene, propene and propane. We discuss the re-
sults derived for temperature and the detectability of propadi-
ene, propene and propane in turn below.

The observations were first inverted to derive the three-dimensional
(latitude, longitude, pressure/altitude) temperature distributions,
as detailed in Sections 4.1 and 4.1. Figure 7 shows the temper-
ature distributions retrieved on March 5 and March 6, 2025.
Figure 11 also shows the retrieved 1-mbar temperatures as a
function of latitude.

As noted in several previous studies (e.g. Kostiuk et al. 2016;
Sinclair et al. 2017a; Sinclair et al. 2019, 2023; Rodríguez-

Ovalle et al. 2024a), temperatures inside Jupiter’s northern au-
roral region are predominantly elevated at ∼1 mbar, at pressures
lower than 0.1 mbar, with relatively cooler temperatures at the
intermediate 0.1-mbar level. As noted in previous work, this
pattern in the auroral temperature profile is a robust result that
is not an artefact of vertical sensitivity or the chosen a priori
profile (e.g. see Figure 8 of Sinclair et al. (2018) or Figure 6
of Rodríguez-Ovalle et al. (2024a)). Thermospheric models of
Jupiter (e.g. Bougher et al. 2005; Yates et al. 2014) demon-
strate that the upper stratospheric heating (at pressures lower
than 0.1 mbar) is expected to be a combination of Joule heating
and ion drag heating. At the time of writing, there are two lead-
ing hypotheses for the lower stratospheric auroral-related heat-
ing. First, Juno-MWR (Microwave Radiometer, Janssen et al.
2005) observations demonstrate a plasma layer in the lower, au-
roral stratosphere, which is inferred to result from precipitation
of MeV electrons (Bhattacharya et al., 2023). Second, using
ALMA observations, Cavalié et al. (2021) observed a countero-
tating vortex at ∼0.1 mbar coincident with the southern auro-
ral oval. This was inferred to result from ion-neutral collisions
and could represent a lower altitude extension of an electrojet
at thermospheric altitudes (e.g. Achilleos et al. 2001; Johnson
et al. 2017). Time dependent circulation modelling of Jupiter’s
auroral stratosphere, with parameterization of auroral energy
deposition, is required to quantify the potential sources of heat-
ing at the 1-mbar level.

The spectra recorded at 748, 845 and 912 cm−1 were analyzed
to quantify the presence of the spectral features of propane,
propadiene and propene, respectively. The predicted vertical
profiles of propadiene, propene or propane (Moses and Poppe,
2017) were scaled by a constant at all altitudes and the goodness-
of-fit statistic (Equation 1) calculated at the expected wavenum-
bers of their spectral features.

The spectral feature of propadiene at 845.25 cm−1 was detected
with a confidence greater than 12σ inside Jupiter’s northern au-
roral region (Figure 8). At 62◦N, sampling longitudes outside
and inside Jupiter’s northern auroral region, we derived abun-
dances that are factors of ∼25 and ∼40 higher than those pre-
dicted by Moses and Poppe 2017, respectively. This respec-
tively corresponds to abundances of 1.6 ± 0.3 and 2 ± 0.2 ppbv
at the 1-mbar level, where sensitivity to propadiene is highest
(Figure 6). As shown in Figure 11, abundances peak at lon-
gitudes inside the auroral region, decrease outside the auroral
region but in the same latitude circle, and then decrease fur-
ther towards lower latitudes. Propadiene is only tentatively de-
tectable in the observations sampling the 42◦N latitude circle
(the lowest latitude sampled by our observations) and so we de-
rived a 3-σ upper limit scale factor of ∼19 with respect to the
photochemical model at that location. This corresponds to a
1-mbar abundance of ∼1.2 ppbv.

The spectral features of propene at ∼912.56 cm−1 were also
detected with a confidence greater than 17σ in Jupiter’s north-
ern auroral region (Figure 9). As for propadiene, significant
enrichments of propene with respect to neutral photochemical
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model predictions were required in order to fit the observed
spectral features. At 62◦N, sampling longitudes outside and in-
side Jupiter’s northern auroral region, we derived abundances
that are factors of ∼15 and ∼28 higher than those predicted
by neutral photochemical models (Moses and Poppe, 2017),
respectively. This respectively corresponds to abundances of
5.3+1.1
−1.2 ppbv and 8.1 ± 0.6 ppbv at the 1-mbar level, where

sensitivity to propene is highest. As for propadiene, derived
propene concentrations peak inside the auroral region, decrease
outside the auroral region and towards lower latitudes. Propene
was detectable at>3σ at all locations poleward of 46◦N whereas
the detection at 42◦N (the lowest latitude sampled by the obser-
vations) was negligible (Figure 9).

Propane was not detected at any location sampled by the obser-
vations (poleward of and including 42◦N) on March 5 2025.
The absence of spectral features of propane at 747.95 cm−1

was used to constrain upper limit abundances. At 42◦N, we
derive a 3-σ upper limit corresponding to the photochemically-
predicted abundance of propane Moses and Poppe (2017) scaled
by a factor of 5.5 (Figure 10). This corresponds to an abun-
dance of ∼19 ppbv at the 10-mbar level, where there is great-
est sensitivity to C3H8 (Figure 6). At 62◦N, using a mean of
observations sampled outside and inside the northern auroral
region, we derived upper limits respectively corresponding to
scale factors of ∼3 and ∼2.5 with respect to the Moses and
Poppe (2017) photochemically-predicted profile. This corre-
sponds to 10-mbar abundances of ∼12 and ∼10 ppbv, respec-
tively. Upper limits at higher latitudes are more stringent due
to the limb darkening of the tropospheric continuum and limb
brightening of stratospheric emissions at higher emission an-
gles.

The fact that the abundances of propadiene and propene peak
inside Jupiter’s auroral region does strongly suggest the dom-
inant source of their enrichment is auroral-related chemistry.
The concentrations of other unsaturated hydrocarbons such as
acetylene, ethylene, methylacetylene (CH3C2H, an isomer of
propadiene), and the aromatic hydrocarbon benzne (C6H6) have
been observed to be enriched in Jupiter’s auroral region com-
pared to non-auroral locations (e.g. Figure 11 of this study,
Sinclair et al. 2017a, Sinclair et al. 2018, Sinclair et al. 2019,
Sinclair et al. 2023, Giles et al. 2023, Rodríguez-Ovalle et al.
2024a, Rodríguez-Ovalle et al. 2024b). The current interpreta-
tion is that auroral-related heating modifies reaction rates and/or
exogenous ions and electrons yield ion-neutral and electron re-
combination reactions at significantly higher rates compared to
elsewhere on the planet, which preferentially enrich the abun-
dances of higher-order unsaturated/aromatic hydrocarbons. Dy-
namics may also contribute partly or significantly to the ob-
served enhancements. Downwelling motion would advect air
from higher altitudes, which is generally richer in the unsat-
urated hydrocarbon species (Figure 4), thereby enriching their
abundance at the 1-mbar level where their spectral features peak
in sensitivity (Figure 6). Furthermore, using ALMA observa-
tions, Jupiter’s southern auroral stratosphere was demonstrated
to be host to a counterrotating vortex at ∼0.1 mbar (Cavalié

et al., 2021). If such a circulation also exists in Jupiter’s north-
ern auroral stratosphere, chemical constituents could be dynam-
ically confined there thereby augmenting their apparent enrich-
ment. These results strongly advocate for ion-neutral chemistry
and dynamical modelling of Jupiter’s auroral atmosphere in or-
der to quantify the relative contributions of the above, proposed
mechanisms and to determine the dominant, reaction pathways
responsible for enriching the abundances of unsaturated and
polycyclic hydrocarbons.

Surprisingly, the ion chemistry in the auroral region does not
enrich the saturated C3 hydrocarbon, propane, with upper lim-
its derived of ∼2.5 times those predicted by neutral photochem-
ical models. Oddly, propane is readily detected in Saturn’s at-
mosphere with abundances that do not vary significantly be-
tween auroral and non-auroral regions (Greathouse et al., 2006;
Guerlet et al., 2009; Fletcher et al., 2018; Fletcher et al., 2023).
The lack of detection of propane in the auroral regions here
on Jupiter suggests that the unexpectedly high abundances ob-
served at high latitudes on Saturn may result from transport
rather than auroral chemistry, making propane a potentially use-
ful tracer of stratospheric circulation on that planet. Propane
is also readily detectable in Titan’s atmosphere (e.g. Maguire
et al. 1981; Nixon et al. 2009; Lombardo et al. 2019a. Its un-
detectability on Jupiter could, in part, be an artefact of vertical
sensitivity. The detectability of propene and propadiene arises
both from their aurorally-enriched abundances at Jupiter’s high
latitudes as well as the vertical sensitivity of their emission fea-
tures to the ∼1-mbar level, where there is strong auroral-related
heating warming the line-forming region (Figure 7). In con-
trast, the vertical sensitivity to stratospheric propane peaks a
decade of pressure higher (Figure 6), where propane is an or-
der of magnitude less abundant (Figure 4) and where there is
negligible auroral-related heating. A further explanation could
be that the ion-neutral chemical reactions that produce propa-
diene, propene, and other unsaturated species have rates that
are more temperature dependent and/or more sensitive to ion
chemistry, compared to those that produce propane. Further-
more, if vertical motions do contribute to the observed enrich-
ments of propadiene and propene (see discussion in previous
paragraph), such vertical motions would be expected to have
a negligible or even opposing effect on propane since it lacks
a high altitude abundance peak and thus has a negative verti-
cal gradient in abundance in the upper stratosphere (Figure 4).
However, we note that the vertical profiles in Figure 4 were
calculated assuming neutral photochemistry: the vertical pro-
files of each hydrocarbon could be very different in Jupiter’s
auroral regions due to the effects of auroral-related heating and
chemistry. Again, the relative roles of chemistry and dynam-
ics in the apparent undetectability of propane in Jupiter’s polar
stratosphere could be explored with ion-neutral chemistry and
dynamical modelling of Jupiter’s auroral atmosphere. Surpris-
ingly, the ion chemistry in the auroral region does not enrich the
saturated C3 hydrocarbon, propane, with upper limits derived
of ∼2.5 times those predicted by neutral photochemical mod-
els. Oddly, propane is readily detected in Saturn’s atmosphere
with abundances that do not vary significantly between auroral
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and non-auroral regions (Greathouse et al., 2006; Guerlet et al.,
2009; Fletcher et al., 2018; Fletcher et al., 2023). The lack of
detection of propane in the auroral regions here on Jupiter sug-
gests that the unexpectedly high abundances observed at high
latitudes on Saturn may result from transport rather than au-
roral chemistry, making propane a potentially useful tracer of
stratospheric circulation on that planet. Propane is also read-
ily detectable in Titan’s atmosphere (e.g. Maguire et al. 1981;
Nixon et al. 2009; Lombardo et al. 2019a. Its undetectabil-
ity on Jupiter could, in part, be an artefact of vertical sensi-
tivity. The detectability of propene and propadiene arises both
from their aurorally-enriched abundances at Jupiter’s high lat-
itudes as well as the vertical sensitivity of their emission fea-
tures to the ∼1-mbar level, where there is strong auroral-related
heating warming the line-forming region (Figure 7). In con-
trast, the vertical sensitivity to stratospheric propane peaks a
decade of pressure higher (Figure 6), where propane is an or-
der of magnitude less abundant (Figure 4) and where there is
negligible auroral-related heating. A further explanation could
be that the ion-neutral chemical reactions that produce propa-
diene, propene, and other unsaturated species have rates that
are more temperature dependent and/or more sensitive to ion
chemistry, compared to those that produce propane. Further-
more, if vertical motions do contribute to the observed enrich-
ments of propadiene and propene (see discussion in previous
paragraph), such vertical motions would be expected to have
a negligible or even opposing effect on propane since it lacks
a high altitude abundance peak and thus has a negative verti-
cal gradient in abundance in the upper stratosphere (Figure 4).
However, we note that the vertical profiles in Figure 4 were
calculated assuming neutral photochemistry: the vertical pro-
files of each hydrocarbon could be very different in Jupiter’s
auroral regions due to the effects of auroral-related heating and
chemistry. Again, the relative roles of chemistry and dynam-
ics in the apparent undetectability of propane in Jupiter’s polar
stratosphere could be explored with ion-neutral chemistry and
dynamical modelling of Jupiter’s auroral atmosphere. Surpris-
ingly, the ion chemistry in the auroral region does not enrich the
saturated C3 hydrocarbon, propane, with upper limits derived
of ∼2.5 times those predicted by neutral photochemical mod-
els. Oddly, propane is readily detected in Saturn’s atmosphere
with abundances that do not vary significantly between auroral
and non-auroral regions (Greathouse et al., 2006; Guerlet et al.,
2009; Fletcher et al., 2018; Fletcher et al., 2023). The lack of
detection of propane in the auroral regions here on Jupiter sug-
gests that the unexpectedly high abundances observed at high
latitudes on Saturn may result from transport rather than auroral
chemistry, making propane a potentially useful tracer of strato-
spheric circulation on that planet. Propane is also readily de-
tectable in Titan’s atmosphere (e.g. Maguire et al. 1981; Nixon
et al. 2009; Sylvestre et al. 2015; Lombardo et al. 2019a. Its un-
detectability on Jupiter could, in part, be an artefact of vertical
sensitivity. The detectability of propene and propadiene arises
both from their aurorally-enriched abundances at Jupiter’s high
latitudes as well as the vertical sensitivity of their emission fea-
tures to the ∼1-mbar level, where there is strong auroral-related
heating warming the line-forming region (Figure 7). In con-

trast, the vertical sensitivity to stratospheric propane peaks a
decade of pressure higher (Figure 6), where propane is an order
of magnitude less abundant (Figure 4) and where there is neg-
ligible auroral-related heating. A further explanation could be
that the ion-neutral chemical reactions that produce propadiene,
propene, and other unsaturated species have rates that are more
temperature dependent and/or more sensitive to ion chemistry,
compared to those that produce propane. Furthermore, if verti-
cal motions do contribute to the observed enrichments of propa-
diene and propene (see discussion in previous paragraph), such
vertical motions would be expected to have a negligible or even
opposing effect on propane since it lacks a high altitude abun-
dance peak and thus has a negative vertical gradient in abun-
dance in the upper stratosphere (Figure 4). However, we note
that the vertical profiles in Figure 4 were calculated assuming
neutral photochemistry: the vertical profiles of each hydrocar-
bon could be very different in Jupiter’s auroral regions due to
the effects of auroral-related heating and chemistry. Again, the
relative roles of chemistry and dynamics in the apparent unde-
tectability of propane in Jupiter’s polar stratosphere could be
explored with ion-neutral chemistry and dynamical modelling
of Jupiter’s auroral atmosphere.

We considered the possibility that the lines at 845.25 cm−1 and
912.56 cm−1 were actually transitions of another chemical species
missing from the spectroscopic line data adopted in our anal-
ysis. However, we ultimately considered this highly unlikely
for several reasons. First, we adopted the most recent line lists
of acetylene, ethylene and ethane from HITRAN 2020 (Gor-
don et al., 2022), which are the dominant emission species of
Jupiter’s atmosphere in the 800 - 1000 cm−1 spectral range.
This minimizes the possibility that the observed lines at 845.25
and 912.56 cm−1 are transitions of those species missing from
the spectroscopic line data. Second, we reviewed the spectro-
scopic line data of water (H2O), carbon dioxide (CO2), car-
bon dioxide (CO), hydroxide (OH), carbonyl sulfide (OCS),
formaldehyde (H2CO), deuterated methane (CH3D), hydrogen
cyanide (HCN), hydrogen isocyanide (HNC), hydrogen perox-
ide (H2O2), formic acid (HCOOH), methanol (CH3OH), deuter-
ated acetylene (C2HD), methylcyanide (CH3CN) from HITRAN
2020 (Gordon et al., 2022) and/or GEISA 2020 (Delahaye et al.,
2021) over the spectral ranges of the ∼845 and ∼912 cm−1 set-
tings. None of these species have significant lines within 0.015
cm−1 (the estimated 3-σ wavenumber uncertainty correspond-
ing to TEXES’ spectral resolving power) of the observed fea-
tures at 845.25 cm−1 and 912.56 cm−1. Furthermore, all these
species have stronger, predicted lines located more than 0.015
cm−1 from 845.25 cm−1 and 912.56 cm−1 and no such features
are observed at those wavelengths. We therefore excluded the
possibility that the lines at 845.25 cm−1 and 912.56 cm−1 were
one of the aforementioned species. Third, there is a signifi-
cant improvement (∆χ2 > 100 in the correspondence between
the synthetic and observed spectra when including the opacities
of propadiene at ∼845.25 cm−1 and propene at 912.56 cm−1,
which strongly suggests we have correctly identified the species
responsible for those lines.
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In future work, we will search for and measure the abundances
of propadiene, propene and propane in Jupiter’s southern hemi-
sphere. Given the interpretation that the high abundances of
propadiene and propene in Jupiter’s northern auroral region are
the result of auroral-related chemistry, we would likewise ex-
pect similarly high abundances in Jupiter’s southern auroral re-
gion. In fact, given the southern auroral region occupies a
smaller geographic area and so auroral energy is deposited there
with a higher surface density, and given it is approximately co-
located with Jupiter’s rotational axis that would entrain chemi-
cal species there, propadiene and propene may be even more
enriched there than in the northern auroral region. Jupiter’s
southern auroral region may also prove advantageous for the
search for propane given that auroral-related heating there has
been demonstrated to reach the deeper (∼10 mbar) pressures
(Sinclair et al., 2023) where sensitivity to stratospheric C3H8 is
higher (Figure 6).

6. Conclusions

We report a >12-σ detection of propadiene (CH2CCH2) and a
>17-σ detection of propene (C3H6) in Jupiter’s northern auroral
stratosphere using IRTF-TEXES spectral measurements. Spec-
tral scans were performed across Jupiter’s mid-to-high north-
ern latitudes on March 5-6 2025 and in settings centered at
587, 748, 843, 912 and 1248 cm−1. The spectra were analyzed
with radiative transfer software in order to quantitatively test for
the presence of the emission features of propadiene, propene
and propane, to derive their abundances if detected, or derive
stringent upper limit abundances if not detected. Both propa-
diene and propene peak in concentration inside Jupiter’s north-
ern auroral region and derived abundances are over an order of
magnitude higher than those predicted by neutral photochemi-
cal models. For example, at 62◦N and sampling longitudes in-
side Jupiter’s northern auroral region, we derived 1-mbar abun-
dances of 2.0 ± 0.2 ppbv and 8.1 ± 0.6 ppbv for propadiene
and propene, respectively. These abundances are elevated by
factors of 40 ± 3 and 28 ± 2 with respect to abundances pre-
dicted by the Moses and Poppe (2017) neutral photochemical
model. In contrast, at 42◦N, both species were only marginally
detectable with 3-σ 3-σ upper limits of 1.2 ppbv for propadiene
and 6 ppbv for propene at the 1-mbar level. Spectral features of
propane were not detected at any of the locations sampled by
the data (poleward of and including 42◦N). At 62◦N and inside
Jupiter’s northern auroral region, we derive a 3-σ C3H8 upper
limit of ∼10 ppbv at 10 mbar, which is only 2.5 times the Moses
and Poppe (2017) predicted abundance. The fact that propadi-
ene and propene are most enriched inside Jupiter’s auroral re-
gion strongly suggests that the heating associated with auroral
energy deposition and the influx of ions and electrons modifies
the stratospheric chemistry such that unsaturated hydrocarbons
are preferentially enriched, as has been observed for the neutral
C2 species (e.g. Sinclair et al. 2017a, 2018; Sinclair et al. 2019,
2023; Giles et al. 2023; Rodríguez-Ovalle et al. 2024a). The

nondetection of propane could, in part, be explained by the ver-
tical sensitivity of its stratospheric mid-infrared emission lines
to deeper ∼10 mbar pressures, where it is less abundant and
where there is negligible auroral-related heating to warm the
line forming region. The results of this work strongly advocate
for development of ion-neutral chemistry models of Jupiter’s
auroral stratosphere to understand and quantify how magneto-
spheric particles modify the reaction pathways of higher-order
hydrocarbons.
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The IRTF-TEXES data presented in this paper are publicly avail-
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Date Time Scan Setting Slit R Nspx CML SOL A vrad
(UTC) number (cm−1) (“) (◦) (◦) (km/s)
00:09 8003.01 1248 9.9 x 1.3 79811 800 258 2.8 1.82 27.6
00:09 8003.02 1248 9.9 x 1.3 79811 577 258 2.8 1.82 27.6
00:19 8004.01 587 13.3 x 1.9 46856 838 276 2.8 1.72 27.7
00:19 8004.02 587 13.3 x 1.9 46856 911 276 2.8 1.72 27.7
00:19 8004.03 587 13.3 x 1.9 46856 642 276 2.8 1.72 27.7
00:19 8004.04 587 13.3 x 1.9 46856 642 276 2.8 1.72 27.7
00:30 8005.01 748 12.7 x 1.3 69149 670 280 2.8 1.62 27.7
00:30 8005.02 748 12.7 x 1.3 69149 420 280 2.8 1.62 27.7
00:30 8005.03 748 12.7 x 1.3 69149 344 280 2.8 1.62 27.7
00:30 8005.04 748 12.7 x 1.3 69149 459 280 2.8 1.62 27.7
00:44 8006.01 748 12.7 x 1.3 69149 500 285 2.8 1.51 27.7
00:44 8006.02 748 12.7 x 1.3 69149 561 285 2.8 1.51 27.7
00:44 8006.03 748 12.7 x 1.3 69149 584 285 2.8 1.51 27.7
00:44 8006.04 748 12.7 x 1.3 69149 420 285 2.8 1.51 27.7
00:59 8007.01 748 12.7 x 1.3 69149 500 291 2.8 1.42 27.7
00:59 8007.02 748 12.7 x 1.3 69149 529 291 2.8 1.42 27.7
00:59 8007.03 748 12.7 x 1.3 69149 501 291 2.8 1.42 27.7
00:59 8007.04 748 12.7 x 1.3 69149 369 291 2.8 1.42 27.7
01:24 8010.01 1248 9.9 x 1.3 79811 536 314 2.8 1.29 27.7
01:24 8010.02 1248 9.9 x 1.3 79811 534 314 2.8 1.29 27.7
01:28 8011.01 1248 9.9 x 1.3 79811 379 316 2.8 1.27 27.7
01:28 8011.02 1248 9.9 x 1.3 79811 490 316 2.8 1.27 27.7
01:28 8011.03 1248 9.9 x 1.3 79811 490 316 2.8 1.27 27.7
01:37 8012.01 587 13.3 x 1.9 46856 709 319 2.8 1.24 27.7
01:37 8012.02 587 13.3 x 1.9 46856 938 319 2.8 1.24 27.7
01:37 8012.03 587 13.3 x 1.9 46856 937 319 2.8 1.24 27.7
01:44 8013.01 748 12.7 x 1.3 69149 368 322 2.8 1.21 27.8

March 5 2025 01:44 8013.02 748 12.7 x 1.3 69149 529 322 2.8 1.21 27.8
01:44 8013.03 748 12.7 x 1.3 69149 570 322 2.8 1.21 27.8
01:44 8013.04 748 12.7 x 1.3 69149 615 322 2.8 1.21 27.8
01:59 8014.01 748 12.7 x 1.3 69149 574 327 2.8 1.17 27.8
01:59 8014.02 748 12.7 x 1.3 69149 684 327 2.8 1.17 27.8
01:59 8014.03 748 12.7 x 1.3 69149 534 327 2.8 1.17 27.8
01:59 8014.04 748 12.7 x 1.3 69149 606 327 2.8 1.17 27.8
02:14 8015.01 748 12.7 x 1.3 69149 445 333 2.8 1.13 27.8
02:14 8015.02 748 12.7 x 1.3 69149 524 333 2.8 1.13 27.8
02:14 8015.03 748 12.7 x 1.3 69149 550 333 2.8 1.13 27.8
02:23 8016.01 748 12.7 x 1.3 69149 648 350 2.8 1.11 27.8
02:23 8016.02 748 12.7 x 1.3 69149 407 350 2.8 1.11 27.8
02:23 8016.03 748 12.7 x 1.3 69149 417 350 2.8 1.11 27.8
02:23 8016.04 748 12.7 x 1.3 69149 503 350 2.8 1.11 27.8
02:47 8018.01 1248 9.9 x 1.3 79811 665 359 2.8 1.06 27.8
02:47 8018.02 1248 9.9 x 1.3 79811 507 359 2.8 1.06 27.8
02:47 8018.03 1248 9.9 x 1.3 79811 507 359 2.8 1.06 27.8
02:47 8018.04 1248 9.9 x 1.3 79811 507 359 2.8 1.06 27.8
02:59 8019.01 587 13.3 x 1.9 46856 1072 3 2.8 1.04 27.9
02:59 8019.02 587 13.3 x 1.9 46856 584 3 2.8 1.04 27.9
02:59 8019.03 587 13.3 x 1.9 46856 584 3 2.8 1.04 27.9
03:06 8020.01 748 12.7 x 1.3 69149 531 6 2.8 1.03 27.9
03:06 8020.02 748 12.7 x 1.3 69149 257 6 2.8 1.03 27.9
03:06 8020.03 748 12.7 x 1.3 69149 251 6 2.8 1.03 27.9
03:41 8021.01 748 12.7 x 1.3 69149 564 33 2.8 1.00 27.9
03:41 8021.02 748 12.7 x 1.3 69149 556 33 2.8 1.00 27.9
03:41 8021.03 748 12.7 x 1.3 69149 670 33 2.8 1.00 27.9
03:41 8021.04 748 12.7 x 1.3 69149 615 33 2.8 1.00 27.9

Table A.1: Details of the IRTF-TEXES observations presented in this work. Dates/times are UTC, the slit dimensions (length x width) are in arcseconds, R is the
resolving power (ν/∆ν), the central meridian longitude (CML) at the time of scan is System III and the sub-solar latitude (SOL) is planetocentric. A is the mean
airmass throughout the scan and vrad is the relative Earth-Jupiter velocity in km/s.
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Date Time Scan Setting Slit R Nspx CML SOL A vrad
(UTC) number (cm−1) (“) (◦) (◦) (km/s)
03:56 8022.01 748 12.7 x 1.3 69149 707 39 2.8 1.00 27.9
03:56 8022.02 748 12.7 x 1.3 69149 583 39 2.8 1.00 27.9
03:56 8022.03 748 12.7 x 1.3 69149 701 39 2.8 1.00 27.9
03:56 8022.04 748 12.7 x 1.3 69149 583 39 2.8 1.00 27.9
04:11 8023.01 748 12.7 x 1.3 69149 719 44 2.8 1.00 28.0
04:11 8023.02 748 12.7 x 1.3 69149 460 44 2.8 1.00 28.0
04:11 8023.03 748 12.7 x 1.3 69149 583 44 2.8 1.00 28.0
04:11 8023.04 748 12.7 x 1.3 69149 577 44 2.8 1.00 28.0
04:31 8025.01 1248 9.9 x 1.3 79811 236 66 2.8 1.00 28.0
04:31 8025.02 1248 9.9 x 1.3 79811 529 66 2.8 1.00 28.0
04:31 8025.03 1248 9.9 x 1.3 79811 533 66 2.8 1.00 28.0
04:40 8026.01 587 13.3 x 1.9 46856 746 69 2.8 1.00 28.0
04:40 8026.02 587 13.3 x 1.9 46856 746 69 2.8 1.00 28.0
04:40 8026.03 587 13.3 x 1.9 46856 761 69 2.8 1.00 28.0
04:47 8027.01 748 12.7 x 1.3 69149 386 72 2.8 1.01 28.0
04:47 8027.02 748 12.7 x 1.3 69149 465 72 2.8 1.01 28.0
04:47 8027.03 748 12.7 x 1.3 69149 515 72 2.8 1.01 28.0
04:47 8027.04 748 12.7 x 1.3 69149 622 72 2.8 1.01 28.0
05:01 8028.01 748 12.7 x 1.3 69149 659 77 2.8 1.02 28.1
05:01 8028.02 748 12.7 x 1.3 69149 699 77 2.8 1.02 28.1
05:01 8028.03 748 12.7 x 1.3 69149 617 77 2.8 1.02 28.1
05:01 8028.04 748 12.7 x 1.3 69149 537 77 2.8 1.02 28.1
05:15 8029.01 748 12.7 x 1.3 69149 594 96 2.8 1.03 28.1
05:15 8029.02 748 12.7 x 1.3 69149 593 96 2.8 1.03 28.1
05:19 8030.01 748 12.7 x 1.3 69149 617 98 2.8 1.03 28.1
05:19 8030.02 748 12.7 x 1.3 69149 617 98 2.8 1.03 28.1
05:19 8030.03 748 12.7 x 1.3 69149 675 98 2.8 1.03 28.1

March 5 2025 05:19 8030.04 748 12.7 x 1.3 69149 537 98 2.8 1.03 28.1
05:41 8032.01 1248 9.9 x 1.3 79811 570 106 2.8 1.06 28.1
05:41 8032.02 1248 9.9 x 1.3 79811 302 106 2.8 1.06 28.1
05:41 8032.03 1248 9.9 x 1.3 79811 302 106 2.8 1.06 28.1
05:49 8033.01 587 13.3 x 1.9 46856 581 109 2.8 1.08 28.2
05:49 8033.02 587 13.3 x 1.9 46856 785 109 2.8 1.08 28.2
05:49 8033.03 587 13.3 x 1.9 46856 814 109 2.8 1.08 28.2
05:56 8034.01 748 12.7 x 1.3 69149 498 111 2.8 1.09 28.2
05:56 8034.02 748 12.7 x 1.3 69149 498 111 2.8 1.09 28.2
06:01 8035.01 748 12.7 x 1.3 69149 461 127 2.8 1.10 28.2
06:01 8035.02 748 12.7 x 1.3 69149 461 127 2.8 1.10 28.2
06:27 8036.01 748 12.7 x 1.3 69149 737 137 2.8 1.17 28.2
06:27 8036.02 748 12.7 x 1.3 69149 568 137 2.8 1.17 28.2
06:27 8036.03 748 12.7 x 1.3 69149 592 137 2.8 1.17 28.2
06:58 8037.01 748 12.7 x 1.3 69149 551 148 2.8 1.27 28.3
06:58 8037.02 748 12.7 x 1.3 69149 592 148 2.8 1.27 28.3
06:58 8037.03 748 12.7 x 1.3 69149 632 148 2.8 1.27 28.3
06:58 8037.04 748 12.7 x 1.3 69149 719 148 2.8 1.27 28.3
07:24 8040.01 1248 9.9 x 1.3 79811 618 172 2.8 1.39 28.3
07:24 8040.02 1248 9.9 x 1.3 79811 618 172 2.8 1.39 28.3
07:28 8041.01 1248 9.9 x 1.3 79811 336 174 2.8 1.42 28.3
07:28 8041.02 1248 9.9 x 1.3 79811 373 174 2.8 1.42 28.3
07:33 8042.01 587 13.3 x 1.9 46856 711 175 2.8 1.45 28.3
07:33 8042.02 587 13.3 x 1.9 46856 734 175 2.8 1.45 28.3
07:33 8042.03 587 13.3 x 1.9 46856 723 175 2.8 1.45 28.3
07:40 8043.01 748 12.7 x 1.3 69149 473 178 2.8 1.50 28.3
07:40 8043.02 748 12.7 x 1.3 69149 434 178 2.8 1.50 28.3
07:46 8044.01 748 12.7 x 1.3 69149 528 180 2.8 1.54 28.3
07:46 8044.02 748 12.7 x 1.3 69149 528 180 2.8 1.54 28.3
07:46 8044.03 748 12.7 x 1.3 69149 551 180 2.8 1.54 28.3

Table A.1: (continued from previous page)
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Date Time Scan Setting Slit R Nspx CML SOL A vrad
(UTC) number (cm−1) (“) (◦) (◦) (km/s)
07:46 8044.04 748 12.7 x 1.3 69149 512 180 2.8 1.54 28.3
08:01 8045.01 748 12.7 x 1.3 69149 551 200 2.8 1.66 28.4
08:01 8045.02 748 12.7 x 1.3 69149 473 200 2.8 1.66 28.4
08:01 8045.03 748 12.7 x 1.3 69149 561 200 2.8 1.66 28.4
08:01 8045.04 748 12.7 x 1.3 69149 466 200 2.8 1.66 28.4
08:17 8046.01 748 12.7 x 1.3 69149 621 206 2.8 1.81 28.4
08:17 8046.02 748 12.7 x 1.3 69149 544 206 2.8 1.81 28.4

March 5 2025 08:17 8046.03 748 12.7 x 1.3 69149 599 206 2.8 1.81 28.4
08:17 8046.04 748 12.7 x 1.3 69149 602 206 2.8 1.81 28.4
08:29 8047.01 1248 9.9 x 1.3 79811 268 210 2.8 1.96 28.4
08:29 8047.02 1248 9.9 x 1.3 79811 420 210 2.8 1.96 28.4
08:29 8047.03 1248 9.9 x 1.3 79811 404 210 2.8 1.96 28.4
08:29 8047.04 1248 9.9 x 1.3 79811 404 210 2.8 1.96 28.4
08:41 8048.01 587 13.3 x 1.9 46856 759 215 2.8 2.13 28.4
08:41 8048.02 587 13.3 x 1.9 46856 789 215 2.8 2.13 28.4
08:41 8048.03 587 13.3 x 1.9 46856 801 215 2.8 2.13 28.4
00:07 9002.01 1248 9.9 x 1.3 79811 700 48 2.8 1.81 27.6
00:07 9002.02 1248 9.9 x 1.3 79811 381 48 2.8 1.81 27.6
00:07 9002.03 1248 9.9 x 1.3 79811 420 48 2.8 1.81 27.6
00:18 9003.01 587 13.3 x 1.9 46856 403 66 2.8 1.69 27.6
00:18 9003.02 587 13.3 x 1.9 46856 604 66 2.8 1.69 27.6
00:18 9003.03 587 13.3 x 1.9 46856 604 66 2.8 1.69 27.6
00:25 9004.01 843 8.50 x 1.3 72406 460 69 2.8 1.63 27.7
00:25 9004.02 843 8.50 x 1.3 72406 381 69 2.8 1.63 27.7
00:25 9004.03 843 8.50 x 1.3 72406 460 69 2.8 1.63 27.7
00:25 9004.04 843 8.50 x 1.3 72406 445 69 2.8 1.63 27.7
00:36 9005.01 912 11.7 x 1.3 74229 308 73 2.8 1.54 27.7
00:36 9005.02 912 11.7 x 1.3 74229 385 73 2.8 1.54 27.7
00:36 9005.03 912 11.7 x 1.3 74229 462 73 2.8 1.54 27.7
00:36 9005.04 912 11.7 x 1.3 74229 501 73 2.8 1.54 27.7
00:59 9007.01 1248 9.9 x 1.3 79811 370 81 2.8 1.40 27.7
00:59 9007.02 1248 9.9 x 1.3 79811 367 81 2.8 1.40 27.7
01:09 9008.01 587 13.3 x 1.9 46856 346 85 2.8 1.35 27.7
01:09 9008.02 587 13.3 x 1.9 46856 818 85 2.8 1.35 27.7
01:16 9009.01 843 8.50 x 1.3 72406 402 102 2.8 1.31 27.7
01:16 9009.02 843 8.50 x 1.3 72406 402 102 2.8 1.31 27.7
01:16 9009.03 843 8.50 x 1.3 72406 360 102 2.8 1.31 27.7
01:16 9009.04 843 8.50 x 1.3 72406 330 102 2.8 1.31 27.7

March 6 2025 01:26 9010.01 843 8.50 x 1.3 72406 402 106 2.8 1.27 27.7
01:26 9010.02 843 8.50 x 1.3 72406 330 106 2.8 1.27 27.7
01:26 9010.03 843 8.50 x 1.3 72406 402 106 2.8 1.27 27.7
01:26 9010.04 843 8.50 x 1.3 72406 383 106 2.8 1.27 27.7
01:38 9011.01 912 11.7 x 1.3 74229 542 110 2.8 1.22 27.7
01:38 9011.02 912 11.7 x 1.3 74229 352 110 2.8 1.22 27.7
01:38 9011.03 912 11.7 x 1.3 74229 423 110 2.8 1.22 27.7
01:38 9011.04 912 11.7 x 1.3 74229 423 110 2.8 1.22 27.7
01:48 9012.01 912 11.7 x 1.3 74229 390 114 2.8 1.19 27.7
01:48 9012.02 912 11.7 x 1.3 74229 412 114 2.8 1.19 27.7
01:48 9012.03 912 11.7 x 1.3 74229 491 114 2.8 1.19 27.7
01:48 9012.04 912 11.7 x 1.3 74229 494 114 2.8 1.19 27.7
02:13 9015.01 1248 9.9 x 1.3 79811 523 137 2.8 1.12 27.8
02:13 9015.02 1248 9.9 x 1.3 79811 384 137 2.8 1.12 27.8
02:22 9016.01 587 13.3 x 1.9 46856 714 140 2.8 1.10 27.8
02:22 9016.02 587 13.3 x 1.9 46856 782 140 2.8 1.10 27.8
02:28 9017.01 843 8.50 x 1.3 72406 256 143 2.8 1.09 27.8
02:28 9017.02 843 8.50 x 1.3 72406 402 143 2.8 1.09 27.8
02:28 9017.03 843 8.50 x 1.3 72406 402 143 2.8 1.09 27.8
02:28 9017.04 843 8.50 x 1.3 72406 383 143 2.8 1.09 27.8
02:39 9018.01 843 8.50 x 1.3 72406 459 147 2.8 1.07 27.8
02:39 9018.02 843 8.50 x 1.3 72406 365 147 2.8 1.07 27.8
02:39 9018.03 843 8.50 x 1.3 72406 383 147 2.8 1.07 27.8
02:39 9018.04 843 8.50 x 1.3 72406 342 147 2.8 1.07 27.8
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Date Time Scan Setting Slit R Nspx CML SOL A vrad
(UTC) number (cm−1) (“) (◦) (◦) (km/s)
02:50 9019.01 912 11.7 x 1.3 74229 710 151 2.8 1.05 27.8
02:50 9019.02 912 11.7 x 1.3 74229 611 151 2.8 1.05 27.8
02:50 9019.03 912 11.7 x 1.3 74229 634 151 2.8 1.05 27.8
02:50 9019.04 912 11.7 x 1.3 74229 533 151 2.8 1.05 27.8
03:01 9020.01 912 11.7 x 1.3 74229 491 155 2.8 1.04 27.8
03:01 9020.02 912 11.7 x 1.3 74229 531 155 2.8 1.04 27.8
03:01 9020.03 912 11.7 x 1.3 74229 496 155 2.8 1.04 27.8
03:01 9020.04 912 11.7 x 1.3 74229 531 155 2.8 1.04 27.8
03:12 9021.01 1248 9.9 x 1.3 79811 267 159 2.8 1.02 27.8
03:12 9021.02 1248 9.9 x 1.3 79811 335 159 2.8 1.02 27.8
03:21 9022.01 587 13.3 x 1.9 46856 829 176 2.8 1.02 27.9
03:21 9022.02 587 13.3 x 1.9 46856 850 176 2.8 1.02 27.9
03:27 9023.01 843 8.50 x 1.3 72406 364 178 2.8 1.01 27.9
03:27 9023.02 843 8.50 x 1.3 72406 329 178 2.8 1.01 27.9
03:27 9023.03 843 8.50 x 1.3 72406 294 178 2.8 1.01 27.9
03:27 9023.04 843 8.50 x 1.3 72406 458 178 2.8 1.01 27.9
03:38 9024.01 843 8.50 x 1.3 72406 382 182 2.8 1.00 27.9
03:38 9024.02 843 8.50 x 1.3 72406 438 182 2.8 1.00 27.9
03:38 9024.03 843 8.50 x 1.3 72406 329 182 2.8 1.00 27.9
03:38 9024.04 843 8.50 x 1.3 72406 329 182 2.8 1.00 27.9
03:50 9025.01 912 11.7 x 1.3 74229 781 187 2.8 1.00 27.9
03:50 9025.02 912 11.7 x 1.3 74229 607 187 2.8 1.00 27.9
03:50 9025.03 912 11.7 x 1.3 74229 626 187 2.8 1.00 27.9
03:50 9025.04 912 11.7 x 1.3 74229 661 187 2.8 1.00 27.9
04:01 9026.01 912 11.7 x 1.3 74229 597 191 2.8 1.00 27.9
04:01 9026.02 912 11.7 x 1.3 74229 655 191 2.8 1.00 27.9
04:01 9026.03 912 11.7 x 1.3 74229 629 191 2.8 1.00 27.9

March 6 2025 04:01 9026.04 912 11.7 x 1.3 74229 557 191 2.8 1.00 27.9
04:20 9028.01 1248 9.9 x 1.3 79811 550 212 2.8 1.00 28.0
04:20 9028.02 1248 9.9 x 1.3 79811 556 212 2.8 1.00 28.0
04:24 9029.01 1248 9.9 x 1.3 79811 472 214 2.8 1.00 28.0
04:24 9029.02 1248 9.9 x 1.3 79811 434 214 2.8 1.00 28.0
04:33 9030.01 587 13.3 x 1.9 46856 835 217 2.8 1.00 28.0
04:33 9030.02 587 13.3 x 1.9 46856 811 217 2.8 1.00 28.0
04:40 9031.01 843 8.50 x 1.3 72406 260 219 2.8 1.00 28.0
04:40 9031.02 843 8.50 x 1.3 72406 363 219 2.8 1.00 28.0
04:40 9031.03 843 8.50 x 1.3 72406 419 219 2.8 1.00 28.0
04:40 9031.04 843 8.50 x 1.3 72406 328 219 2.8 1.00 28.0
04:50 9032.01 843 8.50 x 1.3 72406 400 223 2.8 1.01 28.0
04:50 9032.02 843 8.50 x 1.3 72406 419 223 2.8 1.01 28.0
04:50 9032.03 843 8.50 x 1.3 72406 490 223 2.8 1.01 28.0
04:50 9032.04 843 8.50 x 1.3 72406 363 223 2.8 1.01 28.0
05:02 9033.01 912 11.7 x 1.3 74229 598 227 2.8 1.02 28.0
05:02 9033.02 912 11.7 x 1.3 74229 557 227 2.8 1.02 28.0
05:02 9033.03 912 11.7 x 1.3 74229 557 227 2.8 1.02 28.0
05:02 9033.04 912 11.7 x 1.3 74229 648 227 2.8 1.02 28.0
05:13 9034.01 912 11.7 x 1.3 74229 479 231 2.8 1.03 28.1
05:13 9034.02 912 11.7 x 1.3 74229 579 231 2.8 1.03 28.1
05:13 9034.03 912 11.7 x 1.3 74229 577 231 2.8 1.03 28.1
05:13 9034.04 912 11.7 x 1.3 74229 539 231 2.8 1.03 28.1
05:25 9035.01 1248 9.9 x 1.3 79811 326 250 2.8 1.04 28.1
05:25 9035.02 1248 9.9 x 1.3 79811 550 250 2.8 1.04 28.1
05:25 9035.03 1248 9.9 x 1.3 79811 529 250 2.8 1.04 28.1
05:34 9036.01 587 13.3 x 1.9 46856 1036 254 2.8 1.06 28.1
05:34 9036.02 587 13.3 x 1.9 46856 932 254 2.8 1.06 28.1
05:34 9036.03 587 13.3 x 1.9 46856 898 254 2.8 1.06 28.1
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