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Abstract

W present a retrieval analysis of TEXES (Texas Echelon Cross Echelle Spectrograph (Lacy et all, 2002)) spectra of Jupiter’s high latitudes
obtained on NASA’s Infrared Telescope Facility on December 10-11th 2014. The vertical temperature profile and vertical profiles of C,H,, C;Hy
and C,H¢ were retrieved at both high-northern and high-southern latitudes and results were compared in ‘quiescent’ regions and regions known
to be affected by Jupiter’s aurora in order to highlight how auroral processes modify the thermal structure and hydrocarbon chemistry of the
stratosphere. In qualitative agreement with |Sinclair et al.|(2017a)), we find temperatures in auroral regions to be elevated with respect to quiescent
regions at two discrete pressures levels at approximately 1 mbar and 0.01 mbar. For example, in comparing retrieved temperatures at 70°N, 60°W
(a representative quiescent region) and 70°N, 180°W (centred on the northern auroral oval), temperatures increase by 19.0 + 4.2 K at 0.98 mbar,
20.8 + 3.9 K at 0.01 mbar but only by 8.3 + 4.9 K at the intermediate level of 0.1 mbar. We conclude that elevated temperatures at 0.01 mbar
result from heating by joule resistance of the atmosphere and the energy imparted by electron and ion precipitation. However, temperatures at 1
mbar are considered to result either from heating by shortwave radiation of aurorally-produced haze particulates or precipitation of higher energy
population of charged particles. Our former conclusion would be consistent with results of auroral-chemistry models, that predict the highest
number densities of aurorally-produced haze particles at this pressure level (Wong et al.l 2000, 2003). C,H, and C,H, exhibit enrichments but
C,Hg remains constant within uncertainty when comparing retrieved concentrations in the northern auroral region with quiescent longitudes in
the same latitude band. At 1 mbar, C,H, increases from 278.4 + 40.3 ppbv at 70°N, 60°W to 564.4 + 72.0 ppbv at 70°N, 180°W and at 0.01 mbar,
over the same longitude range at 70°N, C,H, increases from 0.669 + 0.129 ppmv to 6.509 + 0.811 ppmv. However, we note that non-LTE (local
thermodynamic equilibrium) emission may affect the cores of the strongest C,H, and C,H,4 lines on the northern auroral region, which may be a
possible source of error in our derived concentrations. We retrieved concentrations of C,Hg at 1 mbar of 9.03 + 0.98 ppmv at 70°N, 60°W and
7.66 = 0.70 ppmv at 70°N, 180°W. Thus, C,Hg’s concentration appears constant (within uncertainty) as a function of longitude at 70°N.

Keywords:

1. Introduction species. This degeneracy in temperature and composition has

hindered several previous studies in quantifying whether the

Auroral processes on Jupiter are evident over a large range in
wavelengths. X-ray, ultraviolet (UV), visible and near-infrared
HJ emission results from the precipitation of charged particles
into the upper ionosphere of Jupiter where field lines intersect
the atmosphere (e.g. [Nichols et al|[2007; |Ozak et al.|[2010;
Stallard et al.|[2012). Jupiter’s auroral regions also exhibit
enhanced mid-infrared emission from CHy (7.8 um), C,H,
(13 pm), CoHy (10.5 um), CyHg (12.2 um), which indicates
that auroral processes also perturb the thermal structure and
composition of the stratosphere at pressures between 10
mbar and 10 pbar (Caldwell et all [1980; Kim et al.l 1985}
Drossart et al.l [1993] |[Kostiuk et al.l {1993} |Livengood et al.,
1993).

The magnitude of mid-infrared emission of C;H,, C,H4, C;Hg
and further hydrocarbons depends both on the temperature of
the line-forming region as well as the abundance of the emitting

*Corresponding Author
Email address: james.sinclair@jpl.nasa.gov (J. A. Sinclair)

Preprint submitted to Icarus

enhanced mid-infrared auroral emission of C,H,, C,H4 and
further hydrocarbons results solely from enhanced temperatures
or modified concentrations of the emitting species. However, in
part I of this paper (Sinclair et al.,2017a), henceforth described
as Paper I, we performed a retrieval analysis of Voyager
1-IRIS (Infrared Interferometer Spectrometer and Radiometer,
Hanel et al.|[{1980) spectra acquired in 1979 and Cassini-CIRS
(Composite Infrared Spectrometer, [Flasar et al.[|[2004) spectra
acquired in 2001 in order to reduce this degeneracy. Under
the assumption that the vertical profile of CH4 does not vary
spatially (Moses et al. [2005), CH4 emission (1230 - 1380
cm™!) was used to retrieve the vertical temperature profile
while the emission features of C,H, and C,Hg were retrieved
from their emission features (710 - 750 cm™! and 770 -
890 cm™' respectively). The temperature retrieval results
of Cassini-CIRS A7=0.5 cm™' and 2.5 cm™' observations
indicated that temperatures in auroral regions were elevated in
two discrete pressure ranges - 10 pbar and lower and the 1-mbar
level - with respect to temperatures at quiescent longitudes.
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This demonstrates that auroral processes heat the atmosphere in
these two pressure ranges and we found this to be true in both
the northern and southern auroral regions. High temperatures at
pressures of 10 pbar and lower were concluded to be a result of
heating by ion/electron precipitation and joule-heating in the
atmosphere. However, we concluded that high temperatures
at the 1 mbar were a result of either aurorally-produced haze
particles heated by shortwave radiation or precipitation of
a higher-energy population of charged particles. Retrievals
of C;H, and C,Hg indicated that the former was enriched
while the latter was depleted in auroral regions with respect
to quiescent regions. By analogy with ion-neutral chemistry
models of Titan (De La Haye et al, [2008)), we inferred that
the dominance of ion-neutral chemistry within the auroral
regions increases the production rates of all C, hydrocarbons,
but in particular the unsaturated C,H, and C,H4. Auroral
activity continually enriches these hydrocarbons, but especially
C,H, and C,Hy, while polar winds advect these hydrocarbons
out of the auroral region. Once outside the auroral region,
neutral photochemistry dominates over ion-neutral chemistry
and readily converts C,H, and C,Hy into C,Hg. Thus, CyHg
is enriched outside the aurora and therefore appears depleted
inside the auroral region. We direct the reader to
for further details and discussion of these

results.

In this study, we seek to perform a similar analysis of
IRTF-TEXES (Texas Echelon Cross Echelle Spectograph
on NASA’s Infrared Telescope Facility, [Lacy et al| [2002)
observations obtained in December 2014. The use of TEXES
spectra presents many advantages over using the infrared
datasets from Voyager and Cassini. Firstly, TEXES can
operate at superior spectral resolutions (R < 85000). At these
high spectral resolutions, which exceed the highest-resolution
Cassini-CIRS settings by a factor of 24, the weak and strong
emission line features of CH4 and other hydrocarbons are
resolved in the spectrum of Jupiter, which allows a larger
vertical range in the atmosphere to be sounded. This is
particularly beneficial in the study of auroral processes on
Jupiter since auroral-related heating and chemistry is expected
generally to affect lower pressures to a greater magnitude.
In addition, the higher vertical resolutions provided by the
high spectral resolution allows for improved discrimination of
upper and lower stratospheric effects. The second advantage of
TEXES is the opportunity for future, follow-up observations,
which will allow the evolution of auroral heating/chemistry of
the stratosphere to be studied. While Voyager-IRIS in 1979,
Cassini-CIRS in 2001 and IRTF-TEXES in 2014 observations
do capture Jupiter’s auroral stratosphere at many different
epochs, making inferences of the evolution of Jupiter’s aurora
between these datasets was generally a challenge because
of large differences in the spectral resolution (and therefore
vertical resolution in the atmosphere), the spatial sampling on
the planet and the overall global evolution of the planet over
these long timescales.

The structure of this paper is as follows. In Section[2]} we detail
the TEXES instrument and the observing modes used to obtain

Celestial north
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Figure 1: A schematic of the slit positions during scans of the north
and south pole. The 9” x 1.4” (arcsec) slit is shown in red and the
18” x 27 slit is shown in blue and are shown to scale relative to the
angular diameter of Jupiter of 40”. It should be noted that both the
9” and 18” slits were used at each pole: for the sake of clarity, only
one is shown at each pole.

spatially-resolved spectra of Jupiter’s high latitudes. Section
B] details the radiative transfer modelling of TEXES spectra
and Sections E| and |§] then detail the results of temperature,
C,H,, C,Hy and C,Hg retrievals from observed TEXES spectra
on December 10-11th, 2014. In we explored
the radiometric calibration of the spectra by applying scale
factors ranging from 0.4 to 2.2 to the observed radiances and
determining whether the fit to the spectra (quantified using the
reduced y? statistic) improved.

2. Observations

The TEXES instrument (Texas Echelon Cross Echelle
Specotrograph, [Lacy et al|[2002) is a ground-based grating
spectrometer that measures spatially-resolved spectra in the M
(4.5- to 5.1-um), N (7- to 13-um) and Q bands (17- to 25-pum)
at spectral resolving powers from R = 4000 to as high as 85000
(Cacy et all 2002). In this work, we used high-resolution
TEXES spectra with resolving powers from 60000 - 85000.

2.1. Data acquisition

We acquired spectra of Jupiter’s high-southern and
high-northern latitudes on December 11th 2014, when
the sub-observer and sub-solar latitudes were 0.2°S and
0.28°N. Table [I] lists details of the five spectral settings used
to measure the emission of H, S(1), C,H,, C,Hg, C,H4 and
CH,. The slit was aligned parallel to Jupiter’s rotational axis
and initially positioned over dark sky west of the north polar
region (see Figure [T). Initially, an exposure was performed
of a room-temperature blackbody (a high-emissivity chopper
blade) fixed in the fore-optics of the TEXES instrument, which



Setting Wavenumber Target Resolving Slit Slit Diffraction-limited
) spatial
Name range (cm™!) spectral poyveir length width resolution
feature (AV]Y) (arcsec) (arcsec) (arcsec)
587 585.8 - 588.7 H, S(1) 60000 18.7 2 143
730 728.8 - 732.6 CH, 85000 9.3 1.4 1.15
819 816.2 - 822.7 C,Hg 85000 9.3 1.4 1.02
950 947.3-953.3 C,H, 85000 9.3 1.4 0.88
1248 1244.5 - 1250.7 CH,4 85000 9.3 1.4 0.67

Table 1: The details of the spectral settings for which spectra were obtained of Jupiter’s high latitudes.

served as both a radiometric calibrator and flat-field. In the
587 cm™! setting, the slit was stepped east in approximately 40
increments of 1 arcsec each (using half the slit-width in order
to obtain Nyquist spatial sampling) and a 2-second exposure
was performed at each step. The scan was then repeated as
a contingency in case one of the scans was poor in quality.
The slit was then slewed to an equivalent position over dark
sky west of the southern polar region and a similar scan was
performed in order to obtain spectra of high-southern latitudes.
Each north-south scan pair (representing a total of four scans,
two for each pole) was then repeated for the remaining spectral
settings. In these latter four settings, the slit step across the
planet was set to 0.7 arcsec such that sampling remained at half
a slit-width.

Each set of north-south polar scan pairs over all spectral settings
formed a data cube of spectra of H, S(1), C,H,, CoHg, CoHy
and CH,4 emission as a function of latitude and longitude over
both north and south polar regions and dark-sky regions east
and west of each pole. Further data cubes were acquired while
using the rotation of Jupiter (on a period of approximately 9.8
hours) to gain further longitudinal coverage.

2.2. Reduction & calibration

The TEXES data reduction package (Lacy et al.,, 2002)
was used to reduce and calibration each data cube. The
coverage of dark sky allowed subtraction of sky emission
from the spectra covering the disk of Jupiter. In addition,
the exposure of the room-temperature blackbody of known
temperature was differenced by the sky-emission and allowed
the absolute calibration of target spectra into units of radiance.
The blackbody exposure was also normalised and adopted as
a flatfield measurement to remove pixel-to-pixel sensitivity
variations and other detector artefacts from the spectral-spatial
images. A custom-designed IDL pipeline was used to map the
spectra by longitude, latitude, emission angle and determine the
combined radial velocity of each point on the planet (as a result
of Jupiter’s radial motion to/from the observer and the rotational
motion of Jupiter). All spectra were doppler shifted into the rest
frame. The details of the reduction, calibration and mapping
are provided in greater detail in Fletcher et al.|(2016)), who used
lower resolution TEXES spectra at lower latitudes.

The noise-equivalent spectral radiance (or NESR) associated
with each target spectrum was calculated by computing the

standard deviation in radiance at each wavenumber for all
dark-sky pixels more than 2 arcseconds away from the limb of
Jupiter. This calculation of the noise therefore accounted for the
random noise associated with the sensitivity of the instrument
and also the contamination of the spectrum in wavenumber
ranges of poor telluric transmission. Such wavenumber
ranges are higher in noise and therefore are weighted less in
subsequent retrieval analyses.

2.3. Spatial coaddition

All individual spectra were averaged into latitude-longitude
bins. Latitude bins were 4° in planetographic latitude, stepped
in increments of 2° for Nyquist-sampling and longitude bins
were 20° in size, stepped in increments of 10°. The largest of
either: 1) the NESR spectrum multiplied by a factor of 1/ VN,
where N is the number of individual spectra coadded or 2) the
standard error on the coadded (mean) radiance was adopted as
the effective uncertainty on the radiance.

Figure [2] shows polar projections of brightness temperature as
a function of latitude and longitude for line emission of H,
S(1), CHy, C;H,, C,Hy and C,Hg. Enhanced auroral-related
emission is evident in the brightness temperatures of the
hydrocarbon species, in particular C,H, and C,Hy, at
high-northern latitudes centred on System III longitudes of
180°W. This is coincident with the ultraviolet oval features
(Bonfond et al.| 2012). The effects of the southern auroral
region are less evident due to its position at a comparably
higher latitude together with the sub-observer latitude favoring
visibility of high-northern latitudes. Nevertheless, the edges of
the long-axis of the southern auroral oval feature are visible,
in particular in C;H, and C,H, emission, at approximately
60°W and 240°W. The inversion of the vertical temperature
profile and the vertical profiles of C;H,, C;Hy and C,Hg will
determine whether the enhanced emission of these species
in auroral regions results from warmer temperatures and/or
changed in the concentrations these species. Section [3] details
the forward modelling and retrieval methods adopted in this
work.

3. Radiative transfer modelling

The radiative transfer modeling approaches adopted in this
work are very similar to those presented in |Sinclair et al.
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Figure 2: Northern (1st column) and southern (2nd column) polar
projections of the brightness temperature at 587.03 cm™! (1st row),
729.5 cm™! (2nd row), 949.3 cm™! (3rd row), 829.3 cm™! (4th row)
and 1245.2 cm™ (bottom) corresponding to H, S(1), C,H,, C,Hy,
C,Hg and CH, emission respectively. The position of the auroral
oval features in the ultraviolet (Bonfond et al.} [2012) are shown as
dashed, red lines.

(2017a). We have adopted the same reference model jovian
atmosphere, which is based on a mean of temperatures from
30°S to 30°N retrieved in [Fletcher et al. (2009) and [Nixon
et al.|(2010). However, alternative temperature profiles are also
tested in performing retrievals. The vertical profiles of CHy
and its isotopologues are adopted from Romani| (1996) and the
vertical profiles of all remaining hydrocarbons were assumed
from the photochemical model by Moses et al.| (2005). Further
details of the model atmosphere are provided in Section 3 of
Sinclair et al.| (2017a).

The forward modelling and retrieval of spectra in this work
were conducted using NEMESIS (Irwin et al) [2008). While
NEMESIS can perform modelling using both line-by-line
and the correlated-k method, we have opted for the latter
approach given its higher computational efficiency. Test
spectra forward modelled using the correlated-k method and the
line-by-line method were in agreement within 10%, which was
generally smaller than the 1-0- noise on the measured spectra.
Spectroscopic line parameters in this work are identical to those
presented in [Fletcher et al. (2016), which includes the line
parameters for the H, S(1) line at 587.03 cm~!. For H,, CH,,
CH;D, 13CH4, C,H,, C,Hy, CyHg, PH5, NH3, k-distributions
using a 4 km s~! sinc-squared convolution were computed from
728 to 733 cm™!, 818 to 823 cm™!, 947 to 953 cm™! and 1244
to 1252 cm™! in order to model TEXES spectra acquired in
the corresponding spectral settings. This results in a spectral
resolution ranging from 0.0097 cm~! in the 730 cm™! setting to
0.0166 cm™! in the 1248 cm™! setting. A 6 km s™! sinc-squared
convolution (or 0.011 cm™" spectral resolution) was adopted in
calculating the k-distributions in the 587 cm™! setting due to the
wider slit width.

4. Temperature results

The vertical temperature profile was retrieved simultaneously
from the H, S(1) and CH, emission features in the 587 cm™!
and 1248 cm™' settings. For reasons detailed in
a factor of 1.25 has been applied to all radiances of spectra
in the 587 cm™' since this improved the fit to the H, S(1)
emission feature while simultaneously fitting CH4 emission
features in the 1248 setting. The following spectral regions
were selected in order to capture H, S(1) emission and a
mixture of weak and strong lines of CHs emission, whilst
avoiding unphysical regions of zero radiance in the spectra
corresponding to wavenumbers missed by the grating: 587.0
-587.1 cm™!, 1245.18 - 1246.0 cm™!, 1246.45 - 1246.90 cm™!,
1247.82 - 1249.0 cm™', 1249.6 - 1250.3 cm™".

4.1. Vertical sensitivity

Figure [3] shows the vertical functional derivatives in these
spectral regions with respect to temperature in the retrievals at
70°N, 60°W and 70°N, 180°W, which respectively exemplify
quiescent and auroral longitudes. In quiescent conditions
away from the auroral region, H, S(1) and CH4 emission
provide sensitivity over the 20- to 1-mbar and 10- to 0.01-mbar
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Figure 3: The absolute, normalised, vertical functional derivatives for temperature at 70°N, 60°W (left) and 70°N, 180°W (right) in the 587

cm™!

pressure ranges respectively. In auroral conditions, there is
negligible change in the vertical sensitivity provided by the
H, S(1) setting. However, the sensitivity to temperature in
the 1248 cm™' setting in the upper stratosphere (at pressures
lower than 0.1 mbar) increases in auroral conditions, which
is intuitive given the presence of high temperatures at such
altitudes. However, in both quiescent and auroral conditions,
the 587 cm™' and 1248 cm™! settings together provide
sensitivity from 10 mbar to 5 ubar. We will present retrieved
temperatures at four representative pressure levels within this
range of sensitivity: 4.7 mbar, 0.98 mbar, 0.1 mbar and 0.01
mbar.

4.2. Temperature distributions

Figure [ shows the distributions of retrieved temperature at
four pressure levels at both high-northern and high-southern
latitudes. ~ As shown, auroral-related heating is evident
at longitudes coincident with auroral emission observed at
ultraviolet wavelengths. In both the northern and southern

setting (top) and 1248 settings (2nd and 3rd row). For brevity, only a representative subset of the 1248 setting is shown.

auroral regions, there is no evidence of warm stratospheric
temperatures at pressures higher than the 1-mbar level. In the
1-mbar to 10-pbar pressure range, over which there is evidence
of auroral-related heating, the enhancement of temperature
appears highest at the 10-ubar level and 1-mbar levels, with
a comparably lesser enhancement at the 0.1-mbar level. For
example, in comparing retrieved temperatures at 70°N, 60°W
(a northern quiescent region) and 70°N, 180°W (the northern
auroral hotspot), the temperature increases by 19.0 = 4.2 K,
8.3 £ 49 K and 20.8 + 3.9 K at 1 mbar, 0.1 mbar and 0.01
mbar respectively. This behaviour is qualitiatively consistent
with the analysis of Cassini-CIRS spectra in [Sinclair et al
(2017a).

The bifurcation of the temperature profile in auroral regions is
further demonstrated in Figure [5] which compares model-data
spectra and the corresponding retrieved temperature profiles in
quiescent and auroral locations in the north and south. As
shown, retrieved temperature profiles in the auroral regions
at 70°N, 180°W and 74°S, 60°W both exhibit a maximum at
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Figure 4: Polar projections of retrieved temperature distributions at 4.7 mbar (top), 0.98 mbar (2nd row), 0.1 mbar (3rd row) and 0.01 mbar
(4th row) in the north (left column) and south (right column). Dashed, red lines show the positions of the ultraviolet auroral ovals as measured

by [Bonfond et al| (2012).

approximately the 1-mbar level and a minimum in temperature
at the 0.1-mbar level. Such features are absent from the
retrieved temperature profiles at quiescent longitudes in the
same latitude band. From 0.1 mbar to 10 pbar, temperatures in
the auroral region rise and then tend back to the a priori profile
at pressures lower than 5 pbar where there is no sensitivity in

the observations (Figure 3).

4.3. Testing alternative a priori

In order to test the robustness of retrieved vertical profiles
of temperature, we performed further retrievals starting from
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right, results for 74°S, 60°W (on the southern auroral hotspot) are shown in red, for 180°W in blue. The black temperature profile indicates the

a priori profile.

alternative a priori. We performed these additional tests on the
spectra at 70°N, 60°W, 72°S, 180°W, which are representative
quiescent longitudes in the north and south, and 70°N,180°W
and 72°S, 60°W, which respectively cover the northern and
southern auroral regions.

Figure [6] shows the temperature a priori tested and the
corresponding retrieved profiles of temperature. At quiescent
longitudes in the north and south, temperatures retrieved from
the different a priori converge (within 5 K) in the 100- to
0.01-mbar pressure range. At pressures lower than 0.01 mbar,
retrieved temperatures tend back to a priori values since there is
no sensitivity in the measurements at this level. Similarly, the
retrieved temperature structure in both northern and southern
auroral regions is highly robust from 100 to 0.01 mbar,
regardless of which a priori profile was used. In both auroral
locations, a temperature maximum is retrieved at approximately
1 mbar, a temperature minimum retrieved at approximately
the 0.1-mbar level and temperatures rise until the 0.01-mbar

level. The retrieved profiles converge on this structure even
when the temperature retrieval was started from an a priori that
was isothermal at a significantly cooler or warmer temperature.
Thus, we believe these features of the temperature profile in
auroral regions are robust and physical.

4.4. Comparison with Cassini-CIRS

In order to compare the temperature structure retrieved from
Cassini-CIRS measurements in 2001 with that retrieved from
TEXES in 2014, we chose not to simply compare retrieved
temperatures at a single pressure level since the vertical
resolutions and sensitivities of the CIRS and TEXES spectra
are very different due to their highly different spectral resolving
powers. Instead, we chose to compare the observed CIRS
radiances with a forward model of the temperature profile
retrieved by TEXES but at the spectral resolution and viewing
geometry of the CIRS observations. At each latitude and
longitude, the retrieved temperature profile from IRTF-TEXES
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spectra was forward-modelled at A7 = 2.5 cm™' spectral

resolution and at the same emission angle as the CIRS,
ATMOSO02A in 2000 spectrum at the same location, where
available (see |Sinclair et al. (2017a)). Figure [/| compares
distributions of the observed CIRS radiances and the forward
modelled TEXES radiances and their difference. As shown,
there appears to be both morphological differences in CHy
emission superimposed on an overall systematic offset of
radiance, with overall higher radiances measured by CIRS
than in TEXES. We discuss the morphological and systematic
differences in turn below.

4.4.1. Morphological differences

Temperature results from TEXES show a horizontal extension
of warm temperatures west of the main auroral hot spot at
180°W at high-northern latitudes. However, such warmer
temperatures are absent in the CIRS radiances with warm
temperatures very much localised to the main hotspot region
at 180°W. Although this morphological difference appears in
a comparison of radiances at the same spectral resolution and
emission angle, it is possible that the high vertical resolution
provided by TEXES has highlighted a finer scale structure
of the temperature profile that cannot be measured by CIRS.
We therefore cannot be certain whether the warmer, extended
tail of gas west of the northern auroral hotspot in TEXES

measurements in 2014 and its absence from CIRS in 2000
indicates a physical evolution between these two years or is an
artefact of the spectral resolving power.

The majority of the southern auroral-related hotspot is hidden
from view in both TEXES and CIRS measurements due to
its position at a comparably higher latitude compared to the
northern auroral region. However, the edges of the long-axis
of the oval hotspot are visible and can be used to assess
the longitudinal orientation of the hotspot feature. In CIRS
measurements in 2001, the orientation of the southern auroral
oval is approximately 25°/205°W in longitude whereas in
TEXES measurements in 2014, the orientation appears to have
moved west to approximately 60°/240°. The variable position
of the aurorally-heated 1-mbar temperatures associated with the
southern aurora has been observed previously (e.g. |Caldwell
et al.|[1988) and remains a puzzle. As we suggested above for
the northern auroral region, we suggest the aurorally-warmed
gas at the 1 mbar level is subject to horizontal advection.

4.5. Radiance differences

Cassini-CIRS measurements in 2001 measured systematically
brighter CH, emission with respect to TEXES measurements
in 2014, with differences in brightness temperature at 1305
cm™! on the order of 5 - 10 K. While such changes
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Figure 7: Polar projected distributions in the north (left) and
south (right) of observed brightness temperatures in the CHy
Q branch (1305 cm™' from Cassini-CIRS in 2000 (Ist row),
forward-modelled brightness temperatures of IRTF-TEXES in 2014
at 2.5 cm™! spectral resolution (2nd row) and the difference (CIRS
minus TEXES, 3rd row). This plot demonstrates that a systematic
offset as well as morphological differences exist between CIRS
measurements in 2001 and TEXES measurements in 2014 of CHy
emission.

in the brightness temperature of CHy emission are of the
order previously observed in comparing Voyager-IRIS and
Cassini-CIRS measurements in 1979 and 2001, we do not
believe the change in solar radiative forcing due to the axial tilt
and eccentricity can explain the large offset in CH4 emission
between CIRS and TEXES measurements.(Simon-Miller et al |
2006; [Nixon et al.; 2007} 2010). We note that Jupiter’s subsolar
latitude and distance from the Sun changed from 3.3°N and
5.04 AU during the Cassini flyby in January 2001 to 0.26°N
and 5.31 AU during the TEXES measurements in December
2014. We would therefore expect warmer temperatures in the
northern hemisphere and cooler temperatures in the southern
hemisphere in 2001 compared to 2014 yet there are comparable
differences in CH4 emission between CIRS and TEXES in both
hemispheres (Figure|/]).

We also note a contrast in the solar activity during the Cassini
flyby in 2001 and the TEXES measurements in 2014 (Figure(g).

While Cassini-CIRS measurements in 2001 and IRTF-TEXES
measurements in 2014 both captured Jupiter during periods of
solar maxima, the solar activity (in terms of the monthly-mean
sunspot number) was a factor of 2 higher in 2001 compared to
2014. In the next Section, we compare the TEXES and CIRS
observations at 70°N, 60°W and 70°N, 180°W to determine
whether the change in solar activity corresponds to a change
in the temperature contrast between quiescent locations and
the northern auroral hotspot. However, we do not believe the
difference in solar activity between 2001 and 2014 can explain
the overall offset in CH4 emission and therefore stratospheric
temperatures between these dates. While the short-wave
radiation varies by a factor of 2 to 3 over the course of the solar
cycle (Moses and Greathouse, 2005)), the wavelength-integrated
solar output varies by less than 1%. In addition, the CHy
emission sounds the 1-mbar level, where radiative lifetimes are
comparable with the length of a Jupiter year (Conrath et al.,
1990) and the ~11-year period of the solar cycle. Thus, 1-mbar
temperatures would not be expected to vary due to radiative
effects over a ~10-year time period.

Instead, we attribute the differences in brightness temperature
between the CIRS and TEXES measurements to a radiometric
calibration issue. We believe this issue is a systematic one and
therefore should not affect relative latitudinal and longitudinal
variations. Fouchet et al. (2016) found similar offsets
in comparing temperatures derived from Cassini-CIRS and
IRTF-TEXES measurements of Saturn, which they attributed
to terrestrial atmospheric smearing of the beam measured by
the telescope. We suggest that a similar issue is present in
the TEXES observations presented in this work. We also find
that the radiometric calibration of TEXES measurements is
highly consistent (within 10%) night-to-night (Fletcher et al.,
2016) and so this systematic offset should also not affect the
qualitative interpretation of any variability observed between
different dates.

4.6. Auroral-quiescent contrasts

Figure[8|shows the monthly-mean sunspot number as a measure
of the solar activity. As shown, the years 2000 and 2014
both correspond to periods of solar maxima. However,
the magnitude of solar activity, at least in terms of the
monthly-averaged sunspot number visible on the solar disk, is
almost a factor of 2 higher in 2001 compared to 2014. Thus,
a comparison of stratospheric temperatures in auroral regions
between 2000 and 2014 could indicate if and by how much
the auroral-related heating in the stratosphere is affected by the
magnitude of solar activity. If there is evolution of temperature
over this timescale, it might imply that auroral heating in the
stratosphere is directly affected by the input of charged particles
in the thermosphere. Any absence of evolution may suggest
the auroral-related heating at the 1-mbar level is driven by
processes which act on timescales longer than the ~11 year
solar cycle.

1 https://solarscience.msfc.nasa.gov/greenwch/SN_m_tot_V2.0.txt



However, the apparent systematic offset in radiances between
CIRS and TEXES (Section [.3) makes the comparison of
absolute temperatures derived in 2001 and 2014 obsolete.
Instead, we have compared the relative contrast in CHy
emission between auroral and quiescent longitudes, which
allows for any radiometric offsets to be removed. Figure
E] compares the observed CIRS radiances in 2000 at 70°N,
60°W and 180°W, forward models of the TEXES results at
these locations and the ratio of radiance in these two locations.
This ratio effectively describes the contrast in CH4 emission
between the main auroral hotspot and a representative quiescent
location in the same latitude band. As shown, both CIRS
measurements in 2001 and TEXES measurements in 2014
indicate that Q-branch, CH4 emission (~1305 cm™!) was
approximately 2.3 times brighter at 70°N, 180°W compared
to 60°W. However, TEXES measurements show P-branch CH4
emission (1250 to 1280 cm™!) to be up to 1.6 times brighter at
70°N, 180°W compared to 60°W whereas CIRS measurements
show the contrast only to be as high as 1.5. The fact that the
auroral-quiescent contrast in TEXES measurements in 2014
was higher than the contrast indicated in CIRS measurements
and the fact that the latter was measured during a period of
higher solar activity might suggest 1-mbar temperatures in the
auroral region are uncorrelated with solar activity. However,
we note that [Kostiuk et al.| (2016) show a correlation of
the magnitude of C,Hg emission with solar activity using
a long-term record of ground-based observations from 1979
to 2016. In order to make any conclusions about the
variability of temperatures in Jupiter’s auroral regions, we
require measurements from a consistent dataset at a higher
temporal cadence over a longer time period. The variability of
Jupiter’s aurora will be addressed in future publications using
TEXES spectra measured on different dates.
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Figure 8: The monthly-averaged sunspot numbe{bver time, as
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Figure 9: The observed Cassini-CIRS radiances (top plot) in the
CH, band at 70°N, 60°W (blue points with error bars) and 70°N,
180°W (red points with error bars). The middle plot shows forward
models of the retrieved temperatures at 70°N, 60°W (blue) and
70°N, 180°W at the same spectral resolution and emission angle
as the Cassini-CIRS observations in these locations. The bottom
plot shows the ratio of the radiance at 70°N, 60°W and 70°N,
180°W in the observed CIRS radiances (points with error bars)
and the forward model of the TEXES results (solid line). This
demonstrates that the contrast in CH; emission between 70°N,
180°W (the northern auroral hotspot) and 70°N, 60°W (a quiescent
location) was larger in 2014 than 2001.

S. C2H2, C2H4, C2H6 results

The vertical profiles of C,H,, C;H4 and C,Hg were retrieved
from their emission features in the 730 cm™!, 950 cm™! and
819 cm™! settings respectively. The vertical profile of C,H,
was retrieved from 728.9 - 729.25 cm™!, 729.4 - 729.8 cm™! and
730.3 - 730.6 cm™!, the vertical profile of C,H, was retrieved
from the 949.3 - 949.4 cm™!, 949.425 - 949.9 cm™! and 950.05
- 950.4 cm™! and the vertical profile of C,Hg was retrieved
from the 818.85 - 819.4 cm™!, 819.5 - 819.9 cm™!, 821.0 -
821.3 cm™! and 822.2 - 822.6 cm™! spectral ranges. These
wavenumber ranges were chosen in order to capture a mixture
of weak and strong emission lines of each species whilst
avoiding gaps in the instrument’s spectral coverage. At each
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latitudinal and longitudinal location, the vertical temperature
profile and uncertainty retrieved previously (Section ) was
adopted into the atmospheric model. Initially, we adopted the
reference vertical profiles of C;H,, C,Hg and C,Hy4, based on
the model results by Moses et al.|(2005)), as the a priori profiles
for each hydrocarbon.

5.1. Vertical sensitivity

Figure compares the vertical functional derivatives with
respect to CoH,, CoHy and CyHg at 70°N, 60°W and 70°N,
180°W as representative examples of the vertical sensitivity in
quiescent and auroral locations respectively. The 730 cm™!
setting provides sensitivity to C;H, from approximately 10
mbar to 0.01 mbar, with greater sensitivity to lower pressures in
auroral conditions. Similarly, the sensitivity to C,Hy in nominal
temperature conditions in the 950 cm™! setting exhibits two
peaks at the 1-mbar level and the 10-pbar level. In auroral
conditions, the sensitivity to C,H, greatly increases at the
10-ubar level while decreasing at the 1-mbar level. However,
there is negligible difference in the sensitivity to C,Hg in
the 819 cm™! between quiescent and auroral conditions, with
the greatest sensitivity to C,Hg exhibited in the 5- to 1-mbar
level.
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5.2. Retrieved distributions

Figure[TT|and[I2]show the polar distributions of retrieved CoH,,
C,Hy4 and C,Hg concentrations at four different stratospheric
altitudes. In the northern auroral region, our results indicate
that C,H, and C,H, are enriched with respect to quiescent
longitudes. Unlike the enhancement in temperature, which
appeared approximately centred within the auroral oval, the
highest concentrations of C,;H, and C,H4 are off-centre and
closer to the western edge of the northern oval. It is uncertain
whether this is a physical effect or perhaps an artefact of
the spatial resolution. In the northern auroral region, C,Hg
appears enriched at the 5 mbar level but depleted at pressures
lower than 1 mbar, however, as we show in Section [5.6] these
changes are not significant with respect to uncertainty. In
the southern auroral region, C,Hy is also enriched within the
southern auroral region whereas C,H, and C,Hg do not exhibit
any noticeable change in this region. We investigate these
observed behaviours further in the following sections.
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Figure 13: The retrieved concentrations of C,H, and C,Hg from TEXES (red results) as a function of longitude at 70°N (1st and 2nd columns)
and 74°S (3rd and 4th columns). Results are shown at four different pressures levels: 4.7 mbar (top row), 0.98 mbar (2nd row), 0.1 mbar (3rd
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For comparison, the results from Cassini-CIRS (Sinclair et al.,|2017a)) are shown in black. We have not compared results for C,H, since there
was poor constraint on its concentration at the limited spectral resolution of Cassini-CIRS spectra.

5.3. Comparison with Cassini-CIRS

5.3.1. Results at 70°N, 74°S

Figure [13] compares the retrieved concentrations of C;H, and
C,Hg from TEXES at 70°N and 74°S (the latitude bands
containing the northern and southern auroral regions) with
those from Cassini-CIRS in 2001 (Sinclair et al., 2017al).
Concentrations of C,H, retrieved from IRTF-TEXES and
Cassini-CIRS are in agreement within uncertainty outside
the auroral regions whereas TEXES results indicate richer
concentrations of C,H, inside the northern auroral region
from 5 to 1 mbar. As shown in tests of forward models
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in Section [5.3.2] this discrepancy between CIRS and TEXES
results cannot be explained by the very different spectral
resolutions (and therefore vertical sensitivity) of the two
datasets. Thus, we believe there were indeed richer
concentrations of C,H, within the northern auroral region
in December 2014 compared to January 2001. Retrieved
concentrations of CoHg from IRTF-TEXES and Cassini-CIRS
observations are also consistent within uncertainty) at quiescent
longitudes at the 1 mbar level, however, at 5 mbar,
concentrations retrieved TEXES in 2014 are richer than those
from Cassini-CIRS. As shown in Section[5.3.2] this discrepancy
can be explained by the difference in spectral resolution,
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Figure 14: Retrieval tests of the vertical profiles of C;H, (top)
and C,Hg (bottom) at 70°N, 180°W by synthetic Cassini-CIRS
spectra. Black profiles show the a priori, red profiles indicate
the result retrieved from TEXES observations, which were adopted
in the computation of the synthetic CIRS spectra. The blue
profiles indicate the vertical profile retrieved from the synthetic
CIRS spectrum. In summary, differences in the spectral resolution
between CIRS and TEXES spectra, and therefore their vertical
sensitivity, can explain the lower abundances of C,Hg retrieved at
4.7-mbar by the former.

and therefore vertical sensitivity, of the Cassini-CIRS and
IRTF-TEXES observations. At pressures of 0.1 mbar and 0.01
mbar, the concentrations of C,H, and C,Hg retrieved from
Cassini-CIRS and IRTF-TEXES are also in agreement within
error bars. However, there is comparably much less sensitivity
to both hydrocarbons at these pressures, in particular to the
CIRS measurements (see Figure 5 of [Sinclair et al.| (2017a)).
Thus, the apparent agreement of CIRS and TEXES results at
these pressures simply results from retrieved values tending
back to the same a priori profile.

5.3.2. Forward model tests

We performed forward modelling tests to determine to what
extent differences in the CIRS and TEXES results could be
explained by their differing spectral resolutions and therefore
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vertical resolutions and sensitivity to atmospheric parameters.
Adopting the vertical profiles of temperature, C,H, and
C,Hg retrieved by TEXES at 70°N, 180°W, spectra were
forward-modelled at 2.5 cm™! and at an emission angle of
70° in order to simulate a high-emission angle Cassini-CIRS
observation. Noise consistent with the observed CIRS spectrum
at the same latitude/longitude in |Sinclair et al.| (2017a) was
added to simulate an observation. The temperature profile and
uncertainty retrieved by TEXES at this location were adopted
in the atmospheric model and the vertical profiles of C;H, and
C,Hg were retrieved from the synthetic CIRS spectrum.

Figure [I4] shows the results of these tests. The retrieval of
the vertical profile of C;H, from the synthetic CIRS spectrum
matches the true result retrieved by TEXES from 10 to 1 mbar
with less agreement expected at lower pressures due to the
lack of sensitivity by CIRS measurements to these pressures.
However, the vertical profiles retrieved by TEXES and the
synthetic CIRS spectra are in disagreement. Retrieval of C,Hg
from CIRS indicates an enrichment by a smaller magnitude
over a larger pressure range and therefore underestimates the
concentration of C,Hg at pressures higher than 2 mbar. We
conclude this accounts for the lower concentrations of C,Hg
retrieved from CIRS, with respect to IRTF-TEXES, at 4.7 mbar

(Figure[13).

54. CH,

Figure [15|shows model-data spectral comparisons of C;H, and
the corresponding vertical profiles at 70°N, 60°W and 180°W.
The enrichment of C,H; in the northern auroral region with
respect to quiescent longitudes occurs at pressures higher than
0.3 mbar, with differences in concentration at pressures lower
than this level being insignificant with respect to uncertainty.
For example, at the 1-mbar level, C,H; increases from 278.4 +
40.3 ppbv at 70°N, 60°W to 564.4 + 72.0 ppbv at 70°N, 180°W:
an increase of 286.0 + 82.5 ppbv or approximately 30%. This
enrichment is further indicated by the dashed, red line in the top
plot of Figure which shows a forward modelled spectrum
using the temperature profile retrieved at 70°N, 60°W but the
retrieved C,H, profile at 70°N, 180°W. The concentration of
C,H, retrieved in the northern auroral hotspot yields radiances
that greatly overestimate the strength of the C,H, lines at 70°N,
60°W.

We note that the fit to the cores of the strong C,H; lines
in the spectrum at 70°N, 180°W is very poor. As shown
in Figure we attempted to improve the fit to the cores
of these lines by performing further retrievals with different
a priori and approaches. The cores of these lines probe
the upper stratosphere at pressures lower than 1072 mbar
(Figure[I0). While starting retrievals from a priori with richer
concentrations at higher altitudes marginally improves the fit
within the cores of the C,H, lines at 729.54 and 729.74 cm™!,
the fit to the weaker C,H, lines at 729.44, 729.61 and 729.72
cm™! substantially deteriorates (see green and orange spectra
in top plot of Figure [I6). We also performed a simultaneous
retrieval of temperature and C,H, in order to check whether a
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Figure 15: Model-data spectral comparisons for 70°N, 60°W (a
representative quiescent location) and 70°N, 180°W (the northern
auroral hotspot) are shown in the top and middle plots respectively.
Points with error bars represent observed TEXES spectra and solid
lines indicate modelled spectra associated with the retrieved vertical
profiles of C;H, of the same colour shown in the bottom plot. In the
top plot, we also show forward modelled spectra (as dashed lines)
using the a priori vertical profile of C,;H, (green) and the vertical
profile of C,H, retrieved at 70°N, 180°W (red) in order demonstrate
these vertical profiles are too rich in concentration to fit the observed
spectra.

change to the temperature profile retrieved from the 587 cm™!
and 1248 cm™' (Section 4)) would allow a better fit to the C,H,
line cores. While this approach does yield the best fit to the line
cores, with respect to the other retrieval approaches, the fit to
the weaker C,H, features is the poorest.

We believe the inability to fit the cores of the strong C,H,
lines demonstrates the presence of strong non-LTE (local
thermodynamic equilibrium) emission in these spectral regions
in the northern auroral region. The cores of the strong C,H,
lines probe pressures lower than 1072 mbar. At these altitudes,
the thermal collisional timescale becomes comparable or longer
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than the spontaneous radiative lifetime, which signifies where
the frequency of thermal collisions is not sufficient to resupply
the energy lost by spontaneous emission (Lopez-Puertas and
Taylor, [2001). The radiative transfer code used for forward
modelling and retrievals in this work - NEMESIS - assumes
local thermodynamic equilibrium conditions and thus does not
parameterise this effect, leading to underestimated radiances
in the C,H; line cores. Non-LTE parameterisations may be
included in NEMESIS in the future but this work is beyond the
scope of this work.

5.5. CLH,

C,Hy4 is enriched in the northern auroral region with respect
to quiescent longitudes. For example, the concentration of
C,H, at the 5 pbar level increases from 0.669 + 0.129 ppmv
at 70°N, 60°W to 6.509 + 0.811 ppmv at 70°N, 180°W. At
72°S, the enrichment of C,Hy is less significant with respect
to longitude: increasing at the 5 pbar level from 1.548 + 0.278
ppmv at 72°S, 180°W to 2.601 + 0.457 ppmv at 72°S, 60°W.
Nevertheless, the magnitude of these 5-pbar concentrations are
over a factor of 2 higher than the ~0.75 ppmv predicted by
Moses et al.| (2005) for a mid-latitude (37°N) despite the fact
that the latter receives more sunlight per jovian year. This
demonstrates that an additional source of C,H,4 besides neutral
photochemistry is required to explain these concentrations at
high latitudes: as outlined in [Sinclair et al| (2017a), we
believe ion-neutral chemistry associated with the aurora greatly
increases the production of unsaturated hydrocarbons such as
Csz and C2H4.

Figure [I7) shows model-data spectral comparisons and the
vertical profiles of C,Hy retrieved in the northern and southern
auroral regions and representative quiescent longitudes in the
same latitude bands. The enrichment of C,H,4 in the northern
auroral region with respect to 70°N, 60°W in the same latitude
band is further demonstrated by the forward model shown in
dashed-blue in the middle-left plot, which was computed using
the temperature-pressure profile retrieved at 70°N, 180°W (the
northern auroral region) but the retrieved vertical profile of
CyHy at 70°N, 60°W (a quiescent longitude). As shown,
the forward-modelled radiances do not match the observed
radiances within the 1-o level, which shows that an increase
in C,Hy is indeed required to fit the C,;Hy emission features. In
contrast, a similar comparison at 72°S shows that the vertical
profile of C,Hy retrieved at 72°S, 180°W, forward-modelled
using the temperature-pressure profile retrieved at 72°S, 60°W
can generally fit the observed radiances within the 1-o level.
Thus, we conclude that the variations in C,H; between the
southern auroral and quiescent regions are negligible, at least
at 72°S.

We note that the fits to the cores of the C,H4 lines in the
northern and southern auroral regions are well-matched by
the modelled spectra. This is in contrast to the C,H, model
spectra (Section @ where modelled radiances could not fit
both the weak C,H, and the cores of the strong C,H, features
simultaneously. We attributed this effect in the C,H, spectra
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Figure 16: In the top plot, black circles and error bars show the
observed radiances in the 730 cm™ at 70°N, 180°W. Solid, coloured
lines show the spectra corresponding to the vertical profiles of
C,H, shown in the bottom plot of the same colour. As shown,
various retrieval and forward model approaches struggle to fit the
cores of the strong C,H, lines (e.g. 729.55 cm™') and the weaker
C,H, features (e.g. 729.45 cm™) simultaneously with the same
vertical profile of C;H,. We believe this demonstrates the presence
of non-LTE emission in the cores of the strongest C,H, lines as
discussed in the text.

to be the result of non-LTE emission present in the cores of
the strong C,H, lines. The fact that we can fit the observed
C,H, line strengths readily is suggestive of one or both of the
following. Either non-LTE processes affect C;Hs molecules
relatively less compared to C;H,. Or there is indeed non-LTE
emission present in the cores of the C,H, emission features,
however, the C,Hy line strengths are more comparable across
the 950 cm™! spectral setting and so the retrieval can fit the line
cores by increasing the abundances of C;Hy in the 1- to 10-pbar
level. We note that the retrieved vertical profile of C,Hy at
70°N, 180°W does exhibit a larger vertical gradient, with higher
abundances of C,Hy at the 5 pbar level, compared to quiescent
longitudes. It is unclear whether this is physical, resulting from
increased production of C,H, in the upper stratosphere in the
auroral region or due to fitting of the non-LTE emission as
described above.
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5.6. C>Hg

While Figure [IT] shows the northern auroral hotspot to be
enriched in C,Hg at the 5-mbar level and depleted at pressures
of 1 mbar and lower, we find these longitudinal variations
in C,Hg to be insignificant with respect to uncertainty. For
example, at the 1 mbar level, we retrieve concentrations of 9.03
+ 0.98 ppmv at 70°N, 60°W and 7.66 + 0.70 ppmv at 70°N,
180°W, which are in agreement within the 1-o level. This
is also demonstrated in Figure [I8] which shows model-data
spectral comparisons in the northern and southern auroral
hotspots and representative quiescent locations in the same
latitude bands. Nevertheless, a lower retrieved concentration of
C,Hg within the northern and southern auroral hotspots, with
respect to quiescent longitudes, is qualitatively consistent with
our analysis of Cassini-CIRS observations presented in [Sinclair
et al.| (2017a). We believe this demonstrates that C,H, and
C,H4 are converted into C,Hg by sequentail H-atom addition
outside the auroral region, thus enriching the concentrations of
C,Hg in quiescent longitudes.

6. Discussion

6.1. Temperature

The temperature structures retrieved from Cassini-CIRS
measurements in 2001 and IRTF-TEXES measurements in
2014 agree qualitatively. While the magnitude of retrieved
temperatures differ, TEXES also indicates that the majority of
auroral-related heating exists in two discrete pressure regions
at approximately 1 mbar and 10 pbar. As we discussed in
Sinclair et al.|(2017a)), the fact these two regions are physically
separated implies the mechanisms responsible for heating at
each level are different, albeit auroral-related. We believe
heating at pressures of 10 pbar and lower results directly from
the precipitation of charged particles of the magnetosphere.
We believe the warmer auroral temperatures at the 1-mbar
level result either from heating of auroral haze particulates
by absorption of short-wave radiation and/or precipitation of
a higher-energy population of charged particles. The influx
of charged particles into the upper atmosphere of Jupiter is
thought to greatly increase the rates of ion-neutral chemistry,
which leads to higher production rates of benzene (C¢Hg, an
aromatic hydrocarbon) and polycyclic aromatic hydrocarbons
or PAHs (Friedson et all 2002} Wong et all 2003). These
PAHs then form the building blocks that lead to the production
of haze particles. A chemistry model of this mechanism for
haze formation does predict the highest number densities of
haze particles at approximately the 1-mbar level (Wong et al.,
2003)) though [Zhang et al.| (2015) show the heating effect to be
highest at the 10-mbar level instead. In future work, we seek
to measure the temporal variability of 1-mbar temperatures as a
test of which of the aforementioned mechanisms is responsible
for the 1-mbar heating. Variability of 1-mbar temperatures on
the timescale of half a Jupiter year (~ 6 years), as the subsolar
latitude varies, would be suggestive of solar heating of haze
particles. More rapid variability on timescales shorter than 1
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Figure 17: Model-data spectral comparisons at quiescent locations in the north (top, left) and south (top, right), the northern auroral hot spot
(middle, left) and southern auroral hotspot (middle, right). Observed spectra are shown as points with error bars while modelled spectra are
shown as coloured, solid lines. The corresponding retrieved vertical profiles of C,H4 are shown as solid lines of the same colour in the bottom
plots and the 1-o retrieval uncertainty is indicated by dotted lines of the same colour. The solid, black profile shows the vertical profile of C,Hy4
predicted by |[Moses et al.|(2005), which was adopted as the a priori profile in the retrievals.

(Earth) year would be more suggestive of a charged particle
precipitation source, which is modulated by the solar wind
dynamical pressure at Jupiter.

6.2. C2H2, C2H4, CzH()

At high-northern latitudes, we find that C,H, and C,H, are
enriched within the northern auroral region with respect to
quiescent longitudes whereas C,Hg exhibits no significant
change (with respect to uncertainty) over the same longitude
range. At high-southern latitudes, uncertainties on retrieved
concentrations of C,H,, C,H4 and C,Hg are similarly larger
than their longitudinal variation, which prevents us from
making statistically-significant conclusions of how they are
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modified by the auroral region at high-southern latitudes. In
addition, the southern auroral region is situated at a comparably
higher latitude compared to the northern auroral region. Thus,
the poorer visibility of the southern auroral region may also
be a factor in finding negligible longitudinal variations at these
high-southern latitudes.

Nevertheless, the behaviour of C,H; at high-northern latitudes
is consistent with our discussion of the effects of the ion-neutral
chemistry on the neutral hydrocarbon abundances presented in
Sinclair et al.| (2017a). By analogy with ion-neutral chemistry
models that have been developed for Titan (Vuitton et al.,
2007, 2008; De La Haye et al., 2008; [Lavvas et al., 2011,
we suggested that the influx of charged particles in the auroral
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Figure 18: Model-data spectral comparisons at quiescent locations in the north (top, left) and south (top, right), the northern auroral hot spot
(middle, left) and southern auroral hotspot (middle, right). Observed spectra are shown as points with error bars while modelled spectra are
shown as coloured, solid lines. The corresponding retrieved vertical profiles of C,;Hg are shown in the same colours in the bottom plots. As
shown, there is negligible difference (within uncertainty) in C,Hg between the auroral regions and quiescent longitudes in the same latitude

band.

stratosphere greatly increases the importance of ion-neutral
chemistry reactions. These reactions increase the abundance
of all the major hydrocarbons, but unsaturated species such as
C,H, and C,Hy in particular. However, horizontal advection
transports these species outside the auroral region where neutral
photochemistry dominates and by sequential hydrogen-atom
addition, C,H, and C,H, are readily converted into C,Hg at
deeper pressures. Thus, the chemistry is expected to yield an
enrichment of C,H, and C,H, in auroral regions, with respect
to quiescent longitudes, which our results show.

While concentrations of C,Hg retrieved from TEXES at the
I-mbar at high-northern latitudes do decrease in the auroral
region, this change is not significant with respect to uncertainty
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as detailed above. Either longitudinal variations of C,Hg are
too small to be measured at the sensitivity TEXES can provide
or C,Hg is in fact longitudinally well-mixed at high-northern
latitudes, at least in December 2014. C,Hg is chemically stable
for longer than a Jupiter year (~12 years) at the 1-mbar level
and so once produced can be transported longitudinally by
advection and diffusion on timescales shorter than its chemical
lifetime. This might be expected to yield a longitudinally-well
mixed distribution. In |Sinclair et al.| (2017a), using CIRS
measurements acquired in 2001, we found that C,Hg was
depleted (by greater than the 1-0- level) in the northern auroral
region, with respect to quiescent longitudes. We suggested this
was a result of C,Hg being produced from C,H; and C,Hy



(as detailed above) at quiescent longitudes thereby giving the
impression its concentration was lower in the auroral region.
Perhaps this result was an artefact of CIRS’ lower spectral
resolution and therefore vertical sensitivity in the atmosphere
and/or a transient feature in the longitudinal distribution of
C,Hg, perhaps due to a recent surge in production and
conversion of C,H, and C,Hy4. Again, our understanding of
how the neutral hydrocarbons in the stratosphere are affected
by the chemistry present in the auroral regions will be further
tested and confirmed by determining their evolution in future
measurements.

7. Conclusions

Retrievals of the vertical temperature profile and the vertical
profiles of C,H,, C,Hy and C,H¢ were performed using
IRTF-TEXES (Texas Echelon Cross Echelle Spectrograph
(Lacy et all [2002) on NASA’s Infrared Telescope Facility)
observations acquired of Jupiter’s high latitudes on December
10th-11th, 2014. In comparing results at 70°N, 180°W (the
northern auroral region) and 70°N, 60°W (a representative
‘quiescent’ region), we found temperatures in the former to
be elevated in two discrete pressure regions at approximately
1 mbar and 10 pbar. For example, temperatures from 70°N,
60°W to 70°N, 180°W increase by 19.0 + 4.2 K at 0.98 mbar
and 20.8 + 3.9 K at 0.01 mbar but increase only by 8.3 + 49 K
at the intermediate level of 0.1 mbar. The temperature profile
retrieved in the southern auroral region is also qualitatively
similar. As in [Sinclair et al.| (2017a), we conclude that
elevated temperatures at the 0.01-mbar level result from heating
associated with ion and electron precipitation. We instead
attribute the 1-mbar heating either to the precipitation of a
higher-energy source of charged particles and/or haze particles
produced by the auroral chemistry, which are heated by
shortwave solar radiation.

C,H, and C,Hy exhibit an enrichment in the northern auroral
region with respect to quiescent longitudes in the same latitude
band. However, C,Hg exhibits negligible change as a function
of longitude at 70°N with respect to the uncertainty on retrieved
concentrations. As discussed in |Sinclair et al| (2017a) and
by analogy with ion-neutral chemistry models developed for
the atmosphere of Titan (De La Haye et al., 2008), we
believe the influx of charged particles in Jupiter’s auroral
regions significantly increases the production of C,H, and
C,H, through ion-neutral chemistry. These hydrocarbons
are continuously produced in the auroral region but once
advected longitudinally are readily converted into C,Hg by
neutral chemistry (sequential H-atom addition). This yields
an enrichment in the concentration of CoH, and C,H, in the
northern auroral region with respect to quiescent longitudes,
which our results show. Once produced, C,Hg is chemically
stable for timescales longer than a Jupiter year (e.g. Moses
et al.| 2005, Figure 12 of [Nixon et al.2010) and so would
be expected to become longitudinally well-mixed, which our
results also indicate. ~The magnitude of uncertainties on
retrieved hydrocarbon concentrations in the southern auroral
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region prevented us from making any assessment of how their
concentrations are modified by the southern auroral region.
Our above interpretations for the vertical temperature profile
retrieved in the northern and southern auroral regions and the
longitudinal variations in C,H,, C,H4 and C,H¢ will be tested
in future measurements.
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Appendix A. Radiometric calibration adjustments

Appendix A.1. 587 cm™', 1248 cm™!

The vertical temperature profile was retrieved simultaneously
from the H, S(1) and CHy settings. In conducting preliminary
retrievals, we discovered it was a challenge to simultaneously
fit the observed H, S(1) emission and CH4 emission with the
same vertical temperature profile. While CH4 emission features
were generally fitted well by the modelled spectra, modelled
radiances were generally higher than the observed radiances in
the 587 cm™! setting. It was concluded that the inability to fit
these settings simultaneously was a result of some systematic
radiometric offset in the 587 and/or 1248 setting.

In order to explore potential offsets in the radiometric
calibration, we performed test temperature retrievals on spectra
where the radiances in the 587 cm™' and/or 1248 cm™! settings
were adjusted by a constant scale factor. At 70°N, 60°W, the
spectra in the 587 cm™' and 1248 settings were adjusted in
radiance by scale factors ranging from 0.6 to 2.2 in steps of
0.025. This yielded a 2D grid of observed spectra spanning
adjusted radiances in the 587 cm™! and 1248 settings about the
nominal calibration (a scale factor of 1). A similar 2D grid was
then computed for the observations in both settings at 1) 70°N,
180°W, 2) 72°S, 60°W and 3) 72°S, 180°W in order to explore
radiometric calibration at four different locations. For each
location, the vertical temperature profile was retrieved across
the 2D grid of observed spectra in each of these four locations,
starting from the nominal temperature-pressure profile as the a
priori.

Figure [A.T9] shows the reduced goodness-of-fit values for all
these retrievals. The quality of the fit to the CH4 spectra
in the 1248 setting exhibits little variation as a function
of the scale factor applied to the 587 cm™' setting. This
is true in all four locations covering quiescent and auroral
longitudes at both high-southern and high-northern latitudes
and is intuitive given that the number of spectra points in the
1248 cm™! setting (approximately 580) greatly exceeds the
12 spectral points in the 587 cm™! setting. The 1248 cm™!
setting is weighted relatively higher as the retrieval searches
for the vertical temperature profile that minimises the fit to the
observations.

In contrast, the quality of the fit to the 587 cm™' setting exhibits
a large variation as a result of radiometric adjustments in both
the 587 cm™! and 1248 settings. At all four locations, it is
apparent that if the observed radiances in the 587 cm™! setting
are increased, those in the 1248 setting must also be increased
in order for the same quality of fit to the 587 cm™! spectra to
be achieved. As demonstrated, the best fit to the observations
is not achieved using the nominal calibration (scale factors of
1 applied to both settings). Instead, the best fit to the H, S(1)
feature assuming the nominal calibration of the 587 cm™' (a
scale factor of 1) is achieved when the radiances in the 1248
setting are reduced by 20 - 40%. Conversely, the best fit to the
H, S(1) feature assuming the nominal calibration of the 1248
setting is achieved when the 587 cm™! radiances are increased
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by 20 - 40%.

In general, there were many combinations of adjusted radiances
in the 587 cm™! and 1248 settings for which the goodness-of-fit
to the spectra was optimised. Figure shows a subset of
the results shown in Figure [A.T9] where the radiances in the
1248 setting were fixed at the nominal calibration. In order
to demonstrate that the relatively poorer fit of the modelled
spectra to the observed spectra using the nominal calibration
was not an artefact of the chosen a priori temperature profile,
we performed further retrievals using an alternative a priori,
where temperatures were made isothermal at 160 K at pressures
lower than 10 mbar. These results are also presented in Figure
[A20] As shown, regardless of the chosen temperature a
priori, a systematic increase in the radiances in the 587 cm™!
by approximately 25% is required to minimise the fit to the
spectra.

For all subsequent analyses, we opted to increase radiances
in the 587 cm™! setting by 25% but keep radiances in the
1248 setting fixed at their nominal value (a scale factor of 1
with respect to the nominal calibration). Our justifications for
increasing the 587 cm™! and not decreasing the 1248 setting,
or increasing both settings, are as follows. Firstly, the 587
cm™! spectra were measured with larger slit dimensions and
thus the spatial footprint on the planet in a single pixel was
larger than in the 730, 819, 950 and 1248 settings, which used
a smaller slit width/length. In addition, the diffraction-limited
spatial resolution is poorer at 587 cm™' (1.43%) than in the
higher wavenumber settings (e.g. ~1.02* at 819 cm™!). Thus,
relatively larger beam dilution is expected in the 587 cm™'
setting with respect to higher wavenumber settings and so
a required increase in radiance with respect to the nominal
calibration was expected. Secondly, as demonstrated in Section
4.4] we find that retrieved temperatures from TEXES at the
I-mbar level are systematically cooler than those retrieved by
CIRS in 2000 (Sinclair et al.l 2017a). While readers may
interpret this as justification to increase the 1248 radiances also,
it was uncertain how much of this temperature difference is a
result of systematic radiometric calibration offsets or physical
evolution of the planet between 2000 and 2014. However, the
systematic offset in CIRS and TEXES results in CH4 emission
at least indicates that a decrease in the 1248 setting of TEXES
spectra would be counterintuitive since it would increase the
disagreement between CIRS and TEXES.

Figure shows model-data comparisons and retrieved
temperature profiles using the nominal and adjusted radiometric
calibration, where radiances in the 587 cm™! setting were
increased by 25% . In adjusting the calibration of the 587 cm™!
setting, the largest change in retrieved temperature occurs in
the 300- to 30-mbar level sounded by the continuum adjacent
to the H, S(1) feature. However, at stratospheric altitudes (10 -
0.001 mbar), the retrieved temperatures exhibit little difference.
Thus, our adustment of the radiometric calibration of the 587
cm™! setting only improves the fit to the observations and does
not remove/change the results in the stratosphere of which the
study has focused.
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Figure A.19: The reduced goodness-of-fit values to the H, S(1) (left) and CH4 emission spectra (right) with respect to scale factors applied
to radiances in the 587 cm™' and 1248 cm™! settings at 72°S, 60°W (top), 72°S, 180°W (2nd row), 70°N 180°W (3rd row) and 70°N, 180°W

(bottom).



Using nominal T-p a priori

8 0
. 72°S, 60°'W . 1
6 .o ° L4 o._
o 70N, 180W .0 e
g 4l ‘e . .'. -
_g L .. o. .u -
8 * e . o°
S r o o .
2+ .o. 0. .. '..v —
0 I X ....Ooo.lf::".T.
0.5 1.0 1.5 2.0

587 cm scale factor

Using 160K isotherm T-p a priori

8
L .
Lo, . .
6 . .
= - . ° o
% L .
% i c. . .
2 4__ ‘e M ° ]
° .
8 ° L] .
o ‘e . . .
2L '.. . o o —
R . . ¢
. )
Se,. _20e0° LA
0 . i2e0000000%,
0.5 1.0 1.5 2.0

587 cm” scale factor

Figure A.20: The goodness-of-fit to the 587 cm™' setting at
72°S, 60°W (blue), 72°S, 180°W (green), 70°N, 60°W (orange),
70°N, 180°W (red) as a function of the scale factor applied to the
radiances in the 587 cm™' setting. 1248 radiances were fixed at
the nominal calibration. The top plot shows the results usng the
nominal temperature-pressure profile as the a priori, the bottom
plots shows the results assuming an 160 K isotherm a priori in
order to demonstrate that the results are similar regardless of which
a priori was adopted.

Appendix A.2. 730 cm™', 819 cm™!, 950 cm™!

We also explored the radiometric calibration of the 730 cm™!,

819 cm™! and 950 cm™! settings. A similar approach to the
calibration tests performed of the 587 cm™! and 1248 settings in
the previous Section was adopted for these settings. Observed
spectra were scaled in radiance by constants varying from 0.6
to 2.2, in steps of 0.025, and retrievals of C,H,, C,H4 and
C,Hg were performed. This was also tested at four locations:
1) 70°N, 180°W, 2) 70°N, 60°W, 3) 72°S, 60°W and 4) 72°S,
180°W to determine whether a systematic offset in radiance led
to improved correspondence between modelled and observed
spectra. However, we opted to use the nominal radiometric
calibration (a scale factor of 1) in all of the 730 cm™!, 819 cm™!
and 950 cm™! settings. The reasoning for this decision is as
follows.

In contrast to the results for the 587 cm™' and 1248 settings
detailed in the previous Section (Section [Appendix A.T)), there
was no clear indication that a systematic increase or decrease in
the radiances in the 730 cm™', 819 cm™' and 950 cm™' would
improve the correspondence between modelled and observed
spectra. Figure[A.22]shows the variations in the goodness-of-fit
parameter as a function of the scale factor applied to the
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radiances in the four locations tested.

819 em™!, 950 cm™': For the 819 cm™! observations, while
the fit to the spectra degraded when radiances were scaled by
a factor of 1.4 or more, the quality of the fit exhibits negligible
change when the radiances were varied by +40% of the nominal
calibration. This is true regardless of which C,Hg a priori
profile was adopted. For the 950 cm™! observations, there was
greater variation in the quality of the fit to the observations as a
function of the scale factor applied to the radiances. However,
in all four locations and regardless of the different a priori
profiles of C,Hy tested, the goodness-of-fit minimised when
radiances were scaled in the range from 0.6 to 1.1.

730 cm™': The results for the 730 cm™! observations were
initially more challenging to interpret given the conflicting
trends at the four locations tested. In both southern (auroral
and quiescent) locations and at 70°N, 60°W, the trends of the
goodness-of-fit suggest that radiances 20% - 80% higher than
the nominal calibration are required to obtain the best fit to the
spectra. However, testing of the retrievals at these locations
with different a priori improved the fit to the spectra using the
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Figure A.21: A comparison of retrieved temperature profiles at
70°N, 60°W using the nominal (blue) and adjusted radiometric
calibration (red) in the 587 cm™' setting. As shown, the systematic
25% increase in radiances in the 587 cm™! setting improves
the fit between observed and modelled spectra without imposing
qualitative differences in the retrieved vertical profile.
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Figure A.22: Variations in the reduced goodness-of-fit between 80
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819 cm™! (bottom). Red results correspond to 70°N, 180°W, orange
results correspond to 70°N, 60°W, blue results to 72°S, 60°W and
purple results to 72°S, 180°W. Filled circles correspond to retrievals
using the nominal reference profile of the appropriate hydrocarbon
as a priori, unfilled triangles use the nominal profile multiple by a
factor of 2 at all altitudes as the a priori.
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emission in the cores of the strongest C,Hj lines, which probe
the upper stratosphere (1 - 10 pbar, Figure [I0), as discussed in
Section So, as for the 819 and 950 cm™! settings, there is no
obvious indication that a systematic adjustment in the radiances
is required.
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Figure [A.23] shows the fit to the observations at 70°N, 60°W 82 5192 5194 3190

in all three spectral settings using the nominal radiometric Wavenumber (cm")

calibration. As demonstrated, the modelled radiances match

those observed within the 1-o level. Thus, visually, there is Figure A.23: A comparison of observed (black points with error
also no evidence of a need for a systematic increase or decrease bars) and modelled spectra (solid red) in the 730 cm™" (top) , 950
in radiances in either of the 730 cm™', 819 cm™! and 950 cm™! cm™' (middle) and 819 cm™" (bottom) settings at 70°N, 60°W using
settings in contrast to the 587 cem~! and 1248 observations in the the nominal radiometric calibration in all spectral settings.
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