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Spatially resolved maps of Jupiter's far-infrared 17-37 um hydrogen-helium collision-induced spectrum
were acquired by the FORCAST instrument on the Stratospheric Observatory for Infrared Astronomy
(SOFIA) in May 2014. Spectral scans in two grisms covered the broad S(0) and S(1) absorption lines,

Jlfleg/ivtv:rrds. in addition to contextual imaging in eight broad-band filters (5-37 um) with spatial resolutions of 2-4".
Atmospheres The spectra were inverted to map the zonal-mean temperature and para-H, distribution (f,, the fraction
Composition of the para spin isomer with respect to the ortho spin isomer) in Jupiter's upper troposphere (the 100-
Atmospheres 700 mbar range). We compared these to a reanalysis of Voyager-1 and -2 IRIS spectra covering the same
Dynamics spectral range. Tropospheric temperature contrasts match those identified by Voyager in 1979, within the

limits of temporal variability consistent with previous investigations. Para-H, increases from equator to
pole, with low-f, air at the equator representing sub-equilibrium conditions (i.e., less para-H, than ex-
pected from thermal equilibration), and high-f, air and possible super-equilibrium at higher latitudes. In
particular, we confirm the continued presence of a region of high-f, air at high northern latitudes discov-
ered by Voyager/IRIS, and an asymmetry with generally higher f, in the north than in the south. Far-IR
aerosol opacity is not required to fit the data, but cannot be completely ruled out. We note that existing
collision-induced absorption databases lack opacity from (H;), dimers, leading to under-prediction of the
absorption near the S(0) and S(1) peaks. There appears to be no spatial correlation between para-H, and
tropospheric ammonia, phosphine and cloud opacity derived from Voyager/IRIS at mid-infrared wave-
lengths (7-15pm). We note, however, that para-H, tracks the similar latitudinal distribution of aerosols
within Jupiter’s upper tropospheric and stratospheric hazes observed in reflected sunlight, suggesting that
catalysis of hydrogen equilibration within the hazes (and not the main clouds) may govern the equator-
to-pole gradient, with conditions closer to equilibrium at higher latitudes. This gradient is superimposed
onto smaller-scale variations associated with regional advection of para-H, at the equator and poles.

© 2016 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction spheres (e.g., Hanel et al., 1979; Conrath and Gautier, 1980; Con-

rath and Pirraglia, 1983; Conrath et al.,, 1998; Conrath and Gau-

Far-infrared (IR) spectra of the giant planets are shaped by the
collision-induced absorption of hydrogen and helium, providing a
sensitive measure of the atmospheric temperature structure and
the abundances of the most common gases in gas giant atmo-
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tier, 2000). However, atmospheric studies in this spectral range are
hampered by several factors. Water vapour in Earth’s atmosphere
restricts our ability to measure the spectrum from the ground to
narrow windows (known as the Q-band) between 17 and 24 pm.
Furthermore, diffraction-limited spatial resolutions worsen with
increasing wavelength, meaning that observatories with large-
diameter primary mirrors are required to resolve spatial contrasts.
Finally, it is difficult to disentangle the competing effects of a
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planet’s temperature, aerosol distribution, helium abundance and
the specific composition of hydrogen (para- or ortho-hydrogen) on
the shape of far-IR spectrum. To date, our only knowledge of the
spatial variability of Jupiter's 17-55pum spectrum comes from the
Infrared Interferometer, Spectrometer and Radiometer (IRIS) exper-
iments on the twin Voyager spacecraft (Burke, 1974; Hanel et al.,
1977). Cassini did not have the spatial resolution to provide maps
of Jupiter in this spectral range (Flasar et al., 2004), and ISO could
only provide disc-integrated views of the planet (Kessler et al.,
1996). In this study, we use the Faint Object infraRed CAmera for
the SOFIA Telescope (FORCAST, Adams et al., 2010) on the Strato-
spheric Observatory for Infrared Astronomy (SOFIA, Young et al.,
2012) to provide the first Earth-based spatially-resolved maps of
Jupiter’s full 17-37pum spectrum for comparison with Voyager
(previous ground-based efforts have been restricted to wavelengths
shortward of ~24pm). The maps allow us to assess Jupiter’s tro-
pospheric temperatures and the distribution of para-hydrogen as a
tracer for atmospheric circulation. Crucially, SOFIA flies at altitudes
between 11-14 km, above 99% of the Earth’s water vapour, opening
up the 17-37 um region for infrared astronomy.

Voyager 1 and 2 flew by Jupiter in March and July 1979, re-
spectively, providing spatially-resolved infrared spectra in the 180-
2500 cm~! region (4-55pum). In the decades that followed, these
data have been analysed by many authors to understand Jupiter’s
latitudinal temperature structure (Carlson et al., 1992; Conrath and
Gautier, 1980; Conrath and Gierasch, 1984; Conrath et al., 1981b;
1998; Conrath and Pirraglia, 1983; Gierasch et al.,, 1986; Hanel
et al, 1979) and the thermal contrasts associated with discrete
features like the Great Red Spot (Conrath et al, 1981a; Flasar
et al, 1981; Griffith et al, 1992; Read et al., 2006; Sada et al.,
1996; Simon-Miller et al., 2002). Compositional studies focused on
Jupiter’s bulk helium abundance (Gautier et al., 1981), ammonia
distribution (Gierasch et al., 1986), water ice signatures (Simon-
Miller et al., 2000) and hydrocarbon distributions (Nixon et al.,
2010), highlighting the richness of the Voyager dataset.

This work focusses on the subrange of Jupiter’s far-infrared
spectrum (270-600 cm~!, 17-37um) that is accessible from
SOFIA. This range is dominated by the broad collision-induced H,
S(0) and S(1) features near 354 cm~! (28.2pm) and 587 cm™!
(17.0um), respectively. By measuring both features simultaneously,
we can estimate the relative abundances of the two spin iso-
mers of hydrogen - S(1) is formed from transitions within ortho-
H, (the odd spin state of H, with parallel spins), whereas S(0) is
formed from transitions within para-H, (the even spin state of H,
with anti-parallel spins). Populating or depopulating the S(0) states
therefore affects the shape and gradient of the far-IR continuum
in a way that is distinguishable from temperature changes, which
tend to scale the spectral continuum brightness more uniformly
over the entire wave band. In ‘normal’ hydrogen, at the high tem-
peratures of the deep atmosphere, the two isomers should be in a
3:1 ratio (a para-H; fraction f, of 0.25, Massie and Hunten, 1982).
At the colder temperatures near the tropopause, the equilibrium
fp increases to near 0.35, with lower temperatures favouring the
increased population of the J =0 rotational state, the lower en-
ergy state of the S(0) transition. However, vertical mixing of air
parcels can cause significant disequilibrium, with regions of pow-
erful uplift having lower para-H, fractions than the equilibrium
(‘sub-equilibrium’ conditions) and regions of sinking beneath the
tropopause that move high-f, air downwards (‘super-equilibrium’
conditions). The rate of equilibration between the two gases is
very slow (multiple decades, although the influence of catalysis on
aerosol surfaces remains unclear, Massie and Hunten, 1982), such
that fast mixing can significantly affect the distribution of para-
H,. Changes in the relative populations of J=0 and J=1 rota-
tional states therefore cause variations in the shape of the 270-

600 cm~! spectrum, which can be used to trace vertical motions
with Jupiter’s troposphere.

The distribution of Jupiter’s para-H, measured by Voyager has
been presented by multiple studies (Carlson et al.,, 1992; Conrath
and Gierasch, 1984; Conrath et al, 1998; Conrath and Pirraglia,
1983; Gierasch et al., 1986). Carlson et al. (1992) used the sim-
ilarity between the f, distribution and Jupiter’s aerosol distribu-
tion to conclude that the spatial variations in f, were related to
catalytic equilibration on aerosol particles. Most recently, Conrath
et al. (1998) used Voyager 1 spectra to map zonal-mean f, be-
tween 200-500 mbar, and showed that although the fine belt/zone
structure was not well resolved, large-scale contrasts were evident.
Specifically, f, had a minimum at the equator and increased to-
wards each pole, with the suggestion of an f, maximum over the
north pole creating super-equilibrium conditions poleward of 45°N
at the tropopause. It is the existence of this hemispheric asymme-
try in Jupiter’s para-H, distribution, and the potential correlation
with tropospheric aerosols, that we sought to test with the new
SOFIA/FORCAST dataset.

Section 2 presents the FORCAST observations (both images and
spectra) obtained in 2014. The SOFIA spectra are modelled in
Section 3, along with a re-analysis of Voyager/IRIS spectra to per-
mit quantitative comparisons. The resulting spatial distribution of
fp is discussed in Section 4 and compared to the latitudinal vari-
ability of tropospheric aerosols, ammonia and phosphine. All lati-
tudes in this paper are planetographic, all longitudes use System
III west.

2. Observations
2.1. SOFIA/FORCAST observations

The Faint Object infraRed CAmera for the SOFIA Telescope (FOR-
CAST, Adams et al., 2010; Herter et al., 2012) is a thermal-infrared
camera designed for the SOFIA airborne observatory (Gehrz et al.,
2009; Young et al., 2012). It is comprised of two cameras (a short-
wave camera covering 5-25pum and a long-wave camera covering
25-40pum) and grism spectroscopy. The two arrays of FORCAST (a
Si:As blocked impurity band (BIB) array for A <25 pm and a Si:Sb
BIB detector for A >25 pm) operate at cryogenic temperatures
(4 K) and have a plate scale of 0.768 arcseconds per pixel. The 256
x 256 array translates to a wide 191 arcsecond field of view that is
more than sufficient to capture Jupiter's ~40” disc. When coupled
with SOFIA’s 2.7-m primary mirror (2.5-m effective aperture), this
permits diffraction-limited observing for A >15 pm, with an addi-
tional 1.3” blurring due to the jitter of the telescope during flight.
The resulting angular resolution ranges from 2 to 4”, depending on
wavelength. The grism spectroscopy uses blazed diffraction grat-
ings, and we specifically used the G227 (17.5-27.3um) and G329
(28.7-36.7 um) grisms.

2.1.1. FORCAST imaging

Images were acquired in eight broad-band filters (Table 1) in
order to provide calibration and context for the spectroscopy ob-
servations in Section 2.1.2. Imaging in each filter was obtained
in two epochs on May 2nd 2014: a first group between 03:42-
04:03UT and a second group between 06:44-07:11UT (a planned
third imaging set could not be acquired). Examples of images ac-
quired in the first group, with the Great Red Spot near the cen-
tre of the disc (45°W longitude), are shown in Fig. 1. For each fil-
ter, we compare the raw data (top row) with a contrast-enhanced
version to show the spatial structure in the images (bottom row).
An empirical function was used to reproduce the emission an-
gle dependence in each image (A >8 pm) to correct for the limb
darkening, without which very little structure can be seen in the
raw images at A >30 pm. The true limb darkening of the planet
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Table 1

Eight imaging filters used in this study, along with the disc-averaged brightness temperature and spectral irradi-
ance measured in each filter. Uncertainties on the Tz and total flux are the precision estimated from the standard
deviation measured over multiple filters. The large uncertainty at 5.4um is related to the large longitudinal vari-
ability observed at this wavelength. The calibration uncertainty in the final column is the accuracy of determination
of the fluxes of standard stars, based on repeatability of observations in a filter, after correction for atmospheric

absorption, over multiple flights.

Filter Wavenumber ~ Wavelength  Bandwidth  Disc-average Ty Total flux Calibration Unc.
name  (em) (um) (um) (K) (i) *)
54um  1867.06 5.356 0.159 198.0 + 29.1 6.9 + 1.0 5.1
7.7pm  1297.86 7.705 0.465 1484 + 3.1 6.2 + 0.1 4.2
11.1pum 901.795 11.089 0.954 129.1 + 49 262 + 1.0 9.1
19.7 pm 507.305 19.712 5.506 1229 + 1.8 2844 + 4.2 2.3
31.5pm 317.894 31.457 5.655 122.8 +£ 3.7 654.0 + 20.0 7.9
33.5pum 298.507 33.500 5.658 1304 £ 29 8439 £ 185 12.7
34.8um 287.299 34.807 3.759 130.5 + 4.9 857.8 + 32.2 5.0
37.1pm 269.222 37.144 3.284 136.2 + 4.7 991.4 + 34.2 9.9

SOFIA/FORCAST - Jupiter 2014-05-02

Contrast-
enhanced:

Contrast-
enhanced:

Fig. 1. Contextual imaging obtained in FORCAST filters on May 2nd, 2014. The Great
Red Spot is in the centre of the disc. Each filter is shown in the raw form and with
an empirical limb-darkening correction applied to enhance the contrast, particu-
larly at wavelengths beyond 30 pm. This correction leads to some distortion in the
oblate spheroidal shape of Jupiter at the edges. The central wavelengths and obser-
vation times are shown. Artefacts due to pixel defects and readout striping affect
the longest-wavel ength images. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

is not resolved, so the apparent function is convolved with the
point-spread function of the SOFIA primary mirror. Furthermore,
the long-wavelength images have contribution functions that sam-
ple the warm lower stratosphere at the highest emission angles,
making simple Minneart-type corrections (Minnaert, 1941) impos-
sible.

The absolute calibration of the images was determined by en-
suring that photometric observations of standard stars, observed
both on the flight containing the Jupiter observations and others
in the flight series, matched the predicted flux within the FOR-
CAST filters. The predicted fluxes were based on models for the
spectral shape of the stellar emission, tied to absolute photome-
try from ground and space-based observations (Herter et al., 2013).
The absolute calibrators used for our images included « Boo, o Lib,
and B8 UMi. For the 5.4-31.5pm images, between 6 and 8 stan-
dard star observations were combined to determine the calibra-
tion factors. For the 37.1 um image, 23 standard star observations
were combined, to enhance the signal-to-noise at this wavelength.
The accuracy of the calibration for each filter is shown in Table 1,

with higher accuracy resulting from wider bandwidths (i.e., more
photons in the wider filters), the usage of the filter (more us-
age means more calibrations are available), the type of calibra-
tor (i.e., the brightness of the standard star) and the integration
time. For each filter, we summed the Jupiter flux to measure the
spectral irradiance in Janskys, converting this to a disc-integrated
brightness temperature using an effective Jupiter radius of 16.745"
(i.e., accounting for the oblateness of the disc). We repeated this
for all longitudes observed (4-8 images per filter) to estimate the
standard deviation, and show the median spectral irradiance and
brightness temperatures in Table 1. These well-calibrated irradi-
ance values will be used to cross-calibrate the FORCAST spectra in
Section 2.1.2.

Images were obtained in two separate epochs to achieve near-
global coverage, allowing us to create cylindrical maps in Fig. 2.
These maps are limited to the M-band (5pm) and N-band (7-
13um) channels because longer wavelengths showed very little
spatial contrast, with the exception of the cold equatorial zone
(EZ) and warm neighbouring north and south equatorial belts (the
NEB and SEB). The cold Great Red Spot is visible in all images ex-
cept 7.7 um, where emission from CH,4 gas limits the sensitivity to
higher, stratospheric altitudes near 10 mbar. Longitudinal contrasts
can be seen in Fig. 2, primarily along the warm equatorial belts.
These cloud-free bands appear bright at 5.4pm due to the negligi-
ble attenuation of radiance from the deeper troposphere, and also
bright in the N-band near 11.1 pm due to warmer 500-mbar tem-
peratures in the belts compared to the zones. There is a strong
correlation between longitudinal wave patterns observed on the
NEB and SEB in the M and N-band images, confirming that the
dynamics modulating the tropospheric cloud opacity also modu-
late the temperature structure and ammonia humidity throughout
the upper troposphere (e.g., Fletcher et al., 2016a). At mid-latitudes
we observe patches of brighter emission (particularly near 30°N,
45°W) that are at the limit of SOFIA’s spatial resolution. These
warm patches are potentially associated with small cyclonic ovals
and brown barges that were visible in Jupiter’s northern hemi-
sphere in 2014.

Another notable aspect of the SOFIA maps in Fig. 2 is that
we detect the warm polar hotspot near 180°W that is associated
with upper stratospheric heating beneath the main auroral oval
(e.g., Caldwell et al., 1980; Kostiuk et al., 1993; Livengood et al.,
1993). This bright emission shows up at 7.7 um due to stratospheric
methane, and near 11.1 um due to stratospheric ethane. The 7.7-um
map shows a banded structure in the stratosphere consisting of a
cool region equatorward of +15°, as well as bands of bright emis-
sion between +15 — 30° in both hemispheres. These stratospheric
bands have been observed by Cassini (Flasar et al., 2004; Simon-
Miller et al., 2006) and ground-based observers (Orton et al., 1994)
and vary in their temperature over time. Longitudinal contrasts
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Composite: R(5.4 pm) G(7.7 pm) B(11.1 pym)
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Fig. 2. Cylindrical maps of multiple observations at 5.4, 7.7 and 11.1 pm. 5.4 um samples radiance attenuated by Jupiter’s 1-4 bar cloud opacity. 7.7 pm samples stratospheric
methane emission near 10 mbar. 11.1 pm senses a combination of 500-mbar temperatures and NHs gas, although emission lines from stratospheric ethane dominate at higher
emission angles. The top left panel is an attempt to combine these three wavelengths into a crude 3-colour image to reveal the differences between the three filters. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in these warm stratospheric bands are associated with horizon-
tal thermal wave activity at mid-latitudes, and such activity was
prominent in 2014 (Fletcher et al., 2016a). Finally, at the limit of
the spatial resolution of SOFIA we observe a narrow, warm equa-
torial band at 7.7um, consistent with the local maximum in the
thermal field associated with the current phase of Jupiter’s Quasi-
Quadrennial Oscillation (Leovy et al., 1991; Orton et al, 1991).
However, each of these M- and N-band spatial contrasts are bet-
ter studied with larger telescopes on the ground. Attempts to re-
trieve the thermal structure from these cylindrical maps (following
the imaging retrieval techniques of Fletcher et al., 2009b) met with
limited success given that latitudinal contrasts in the uncorrected
images in Fig. 1 are so subtle. Indeed, the main strength of the
SOFIA/FORCAST dataset is not in the contextual images, but in the
17-37 um spectroscopy offered by the grisms, as discussed in the
following sections.

2.1.2. FORCAST spectroscopy

Grism spectra were obtained with the 2.4 x 191 arcsecond slit
(i.e., ~5 times longer than Jupiter itself) and a spatial pixel scale
of 0.768”. Only the long-wave channel grisms were used in this
study: G227 (17-27um) and G329 (28-37um) grisms to span 17-
37pm (Keller et al., 2010). Data were obtained on May 3rd 2014,
corresponding to a planetocentric solar longitude (Ls) of 158°, ap-
proaching the northern autumn equinox in February 2015. At the
time of observation, the slit (which has a fixed orientation in the
instrument) was oriented approximately North-South on Jupiter.
For a single scan, twelve spectra were taken with each grism,
starting at a position —20.5 pixels, i.e.,,—15.74” from the centre of
Jupiter, stepping across the planet from west to east in increments
of 4 pixels, or 3.07”; the last scan was taken at a position + 18.05”.
The planet’s diameter was 35.05” at the time. Details describing

the spectra are provided in Table 2. The spectra were taken using
the standard IR observing two-position chop-with-nod, with a fre-
quency of several Hz (Table 2). The chop amplitude was +30” and
nod slews were 60”.

The spectra, after pipeline processing through the step of spatial
and spectral rectification (Rectified IMage, or RIM), were divided by
the instrument response and atmospheric transmission curves; the
latter was also used to determine the precise wavelength scale. In-
dividual spectra at each 3.07” step along the scan were placed into
a 3D cube, and then the cube was interpolated in the scan direc-
tion to generate square pixels, 0.768 x 0.768”. A polynomial fit to
the background (on each row) was subtracted to remove residual
flat-field variations and stray light.

These final spectral data cubes were calibrated by summing the
flux spatially over the disk of Jupiter and convolving spectrally
over the bandpass of five of the broad-band filters (covering 17-
37um), and scaling to match the flux of the broad-band images at
the overlapping wavelengths. Fig. 3 compares the calibrated, disc-
integrated spectrum to the fluxes in the five filters, indicating the
increasing uncertainty with wavelength. There was one spectral
scan in the G227 grating, and three spectral scans in the G329
grating.

The measured flux in the spectra and images deviate substan-
tially for A >33 pum (Fig. 3) due to known issues with the FORCAST
G329 grism at the longest wavelengths. The cause of this discrep-
ancy remains unresolved, and we omit this range from our sub-
sequent analysis. Indeed, the fluxes measured in the context im-
ages are consistent with spectral models that suggest the radiance
should increase for A >28 pm towards the peak of Jupiter’s black
body emission beyond 50um. The cubes were geometrically reg-
istered to determine the latitudes, longitudes and emissions an-
gles corresponding to each pixel. Zonal-mean spectra were gener-
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Table 2
Details on the grism spectroscopy.
Grism  Wavelength range  R=A/(AA) UT time range  Longitude range  Latitude Integration time  Chop freq.
G227 17.50-27.30 pm 140 05:36-05:45 265-270° 1.67° 5.66 s/scan 397 Hz
G329 28.65-36.66 pm 220 05:26-05:35 259-264° 1.67° 6.19 s/scan 249 Hz
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varies from equator to pole. These FORCAST spectra at specific lat-
itudes are shown and modelled in Section 3.

2.2. Voyager/IRIS observations

In order to perform a quantitative comparison of the tempera-
tures and para-H, distributions from the FORCAST observations to
previous data, we reanalysed spectra acquired by Voyager during
the 1979 flybys. The closest approaches (March 5, 1979 for Voy-
ager 1 and July 9, 1979 for Voyager 2) correspond to planetocen-
tric solar longitudes of Ls = 170.3° and L; = 180.4°, respectively,
near the northern autumn equinox. The Voyagers carried the In-
frared Interferometer, Spectrometer and Radiometer (IRIS) instru-
ments, with a Michelson interferometer providing 180-2500 cm~!
spectra of the giant planets at a spectral resolution of 43 cm~!
(Hanel et al., 1979). IRIS spectra were extracted from the expanded
volumes available on NASA’s Planetary Data System'. Two tempo-
ral ranges were considered for each spacecraft, a dedicated north-
south mapping sequence taken during the approach to Jupiter and
a full average of all spectra acquired within 4 million km of clos-
est approach (around +72 h from closest approach). The Voyager-
1 inbound map was acquired from a distance of approximately
3 million km between 19:00 UT on March 2nd and 10:00UT on

1 http://pds-rings.seti.org/voyager/iris/expanded_volumes.html.

Wavenumber [cm™"]

Emission Angle

Fig. 4. Comparison of the SOFIA/FORCAST and Voyager/IRIS brightness temperature
spectra as a function of latitude and wavenumber. The emission angles correspond-
ing to each panel are shown in the right-hand column. The colour-scale for the
brightness temperatures is shown in the right-centre panel. The white vertical band
in the FORCAST spectrum in panel (a) is the gap between the two FORCAST grisms.

March 3rd 1979 (see Fig.1 of Gierasch et al., 1986). This is the se-
quence that was used by Conrath et al. (1998); Conrath and Pir-
raglia (1983) in their studies of Jupiter’s para-H, and Nixon et al.
(2010) in their study of Jupiter's hydrocarbons. The Voyager-2 in-
bound map was acquired from a similar distance between 12:00UT
on July 6th and 06:00UT on July 7th 1979. At closest approach,
the 0.25° (4.4-mrad) diameter circular IRIS field of view provided
spatial resolutions of 1230 km (1.0° latitude at the equator) and
2900 km (2.3° latitude at the equator) for Voyager 1 and Voy-
ager 2, respectively. In the larger average, these high-resolution
observations are blended with spectra with resolutions as low as
17600 km (14° latitude at the equator) from 4 million km away.
In all four cases we had to manually remove corrupted spec-
tra that hadn’t been caught by the ‘REJECT flag in the database.
All datasets were binned on a 5° latitude grid (with a 2.5° step),
ensuring that the IRIS field of view was entirely on Jupiter’s
disc. Only emission angles within +10° of the mean for each bin
were retained. Uncertainties were derived from the Voyager noise-
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equivalent spectral radiance (NESR), as described by Sinclair et al.
(2014). We note that a misalignment of the Voyager-2 interferom-
eter (Hanel et al., 1982) led to slightly less sensitivity in the IRIS
measurements in July 1979, and noisier spectra.

The 17-33um (300-600 cm~!) spectra from the two flybys are
shown in Fig. 4b-c for comparison with the FORCAST data. We
are limited to this wavelength range by the poor quality and in-
creasing noise in the long-wavelength FORCAST grism in the 270-
300 cm! region (not shown). The broader wavenumber range for
the IRIS data (300-1350 cm~!) will be considered in Section 4 to
compare the retrieved para-H, distribution to zonal-mean distri-
butions of ammonia, phosphine and clouds, following (Gierasch
et al., 1986). Fig. 4 uses only the north-south mapping sequences,
as these provided a smoother variation of emission angle with lat-
itude. The warmest brightness temperatures are seen at the low-
est wavenumbers on the left in Fig. 4, but also near 470 cm™!
in between the broad S(0) and S(1) features. The three spectral
panels show subtle asymmetries between the northern and south-
ern hemispheres which appear to have changed with time - both
FORCAST and Voyager-1 show the lowest brightness temperatures
at high northern latitudes, whereas Voyager 2 shows the lowest
brightness temperatures in the south, despite similar emission an-
gles in the two Voyager sequences. These asymmetries will be im-
portant when deriving the distribution of para-H, in Section 3.

Finally, Fig. 5 shows a comparison between the FORCAST and
IRIS brightness temperatures averaged in four spectral ranges coin-
ciding with the lowest wavenumber portion of the FORCAST data,
the S(0) and S(1) absorption centres and the peak emission in
between. The observations from the two Voyager encounters are
consistent with one another, with the exception of cooler mid-
northern latitudes during the Voyager 1 encounter. The FORCAST
data show similar spatial structure at low latitudes and an equator-
to-pole drop due to limb darkening that will be accounted for in
our spectral modelling. The FORCAST data appear to be warmer
than the IRIS data at all wavelengths, and we found that a 0.9 x
scaling factor applied to the FORCAST spectra would bring the two
into agreement. This is within the 2-12% calibration accuracy range
in Table 1. We discuss the implications for this uncertainty in the
radiometric calibration of FORCAST in Section 3.

3. Spectral modelling

SOFIA and Voyager spectra were analysed using the NEMESIS
forward model and spectral inversion code (Irwin et al., 2008),
which has been previously used to study the distribution of para-
H, on Saturn (Fletcher et al., 2016b), Uranus (Orton et al., 2015)
and Neptune (Fletcher et al., 2014). NEMESIS uses an optimal es-
timation retrieval architecture (Rodgers, 2000) to maximise the
quality of the fit to the data whilst remaining within the limits of
physical plausibility using a priori information. The 17-33 pm spec-
trum is particularly simple, relying only on the collision-induced
opacity of Hy-H, and Hy-He. Jacobians in Fig. 6 (functional deriva-
tives of radiance with respect to the parameter of interest) demon-
strate the vertical sensitivity of far-IR and mid-IR jovian spectra
to tropospheric temperatures, para-H,, ammonia and phosphine.
Spectra in this range are most sensitive to the temperature struc-
ture in the 100-700 mbar region, depending on the potential
contribution of aerosol opacity (Conrath et al., 1998). There ex-
ists some additional sensitivity to the lower stratosphere (50-100
mbar) in the peaks of the S(0) and S(1) lines. However, retrievals
of temperature and para-H, become highly correlated at the low
pressures near Jupiter’s tropopause, and are likely to be unreliable
in regions of aerosol opacity (p >500 mbar), so these variables can
only be uniquely retrieved in the 200-500 mbar range, approxi-
mately (Conrath et al., 1998).
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Fig. 5. Comparison of zonal-mean brightness temperatures between
SOFIA/FORCAST (black), Voyager 1 (red) and Voyager 2 (blue), averaged over
the four spectral ranges shown. The error bars show the standard deviation of
the mean across the 20-cm~' wide bands, rather than the uncertainty of the
coadded IRIS spectra, which is smaller and relatively uniform in this wavelength
range. A downward scaling of the SOFIA radiances by a factor of ~0.9 makes them
consistent with the Voyager radiances (see main text). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 6. Jacobians (functional derivatives of radiance with respect to the parameter
of interest) for tropospheric sensitivity in the far-IR (panels a,b) and mid-IR (pan-
els c,d). The Jacobians have been normalised to their maximum in this wavelength
range, and contours are plotted in units of 0.1, as shown by the key in panel c.
In panel a, an increase in temperature causes an increase in the radiance (positive
contributions). In panels b, ¢, and d, an increase in the abundances of para-H,, am-
monia and phosphine cause a decrease in radiance (negative contributions). In panel
b (para-H;) we also show the zero line (grey line), as some weak positive contri-
bution exists longward of 520 c¢m~'. Vertical dotted lines in panels a and b show
the wavelength range of our SOFIA/FORCAST data. The mid-IR influence of ammonia
and phosphine will be discussed in Section 4.

Our model atmosphere includes CH4, NH3, PH3, C;H; and CyHg,
as described in Fletcher et al. (2009a). NH3 and PH3 influence both
mid-IR spectra (Fig. 6¢c-d) and the far-IR spectra measured by Voy-
ager (Fig. 6a), so are varied in Section 4 to compare their lati-
tudinal distributions to that of para-H,. The prior T(p) is based
on a low-latitude average of Cassini infrared observations (Fletcher
et al.,, 2009a), which themselves used the T(p) from the Galileo At-
mospheric Structure Instrument (ASI, Seiff et al., 1998) as the prior.
The deep helium mole fraction was set to 0.136 based on in situ
Galileo probe measurements (Niemann et al., 1998), and we cau-
tion the reader that the absolute temperatures and para-H, frac-
tions are sensitive to this assumption (although He is well-mixed,
so this does not affect the measurement of relative spatial vari-
ability). The prior for the para-H, fraction is based on equilibrium
at the temperatures in our T(p) profile, reaching a maximum of
fp =0.34 at the 113-K tropopause. We retrieve continuous profiles
of T(p) and f,(p) simultaneously, whilst holding the abundances of
all other gases constant at their priors.

Fig. 7 compares the FORCAST and IRIS data to our best-fitting
spectral models at three latitudes. The sensitivity of the spectra to
changes in para-H, is shown by offsetting the f, distribution by
+0.05 at all altitudes, demonstrating that the shape of the 300-
500 cm~! (centred on the S(0) line) is sufficiently altered, even at
the highest latitudes and emission angles, to allow us to derive an
fp distribution from these data. Furthermore, as the para-H, change
affects a broad swathe of the continuum, the high spectral sam-
pling of multiple independent measurements allows us to derive a
best-fit f, with uncertainties of ~0.02. This figure also confirms the
difference between the spectra at 55°N and 55°S, which has impli-
cations for the para-H, asymmetry discussed below. The follow-
ing subsections describe the challenges associated with analysing
these data.

3.1. Collision-induced absorption model

Two different calculations of the collision-induced H,-H, opac-
ity are available for our forward model - Borysow et al. (1985) pro-
vided semi-empirical functions based on ab initio studies of H,-
H, collisions over a broad spectral range; Orton et al. (2007) then
revised these calculations using updated quantum line shape cal-
culations. Both used ab initio dipole data from Meyer et al.
(1989a,1989b) with a stated accuracy of 3%, and neither incor-
porated the presence of (H,), dimers near to the S(0) and S(1)
lines. However, Orton et al. (2007) found that some of the dipole
components of Borysow et al. (1985) had been overestimated due
to an accounting error in the original work. The compilation of
Orton et al. (2007) now forms the ‘Alternative’ CIA database main-
tained by HITRAN (Richard et al., 2012). While the authors stated
that differences were found for wavenumbers beyond 600 cm™!
and temperatures below 120 K, we find that the two collision-
induced-absorption (CIA) resources predict different opacities in
the S(0) and S(1) lines at temperatures relevant to Jupiter's at-
mosphere. Fig. 8 compares the calculations of Borysow et al.
(1985) and Orton et al. (2007) at 110 K (jovian tropopause tem-
peratures) and two different para-H, fractions. At equilibrium, the
Borysow et al. (1985) model predicts around 7% higher absorption
in the S(0) and S(1) peaks than the model presented by Orton
et al. (2007). This has implications for our fits to the 17-33 um
spectra.

Indeed, when we run our inversion of Voyager-1/IRIS spectra
using the two different opacity databases we derive wholly differ-
ent zonal mean temperature cross-sections (see Fig. 9). Fits with
the CIA opacity from Borysow et al. (1985) are qualitatively sim-
ilar to those presented in previous studies (e.g., Conrath et al.,
1998), with a broad tropopause region between 100-200 mbar.
Conversely, fits with the CIA opacity from Orton et al. (2007) re-
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Fig. 7. Best fits to the SOFIA/FORCAST (top row) and Voyager-1/IRIS (bottom row) 300-570 cm~' spectra at three locations: 55°S, the equator and 55°N. Spectra were
coadded within +2.5° of these central latitudes, and the small uncertainties associated with the IRIS spectra cannot be seen at this scale. Brightness temperature scales are
the same for all the figures to show differences, although the primary effect is limb darkening from the equator to the high latitudes. The red lines show the spectral model
produced with our best-fitting T(p) and f,(p). The blue/green lines show the sensitivity of the spectra to uniformly increasing/decreasing the para-H, fraction by 0.05, the

upper limit of the latitudinal variability of the para-H, fraction detected on Jupiter.

quire a much narrower tropopause region near 200 mbar and
warmer temperatures in the lower stratosphere. Given that the
latter CIA database has a smaller contrast between the absorp-
tion maxima at 354 and 587 c¢m~! and the minimum near
460 cm~!, our inversion requires warmer lower-stratospheric
temperatures to reproduce the brightness temperatures near the
peaks of the S(0) and S(1) features. This is counter to the find-
ings of all previous inversions of IRIS data, but cannot be dis-
counted given that the newer calculations of Orton et al. (2007) are
considered to be an improvement on those of Borysow et al.
(1985). Furthermore, the newer calculations showed better agree-
ment with the experimental results of Birnbaum et al. (1996).
Nevertheless, the newer calculations generally produce poorer
fits to the data (worsening the x2/N by a factor of two at all
latitudes).

We suggest that additional (H,), dimer absorption (a molecule
bound by van der Waals forces, Frommhold et al., 1984; Schaefer
and McKellar, 1990; Birnbaum et al., 1996) is required to resolve
this discrepancy. In their study of Uranus’ H,-He spectrum, Orton
et al. (2014) incorporated new calculations of the dimer opacity
(provided by ]. Schaefer) to their existing CIA database (Orton et al.,
2007). A ~5% enhancement in the absorption near the S(1) peak
is shown as the red curve in Fig. 8, bringing the total absorption
closer to the original erroneous values of Borysow et al. (1985).
Furthermore, Frommbhold et al. (1984) discussed dimer features
near the S(0) line in Voyager/IRIS spectra of Jupiter, and found
that bound-free transitions between dimers contributed approxi-
mately 5% to the opacity at 120 K. However, the dependence of the
dimer contribution on the para-H, fraction has not been modelled,
and inclusion of these new calculations produced features in our
CIA database that are not directly observed, implying that there is
room for improvement of the theoretical simulations. We there-
fore use the CIA opacity from Borysow et al. (1985) in this paper
for simplicity and comparison to previous works, and caution the
reader about the ‘missing absorption’ in the HITRAN compilation
(Orton et al., 2007; Richard et al.,, 2012) near the peaks of the S(0)
and S(1) lines.

3.2. Aerosol influence and spectral windowing

The reliable portion of the SOFIA/FORCAST data covers the 300-
570 cm~! (17.5-33.3pm) spectral range. In their study of Voy-
ager/IRIS spectra, Conrath et al. (1998) noted that spectra be-
low 320 cm~! and between 430-520 cm~! needed to be ex-
cluded due to the possible presence of aerosol opacity (Carlson
et al., 1992). Carlson et al. (1992) showed that the inclusion of
opacity from large aerosols (with radii comparable to the wave-
length) would shift the Jacobian in the absorption minimum (near
460 cm~! in Fig. 6a, 21.7 pm) upwards to cooler altitudes, thereby
reducing the overall contrast in the 300-570 cm~! spectrum. Sub-
sequent retrieval studies have utilised compact aerosol layers with
a base near 800 mbar (consistent with the expected condensation
altitude of a 3 x solar enriched NH3 gas, Atreya et al., 1999) to
provide thermal-infrared opacity (Achterberg et al., 2006; Fletcher
et al, 2009a; Matcheva et al, 2005; Wong et al., 2004). Using
the Voyager-1 north-south mapping sequence, we re-ran the zonal
mean temperature and para-H, inversion using three different as-
sumptions: (1) zero aerosol opacity; (2) a globally-homogeneous
cloud layer with fixed optical depth of unity at 1 bar; and (3) al-
lowing the aerosol opacity to vary as a free parameter during fits.
The cloud was included as a compact cloud (aerosol-to-gas scale
height ratio of 0.2) with a base at 800 mbar. Each experiment was
repeated twice, once with the full 300-570 c¢m~! range and once
restricting to the 320-430 cm~! and 520-570 cm~! ranges fol-
lowing Conrath et al. (1998).

T(p), fp and para-H, disequilibrium retrievals with and with-
out aerosols are compared in Fig. 10. When fitting the full spec-
tral range, we found closer fits to the data when no aerosol opac-
ity was included (Fig. 10 top row), and negligible difference be-
tween the fits when either homogeneous or inhomogeneous cloud
layers were used (Fig. 10 bottom row). In this instance, this ar-
gues against the addition of aerosol opacity of any kind to the
300-570 cm™! fits. Furthermore, when aerosols were allowed to
vary we obtained only a geometrical effect (a correlation with the
emission angle), with lower optical depths required at the equator
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Fig. 9. Comparison of zonal mean temperature cross-sections derived from the
Voyager-1 north-south mapping sequence assuming CIA opacities from (a) Borysow
et al. (1985) and (b) Orton et al. (2007). Temperature precision ranges from 2 K
at 700 mbar to 1.2 K at 400 mbar and 1.8 K at the tropopause, but this does not
encompass the systematic differences between the two sources of CIA.

(~0.3) and higher optical depths near the poles (>2). This suggests
that our assumed compact vertical distribution of aerosol opacity
is incorrect. Furthermore, the goodness-of-fit was substantially im-
proved at the equator when no aerosols were included, precisely
in the region that would be expected to show the highest opac-
ity. Unfortunately, neither the low-resolution FORCAST data nor the
IRIS data provide the necessary centre-to-limb observations to fur-
ther constrain this vertical distribution. The presence or absence
of aerosols therefore adds uncertainty to our inversions - the ad-

dition of aerosols permits a warmer atmosphere at ~700 mbar
by 1-2 K and a slightly cooler atmosphere near 300 mbar by
<1 K, and negligible differences for p <300 mbar. The addition of
aerosols causes systematic changes to f, of around 0.01, and these
are most apparent for p >500 mbar where f, can no longer be
constrained.

Finally, we find that omission of the 300-320 c¢m~! and 430-
520 cm~! regions has negligible impact on our retrieved T(p) and
f(p) distributions. Changes to the f, values are smaller than 0.01
and changes to the tropospheric temperatures are smaller than
1 K, both within the formal uncertainties on the T(p) and fy(p)
structures shown in Fig. 10. Crucially, the latitudinal contrasts in
temperature and f, are the same irrespective of how we include
aerosols and spectral windowing in the inversion, and these con-
trasts match those of Conrath et al. (1998) extremely well. We will
return to the importance of aerosols in Section 4.

3.3. Spectral selection from Voyager

The tests conducted so far used only the north-south map-
ping sequence from Voyager 1. However, Section 2.2 describes the
coaddition of spectra to create ‘global averages’ of each Voyager
dataset within 4 million km of Jupiter and one north-south map-
ping sequence for each spacecraft. These four different datasets
are compared to the zonal mean T(p), f,(p) and para-H, disequi-
librium from SOFIA/FORCAST in Fig. 11. Similar latitudinal struc-
tures are evident and will be discussed in Section 4. However, we
note that there are differences depending on (i) whether we just
take the north-south maps or include the full Voyager dataset; and
(ii) whether we consider Voyager 1 or 2, only 4 months apart. In
the first case, differences are due to the blending of a range of
spatial resolutions in the global averages and the higher signal-
to-noise of the coadds (more spectra will reduce the noise and
weight the inversion more strongly towards the data). In the sec-
ond case, the Voyager-2 spectra were generally noisier due to
the misalignment of the Voyager-2 interferometer (Hanel et al.,
1982) discussed in Section 2.2, which results in the retrieval be-
ing more strongly weighted to the prior. However, two features
of the para-H, distribution are robust no matter how we process
the dataset - there is a minimum in f, (and hence sub-equilibrium
conditions) at the equator; and an asymmetry in f, between the
northern and southern high latitudes which will be discussed in
Section 4.

Close inspection of the fits to the Voyager 1 and Voyager 2
spectral averages revealed that the residual always took on a com-
mon undulating shape, indicating that we were underfitting one
side of the ~470-cm~! peak and overfitting the other. This undu-
lation in the residual was worse for Voyager 2 than for Voyager
1, potentially as a result of the interferometer mis-alignment. To
investigate the possibility of a wavelength offset in the IRIS spec-
tra, we reran the zonal-mean retrievals shifting the spectrum in
0.25-cm~! steps between 0 and 40 cm~! (i.e., one FWHM for
IRIS) using the CIA of Borysow et al. (1985). Better fits to the data
could be obtained with shifts of 0.4-1.1 cm~! for Voyager 1 and
1.6-2.5 cm~! for Voyager 2. However, such large shifts are not
viable, given that NHj rotational features in the 200-250 cm™!
of the IRIS spectra match our models extremely well. Further-
more, we might expect an interferometer misalignment to stretch
the wavenumber grid, rather than shifting it. Finally, Fig. 8 re-
veals a spectral offset between the absorption peaks between the
Borysow et al. (1985) and the Orton et al. (2007) CIA data, indi-
cating that the required spectral shift would be model dependent.
The undulation in the residual could therefore be due to uncertain-
ties in the collision-induced absorption data that have yet to be
resolved.
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Fig. 10. Comparison of the temperature, para-H, and para-H, disequilibrium retrievals without (top row) and with (bottom row) the inclusion of aerosol opacity. Results are
shown for fits of the full 300-570 cm~! range of the Voyager-1/IRIS north-south mapping sequence. Temperature uncertainties range from 2 K at 700 mbar to 1.2 K at 400
mbar and 1.8 K at the tropopause; f, uncertainties range from 0.02 at 600 mbar and 100 mbar to 0.01 at 200 mbar.

3.4. Radiometric calibration of FORCAST

Fig. 11 a demonstrates that the temperatures derived from
SOFIA/FORCAST spectra were systematically warmer, by ~2 K at
the tropopause and 8 — 10 K at 700 mbar, than those obtained by
Voyager/IRIS 35 years earlier. Rather than invoking global changes
to Jupiter’s temperatures, we assume that this is caused by system-
atic offsets in the radiometric calibration. A 10% reduction of the
SOFIA/FORCAST flux makes SOFIA and Voyager approximately con-
sistent with one another (Fig. 12), so we investigate the impact of
such a change on the retrieved quantities, repeating the retrievals
with scale factor of 0.9, 1.0 and 1.1. These adjustments are within
the 2-12% uncertainty range associated with the FORCAST absolute
calibration (Table 1). This results in equatorial 110-mbar tempera-
tures ranging from 114 to 118 K and equatorial 330-mbar temper-
atures ranging from 120 to 123 K. These are within the +2 K un-
certainty range on the temperature retrieval.

The absolute para-H, fraction is larger (and closer to equilib-
rium) for the 0.9 x scale factor (Fig. 12b) by 0.02-0.03 compared
to the 1.0 x scale factor, meaning that the downward scaling of the
SOFIA/FORCAST flux is more consistent with equilibrium conditions
(Fig. 12c). The formal retrieval uncertainties on the FORCAST para-
H, inversions are latitude-dependent, but at mid-latitudes they
range from a minimum of 0.014 at 300 mbar to 0.022 at 100 and
750 mbar, excluding systematic uncertainties due to aerosols, he-
lium, radiometric offsets, etc. At first glance, the small uncertain-
ties might appear to be at odds with the spectral forward models
in Fig. 7, where we showed the spectral effects of a +0.05 offset
in the para-H, fraction. The resulting models appeared to bracket
the 10 measurement uncertainties. However, the para-H, fraction
affects the full 17-37 um range, and the +0.05 offset curves were
systematically above or below the best-fitting models, having a

substantial effect on the goodness-of-fit. This means that our for-
mal para-H; uncertainty is less than 0.05, and closer to the 0.01-
0.02 range quoted here. Nevertheless, this implies that the mea-
sured disequilibrium in Fig. 12c is closer to zero within the uncer-
tainties for the 0.9 x scale factor, albeit with the same equator-to-
pole increase in f,. Absolute offsets of ~4 K remain present near
700 mbar, but these are not considered robust as they are pri-
marily driven by noisy data from the long-wave FORCAST grism in
Fig. 7.

Furthermore, the absolute values of the temperature and para-
H, fraction are sensitive to the degree of smoothing applied to the
vertical profiles during the inversion process. Relax this smooth-
ing, and the temperature and f, excursions from the a priori in-
crease in size until oscillations in the vertical profile become un-
realistic and non-physical. The final result is therefore a compro-
mise between vertical smoothing and the quality of the fit to the
data, using a priori uncertainties that are based on previous studies
- latitudinal temperature excursions of <5 K at 250 mbar (based
on Cassini observations at higher spatial resolution, e.g., Simon-
Miller et al., 2006) and latitudinal para-H, excursions of <0.05 at
250 mbar (Conrath et al.,, 1998). Unfortunately, however, the con-
straint on the retrieval imposed by the data depends on the signal-
to-noise ratio, which is different for Voyager 1, Voyager 2 and the
SOFIA/FORCAST data. The results in Fig. 11 are our best attempt
at balancing these competing influences on the retrieval, but a
more robust comparison would require the same instrumentation
for each epoch under comparison.

4. Discussion

Interpretation of spatial variations in Jupiter’s far-infrared spec-
trum remains a substantial challenge almost four decades af-
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Fig. 11. Comparison of the retrieved atmospheric structure from four different Voyager spectral averages and SOFIA/FORCAST. The left-hand column shows the T(p) retrieval
with 2-K contours, with uncertainties ranging from 2 K at 700 mbar to 1.2 K at 400 mbar and 1.8 K at the tropopause. The centre column shows the f,(p) retrieval with
0.01 spacing, with uncertainties ranging from 0.02 at 600 mbar and 100 mbar to 0.01 at 200 mbar. The right-hand column shows the degree of disequilibrium with 0.01
contours, from sub-equilibrium at low-latitudes to super-equilibrium at high latitudes.
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Fig. 12. Effect of uniformly scaling the SOFIA/FORCAST flux downwards by 10% (top row) compared to the original calibration of the data (bottom row). Temperature, para-H,

and the disqequilibrium are plotted with exactly the same contour spacing as Fig. 11.

ter the Voyager/IRIS observations, despite the improvements in
Earth-based observational capabilities at other wavelengths. The
SOFIA/FORCAST observations represent an attempt to plug this
capability gap, but - like Voyager/IRIS - can only resolve the
largest scales of Jupiter’s banded structure and the Great Red Spot.
Section 3 showed how absolute temperature and para-H, esti-
mates are adversely affected by uncertainties in radiometric cal-
ibration, the chosen source of spectral model for the collision-
induced opacity, the degree of smoothing imposed on the spectral
inversion, and (to a lesser extent) the influence of aerosol opacity
and spectral windowing. In addition, the helium mole fraction re-
mains poorly constrained and could serve to systematically scale
the 17-37 um brightness temperatures up and down, which would
have the effect of modifying the magnitude of the para-H, dise-
quilibrium (Gautier et al., 1981). The problem is made even more
complex by using different instruments with different sensitivities,
even between the two Voyager flybys. Following Section 3.4, we
estimate that temperatures and para-H, fractions are no more ac-
curate than +2 K and +0.02 in the 100-700 mbar range, respec-
tively (using the Galileo-derived He abundance and CIA of Borysow
et al., 1985).

Nevertheless, Figs. 11 and 12 do show consistent features for
the three epochs studied (March 1979, June 1979 and May 2014),
irrespective of the inversion assumptions. To make this clearer,
Fig. 13 extracts zonal-mean cross-sections of temperature, para-H,
and the degree of disequilibrium at 110-mbar (near the tropopause,
and at the limit of the vertical sensitivity in Fig. 6a and 330 mbar
(near the peak of the Jacobians) from SOFIA and the two Voyager
north-south sequences. These all show: an equatorial region (+£0 —
15°) that is warmer than temperate mid-latitudes (£20 — 40°); a
temperature drop poleward of +50°; sub-equilibrium para-H, in
the equatorial region and an equator-to-pole increase in f, to bring
it closer to equilibrium at the highest latitudes. We discuss each of
these findings below.

4.1. Tropospheric temperatures

Jupiter’s temperature field has been studied at higher spa-
tial resolutions in the mid-infrared from Cassini and ground-
based observatories (e.g., Flasar et al., 2004; Simon-Miller et al.,
2006; Fletcher et al., 2011). These revealed equatorial temperatures
within 7° of the equator that were cooler than the neighbouring
northern (7 — 17°N) and southern (7 — 20°S) equatorial belts (NEB,
SEB). In the majority of the SOFIA and Voyager temperature cross-
sections in Fig. 11, these appear to be blended together to form
a warm band throughout the +15° region. Fig. 6 of Conrath et al.
(1998) and Fig. 2 of Simon-Miller et al. (2006) showed the same
effect. The raw brightness temperatures in Figs. 4-5, as well as the
contextual imaging in Fig. 1, suggests that there are maxima near
+10° latitude. However, these belts have such a limited contrast
with the cooler equatorial zone that they have very little influence
on the spectral inversions. The cool equator is certainly present
in the FORCAST and IRIS data, but has a limited visibility on the
2.5° latitude grid (with 5° bin widths) used to analyse the data.
In conclusion, there is no inconsistency with the mid-IR retrievals,
but we are left requiring higher spatial resolutions for future far-IR
studies of Jupiter’s tropics.

The equatorial temperatures observed by FORCAST in 2014
(~115 K at 200 mbar at the equator) are closest to those mea-
sured by Voyager 1, but the differences are within our 1-2 K uncer-
tainty range. Jupiter's equatorial temperatures are known to vary
with time (by 2-4 K at the ~250 mbar level, Orton et al., 1994;
Simon-Miller et al., 2006), possibly as a result of sporadic equa-
torial brightening events that bring fresh updrafts of material to
the tropopause. Gierasch et al. (1986) found equatorial differences
between Voyager 1 and 2 that are confirmed by Fig. 11c-d, with
the latter being ~2 K cooler at 150 mbar. This was consistent with
the equatorial variability in the ground-based record of Orton et al.
(1994), which showed the equatorial temperatures cooling by ~3 K
between 1978 and 1983.
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At temperate latitudes we do not resolve the belt/zone structure
in either the images (Fig. 1) or the spectra. The result is a broad
cold band at 20 —30° in both hemispheres, blending together the
multiple belts and zones in Jupiter's temperate domain. During the
Voyager encounters, the southern cold band was colder and wider
in latitudinal extent than the northern cold band, with a southerly
warm belt near 40 — 50° marking the transition into the polar en-
vironment. This asymmetry is reversed in the FORCAST data, with
cooler temperatures at northern mid-latitudes than in the south,
which can be seen in the raw data (Fig. 4a) as an asymmetry be-
tween the northern and southern hemispheres. The changes are
at the 2-3 K level, and are consistent with the levels of temper-
ature variability shown in the long-term records of Orton et al.
(1994) and Simon-Miller et al. (2006). Finally, we note that all of
our inversions (IRIS and FORCAST) suggest a transition to cold po-
lar vortices poleward of +50° (100 <p <300 mbar), consistent with
previous studies. In summary, we find that although FORCAST can
offer constraints on Jupiter’s tropospheric temperatures, the spatial
resolution of SOFIA (and the Voyager observations at far-IR wave-
lengths) blends together much of the finer belt/zone structures re-
quired for dynamical studies.

4.2. Para-Hydrogen

Despite the low spatial resolution, the spectral coverage of FOR-
CAST and IRIS offer the capability to map Jupiter’s para-H, distri-
bution using the broad S(0) and S(1) lines. This is a challenging
measurement given the different sensitivities of the two instru-
ments, but inversions in Figs. 11 and 13 b show consistent trends
with latitude - a sub-equilibrium minimum in f, within ~15° of
the equator that extends vertically throughout the range of sen-
sitivity (approximately 200-500 mbar), and a transition to equi-
librium (and possibly super-equilibrium) conditions at high lati-
tudes. The para-H, distribution appears to be asymmetric between
the northern and southern hemispheres - FORCAST and Voyager 1

(both observing before northern autumnal equinox) suggest a more
rapid increase of f, with latitude in the northern hemisphere than
the southern hemisphere, resulting in super-equilibrium condi-
tions poleward of 50°N. Conversely, Voyager 2 observations (taken
at northern autumnal equinox) suggest a stronger increase in f
towards the southern pole. The latitudinal gradients of the raw
brightness temperatures in Fig. 4 support these findings, with
a stronger northern gradient in Voyager 1 observations and a
stronger southern gradient in Voyager 2 observations. The para-
H, distributions do show finer-scale variations with latitude, with
some evidence for additional f, minima in the mid-latitude regions
associated with the cool temperate bands described earlier. How-
ever, given the retrieval uncertainties of 0.01-0.02 in the ~250-
mbar region, these contrasts are not considered to be significant.
Qualitatively, our Voyager 1 and FORCAST results are consistent
with those of Conrath et al. (1998), who also showed an asym-
metry in f, and potential super-equilibrium conditions at Jupiter’s
high northern latitudes (their Fig. 9). The region of high-f, air is
therefore a repeatable feature of Jupiter’s high latitudes, but appar-
ently not a permanent one, with observations by Voyager 2 show-
ing no evidence for this feature in the north. However, we caution
the reader that the fits to the Voyager 2 spectra showed a larger
undulation in the residual than Voyager 1 (Section 3), suggestive
of a discrepancy in the wavelength calibration that could influence
the retrieved f, structure. The time evolution of this equator-to-
pole gradient in para-H, will only be truly revealed by observing
Jupiter’s poles over longer time spans with the same instrument.

4.2.1. Balancing dynamics and chemical equilibration

The vertical distribution of para-H, is approximately governed
by a balance between the strength of vertical mixing and the rate
of chemical equilibration between the two spin isomers (Conrath
et al., 1998; Gierasch et al, 1986). Unfortunately, neither the
timescale for dynamical motions (74) nor the hydrogen equilibra-
tion time (7p) are well known, and both are expected to vary with
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latitude. Hydrogen conversion can occur in the gas phase due to
(i) hydrogen exchange between molecular and atomic hydrogen
or (ii) paramagnetic conversion between two H, molecules, but
these are deemed less efficient (i.e., longer 7,) than (iii) paramag-
netic conversion on the surfaces of aerosols (Conrath and Gierasch,
1984; Fouchet et al., 2003; Massie and Hunten, 1982). The effi-
ciency of conversion depends on many factors - the surface area
of the aerosols; UV irradiation of the aerosols to generate active
surface sites; their optical depth; and the mixing of the air within
the cloud layers. If the para-H, distribution solely reflected the ef-
ficiency of this paramagnetic conversion and was not influenced
by vertical mixing, then we should find that the cloudiest regions
(i.e., the equator and the northern and southern tropical zones)
would have values closest to equilibrium, with more extreme dis-
equilibrium over the cloud-free belts. Carlson et al. (1992), in their
analysis of a small number of localised regions in the IRIS dataset,
suggested that such a correlation did exist. However, we find that
Jupiter’s equator is the site of the largest sub-equilibrium condi-
tions, counter to the purely chemical explanation.

This led Conrath et al. (1998) to provide a quantitative as-
sessment of the timescales governing the distribution of para-H,
taking dynamics into account, showing that that the dynamical
timescale must be smaller (~70 years) than the timescale required
for the equilibration between the ortho- and para-H, (~110 years)
in Jupiter’s upper troposphere. Parcels of low-f, air could be ad-
vected upwards into colder atmospheric layers at a rate faster than
the conversion to ortho-H,. However, Fouchet et al., 2003 scaled
their stratospheric para-H, results to the 200-mbar level and sug-
gested lower limits on 7, of 15-22 years assuming paramagnetic
conversion on aerosols, or 30-50 years assuming paramagnetic
conversion in the gas phase (they did not favour hydrogen ex-
change as a dominant mechanism in Jupiter’s troposphere, as this
resulted in extremely long equilibration timescales). These lower
limits raise the possibility that 7, could be smaller than 74 on
Jupiter (as found on the other giant planets by Conrath et al.,
1998), suggesting that chemical conversion could indeed dominate
over dynamics. Further quantitative progress in separating the dy-
namical and chemical influences on f,(p) cannot be made without
better constraints on the hydrogen conversion mechanism.

4.2.2. High-latitude para-H,

The polar tropopause is colder than elsewhere on the planet
(Fig. 11), meaning that the equilibrium para-H, is largest at the
poles. However, we consistently retrieve f, in excess of this cold
equilibrium in both the SOFIA and Voyager datasets. This matches
the findings of Conrath et al. (1998), who suggested that these
high-latitude f, maxima were due to air descending below the
tropopause, enriching the 200-500 mbar levels in high-f, air from
the colder layers above. Such a circulation pattern, with air rising
at low latitudes and descending over the poles, is consistent with
that modelled by Conrath et al. (1990). However, given the uncer-
tainties on the high-latitude super-equilibrium shown in Fig. 13,
we must question the validity of this conclusion.

The inversions in Fig. 11 placed the largest f, in the 50-
100 mbar region above the tropopause, which makes little sense as
the equilibrium f, should decline with altitude in the lower strato-
sphere as the temperature rises. These lower-stratospheric values
are likely to be untrustworthy, given the poor vertical sensitivity
of the far-IR inversions to the tropopause regions (Fig. 6), and the
high emission angles that were used to sample the 50 — 60° lat-
itude regions. These could lead to systematic errors in the para-
H, retrieval. However, the stratospheric investigation of Fouchet
et al. (2003) suggested the possibility that Jupiter’s stratospheric f,
matches the tropopause value (at least in the £30° latitude range
averaged in their ISO observations), i.e., Jupiter’s f, remains larger
than equilibrium in the stratosphere without any conversion back

to ortho-H,. The vertical T(p) is poorly known at high latitudes and
p <100 mbar, particularly within the cold polar vortex, so maybe a
region of high-f, air could exist at lower pressures. The hypothesis
that subsidence generates regions of high-f, air at high latitudes
on Jupiter cannot be rejected by these data.

However, Fig. 13 shows that the strongest conclusion that can
be drawn is that f, is closest to equilibrium at Jupiter’s high lat-
itudes, so large-scale subsidence need not be invoked. Instead, if
we assume the efficiency of hydrogen conversion to be latitudi-
nally uniform, then the equator-to-pole gradient may simply re-
flect weaker tropospheric upwelling at high latitudes to replen-
ish equilibrated air near the tropopause. Indeed, parameterisations
of Jupiter’'s eddy diffusivity by Wang et al. (2015) demonstrate a
strong decrease in the expected strength of vertical mixing from
the equator to pole due to the planet’s rotation. We investigate
correlations with other tracers of tropospheric mixing in the next
section.

4.3. Comparing para-H, to tropospheric gases and aerosols

To better explore the correlation between para-H, and Jupiter’s
other tropospheric variables, we replicate the analysis of Gierasch
et al. (1986) by extending the Voyager-1/IRIS spectral retrieval to
cover the full 300-1350 cm~! (7.4-33.3pum) range (all the afore-
mentioned results considered 300-600 cm~! only). This allows
us to study Jupiter’'s NH3z, PH; and aerosol opacity in the mid-IR
(see Jacobians in Fig. 6¢c-d) at the same epoch and spatial reso-
lution as the temperatures and para-H, discussed above. Jupiter’s
T(p) and para-H, distribution were retrieved simultaneously with
a parameterised NH3 distribution (a variable deep abundance for
p >800 mbar, declining at higher altitudes according to a variable
fractional scale height), and a scale factor for the PHj distribution
of Fletcher et al. (2009a). In addition, we scaled the optical depth
of an 800-mbar compact cloud layer consisting of NHs ice parti-
cles (refractive indices based on Martonchik et al., 1984) with a
log-normal distribution of radius 10 £5 pm. Aerosol cross sections
and single scattering albedos were calculated assuming Mie scat-
tering. The sources of spectral line data are identical to those used
for Cassini/CIRS analyses in Fletcher et al. (2009a), and were con-
verted to k-distributions for IRIS modelling using a Hamming line
shape of full-width-at-half-maximum of 4.3 cm~!. The distribu-
tion of para-H, at 330 mbar is compared to ammonia, phosphine
and aerosols from Voyager-1/IRIS in Fig. 14.

Firstly, we note that the zonal-mean NHs distributions in
Fig. 14b-c largely reproduce those found by Gierasch et al.
(1986) using the same dataset, and have mole fractions comparable
to those reported from Cassini (Achterberg et al., 2006). The para-
H, distribution also resembles that shown in Fig. 5 of Gierasch
et al. (1986). Phosphine in Fig. 14e is found to be enhanced near
the equator compared to the neighbouring belts, as confirmed later
by Cassini (Fletcher et al., 2009a; Irwin et al., 2004). Both PH3
and NH3 show low-latitude enhancements in the regions of sub-
equilibrium para-H,, suggesting that they are being enriched by
the same upwelling motions that are responsible for the low-f, air
at the equator.

The aerosol optical depth in Fig. 14d was derived using the
600-1350 cm~! (7.4-16.7 um) region alone to ensure that it was
independent of any degeneracies between aerosols and para-H,
in the 300-600 cm~! region. We recover the latitudinal varia-
tion of optical depth identified by Gierasch et al. (1986) (their
Fig. 4), including the high opacity in the 20 — 30°N band. Intrigu-
ingly, this does not closely resemble the cloud opacity distribu-
tions derived later by Cassini (e.g., Matcheva et al., 2005; Fletcher
et al.,, 2016a), which showed distinct maxima at the equator and
the NTrZ and STrZ (northern and southern tropical zones, respec-
tively) and strong minima associated with the NEB and SEB (north-



L.N. Fletcher et al./Icarus 286 (2017) 223-240 237

(a) Para-H, Fraction at 330 mbar

0.36
0.35F0 E

034, :

032 % ,»"‘"w ;
o4

031E '0«.‘,““ o oo™

% d
0.30F %04 w0
0.29

60 50 40 30 20 10 O -10-20 -30 -40 -50 -60
Planetographic Latitude

(b) Ammonia Mole Fraction at 440 mbar
8r ]

Para-H, Fraction

[ 000
6

°
al o® % % o
? cn..qmd""'«:' %0 ]

2k

Mole Fraction [ppm]

ot
60 50 40 30 20 10 O -10-20 -30 -40 -50 -60
Planetographic Latitude

(c) Ammonia Mole Fraction at 860 mbar
350F

300
250
200F
150
100F
50
o E
60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60
Planetographic Latitude

(d) Aerosol Optical Depth at 1 bar

Mole Fraction [ppm]

1.4
1.2
1.0 ° .
0.8F o
0.6F 0
0.4p
0.2
0.0k

60 50 40 30 20 10 O -10-20 -30 -40 -50 -60

Planetographic Latitude

o®o,

°
%9 o 07 "'m"n o

;‘.'“0!

Optical Depth

(e) Phosphine Mole Fraction at 650 mbar
1.5F §

° °
Zh'w""“qf'ﬂ“ “»‘. “""w o 0,0 1
i ! »® g .‘.""‘ll..'lbil‘j

-
o

I
&)

Mole Fraction [ppm]

0.0L
60 50 40 30 20 10 O -10-20 -30 -40 -50 -60
Planetographic Latitude

Fig. 14. Comparison of para-H, with tropospheric properties derived from Voyager-
1/IRIS spectra. The solid line in panel (a) shows the equilibrium para-H, fraction
based on the retrieved temperatures, showing that the majority of Jupiter's atmo-
sphere is sub-equilibrium. Panels b-e show the ammonia, phosphine and aerosol
distributions derived from the full 300-1350 cm~! IRIS spectrum (all previous fig-
ures have used only the 300-570 cm~! region).

ern and southern equatorial belts). The absence of the equatorial
aerosol enhancement could be related to spatial resolution - the
cold equatorial troposphere is also not well resolved by the IRIS
data in Fig. 11.

However, Fig. 14 makes it clear that para-H, is not well corre-
lated with Jupiter’s tropospheric aerosols, ammonia and phosphine
distributions. None of these species reflect a decline in the strength
of vertical mixing with latitude (e.g., Wang et al., 2015), which
again raises the possibility that chemical equilibration, rather than
dynamic mixing, governs the equator-to-pole para-H, gradient. Our
experiments do not yield the correlation between para-H, and
cloud opacity favoured by Carlson et al. (1992), but given the lim-
ited sensitivity of thermal-IR spectra to aerosols, we cannot com-
pletely reject the aerosol-catalysis hypothesis.

Despite the lack of correlation with the tropospheric aerosols
in the main cloud deck (Fig. 14d), interconversion of para- and
ortho-H;, on the surfaces of aerosols remains an intriguing possi-
bility that has been favoured by previous studies (Carlson et al.,
1992; Fouchet et al., 2003). The character of Jupiter’s stratospheric
aerosols is known to change at the highest latitudes. Inversions of
Cassini/ISS visible-light observations by Zhang et al. (2013) show
that the number density and optical depth of stratospheric aerosols
increases by orders of magnitude from the equator to the poles
(with a peak in the 20-50 mbar region), and that this haze ex-
tends down to the tropopause in the +60° latitude region. The in-
creased availability of these upper tropospheric and stratospheric
hazes at Jupiter’s high latitudes could increase the efficiency of
aerosol catalysis there, explaining why para-H, is closer to equi-
librium at high latitudes compared to low latitudes. Furthermore,
there is a subtle asymmetry in the stratospheric haze optical thick-
ness (Fig. 12 of Zhang et al., 2013), with more aerosol loading in
the northern hemisphere than the south, potentially as a result of
the auroral generation mechanism. If the high-latitude f, enrich-
ment is indeed linked to the hazes, and not to the deeper tropo-
spheric clouds, then this could explain the observed asymmetry.
Mid- and far-infrared spectral inversions are insensitive to these
haze particles because of their small radii and low optical depths,
so they could not be derived from the IRIS and FORCAST data.

At Jupiter’s high latitudes, we propose that f, is close to equi-
librium due to the efficiency of equilibration on the upper tro-
pospheric/stratospheric aerosols compared to low-latitudes, poten-
tially with super-equilibrium conditions created by subsidence over
the poles (provided a region of high-f, air resides above the alti-
tude range of far-IR sensitivity). Conversely, the low-latitude sub-
equilibrium f, is due to strong vertical mixing in the tropics, as
well as inefficient hydrogen equilibration due to a clearer upper
troposphere. In this regard, the large-scale equator-to-pole gradi-
ent is related to the availability of aerosols to catalyse the equili-
bration, whereas the local-scale features (the strong perturbations
at the equator and high latitudes) are the result of vertical advec-
tion and mixing. This upwelling might not be uniform over the
equatorial zone, but confined to temporally-variable plume activ-
ity, similar to the low-f, air that was produced by Saturn’s north-
ern springtime storm (Achterberg et al., 2014). Higher resolution
observations of f, at all latitudes will be required to better corre-
late para-H, with dynamic phenomena.

Finally, Saturn also exhibits sub-equilibrium conditions at the
equator, but with high-latitude f, that changes with time (Fletcher
et al., 2016b). During Cassini’s observations of Saturn, a region
of high-f, air has been steadily developing in Saturn’s northern
hemisphere (poleward of ~50°N) as Saturn passed northern spring
equinox and approached summer solstice. Fletcher et al. (2016b)
suggested that this was due to tropospheric subsidence in the
springtime hemisphere and that it could be related to the growth
of springtime aerosols. Jupiter’s own f, is unlikely to vary season-
ally due to the low obliquity, which would suggest that the ob-
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served asymmetry in the FORCAST and Voyager-1 data could be
relatively stable. However, we have no explanation for why the
high-f, airmass is absent from the Voyager-2 observations of the
northern hemisphere.

5. Conclusions

Observations of Jupiter’s far-infrared spectrum from the FOR-
CAST instrument on the SOFIA aircraft in May 2014 have pro-
vided spectroscopic maps of Jupiter with a 2-4” spatial resolution.
The spectra cover the hydrogen-helium collision-induced absorp-
tion in the 17-37 um region that is largely inaccessible to ground-
based observatories. These spectra have been inverted to deter-
mine Jupiter’s temperature and para-H, distribution as a function
of latitude and pressure in the 70-700 mbar region. Despite the
low spatial resolution, this is the first time that such a measure-
ment has been possible since the Voyager flybys of Jupiter in 1979,
and permit a quantitative comparison between the two epochs.

Jupiter’s disc-integrated brightness varies from 122.8 +£3.7 K at
31pum to 136.2 £4.7 K at 37.1 um. Tropospheric temperatures ob-
served by FORCAST agree with those found by Voyager, and show
the following characteristics: (i) Jupiter’s cold equatorial zone has
limited influence on the far-IR spectra and shows low contrast with
the neighbouring warm equatorial belts; (ii) the temperate banded
structure is blended together to form broad, cool zones between
20 — 40° which have varied in latitudinal size between the Voyager
and SOFIA datasets; (iii) longitudinal undulations of tropospheric
brightness on the NEB are well-correlated between the M (5.4 um)
and N-band (8-11 um) observations, suggestive of wave activity af-
fecting cloud opacity, tropospheric temperatures, and ammonia hu-
midity throughout a broad region of the atmosphere between the
tropopause and the cloud decks; (iv) both the Voyager and SOFIA
inversions suggest the presence of cold vortices poleward of £50°
latitude and 100 <p <300 mbar; and (v) stratospheric heating as-
sociated with the northern auroral oval is detectable by SOFIA as
increased brightness near 180° in the 7.7- and 11.1-pm filters sens-
ing stratospheric methane and ethane, respectively.

Many of these features are better resolved at mid-infrared
wavelengths with larger observatories, although the key strength
of SOFIA is the ability to derive the para-H, distribution from
the relative strength of the S(0) and S(1) absorption features. The
SOFIA results are comparable with previous Voyager findings that
show an equator-to-pole increase in the para-H, fraction, with
low-f, and sub-equilibrium conditions at the equator and high-
fp and weak super-equilibrium conditions at +60° latitude. We
confirm the presence of a region of high-f, air at high northern
latitudes that appears asymmetric when compared to the south,
which was previously seen by Voyager 1 (Conrath et al., 1998;
Gierasch et al., 1986). This region is therefore a repeatable feature,
although it does not appear to be permanent (it was not evident
in the noisier Voyager 2 data), and the magnitude of the super-
equilibrium depends on our retrieval assumptions. We note that
the choice of collision-induced H,-He opacity influences our quan-
titative results, and that the use of recent opacity tables (Orton
et al.,, 2007; Richard et al., 2012) worsens the fits to FORCAST and
IRIS spectra when compared to the original (erroneous) opacity re-
sults from Borysow et al. (1985). We suggest that this is due to
missing (Hy), dimer absorption in these tables, which increases
the absorption coefficient near the S(0) and S(1) lines to values
closer to those of Borysow et al. (1985).

Inversions of Voyager-1 mid-infrared spectra revealed that the
latitudinal distributions of tropospheric ammonia, phosphine and
cloud opacity at ~800 mbar are not correlated with the observed
distribution of para-H, in the SOFIA and Voyager observations.
Nevertheless, we note a similarity between the para-H, distribu-
tion and that of small-radii aerosols comprising the upper tropo-

spheric and stratospheric hazes (Zhang et al., 2013). These hazes
are also asymmetric, with a greater aerosol mass loading in the
north polar regions where we find the coldest tropopause tem-
peratures and the highest para-H, fraction. We therefore propose
that the para-H, equator-to-pole gradient is governed primarily by
the efficiency of paramagnetic conversion catalysed by aerosols in
Jupiter’s hazes (rather than in the cloud decks sensed in the mid-
and far-infrared); with secondary perturbations from localised cir-
culations. In this scenario, the sub-equilibrium conditions at low
latitudes are due to the clear-atmosphere conditions and inefficient
equilibration, coupled with strong upwelling enriching low-f, air at
the equator. Conversely, high-latitude air is closer to equilibrium
due to efficient hydrogen conversion and weaker upwelling, and
may be locally enhanced in the north by subsidence beneath the
cold polar vortex.

Observations of Jupiter at higher spatial resolutions could start
to distinguish the competing dynamical and chemical influences
on the para-H, distribution, particularly if f, is found to be sub-
stantially sub-equilibrium in localised plumes at the equator and
other latitudes, such as those found on Saturn (Achterberg et al.,
2014). Furthermore, the strength of the para-H, asymmetry and
the north polar anomaly could be tracked with a time series of
measurements at various seasons during Jupiter’s 11.8-year orbit.
Unfortunately Jupiter’s H, continuum is beyond the saturation lim-
its for the James Webb Space Telescope (which could have reached
the S(0) line near 350 cm~! (28.5 pm) (Norwood et al., 2016)),
although this facility should certainly be used to conduct similar
studies of the para-H, distributions on Uranus and Neptune.
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