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Infrared observations of Io from Juno.

A. Mura, A. Adriani, F. Tosi, R. M. C. Lopes, G. Sindoni, G. Filacchione, D. A. Williams, A. G.
Davies, C. Plainaki, S. Bolton, F. Altieri, A. Cicchetti, D. Grassi, A. Migliorini, M.L. Moriconi,

R. Noschese, A. Olivieri, G. Piccioni, R. Sordini

Abstract. The Jovian InfraRed Auroral Mapper (JIRAM) on board the NASA Juno
spacecraft is a dual-band imager and spectrometer, primarily designed to study the
Jovian atmosphere and aurorae. In addition to its primary goal, JIRAM has been used to
obtain images and spectra of the Galilean satellites, Jupiter's largest moons, when the
spacecraft attitude was favourable to achieve this goal. Here we present JIRAM’s first
images and spectra of lo. These observations are used to characterize the location and
possible morphology, and some temperatures, of Io’s volcanic thermal sources; the
identification of SOz and the possible identification of other materials. A new hot
spot/volcano is identified close to the South Pole of lo, and others are seen in lower
latitude regions, which were previously unmapped. Images of the same region taken 2
months apart also show variations of hot spot intensity, possibly due to new lava flows

or to lava flow breakouts.

Key points:
Juno’s JIRAM investigation reveals new volcanic hot spots

Identification of spectral signatures in the dayside-averaged I/F

Thermal characterization of Io’s hot spots
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1. Introduction

Jupiter’s moon Io is the only extra-terrestrial body where active silicate volcanism has
been confirmed, and it is the most volcanically active body in the Solar System, by any
measure of power output, discharge rate, volume erupted and the areal extent of lava
flows and lava lakes (Lopes et al.,, 2004; Lopes and Spencer, 2007; Davies, 2007). This
extreme level of volcanism is the result of tidal heating, which is maintained by the
Laplace orbital resonance between lo, Europa, and Ganymede (Peale et al., 1979). After
the discovery of active volcanism by the Voyager spacecraft (Morabito et al., 1979),
numerous hot spots, some unambiguously at silicate eruption temperatures, were
detected both using ground-based telescopes (e.g. Veeder et al., 1994; Marchis et al,,
2005; de Kleer and de Pater, 2016a,b; Cantrall et al, 2018) and several spacecrafts:
Voyager in 1979 (see summaries in Spencer and Schneider, 1996; Davies, 2007; Lopes
and Spencer, 2007), Galileo from 1996 through 2002, Cassini in 2000 and 2001
(summarized by Lopes and Williams, 2005, Davies, 2007), and the New Horizons flyby
in 2007 (Spencer et al,, 2007). A full inventory of volcanic thermal sources up to the end
of the Galileo epoch identified 250 volcanic centres (Veeder et al., 2015) enabling the
first global map of Io’s volcanic heat flow to be made. Ground-based telescopes
equipped with adaptive optics have mapped global thermal and temporal variability
and have identified at least 14 more active volcanoes (de Kleer and de Pater, 2016a,b;

de Pater et al,, 2017; Cantrall et al., 2018). Io’s total heat flow was determined from

ground based observations to be 1.05 + 0.12 x 10* W or equivalently 2.52 W/m?

(Veeder et al.,, 1994), of which 54% emanates from volcanic hot spots (Veeder et al,,
2015). The distribution of the remaining heat flow is unknown, but averaged over lo is

approximately 1 W/m?2.

Io’s mantle composition is thought to be predominantly silicates, but its surface is
dominated by sulfur compounds (Carlson et al. 2001, 2007). Sulfur dioxide is ubiquitous
on lo’s surface, and sulfur and sulfur dioxide have been detected in Io’s plumes (Spencer

et al,, 2000;). Although derived maximum temperatures of active lavas on lo indicate
that they are silicate in composition (mostly basaltic, but possibly some ultramafic
compositions; Davies et al., 1997; 2001; McEwen et al. 1998), it is likely that secondary

sulfur flows also exist (Williams et al. 2001). Among the remaining questions after the
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completion of the previous Jupiter-orbiting mission, Galileo, are the composition of Io’s
lavas (e.g., Keszthelyi et al., 2007; Davies, 2007); possible differences in styles of
volcanic activity between lower and higher latitudes, as well as longitudinally (e.g.,
Davies et al., 2015; de Kleer and de Pater, 2016a,b) linked to the location and magnitude
of tidal heating; the distribution and magnitude of Io’s non-volcanic background heat
flow (Veeder et al., 2012, 2015; Hamilton et al.,, 2013; Davies et al., 2015); and what

species besides sulfur and SO are present on the surface (e.g., Marchis et al., 2007).

The Jovian Infrared Auroral Mapper (JIRAM, Adriani et al., 2008, 2014, 2016) is an
imaging spectrometer on board the Juno spacecraft, which started observing Jupiter in
August 2016 (Bolton et al,, 2017). The JIRAM investigation was purposely designed to
explore the Jovian aurorae and the planet’s atmospheric structure, dynamics and
composition. Although observation of the Galilean moons is not among the prime
objectives of the experiment, JIRAM can take advantage of the frequent observation
opportunities of the moons (usually, once per orbit) to collect infrared images and
spectra of their surfaces. Similar opportunities were exploited by JIRAM to observe
Europa’s surface (Filacchione et al., 2019). So far, Io has been observed by JIRAM during
orbits 7, 9, 10, 17, 18 with a maximum ground resolution of 68 km per pixel,
significantly better than nearly all the observations obtained from the Near-Infrared
Mapping Spectrometer on-board the NASA Galileo spacecraft prior to its close flybys of
lo (Lopes-Gautier et al., 1999). In the future, a couple of close encounters are further
foreseen, which will allow JIRAM to collect images and spectra achieving 50 km per
pixel resolution, or better. In view of these future observations we present here the data
acquired so far, which characterize the location and size of the hot spots of Io, the mean

[/F for different orbits and the temperature of selected locations on the surface of lo.

JIRAM’s observations of lo are particularly valuable as they significantly increase our
spatial, spectral, and temporal coverage of lo’s polar regions, while also acquiring data
from lower latitudes. Prior to Juno, close observations of lo were mostly obtained from
an essentially equatorial geometry, thus creating a bias in the available datasets.
Voyager, Galileo and New Horizon data obtained only partial and limited coverage of

Io’s polar regions (e.g., Mazurka et al., 1979; Smith et al,, 1979; Perry et al. 2007; Veeder
etal, 2012; Tsang et al., 2014; Davies et al,, 2015; Rathbun et al,, 2018).



87
88
&9
90
91
92

93
94
95
96
97
98

99

100
101
102
103
104
105
106
107
108
109
110
111

112
113
114
115

116
117

JIRAM data allows the identification of hot spots at both mid and high latitudes, thus
allowing modification to be made of previous models of volcanic heat flow, and the
volcanic contribution to Io's global heat flow. In the work presented here, a new hot
spot/volcano is identified close to the South Pole of Io, and ~5 more are identified in a
previously unmapped region; the images also show significant variations of the hot spot

distribution and extent.

The increase in spectral resolution compared to Galileo NIMS data allows us to examine
surface composition in a way that could not be done from Galileo. Spectral observations
by NIMS were hampered by radiation damage to the instrument during the spacecraft’s
lo flybys, resulting in a stuck grating and much reduced spectral resolution for
observations at resolutions higher than ~200 km/pixel (Lopes et al.,, 2001, Douté et al,,
2001).

2. Data set

JIRAM combines two optical channels (imager and spectrometer) in one instrument; the
optical design uses a modified Schmidt telescope joined to a dual spectral channel
camera and to a grating spectrometer in Littrow configuration. Two distinct focal plane
detectors are used for imaging and spectroscopy, and the aberrations in the telescope
and spectrograph optical path are corrected by means of dioptric doublets. The
instrument uses a dedicated de-spinning mirror to compensate for the spacecraft
rotation (~2 rpm). The instrument is designed to perform one acquisition, consisting of
two 2D images in L-M spectral ranges and a 1D slit with full spectral resolution, during
every spacecraft rotation. JIRAM can tilt its field of view (FoV) along the plane
perpendicular to the Juno spin axis by delaying or anticipating the acquisition, which by
default is taken when the boresight points toward the center of Jupiter. JIRAM cannot

articulate its FoV in any other direction without requiring a spacecraft re-orientation.

The imager channel is a single detector (266 x 432 pixels) with 2 different filters (128 x
432 px each), separated by a 10-pixel wide inactive strip. The pixel angular resolution

(IFOV) is 0.01°. Hence, the FoV of both the L and M bands is 5.87° by 1.74°. The

responsivity of both imager channels is 2 x 106 DN / (W m2 sr1 s'1).

Of the two filters, one (L, bandpass from 3.3 to 3.6 um) was designed to detect the H3+

emission from Jupiter, while the other (M, bandpass from 4.5 to 5 pm) is meant to map
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the thermal structures of Jupiter's atmosphere. When looking at Io, the L band is more
sensitive to reflected sunlight than the M band, which is more sensitive to thermal
emission. Hence, the L band is seldom used, also because if the target is completely in
the L frame, then the spectrometer slit would receive no signal. An example of a L-band
filter image of lo is shown in Figure 1. The M-band filter and the spectrometer have
been extensively used to image the thermal emission from lo and more than 500 images

and spectra have been collected so far.

The spectrometer channel is able to simultaneously acquire 336 spectral samples per
pixel with 256 spatial pixels along the slit, and is placed inside the M-band filter FoV.
Each spectrum covers the spectral range 2-5 um, with an average spectral sampling of 9
nm/band. The noise equivalent spectral radiance (NESR) has a mean value of 10
W/(m? sr ym). The spectrometer cannot acquire contiguous slits on lo’s surface due to
the combination of the high orbital speed of Juno, low repetition rate (1 slit acquisition
per spacecraft rotation) and on-board software temporal resolution. As a result, the
projections of the spectrometer’s slit are placed at different positions across lo’s
surface, with a pointing strategy that aims to distribute them uniformly. When
necessary, JIRAM data is mapped onto the surface of lo using SPICE/NAIF routines and
ancillary data (Acton, 1996). Table 1 contains a summary of the observations used in

this study.
3. Infrared images and spectral analysis

Figure 2 shows the dayside I/F spectra as observed in different orbits: orbit 7 (Jul. 10t
2017, blue line), orbit 9 (Oct. 24t, 2017, red line) and 10 (Dec. 17t 2017, yellow line).
lo’s daytime 2-5 um spectra as observed by JIRAM are dominated by solar reflection up
to about 4 um, while far away from hot spot locations the thermal emission on the
dayside is typically revealed at wavelengths longer than 4 pm. The magenta line is the

average spectrum.

Infrared spectra of lo in the 2-5 pm region as measured by Juno/JIRAM are dominated
by the absorption bands of sulfur dioxide frost, which is ubiquitous at spatial scales of
hundreds of km per pixel (e.g., Finale et al., 1979; Cruikshank et al., 1985; Carlson et al,,
1997; Douté et al,, 2001) and exhibits two strong signatures at ~4.07 um and 4.37 um,

(entries #16 and #18 in table 2) respectively ascribed to the combination v1+v3 and the
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overtone 2v1 of SO, in addition to other six weaker features centered at approximately
2.92 um (#7), 2.54 pm (#2), 2.79 pm (#5), 3.35 pm (#10), 3.56 pm (#12), and 3.78
(#13) (Nash and Betts, 1995; Nash and Betts, 1998).

Aside from SO frost, JIRAM spectra reveal other features centered at about 3.9 um
(3.85 and 3.91 pum, entries #14 and #15) and another pair of signatures centered
around 3.0 um (2.97 and 3.16 pm, #8 and #9), which were previously observed both in
high-resolution infrared spectra obtained from Earth-based observations (Howell et al,,
1989) and in hyperspectral data acquired by Galileo NIMS (Carlson et al, 1997, 2007).
These features were interpreted to be due to the fundamental stretching modes in H,S
and H;O0, respectively (Salama et al., 1990; Sandford et al., 1994), thus pointing to the
existence of H2S/S0; and H20/S0; mixtures; Carlson et al., (1997, 2007) suggested that
a 3.15 pum feature could be oxyhydroxides (#9a). Indeed, pure HzS could not survive as
it is extremely unstable at lo’s surface, but Schmitt and Rodriguez (2003) derived an
upper limit of 0.01% for HzS diluted in SOz, while they alternatively suggest that Cl2SO-
with possible contribution by CISO, diluted in solid SOz, could be a good candidate for
the absorber(s) of the 3.92 um band (#15b) locally present in NIMS spectra (Carlson et
al., 2007). Pure SO2 has a 3.93 pm band (#15c) which contributes to the band seen by

JIRAM (Schmitt and Rodriguez, 2003).

JIRAM spectra acquired at typical spatial resolutions of 100-150 km/px do not reveal
any signature at 2.85 pum diagnostic of sulfurous acid (H2S03), which was suggested to
form through interaction of cryogenic SOz or SO2/H20 mixtures and high-energy photon
irradiation, and could survive at low temperatures (Voegele et al.,, 2004). Conversely,
absorption-like features show up at approximately 2.65 pm, 4.47 pm and 4.62 pm (#3,
#19 and #21). The 4.47-um band could be ascribed to an overtone/combination of the
H30* molecule in sulfuric acid tetrahydrate, H2S04-4H20, which is a product of radiolysis
of SO; and H:S in water ice (Moore et al., 2007). Baklouti et al. (2008) reported that the

S160180 isotope (2v1 transition) is revealed by a diagnostic absorption feature at 4.48

pMm, which indeed is observed in Galileo/NIMS data (#19b).

Among volatile compounds expected to be emitted by Io’s volcanic vents and to
condense on the surface, CO2 had been suggested (e.g., Sandford and Allamandola,
1993). However, the survival of condensed CO; depends on its residence time as a

function of temperature. In the 2-5 pm range, pure solid CO2 and CO; intimately mixed
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in a water ice matrix would produce a strong absorption band at 4.26 pm (#17a) and
weaker absorptions at 2.70 (#4) and 2.78 um, whereas in JIRAM spectra we observe a
weak band at 4.26 pym (#17a), the 2.78 um region is masked by the 2v1+v3 combination
of SOz, and at 2.70 pum there is only a hint of a potential inflection. On the other hand,
COz in SO2: HzS ices also produces several additional bands. The 2.125 um band, first
detected on lo by Trafton et al. (1991), was tentatively identified with CO> clusters in a
SO2-dominated surface (Sandford et al, 1991). Therefore, the 2.1 pm and 4.26 pm-
features observed by JIRAM in principle could support the detection of COz on Io.
However, the estimated positions for the v1+v2 combination and 2v2 overtone bands of
CISOz are ~4.28 pum and ~4.63 pm, which are close to the presumed CO> features, and in
addition to the 3.92-pm band make this molecule a highly interesting alternative or
competing candidate (Schmitt and Rodriguez, 2003). Also, Schmitt et al. (1994) later
interpreted the 2.123 pm feature as the SO2 3v1+ v1 mode, so that the detection of CO2

is only one potential explanation of the feature seen in JIRAM data.

Finally, we point out the presence of weak absorption bands, centered respectively at
3.4 um and 4.55 pm (#11 and #20), which could be ascribed to the presence of organic
compounds and tholins, i.e. nitrogen-rich organics where the CN molecule is most likely
the spectrally active component. Among the Galilean satellites, such features were

already observed by NIMS on Callisto and Ganymede (McCord et al., 1997, 1998).

In Table 2 we summarize the spectral signatures visible in the average JIRAM spectra,

with relative assignment (either established or suggested) and bibliographic references.

During Juno’s orbit 10 JIRAM collected images and spectra of lo, from a distance of
470,000 km (see table 1). The JIRAM FoV was tilted above and below the satellite to
allow the spectrometer slit to point to different locations on the surface. Hence, some of
the images only partially cover lo. In Fig. 3A we show a panel with selected spectral

radiance data and Fig. 3B we show the corresponding images from the same session.

In this section we begin the analysis of the spectrometer measurements with a
preliminary thermal characterization and, for this reason we consider only the
continuum where the wavelengths affected by SO; features have been excluded from
the data and replaced by a straight line (see figure caption for more details). Most of the

radiance spectra show either the intense solar reflected contribution (in the dayside) or
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thermal emission at low temperature (in the night side). A retrieval of the temperature
map is not easily achievable from this dataset (see section 5). In fact, because of the
coarse spatial resolution (~100 km), which is much larger than many volcanic features
on lo (Veeder et al,, 2012, 2015), the temperature is not uniform within a given JIRAM
pixel, and the thermal emission spectra are the result of the combination of thermal
emission coming from several sub-pixel hot features. Some selected spectra peak at
wavelengths between 3 and 4 pm, which indicates the presence of very hot structures
that do not fill completely the pixel FoV but whose emission is sufficiently intense to
distinguish them from the rest of the surface, which emits a lower-temperature Planck

distribution.

Some spectra, which we show in Fig. 3A, cannot be fitted with a single-temperature
Planck distribution. Also, single-pixel spectra may suffer of a small amount of spectral
tilt, i.e. when two different spectral regions of the same pixels "look" to slightly different
locations (Adriani et al., 2014; for JIRAM, spectral tilt has been calibrated and found no
larger than 0.01°; in-flight calibrations with Aldebaran - obtained on Jul. 20t 2016-
confirmed this value). Spectral tilt has the same magnitude as the pixel iFoV. Hence, in
the worst case, one pixel could have a hot, sub-pixel feature inside its FoV at 2 um, and
outside its FoV at 5um, causing the signal to drop at longer wavelengths. This could, in
principle, explain why some spectra are very sharp). Hence we start discussing them in

terms of peak wavelength.

Spectra a, b and [ are from a location very close to Pele; a and b are also close to Pillan.
By using Wien’s law (Amax [um] = 2898/T [K]) one can estimate that the effective
temperature of the observed feature is higher than 700 K, consistent with NIMS
observations of Pele (Davies et al, 2001). Spectrum ¢ comes from an unidentified
feature close to Nemea (78°S, 320°W) and Aramazd Patera, and it is discussed as feature
#1 in Section 4. Spectra d and e are close each other and are tentatively assigned to
Sengen Patera. Spectrum f could be Ulgen Patera, spectrum g could be Viracocha Patera,
spectrum h could be Babbar Patera, spectrum j could be Pyerun. Features that could
produce the spectra k, [ m and n are not firmly identified. In the case of hot spot m, the
peak wavelength is close to 2.5 pm, suggesting very high temperatures (~1100 K),
similar to some previously detected on Io (e.g. Spencer et al. 2007). In all cases, the

maximum radiance indicates that the areas at temperatures responsible for the peak
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wavelength are extremely small with respect to the pixel, of the order of 1 square km,
hence can be ascribed to recent lava flows, lava flow break outs, lava fountains or lava

lakes (Lopes et al., 2004).
4. Super-resolution images

The images in the M band have been superimposed in order to increase the signal to
noise ratio and to apply a super-resolution algorithm. 20 images from orbit 10 have
been used to produce the result shown in Fig. 4 (left panel). The geometry of the
observation varies very little during this time (10 minutes, corresponding to a rotation
less than 1.5° in phase angle) so that, for simplicity, we assume the geometry of the
central image. Each image has been oversampled with cubic interpolation, then all
images have been aligned and merged. An unsharp mask filter has been applied to the
result to increase the resolution/contrast, without affecting the peak signal. The
reflected sunlight is not removed. In order to identify the observed features, a map of lo
features (Williams et al.,, 2011) has been projected onto a sphere and displayed in the

same vantage point configuration (Fig. 4, right).

The identification of the features in Fig. 4 is not always easy. Volcanoes on lo often
erupt lava flows that spread across the surface. Even at the resolution of the JIRAM
observations it is likely that the position of at least some thermal anomalies identified in
Voyager and Galileo data have changed, as was seen (for examples) at Prometheus
(McEwen et al, 1997) and Zamama (Davies and Ennis, 2011). Movement or
modification of the features is likely unless the hot spot is confined within a caldera, as
lava flows are likely to have moved and covered new areas since the last observations
from Galileo and Voyager(s). Here we focus on three features, indicated by arrows in

the figure.

Feature #1 (same as feature c in Fig 3A), at 80°S, 315°W could be the lava flows at
Nemea (East) (80.5°S, 320°W) or Nemea (West) (80.3°S, 330°W) (Veeder et al.,, 2009).
The Nemea region contained a hot spot detected by Voyager 1 IRIS in 1979 (Pearl and
Sinton, 1982), but not subsequently by Galileo or in ground-based observations (Lopes
et al, 2007). Alternatively, this thermal source could be Aramazd Patera (73.5°S,
338°W). Aramazd Patera has not previously been observed as a hot spot; it is a dark

patera, presumably silicate, and thus could be active now or recently reactivated.
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Nemea Planum is a set of layered plains, although there are some dark flows at 80°S,
330°W that could be active (see Williams et al. map at pubs.usgs.gov/sim/3168/). The

peak radiance from Feature #1 is 30 mW m sr-! (spectral radiance is 60 mW m-2 pm-!

sr1).

Feature #2, at 65°S, 240 °W could possibly be Pyerun Patera (55.4°S, 251.1 °W; a dark
patera, it could have been reactivated) which was also a Voyager IRIS detection.
However, it is quite far from it (~ 300 km) and may be a previously undetected hot spot.

The peak radiance is 20 mW m2 sr-!1 (spectral radiance is 40 mW m2 pm-1 sr-1).

Feature #3, at 80°S, 180°W likely has not been previously detected. The nearest known
hot spot, the unnamed [32E detected by NIMS in orbits C20 and I32 (Lopes et al., 2007),
was located at 65.9S, 168.6 W. The large distance between [32E and our Feature #3

suggests it is unlikely that they are the same hotspot, and that this is a new hot spot

detection. The peak intensity is 3 mW m sr'! (spectral radiance is 6 mW m2 pym-1 sr-1).

Images from orbit 17 (taken on Dec. 215t 2018, with 70 km surface resolution) and orbit
18 (Feb., 12th 2019, same resolution) have also been processed in the same way. The
results are shown in Figure 5. In these images, the same hemisphere of lo is shown.
During orbit 17, JIRAM had the opportunity to see lo before and after entering the
eclipse behind Jupiter. Some of the most notable features have been identified and
marked with cyan text. Note that the data are very close to saturation, which is the
cause of the cross-shaped feature at 120W, 60N. By comparing the three images, it
appears that the majority of the hot spots are still active after two months, but a
considerable number of hot spots have varied in intensity (see caption of table 3 for
details). Hot spot number one in the table, for example, is a new detection and varied its
peak intensity from 11 to more than 40 mW sr-! m (because observation in orbit 18 is
saturated). In table 3, for some spots observed by JIRAM, the latitudes, longitudes, peak
intensity are listed (in the three cases: orbit 17 before eclipse, orbit 17 after eclipse,
orbit 18). The viewing geometries for orbit 17 and 18 are very close, but the solar zenith
angle is also given to take into account possible variations due to (mostly) illumination
and to surface temperature. None of the hot spots inside the yellow oval in Fig. 5 are
close to any entry in the comprehensive list of thermal sources produced by Veeder et

al. (2015) or Cantrall et al., (2018), so they are presumably observed by JIRAM for the
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first time in Dec. 2018. Most of them are still visible two months later (Fig. 5, right

panel). These spots are marked with yellow color in table 3.
5. Spectral-derived temperatures

The solar radiation reflected from the surface is still detectable in the 4 to 5-um spectral
range covered by JIRAM, as it can be seen from Figs. 3B, 4 and 5 obtained in the M-band
filter centered at 4.78 um, where a separation between dayside and nightside is still
perceptible. In this case, a systematic thermal retrieval applied to the spectroscopic
dataset acquired by JIRAM can measure the natural thermal emission of Io with good
accuracy only in the hot spots, where surface temperatures can easily reach values as
high as hundreds of K at the spatial scale of JIRAM data (100-150 km/px in the first ten
orbits). On the rest of the dayside, the measured signal is essentially due to solar
reflection. As a result, surface temperature values obtained far away from the hot spots
are indeed to be interpreted as a thermal brightness associated to the measured

radiance.

Having made this necessary premise, here we describe the method used to retrieve
surface temperature from JIRAM spectral data, which we will also use in the future
when more spatially resolved data will be available. Such method is based on a Bayesian
approach to nonlinear inversion (Rodgers 2000) that already proved to be successful in
a number of cases: Rosetta/VIRTIS data of asteroid 21 Lutetia and comet
67P/Churyumov-Gerasimenko (Coradini et al. 2011; Keihm et al. 2012; Tosi et al,
2019a), the entire set of infrared data acquired by the Dawn/VIR spectrometer at Vesta
and Ceres (Tosi et al. 2014, 2018, 2019b), and lunar data acquired by JIRAM itself
during the very first scientific observation taken at the Moon just before Juno’s Earth
fly-by occurred on October 9, 2013 (Adriani et al., 2016). The basic assumptions of the
Bayesian algorithm here used are described in the Appendix of Tosi et al. (2014) as well
as in Section 4 of Adriani et al. (2016).

Unlike the Moon and the aforementioned minor bodies, the maximum daytime
temperature expected for the surface of lo within the thermal skin depth (of the order
of a few mm) is ~130 K (Rathbun et al., 2004). This value is well below the detection
threshold of JIRAM. This threshold is related to the instrumental in-flight noise (NESR,

defined in Section 2), which in turn is dominated by the spectrometer’s temperature

11
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and may vary over time from one Juno orbit to another. Within the first ten orbits, the
JIRAM NESR was such that the minimum detectable temperature was typically around
170-180 K (in other words, this is the temperature that is retrieved for most sky

background pixels). The radiance level due to the thermal emission measurable in the 4

to 5 ym range is two to four orders of magnitude lower than the NESR.

We applied the thermal retrieval separately on each pixel across the spectrometer’s slit
and in the 4.0-4.8 pm spectral range. Going through the geometric information derived
for JIRAM spectroscopic data collected during a given Juno passage, one can ultimately
obtain spatially resolved thermal maps of Io such as those shown in Fig. 6. The
maximum temperatures, ~250 K, are estimated with good accuracy and correspond to

the major active volcanic centres.

From the literature it is known that lo’s volcanic centers of lo erupt basaltic or
ultramafic lavas at much higher temperatures, up to ~1800 K for the Pillan hotspot
from early Galileo analysis (McEwen et al.,, 1998; Davies et al., 2001), suggesting that
lavas on lo are ultramafic, a type of lava that erupted mostly over a billion years ago on
Earth and has a higher magma temperature than basaltic lavas. However, subsequent
analysis of the same data by Kezthelyi et al. (2007) indicates a lower limit of ~1600 K,
consistent with basaltic to lunar-like compositions (such a temperature is consistent

with some of the spectra in Fig. 3A, excluded from the database used for Fig. 6).

However, in the analysis presented in Fig. 6, the coarse spatial resolution of JIRAM data
(in most cases between 100 and 150 km/px) implies that, for each JIRAM pixel, the
recorded temperature is somewhat representative of the average temperature of the
resolution cell. Because a pixel typically contains a range of lava temperatures, it is
difficult to measure the hottest temperatures (typically corresponding to small areas)
from remotely sensed data taken by JIRAM. We expect to improve these results when
the spatial resolution of JIRAM spectral data will be ~50 km or less (starting from

2020).
6. Summary and conclusions

The observation of the Galilean satellites by Juno is getting more feasible as the mission
progresses, both because the Juno orbit is favourable, and because other concurrent,

high-priority mission objectives have been achieved. For example, in orbit 25 (in early
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2020), JIRAM is expected to have a very good chance to observe lo with a pixel
resolution of ~50 km, and even better observations opportunities would occur if the
mission is extended beyond 2021. In general, JIRAM will observe Io during about 50%
of future orbits; every four months. This will result in a large database that, especially
for the polar regions, would be unique and not achievable from Earth-based telescopic

observations.

To prepare for the exploitation of future data, in this work we present preliminary
results from Juno/JIRAM observations of Io. We presented average I/F spectra obtained
in different orbits, which allow the identification of several spectral features on the
surface. While SO; frost is ubiquitous at spatial scales of hundreds of km/px, and results
in several absorption bands, JIRAM also detected additional absorptions potentially due
to H20 / SOz and H;S / SO mixtures; an interesting absorption feature at 4.47 pm,
possibly hydronium in sulfuric acid tetrahydrate, or, alternatively, the S16¢0180 isotope;
another feature at 4.26 um, which could be either CO; in SO frost or CISOZ2. JIRAM also
detected some unidentified features not ascribable to known or expected instrumental
artifacts, such as a clear absorption feature at 2.65 pum, which deserves further

investigation.

Given the low temperatures typical of the surfaces of Galilean satellites, together with
the spectral sensitivity range of JIRAM limited to 5 pym, a temperature retrieval can be
attempted only for the hot spots, which are revealed both in the M-band imagery and in
spectroscopic data acquired by JIRAM. There are several examples of JIRAM radiance
spectra showing maxima in the spectral region between 2.5 and 4.0 pm. Assuming that
the surface of lo behaves like a black body, according to Wien’s law these maxima are
indicative of local temperatures exceeding several hundred Kelvin. In some cases,
temperatures are greater than 1000 K, similar to some of temperatures derived from
Galileo NIMS data (Davies et al., 2001) from New Horizons data (Spencer et al., 2007;
Rathbun et al. 2014) and from some ground based telescope observations (Marchis et
al., 2002; de Pater et al., 2014; de Kleer et al,, 2014). However, the measured radiance
level is typically 104 to 106 times lower than the radiance provided by Planck’s law,
which - depending on the spatial resolution - is indicative of the size of the hottest sub-
pixel features compared to the size of the JIRAM pixel. These are, presumably, the sum

of the highest temperature areas of lava flows or lava lakes (few km?).
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Regions poorly covered before Juno, in particular the polar regions not covered by
Voyager 1 observations, were imaged multiple times. Newly active hot spots have been
identified in the South pole region, and many others at lower latitudes. In the future, the
amount of data expected to be collected by JIRAM will enable a statistical study on the
persistence and the distribution of hot spots; presently, it appears that most of the hot
spots that JIRAM sees have a lifetime of at least a few months. Hot spots on lo tend to be
long-lived, with many being active for years or even decades (Lopes-Gautier et al., 1999;
Davies and Ennis, 2011; de Pater et al, 2017; Cantrall et al.,, 2018), though previous
conclusions were largely based on data from the lower latitudes. The geometry of
Juno’s orbits and views of lo are therefore well suited to the investigation of possible
differences in style of activity between the polar region hot spots and those at lower

latitudes.

Mapping of the abundance of SO2 and of other chemical species revealed in JIRAM
spectra will be the subject of future work. On the other hand, the strong absorptions of
SO frost make it difficult to retrieve the atmospheric column densities, because the
wavelength position of gaseous SO: are quite close to the spectral counterparts of
sulfuric surface compounds, and too weak to allow a safe retrieval. An atmospheric
retrieval with limb data is not possible with this data set and could be attempted, in
principle, only after JIRAM will acquire spectra from a much closer distance, enabling

higher spatial resolution.
7. Data availability

Data in this study is publicly available on the Planetary Data System
(http://pds.nasa.gov) and can be downloaded from http://atmos.nmsu.edu:8080/pds.
The individual datasets are available at https://atmos.nmsu.edu/ PDS/data/jnojir_xxxx,
where xxxx is 1001, 1002, or 1003 for EDR (Experiment Data Record; raw data) and
2001, 2002, or 2003 for RDR (Reduced Data Record; calibrated data) volumes.
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Figure 1. L-band image of lo (radiance integrated from 3.3 to 3.6 um), taken at UTC:2017-07-10 16:37:30,

during Juno’s orbit 7. Meridians (30° apart) and parallels (15° apart) are superimposed (north hemisphere).

The thick meridian is 180° W. Sub-spacecraft point is 50°N, 176 °W. Distance was 430000 km. Similar images

in band M are shown in Fig. 3B.
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(Oct. 24™ 201 7), Yellow: orbit 10 (Dec. 1 7" 201 7); Magenta: average. Numbers on top refers to table 2, first

column.
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Figure 3A: examples of spectra from lo’s surface. The letters indicate the location on the surface, which is
shown in figure 3B. JIRAM data from wavelengths affected by SO2 emission/absorption (2002.3-2056.2 nm,
2514.7-2559.7 nm; 2748.5-2820.4 nm; 2910.3-2937.3 nm; 3746.5-3845.4 nm; 3971.3- 4151.1 nm; 4285.9-

4420.8 nm) have been removed from these spectra, and replaced with the continuum with a straight line.
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Figure 3B: examples of images of lo. The letters indicate the spectra in figure 2. Letters c, j, I, and n are relative
to images that are simultaneous with the spectra, and are placed over the imager pixel that is co-aligned with
the spectrometer pixel (the intrinsic error on spectrometer-imager alignment is of the order of one pixel). Other

letters are placed in the correct position given by the SPICE reconstructed geometry (this implies an
uncertainty of one or two pixels). The sub-solar spacecraft point is 319 °W; 78°S. The pixel resolution is 110 km

(same as the size of the circles indicating the positions).
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Figure 4. Left. Infrared images in the M band taken during orbit 10 have been superimposed in order to
increase the signal to noise ratio. Here we show the result, with meridians and parallels overlays. The 30°
meridian is indicated, other meridians are every 30° and parallels are every 10°. Right: To identify the detected
features, we show the Geologic map of lo (Williams et al. available at https://pubs.usgs.gov/sim/3168/), plotted

in the same vantage point configuration as in the left panel. The parallel and meridians circles are the same as

in the left panel. The sub-solar spacecraft point is 319 °W; 78 °S. The pixel resolution is 110 km.
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Figure 5. Top-left: Orbit 17 (Dec. 21° 2018), lo before eclipse (superimposition of 7 images). Bottom-left: orbit
17, Io during eclipse (2 images). Top-right: orbit 18 (Feb., 12" 2019, 14 images). Bottom-right: same, with
colour scale stretched to show the faint thermal emission during eclipse. Sub-spacecraft point for orbit 17:
75°W, 48°N; for orbit 18: 60°W, 43 °N. The surface resolution is 70 km, represented by the white circle on the
top-right of each image (the size of the projected JIRAM pixel FoV). Brightness temperature is calculated
assuming that the M band is 0.5 um large and centred at 4.78 lm.
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Figure 6. Spectral derived brightness temperature maps from orbits 9 and 10. Notable volcanos are indicated

by magenta dots and labels. Spectra with sub-pixel structures have been excluded from the dataset. The spatial

resolution is ~103 km/px and 113 km/px, respectively. Sub-spacecraft point for orbit 9: 4°W, 37°S; for orbit 10:

319°W, 78°S. Dayside is on the left, marked with a striped texture, to indicate the influence of the sunlight.
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Table 1: list of observations of the M band and the spectrometer used for this study.
Distance, Sub-Spacecraft Point (SSP) longitude and latitude refers to the center of the

observation period
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735

736 Table 2: Spectral features identification. First column refers to figure 2.
# Wavelenght Assignment Note Reference
(1um)
1 2.1 €02 in SO2 frost . rjgtfzrr‘ de‘;—f;l.(%(lag ;i)
2 2.54 S02 overtone 3v3 Nash and Betts, (1995)
3 2.65 unidentified
4 2.70 CO2 in SO2 frost proposed
5 2.79 SO2 combination 2v; + v3 Nash and Betts, (1995)
6 2.85 H2S03 undetected Voegele et al. (2004)
7 2.92 S02 overtone 3vy Nash and Betts, (1995)
8 2.97 H20 / SO2 mixture suggested Si?gg)l?dezf;lgl(zggz)
9a 3.15 oxyhydroxides suggested Carlson et al. (1997)
9b 3.16 H20 / SO2 mixture suggested Sziﬁfr:)lfdeétaillfl(?ggl;),
10 3.35 SO2 combination vi+v2+v3 Nash and Betts, (1995)
11 3.4 Organics proposed
12 3.56 SO2 combination 2vi+v;, Nash and Betts, (1995)
13 3.78 S02 overtone 2v3 Nash and Betts, (1995)
14 3.85 H2S / SO2 mixture Salama ez:gl.(’l(zgg{;)sandford
Salama et al. (1990); Sandford
15a 3.91 H2S / SO2 mixture ™ etal, (1994); Carlson et al.
(2007)
15b 3.92 CISO2 overtone 2v1 alternative to (*) |Schmitt and Rodriguez (2003)
15c 3.93 Pure SO2 contributes to (*) | Schmitt and Rodriguez (2003)
16 4.07 SO2 combination v; + v3 Nash and Betts, (1995)
17a 4.26 CO2 in SO2 frost (**) proposed Sandford :Elrllgglle)lamandola
17b 4.28 CISO2 combination vi+v;, alternative to (**) | Schmitt and Rodriguez (2003)
18 4.37 SO2 overtone 2vy Nash and Betts, (1995)
192 447 H;0* OVerPtI(z’ggi o gination " (%) Moore et al. (2007)
19b 4.47 S160180 isotope alternative to (***) Baklouti et al. (2008)
20 4.55 Tholins and nitriles proposed l\l\/jlcc(é(())?ji Z‘izll'. ((1199%?)'
21 4.62 CISO2 overtone 2v2 Schmitt and Rodriguez (2003)
737 Table 3: List of hot spots seen in figure 5. Hot spots from 1 to 12 have signal close to or above saturation (saturation
738 radiance for these measurement is nominally 40 mW sr’ m?; values above 30 should be handled cautiously and are
739 indicated by grey background). Spectral radiances can be obtained by dividing by the bandpass value of 0.5 um). Hot spots
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740
741
742
743
744
745
746

747

1, 36, 36, 39, 40, 45 are those inside the yellow oval in figure 5 and are detected for the first time. Hot spots 37 and 38 are
both close to a single one reported by Cantrall et al., (2018). Orbit 17 has two columns, one before eclipse (A) and one
during eclipse (B). To help comparing cases 17A and 18, standard deviations of the peak signal are calculated. (*): very
close to limb; (**): not detected. By comparing the data from orbit 17(A) and orbit 18, it appears that 9 out of 27 hot spots
changed their intensity significantly (the difference of the two values is larger than the sum of the two standard deviations. If
we consider only one standard deviation, then the number is 18 out of 27). Hot spots with radiance close to saturation (40

mW sr-1 m-2) have been excluded from this count.

Latitude (°) | Longitude (°W) Peak signal (mW sr-1 m-2) Solar zenith angle (°)
Orb.17 (A) | Orb.17 (B) | Orb.18 | Orb.17 (A) | Orb.18
1 50.1+0.4 51.6+0.6 11.2+1.3 8.6 37.7+1.8 74 79.3
2 56.3+0.4 70.5+0.7 38.7+1.5 38.7 38+1.9 86.5 91.6
3 50.5+0.2 88.3+0.3 37.2+1.1 37.8 36.8+0.6 96.7 102.2
4 60.7+0.4 130.7+0.7 36.7+0.3 36.3 37.8+1.2 114 117.4
5 77.4+0.5 284.8+1 38.4+1.5 38 34.6+3.1 87.8 86.4
6 38.1+0.3 79.6+0.5 37.7+1.3 36.8 36.8+2.1 90.4 97.6
7 13.7+0.8 92+0.6 36.6+3 37.1 37.7+2 100.8 109.9
8 1.5+0.6 78.1+0.4 38.7£2.7 37 36.9+3 86.9 95.9
9 17.6+0.7 118.4+0.4 36.4+1.8 37 36.4+7.3 125.7 134.4
10 42.3x0.4 95.4+0.4 35.8+3 35.9 35+3.2 102.2 108.7
11 -3.9+0.6 40.7+0.3 36.4+1.6 36.8 36.2+2.2 49.6 58
12 -16.7+0 23.4+0 o > 35.9+2.5 o 42.5
13 57.3+0.6 298.7+0.9 12.9+0.8 6.3 16.4+2.2 73.7 69.8
14 52.7+0.9 312.2+1.3 17.6+1.7 12.3 17.9+2.2 64.9 61.3
15 45.1+0.7 357.5+0.6 14.8+0.7 6.2 16.4+1 48.2 50
16 31+0.6 102.9+0.5 26.2+3.8 24.6 19.3+3.9 109.7 117.6
17 16.8+0.9 108.5+0.8 22.7+2.8 20.2 12.7+1.8 116.6 125.7
18 37.6+0.9 135.8+1.1 17.4+2.9 16 13.5+2.6 131.8 138.5
19 30.6+4 167.4+8.8 0.2+0.1 23.7 1.1+0.4 150.7 147.2
20 15+1.4 134.4+1.1 7.2+1.6 6.2 9.2+2.1 141 150.9
21 6.8+1.1 108.8+0.5 5.7+0.9 5.1 4.1+0.8 117.4 126.6
22 3.4+0.7 100.6+0.6 5.7+0.8 5.7 3.5+0.6 109.1 118.5
23 -9.4+1.3 100.8+0.7 5.4+1.3 3.8 3.5+0.9 108.4 117.4
24 | -20.6x1.6 103.6x1.4 8.5+1.5 6.8 6.5+1.6 109 118.3
25 20.1+0.6 77.3+0.4 4.8+0.5 4.1 4.4+0.6 87.3 95.7
26 10+0.4 63.6+0.3 27.5%2.5 25.9 27.5+3.8 73.2 81.9
27 | -10.8+0.9 64.8+0.3 21.4+3.1 17.8 12+1.5 73.5 81.9
28 81.6+0.5 109.1+0.4 4+0.8 2.7 3.4+0.8 96.5 98
29 36.2+0.6 91.2+0.6 6.7+1.4 7.2 5.9+1 99.6 107.1
30 26+1.3 152.4+1.5 4.4+0.9 4 2.6x0.6 149.8 156.4
31 15.9+1.7 150.1+0.4 3.5+0.8 3.1 1.3+0.3 154 162.7
32 34.4+0.7 121.4+0.3 2.1+0.2 2.1 1.4+0.4 123.6 130.6
33 67.3£0.8 243+1.3 13+1.8 8.9 14.3+2.7 99 96.6
34 69.4+0.7 36.2+2.2 7+0.7 3.2 *E 78.7 ok
35 57.3+0 44.3+0.8 7+0.5 3.7 *E 73.9 ok
36 41.7+0 46.5+0.2 25.3+3.2 25.2 ok 67.4 ok
37 22x0.6 49.8+0.2 10.4+2 5.8 10.5+1 62.9 70.1
38 16.7+0.1 43.7+0.1 11.7+2.1 4.5 9.8+0.3 56 63.6
39 32.8+0 37.6x0 o 2.2 ok *E **
40 36.8+0.3 14.5+0.8 14.3+0.5 5.4 15.9+0.9 45.1 50.1
41 47.7+0.3 338.2+0.8 17+1.3 8.9 16.2+1.1 52.2 50.9
42 41.2+0.7 324.1+0.7 12.5+0.8 4.7 13.8+0.9 51.2 47.3
43 32.8+1.2 330.1+0.8 15.9+2.3 10.9 14.9+1.6 41.3 37.2
44 29.9x1 339.1+0.4 o 3.5 11.8+0.9 i 32.6
45 42.7+0 56.1+0 o 2.1 ok *E **
46 18.2+0.7 65.9+0.2 o 2 3.9+0.2 i 84.7
47 37.6+0 199.2+0 o 2.1 ok *E **
48 2.5x0 149.6+0 o 0.6 ok *E **
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