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~1400 KBOs and 
associated populations

●   1000 KBOs
(classical, Plutinos)

●   200 Centaurs

●   200 Scattered objects

Courtesy of Minor Planet Center



Six decades of planetary exploration
• Space missions to all planets & satellites, and several 

asteroids & comets
• Major achievements from ground-based observations

– Discovery of trans-neptunian objects & the first exoplanets 

• From numerical simulations -> dynamical history of the 
Solar system
– Migration of the giant planets & Dynamical history of asteroid 

families

• Study of the Solar system as a benchmark for 
exoplanetary studies
– Formation models (solar system/planetary disks)
– Radiative transfer/photochemistry models &  Global climate 

models 

�22     The Solar System 2 

 

Figure 6.12. Representative diagram of a GCM. The atmosphere is represented in 
the form of a three-dimensional mesh as a function of latitude, longitude, and altitude; 
the fundamental equations of physics are applied to each cell and digitally integrated 
to calculate the transfers of flux, the wind, and the evolution of atmospheric 
parameters over time (source: Wikimedia Commons). For a color version of this 
figure, see www.iste.co.uk/encrenaz/solar2.zip 

����2�2� Application to Mars 

The application of terrestrial GCMs to the case of Mars dates to the 1990s. In 
relation to the Earth, the problem is considerably simplified by the absence of 
oceans and the biosphere. On the other hand, because of the low pressure at ground 
level, the atmosphere responds to variations in sunlight exposure much more quickly 
than on Earth, which tends to generate violent winds and dust storms that can 
surround the entire planet (see section 4.3.3, Volume 1).  

The model that is most widely used by the European community is the Mars 
Climate Database developed by a team coordinated by the Dynamic Meteorology 
Laboratory in Paris.11 A photochemical module is paired with the GCM to estimate 
the evolution of the products of photochemistry, particularly O3 and H2O2. A 
microphysics module processes cloud effects. This database is freely available to the 
scientific community to calculate a number of atmospheric parameters, at each 
                              
11 See also: http:��www-mars.lmd.jussieu.fr�. 
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What is needed now ?
• Study of planetary/satellite  meteorology & climate
– Daily/seasonal variations in composition and structure
• High spatial/spectral resolution, high dynamics

– Wind measurements
• High spectral resolution with mapping capabilities

• Composition of asteroids & comets
– Search for complex molecules (high spectral resolution)
– Temporal evolution
• Repeated observations on different timescales

– > Objective: understand the dynamical history of the 
small bodies

– > Of special interest: ocean worlds (for exobiology) 



Thermal emission in the  outer solar system is best observed 
by IR/submm remote sensing

• Outer solar-system objects are cold
– Giant planets: lmax from 25 µm 

(Jupiter) to 60 µm (U, N)
– Outer satellites: 30  µm (Galilean sat.) 

> 70 µm (Triton)
• In situ exploration is limited to a few 

targets
– Uranus and Neptune were only 

explored by Voyager in the 1980s
• All strong molecular rotational 

transitions are found in the IR/submm 
range

Sun

Earth
U,N
TNOs

CMB
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Figure 6. Contour maps of molecular line emission from in comets S1/ISON and F6/Lemmon using ALMA with a beam
size of ⇠ 0.500. Contour intervals in each map are 20% of the peak flux (the lowest, 20% contour has been omitted
from panel (c) for clarity). On panel (b), white dashed arrows indicate HNC streams/jets. The peak position of the
(simultaneously observed) 0.9 mm continuum is indicated with a white ‘+’. See [46] for further details. Multi-beam
mapping studies with AtLAST would dramatically improve our knowledge of cometary compositions and gas production
processes on larger coma scales (up to several arcminutes).

Figure 7. Broadband spectral model of a comet at 1 au from the Sun and Earth observed using a 50 m diameter
telescope in the 1 mm band. We assume a typical cometary gas production rate of Q(H2O) = 1029 s�1, spherically
symmetric outflow velocity of 0.8 km s�1 and rotational temperature of 60 K. Molecular abundances are the average of
previously observed cometary values [60, 15].

Figure 8. Left: Simulated HDO line strengths in a typical (moderately bright; Q(H2O) = 1029 s�1) comet at 1 au from
the Earth and Sun, with average cometary HDO/H2O ratio [117], using a diffraction-limited 50 m telescope beam size.
The strongest HDO line in AtLAST’s frequency range is highlighted, which is much stronger than the cometary HDO
lines observed previously in the (sub)millimeter band. Right: Simulated HDO 894 GHz map and spectral extract from
the central pixel. The 1.400 AtLAST beam FWHM is shown lower left.
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Cometary transitions



Planets look different at different wavelengths!
Venus in the UV  (z = 70 km)        The night side of Venus at 2.3 µm

                                                                                                          (z = 30 km)

Jupiter in the UV (aurora, P = 1 µbar)                                                                                                        
+ in the visible (P = 0.3 bar)                    Jupiter at 5 µm & 1.3 mm
                                                                                  (P = 1-5 bars)    Jupiter at 2 cm
                                                                                                                             (synchrotron emission) 
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1 Scientific justification

Jupiter’s atmosphere is dominated by molecular hydrogen (H2) and helium (He), but contains many
additional minor – yet important – constituents. Trace species are created through hydrogen combi-
nation and chemistry induced via solar radiation, and make up less than 1% of Jupiter’s atmosphere
by volume. Of these, water (H2O), hydrogen sulfide (H2S), ammonia (NH3), and methane (CH4) are
significant for their role in the radiative balance of Jupiter’s atmosphere and the production of fur-
ther trace constituents. Some of these trace species are similar to gases produced in the atmospheres
of Saturn and Titan, and others are viable candidates for the coloring agents that give Jupiter’s
cloud tops their striking reddish-brown hues. Many of Jupiter’s trace gases – particularly hydro-
carbon (CXHY ) species – have been detected in the thermal infrared wavelength regime through
both ground- and space-based observations. After the impact of comet Shoemaker-Levy 9 (hereafter
SL9) into Jupiter’s mid-southern latitudes in 1994, additional trace gases were detected in the Jo-
vian stratosphere including carbon monoxide and dioxide (CO, CO2), hydrogen cyanide (HCN), and
carbon monosulfide (CS). These species have persisted in Jupiter’s stratosphere for over 20 years and
show distinct latitudinal variability [1]; thus the mixing of Jupiter’s atmosphere during major events
such as cometary impacts, and the resulting chemistry and distribution of disequilibrium species, are
important for the study of giant planetary atmospheres as a whole.

Here, we propose dedicated observations of Jupiter with the Atacama Compact Array
(ACA) and Total Power (TP) array to map trace hydrocarbons in Jupiter’s atmosphere
and search for additional undetected species that have been proposed to exist through
both Jovian photochemistry and the impact of SL9. Jupiter has been previously observed
using the 12-m Atacama Large Millimeter/submillimeter Array (ALMA), but primarily for the pur-
pose of mapping large atmospheric features. The first results of these observations, a characterization
of Jupiter’s atmospheric features during the Juno era, have recently been published (Fig. 1; [2]).
Additional projects sought to map H2O and minor stratospheric species detected since the advent
of SL9 (e.g. HCN; [1]). However, the exceptional spatial and spectral resolution of ALMA have
yet to be utilized in a search for additional, undetected molecules produced in Jupiter’s atmosphere
or injected through cometary impacts. In order to continue tracing the species generated by the
SL9 impact and better deduce to what extent Jupiter’s atmospheric composition can be used as a
record of impact history, we must investigate the full extent of minor atmospheric products produced
through high energy interactions or dredged up from Jupiter’s deeper atmosphere.

atmosphere are enhanced by a factor of 4 over the solar values,
and NH3 and H2S are enhanced by a factor of 3.2, and the
temperature–pressure (TP) profile follows an adiabat (typically
wet in zones, dry in belts), constrained to be 165 K at the 1 bar
level to match the Voyager radio occultation profile (Lindal
1992). At pressures 0.7 bar, the TP profile follows that
determined from mid-infrared (Cassini/CIRS) observations
(Fletcher et al. 2009).

As discussed in dP19, variations in the observed brightness
temperature can in principle be caused by variations in opacity
or by spatial variations in the physical temperature. They show
that variations in opacity are much more likely than changes in
temperature, and therefore, like in dP19, we attribute all
changes to variations in opacity. The latter authors also
investigated the effect on the brightness temperature due to
changes in the TP profile at and above the ammonia cloud
deck, as sensed at mid-infrared wavelengths. After changing
the TP profile at each latitude to that observed by Cassini/
CIRS (Fletcher et al. 2016), only small changes (varying from
zero to perhaps up to maximal 5 K in brightness temperature at
some latitudes) were seen near the center of the ammonia
absorption band, between 18 and 26 GHz (∼1.3 cm). At deeper
levels below the NH3 cloud, an equatorial thermal wind
analysis constrained by the Galileo Probe vertical wind shear
(Atkinson et al. 1998; Marcus et al. 2019) suggested that there
may be horizontal temperature variations of <3 K between the
equator and 7.5N. Our analysis of ALMA data did not consider
small horizontal temperature differences of this magnitude,
particularly as vertical wind shear cannot be measured in the
region of the SEB outbreak.

To examine the three-dimensional distribution of ammonia
gas, or more specifically to identify changes in this distribution
since 2013 December, we compare in Figure 7 the brightness

temperature of the 1–3 mm ALMA data with best-fit models to
the 2013–2014 VLA data (from dP19). We stress here that no
new models were produced; the existing models were merely
extended into the millimeter-wavelength range. Hence, as
in dP19, we ignored opacity by clouds. The latter authors
justified this assumption based upon disk-averaged spectra at
millimeter to centimeter wavelengths. They argued that if cloud
opacity were important, the brightness temperatures at milli-
meter wavelengths should be affected much more than in the
centimeter range, because the mass absorption coefficient is
inversely proportional to wavelength for particles that are small
compared to the wavelength (Gibson et al. 2005).
Figure 7 shows the zonal-mean brightness temperature

spectra of the ALMA data together with the corresponding
2013–2014 VLA data, superposed on the models that gave a
best fit to the 2013–2014 VLA data at the different latitudes.
For comparison, we show in all plots the best fits to the EZ
(cyan) and NEB (radio-hot belt; blue), while the best-fit VLA
models are shown in red. The 3 mm data, with a 2.5–3 times
lower spatial resolution, show lower limits to brightness
temperatures where maxima in Tb are measured and upper
limits where Tb minima are recorded. As shown, the ALMA
data show a near-perfect match to the red curves, except
perhaps at the highest latitudes. The brightness temperatures at
these high latitudes might be slightly too high, due to the bowl-
like structure under the planet as introduced by missing short
spacings (e.g., de Pater et al. 2001; dP19).
We note that particularly in the EZ (4°N), NTrZ (23°N), and

at latitudes 30°–40°N and S, the ALMA data match the VLA
models perfectly, which would corroborate dP19ʼs assumption
that clouds do not affect Jupiter’s brightness temperature at
millimeter to centimeter wavelengths. To check this statement,
we performed several RT calculations. These show that in the

Figure 2. (A) North–south scans through longitude-smeared ALMA and VLA maps. The scans were created by median averaging over 60° of longitude, centered on
the central meridian of each map, after reprojection on a longitude/latitude grid. Because a limb-darkened disk had been subtracted from the data, the background
level of each scan is centered near 0 K, as for the 224 GHz scan. The scans are offset for clarity by 10 K each, while each set is separated by 20 K. The spatial
resolution of the 3 mm maps is about 2.5 times lower than at 1.3 mm and the VLA maps, which lowers the feature contrast. The vertical dashed lines (at, e.g., the EZ,
SEB, NEB, and NTB) help guide the eye to line up features. The green line at the top is the (eastward) wind profile as measured from the HST data; the scale is given
on the right side. At the top, we show a slice through the HST image from Figure 4. (B) Longitude-smeared ALMA maps of Jupiter’s thermal emission at 1.3 and
3 mm (averaged over the entire Bands 6 and 3, respectively), and a VLA 3 cm map from dP19, after subtraction of a limb-darkened disk.
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HST

Figure 1: Jupiter as observed by the Hubble Space Telescope in April, 2017 (left), and ALMA from
May, 2017 at 1.3 mm (center) and 3 mm (right). Image credits: (left) NASA, ESA, A. Simon;
(center, right) [2].

In addition, these observations will help to provide global context to the recent Juno
spacecraft, whose mission has been extended until 2021. The Jovian Infrared Auroral Map-
per (JIRAM) and Microwave Radiometer (MWR) instruments onboard Juno provide high spatial

1

Figure 2. HST (left) and longitude-smeared ALMA (center, right) observations of Jupiter from de Pater et al. [59] (used
with permission). The ALMA observations show data after the subtraction of a limb-darkened disk model, enabling the
high contrast (Æ 10 K) differences in brightness temperature between Jupiter’s zonal structure to be easily observed.

T. Cavalié et al.: First direct measurement of auroral and equatorial jets in the stratosphere of Jupiter

Fig. 3. Jupiter’s UV aurora and stratospheric HCN winds. This composite image shows the LOS wind velocities (in m s�1) derived from the
ALMA observations and the statistical emission of the aurorae (Clarke et al. 2009) in the configuration of the ALMA observations. The northern
and southern aurora regions are best seen in the dedicated zoomed-in quadrants. The M = 30 footprints of the magnetic field model from
Connerney et al. (2018) are good markers of the positions of the main ovals as seen by Juno-UVS (Gladstone et al. 2017) and are plotted in
orange. The white ellipses indicate the spatial resolution of the ALMA observations. The directions of the strongest winds in the equatorial and
auroral regions are indicated with the red � and � symbols.

was expected to be close to tangential to the limb on its poleward
edge (see Appendix F and Fig. F.1). It is thus no surprise that
we find no clear evidence of the jet on the northern edge of the
oval. Within the framework of our simplified model, assuming a
300 m s�1 counterrotation wind inside the northern oval nonethe-
less provides a good fit to the measured wind speeds poleward
of 55�N on the western limb where the northern oval was rising
(see Fig. E.1). Finally, despite the northern aurora being located
on the western side, mostly behind the terminator, we see a broad
signal on the eastern limb at polar latitudes with an average LOS
velocity of about +100 m s�1, for which we lack a clear expla-
nation. A more favorable observation geometry of the northern
polar region is thus required to improve our understanding of the
stratospheric circulation in this region.

6. Discussion

The branch of the northern auroral jet we tentatively detect lies
below the electrojet discovered at p< 1 µbar from infrared obser-
vations of H+3 emission by Rego et al. (1999) and further con-
strained by Stallard et al. (2001) and Johnson et al. (2017). This
electrojet has a near-to-supersonic velocity of �1�2 km s�1 and
is in counterrotation along the main oval (Stallard et al. 2001,
2003). Achilleos et al. (2001) showed that the H+3 ions could
accelerate the neutrals by up to 60% of their velocity through
collisions between the ionosphere and the thermosphere in the
ionization peak layer (0.07�0.3 µbar). The upper limit set by
Chaufray et al. (2011) of 1 km s�1 on the velocity of a corre-
sponding H2 flow confirmed a smaller neutral wind velocity,
in agreement with our findings. Benefiting from ideal viewing
conditions (sub-Earth latitude of 0.2�N), Rego et al. (1999) also
detected a similar counterrotation electrojet on the main south-

ern oval. Models by Majeed et al. (2016) and Yates et al. (2020)
predict that neutrals have higher velocities below the southern
oval than below the northern one. Although we find relatively
similar velocities underneath the two ovals, our detection in the
northern oval remains tentative such that we cannot conclude on
the relative magnitude between the two auroral jets. This par-
ticular point thus needs to be confirmed with new observations.
Majeed et al. (2016) and Yates et al. (2020) also predict that the
southern jets are expected to disappear around the µbar level. On
the contrary, our data demonstrate that the neutrals are still flow-
ing with a substantial counterrotation velocity at the sub-millibar
level below the southern oval (and probably also below the north-
ern one), that is, �900 km below the corresponding ionospheric
winds of Rego et al. (1999) and 100�500 km below the tentative
H2 flow of Chaufray et al. (2011). Despite the strong signal-to-
noise limitations of our CO observations at 3 mbar, we find that
the southern auroral jets are at least twice slower in the millibar
range than at sub-millibar levels, possibly disappearing between
the sub-millibar and the millibar levels.

The detection of these auroral vortices down to the sub-
millibar level may bear crucial implications for Jovian atmo-
spheric chemistry. The photolysis of CH4 at the µbar level
triggers the production of more complex hydrocarbons. The
addition of energetic magnetospheric electrons, which are more
abundant in the auroral region than anywhere else on the planet
(Gérard et al. 2014), further favors this complex ion-neutral
chemistry (Wong et al. 2003). The presence of auroral vortices
down to the sub-millibar level could confine the photochemi-
cal products within this region by preventing the mixing of the
material inside the oval with the material outside, thus increas-
ing the production of heavy hydrocarbons and aerosols. Auroral
chemistry probably increases the production of C2 species, as
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B. Benmahi et al.: First absolute wind measurements in Saturn’s stratosphere from ALMA observations

Fig. 9. Zonally averaged eastward winds from CO and HCN observa-
tions compared with the García-Melendo et al. (2011) measurements.
The eastward winds for HCN and CO are obtained by averaging the

winds between the two limbs of the planet, i.e.
ueast
� �uwest

�

2 where u� is the
zonal component of the wind speed at the limb.

Fig. 10. Averages of the zonal wind speed in the broad eastward equato-
rial jet between 10�S and 10�N, excluding latitudes between 3�S and 3�N
from the Cassini/VIMS, Cassini/ISS (CB and MT filters), and ALMA
(CO and HCN) data.

at the equator in the latitude range from 3�S to 3�N. Compared
to the average winds of the large equatorial jet that spans between
20�S and 25�N, this narrow jet is relatively weak in CB obser-
vations at 350–500 mbar pressure, but it is very intense in MT
observations at 60–250 mbar pressure (Fig. 9). Our CO observa-
tions between 0.1 mbar and 20 mbar do not reveal any sign of a
narrow intense jet at the equator. This is quite surprising as we
expected to detect this peak which could be related to the SSAO.

That we do not see any evidence for such a peak superim-
posed over the broad eastward jet in the CO data may simply
result from the large vertical extent of the CO wind contribu-
tion function (Fig. 5), which may cancel any contribution of the
SSAO by encompassing opposite phases of the SSAO. Interest-
ingly, the HCN wind contribution function is more peaked than
the CO one (around the peak level), and looking carefully at the
HCN wind profile (Figs. 8 and 9), we detect a narrow local min-
imum in the velocities between 5�S and 1�N, with a negative
amplitude of �50± 20 m s�1 with respect to the average between
10�S and 10�N shown in Fig. 10. This is consistent with the order
of magnitude of the SSAO peaks, according to Guerlet et al.
(2018).

4.3. Northern hemisphere mid-latitudes

Between 25�N and 60�N, we find tentative evidence for the
first time of a global westward wind with an average speed of
–50± 30 m s�1 in both limbs from the CO data (Fig. 9). More-
over, our HCN and CO wind measurements show that the
tropospheric eastward jet seen at 42�N (Fig. 9) has completely
vanished in the stratosphere. We also find westward velocities
with HCN between 25�N and 50�N, but only marginally. It is
noteworthy that some of the only features that could be tracked
in Saturn’s stratosphere were the hot vortices, nicknamed the
beacons, that were formed in the stratosphere following Saturn’s
Great White Spot of 2010–2011. Fletcher et al. (2012) notably
found that the post-merger beacon had a westward motion of
1.6± 0.2� per day (i.e. �–15 m s�1 at �35�N). These observations
are thus consistent with the average wind obtained in this latitude
range from our data.

In Fig. 8, the eastward and westward peaks seen in the HCN
winds at 61�N, 55�N, 50�N, and 45�N at the western limb and
at 55�N, 59�N, and 67�N at the eastern limb, and that have
amplitudes exceeding 100 m s�1 do not correspond to a zonal cir-
culation because they do not have a symmetrical counterpart on
the other limb. In this latitudinal range in the troposphere, the
dynamics are often perturbed by the presence of vortices and
other instabilities due to meridional shear of the upper tropo-
spheric jets at mid-latitudes (see Trammell et al. 2014). Above
this pressure level, in the stratosphere, and at these latitudes,
the question is whether a circulation similar to that observed
by Trammell et al. (2014) in the upper troposphere occurs and
whether or not a 150 m s�1 velocity is realistic for these hypo-
thetical eddies. This could explain our results of non-zonal peaks
in the eastern and western limbs around 60�N. In Fig. 9, the
peaks around 60�N and 65�N, both slightly around 100 m s�1,
are not significant because they result from the average of the
non-zonal peaks (see Fig. 8) at 61�N in the western limb and
55�N, 59�N, and 67�N in the eastern limb. Waves are another
candidate for non-zonal wind components. For instance, obser-
vations of the hexagonal wave structure at 78�N by Antuñano
et al. (2015) showed a perturbation of 30 m s�1 in the upper
troposphere, which seems to be consistent with a �0.5 K ampli-
tude in the tropospheric thermal structure (as determined from
Cassini/CIRS by Fletcher et al. 2018). By extrapolation, a
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Fig. 3. Retrieval results. Left: retrieved best-fitting wind profiles for CO (red line) and HCN (blue line) measurements, using a fourth-order
polynomial. Red and blue shadowed regions contain the ensemble of good fits according to the �2 criterion from Eq. (3). The semi-transparent
grey rectangle indicates the unobservable northern latitudes. The solid black line shows the sixth-order fit to Voyager’s cloud-tracking winds
(Sromovsky et al. 1993). Right: wind variations with altitude at the equator, 20�S and 70�S, both for our measurements and for a set of references
in the literature (see Sect. 5 for details). Cloud-tracking winds from Fitzpatrick et al. (2014) and Tollefson & Pater (2018) are not shown at 70�S
as they have uncertainties of about 1000 m s�1. Winds from Fletcher et al. (2014) do not correspond to a direct measurement, but to the computed
thermal wind equation applied to a reanalysis of the 1989 IRIS/Voyager data (dashed grey lines) and to 2003 Keck data (dashed cyan lines).

Our equatorial wind is about 200+100
�80 m s�1 less intense than

the Voyager reference. Assuming nominal probed levels of
�1 mbar and �1 bar, respectively, this indicates a +70+30

�20 m s�1

wind shear per pressure decade (or �u/�z = +30 ± 10 m s�1

per scale height), where the positive sign is related to the retro-
grade wind direction. At 70�S, our winds are about 70+180

�170 m s�1

less intense than Voyager’s. We find a much smaller wind shear
at 70�S, although the uncertainties are larger than for equato-
rial winds: �20 ± 60 m s�1 per pressure decade (or �u/�z =
�9 ± 25 m s�1 per scale height). Our results compare well with
the estimates from French et al. (1998, their Fig. 11b), who
studied the wind-shear between Voyager’s cloud-tracking winds
(which they assumed at 100 mbar) and their occultation data at
0.38 mbar. French et al. (1998) determined a wind shear of about
+30 m s�1 per scale height at the equator and �15 m s�1 per scale
height at 70�S.

In contrast, cloud-tracking measurements from
Tollefson & Pater (2018) appear somewhat at odds with
our estimated wind shear, as their H-band measurements –
assumed by the authors to probe deeper levels – indicate less
intense winds than the K� band. Tollefson & Pater (2018)
assumed that the H-band (resp. K�) winds probe the 1–2 bar
(resp. 10–100 mbar) level. This led them to an inverted wind
shear, with the equatorial winds becoming more intense with
increasing altitude. The authors attempted to explain this behav-
ior by invoking a thermal-compositional wind equation that
accounts for density changes associated to latitudinal variations
of the methane abundance. We find that such an approach is not
warranted according to our results. Furthermore, the absolute
sounded pressures are uncertain and highly model-dependent

and both bands might not be probing such di�erent pressure
levels (Tollefson & Pater 2018, Fig. 16 therein). Similarly,
Fitzpatrick et al. (2014) found di�erences among their cloud-
tracking H- and K�-band winds. The pressure levels of the
observed clouds are also uncertain in this case, with both H-
and K’-band clouds spanning pressure levels between 0.1 and
0.6 bar (Fitzpatrick et al. 2014, Fig. 11 therein).

In itself, the consistency of our direct wind measurements
with thermal wind calculations does not highlight a particular
mechanism responsible for the wind decay with altitude; namely,
the thermal wind equation simply states a balance between ver-
tical wind shears and temperature meridional gradients. The
wind decay reported here indicates a drag source, which could
be the propagation and breaking of gravity and/or planetary
waves (common in planetary stratospheres), although this has
to be tested in dynamical simulations. On Saturn and Jupiter,
interactions between vertically-propagating waves and the mean
zonal flow drive the strong acceleration and deceleration of
the stratospheric equatorial zonal flow (e.g., Cosentino et al.
2017; Bardet et al. 2022). Wave-breaking as a source of friction
was also hypothesized by Ingersoll et al. (2021) to maintain the
stacked circulation cells in Jupiter’s upper troposphere.

Our measurements open up a new window on the study of
Neptune’s stratospheric dynamics. In addition, our findings pro-
vide useful information for general-circulation modelling studies
(Liu & Schneider 2010; Milcareck et al. 2021), which require
observations to compare with the numerical simulations. Never-
theless, our wind measurements remain modest in precision, as
a result of combined limited integration time and low spatial res-
olution. Future dedicated observations, possibly combined with

L3, page 5 of 8

Figure 3. (Left) Jupiter zonal wind velocities derived from ALMA observations of HCN at ⇠ 100 resolution (color
map); ultraviolet auroral emission at the south pole is also shown [37, 31]. (Center) Zonal wind speeds as a function of
latitude in Saturn’s stratosphere from Benmahi et al. [9], compared to winds from Cassini imaging. (Right) Comparison
of ALMA wind speed measurements of Neptune from CO and HCN emission lines compared to Voyager cloud tracking
measurements [20]. Images used with permission from their respective copyright holders.
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Remote sensing of giant planets’ atmospheres
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              A last message…. 
 
-Let�s go step by step: the spectroscopy of exoplanets will improve as in 
the case of the solar system planets 
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Planetary spectroscopy over ages : Jupiter in 1969 and 1996
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Planetary atmospheres:  
A milestone in the millimeter range (IRAM-30m)

CO and HCN in Neptune (1992) 
->  evidence for disequilibrium processes in Neptune
-> evidence for differences in the atmospheres of Uranus and Neptune

CO : 6 10-7 (expected: 10-9 from interior) in Neptune, < 4 10-8 in Uranus (internal/external?)
HCN: 3 10-10 in Neptune, < 8 10-10 in Uranus (external)     Marten + 92, 93, Rosenqvist + 92

CO                                               HCN    



Planetary atmospheres: 
Milestones in the submillimeter range (JCMT)
• H2O2 on Mars (2004)
• Mesospheric sufur species and HCl on Venus (2010, 2012)

         SO2 & SO in the mesosphere of Venus 
        (Sandor et al. 2010, 2012)H2O2 on Mars (Clancy et al. 2004)



ISO Highlights on Giant Planets (SWS)
Origins: D/H from H2

Deuterium enriched in icy giants
-> Support to nucleation model

Feuchtgruber et al. 1999; Lellouch et al. 2002

Encrenaz et al. 1999
Feuchtgruber et al. 1997

J                                S

U                               N
                    

J        S       U          N              Comets

External oxygen flux: source?
- Local source (satellites, rings)
- Interplanetary source
 - flux of meteoroids
 - comets (Jupiter: SL9?)



���     The Solar System 2 

It thus determined the nature of the silicates that make up the grains in these 
comets (see Figure 2.23)� they are forsterite, a crystallized silicate of olivine type, 
rich in magnesium: Mg2SiO4, as well as pyroxene crystals (Mg,Fe)SiO3 and 
amorphous silicates. In interstellar grains, silicates are amorphous. The presence of 
silicate crystals in cometary dust bears witness to heating during passage through the 
inner Solar System, where ice could no longer exist. Cometary matter thus comes 
from compounds with different origins, intermixed because of their turbulent 
diffusion. 

In addition, the observation of the visible spectrum of the comet C�1965 S1  
(Ikeya-Seki), which approached the Sun in 1968, revealed emissions due to a 
number of metallic atoms produced through the volatilization of dust near the Sun 
(Ti, V, Cr, Mn, Fe, Co, Ni, Cu)� their relative abundances agree with solar 
abundances. Emissions from metals, as well as from lithium, were also detected on 
the comet Shoemaker-Levy 9 during its collision with Jupiter (see Box 5.1,  
Volume 1). 

 

Figure 2.23. The spectrum in the mid-infrared of the comet C/1995 O1 (Hale-Bopp) 
observed by ISO and a model of it by mixture of silicates (forsterite and pyroxene) 
and a black body emission  (source: adapted from (Crovisier et al� 1997). For a color 
version of this figure, see www.iste.co.uk/encrenaz/solar2.zip 

Copyright Iste 2022 / File for personal use of Thérèse Encrenaz only

ISO Highlights on comets: Hale-Bopp (SWS)

First thermal spectrum of cometary dust : a mixture of silicates
(forsterite Mg2SiO4 and pyroxene (Mg,Fe) SiO3 – Strong analogy with interstellar dust

Crovisier + 97



Giant planets  
- D/H in Uranus and Neptune  
- Stratospheric water in Jupiter, Saturn and Titan 
- CO in Uranus (Cavalié + 14) 

Outer satellites 
- Atmospheric composition of Titan 
 (Moreno + 11, 12; Courtin + 11 

- Water torus of Enceladus  (Hartogh + 11) 

- H2O atmosphere around Ganymede and Callisto 
(Marconi + 07)

Asteroids 
-   Detection of H2O around Ceres (Kueppers + 04)

-     TNO Survey -> Size, albedo (Müller +12) 
 

             Herschel Highlights

Cavalié + 13)



An unexpected discovery: 
The detection of water vapor around Ceres 

557 GHz H2O line detected with HIFI (Kueppers + 14)   

Ceres might host an internal water ocean (origin: Kuiper Belt?)



Another surprise from Herschel/HIFI:
Water vapor on Ganymede  and Callisto (557 GHz)

H2O @ 557 GHz on Ganymede, 
Sept. 2012 (HIFI)
P. Hartogh, Herschel Conference, 
Oct. 2013

Distribution of H2O and other species as a 
function of subsolar latitude in Ganymede’s 
atmosphere (Marconi + 07)

Ganymede



The Herschel Key-Program: « TNOs are Cool »

• Continuum measurements are important too!
• FIR flux at # l: -> Thermal properties, sizes, albedos (140 targets)
• Binaries -> Masses, densities, phase curves (25 targets)
• Objectives:
– Size distribution
– Orbital/physical correlations
– New collisional families

  

  The Herschel Large Program :
      ''TNOs are cool'' 

370 hours awarded (PIs Mueller and Lellouch)

- 140  targets at 60, 100 and 160 μm (PACS), 17 targets at 
250 μm (SPIRE) : sizes (>150 km) / albedos

- 25  binaries : densities
- 25 lightcurves : shapes 

Lellouch et al, 2010:
Haumea's optical and thermal 
lightcurves with Herschel

Lellouch et al, 2010 :
Haumea's optical and thermal 
lightcurves with Herschel

Haumea :
Optical and thermal 
Lightcurves
(Lellouch +10)



Alma Highlights
• Mapping of planets and satellites
– Origin of oxygen source on giant planets
– SO, SO2 on Venus
– Winds and meteorology
– CS on Neptune
– Nitriles on Titan

• Composition of distant objects (Centaurs, TNOs)
– CO, HCN, HNC on Pluto 

• Cometary activity 

 Venus 
 SO @ 346.5 GHz
    
 
              

 Nov. 14, 2011

             
 Nov. 15, 2011

 Encrenaz +15



Figure 6. Maps of continuum emission at 1, 1.5 and 3 mm wavelength of comet 103P/Hartley 2 observed with the IRAM interfer-
ometer at Plateau-de-Bure in October-November 2010 [17], when this comet passed at only 0.12 AU (1.8⇥107 km) from the Earth.
These maps show the distribution of large-size dust particles in the coma and the continuum emission of the nucleus. The arrows
show the direction of the Sun.

Mapping molecular lines allows us to know the distribution of these molecules within the coma and to probe coma
chemistry. The origin of the gas molecules may thus be traced: they are either coming directly from the nucleus,
or progressively injected in the coma following chemical reactions or the sublimation of icy grains. Asymmetries
in their distribution may be due to jets originating from active regions of the nucleus’ surface.

Figure 7. From left to right, maps of the emission lines of hydrogen cyanide HCN, its isomer HNC and formaldehyde H2CO observed
with ALMA in comets C/2012 F6 (Lemmon) (top) and C/2012 S1 (ISON) (bottom) [18]. Spectra of the individual lines are shown
in the upper left inserts. These maps show that molecules such as HNC and H2CO are progressively released in the coma from still
ill-known sources, whereas HCN seems to come directly from the nucleus ices.

6

Comets with Alma

HCN                 HNC                H2CO

C/2012 F6 
(Lemmon)

C/2012 S1 (ISON)

- Detection of minor species (C2H5OH and CH2OHCHO in C/2014 Q2 Lovejoy
- Mapping of gas and dust -> jets, active regions on the nucleus

Crovisier + 16



D/H ratio in comets: A diagnostic of the origin of terrestrial water?

[D/H]Earth = 0.3 -1 x [D/H]Comets
[D/H]Earth = 1 x [D/H]C-Chondrites

-> Origin of oceans: 
- D-type Main-Belt Asteroids?
- Hyperactive comets? (Lis +19)
- A mixture asteroids-comets?

-> Mechanism: 
- Meteoritic bombardment?
- Or: Disk of gaseous H2O coming 

fromD-type MBA, generated by 
early solar outburst? (Kral + 24)

��2     The Solar System 2 

Currently, this ratio has only been determined precisely for a few comets. The 
observed values have successively blown hot and cold. The first obtained values, for 
Halley’s comet and other 2ort cloud comets, were twice the terrestrial value. Then, 
the Jupiter-family comet 103P�Hartley 2 was observed by the satellite Herschel with 
a terrestrial value. Then, Rosetta measured and remeasured on �7P a value equal to 
three times the terrestrial value. Next, a terrestrial value was again found by the 
Sofia stratospheric airplane observatory for a hyperactive comet of the Jupiter 
family, 4�P�Wirtanen �Lis et al. 2019�. 

 

Figure 2.2�. The D/H ratio observed in cometary water. Many of the measurements 
come from radio observations. This ratio ranges from one (comets 103P/Hartley 2 
and 46P/Wirtanen observed by radio with Herschel and Sofia) to three times (comet 
67P/Churyumov-Gerasimenko observed with the Rosina mass spectrometer on 
Rosetta) the value in terrestrial oceans (source: adapted from (Altwegg et al� 2015)). 
For a color version of this figure, see www.iste.co.uk/encrenaz/solar2.zip 

We see that the problem remains open, and that its solution will require the 
measurement of the D�H ratio for more representative samples, both for comets and 
asteroids �see �Altwegg et al. 2015� and Figure 2.20�. 

2.1.�. Dust and the tail 

The Germans Heinrich 2lbers �1758±1840� and Friedrich Bessel �1784±184�� 
were the first to suggest, at the beginning of the 19th century, that cometary tails 
could be particles emitted by the comets and pushed back by solar radiation.  

Copyright Iste 2022 / File for personal use of Thérèse Encrenaz only

Diversity in cometary D/H:
D/H appears to be 
anticorrelated with cometary 
activity (Lis + 19)
-> Possible fractionation at 
the surface?

D. C. Lis et al.: D/H ratio in hyperactive comets

Fig. 1. Spectra of the water isotopologues in comet 46P/Wirtanen. The
11,0 � 10,1 H18

2 O and HDO transitions are shown in the upper and
lower panels, respectively. The intensity scale is the main beam bright-
ness temperature. The spectral resolution is 0.24 MHz, corresponding to
approximately 0.14 km s�1. A Gaussian fit to the H18

2 O spectrum (green
line, upper panel) gives a line center velocity ⌫o = 0.08 ± 0.04 km s�1

and a full width at half maximum line width �⌫ = 1.09 ± 0.09 km s�1.
Vertical dotted lines indicate the velocity range used in computations
of the integrated line intensities (–1.04 to 1.2 km s�1). The green line in
the lower panel shows the expected HDO line intensity assuming D/H
equal to VSMOW. The inset in the upper panel shows the evolution of
the H18

2 O integrated line intensity as a function of UT time. Error bars
include statistical and calibration uncertainties, combined in quadrature,
and the gray shaded area shows the corresponding uncertainty on the
average H18

2 O line intensity (ensemble average).

(see Appendix A.3). Since the SWAN field of view is large, water
production rates include direct production from the nucleus
surface and from subliming icy grains. We computed the active
fraction using both production rates at 1 au and at perihelion.

In the sample of comets with D/H determinations (or signifi-
cant upper limits), only eight comets have a known nucleus size,
most of them from spacecraft images or radar measurements
(Appendix A.3): 1P/Halley, 8P/Tuttle, 45P/Honda-Mrkos-
Pajdušáková, 46P/Wirtanen, 67P/Churyumov-Gerasimenko,
103P/Hartley, C/1996 B2 (Hyakutake), and C/1995 O1 (Hale-
Bopp). We also consider the hyperactive comet C/2009 P1
(Garradd), whose nucleus e↵ective radius has been constrained
to be <5.6 km (Boissier et al. 2013). The e↵ective nucleus
radius of comet 46P/Wirtanen is estimated to 0.63 km from
radar imaging1.

Figure 2 shows a striking anti-correlation between the D/H
ratio and the active fraction computed at perihelion. The same
trend for a D/H ratio decreasing towards the telluric value with
increasing active fraction is observed when using the active frac-

1 https://uanews.arizona.edu/story/ua-researcher-
captures-rare-radar-images-comet-46pwirtanen

Fig. 2. D/H ratio in cometary water as a function of the active frac-
tion computed from the water production rates measured at perihelion.
The uncertainties on the active fraction (horizontal error bars) include
a 30% uncertainty on the water production rates (Combi et al. 2019)
and the uncertainty on the nucleus size. The color of each symbol indi-
cates a comet; see legend at right, where the dynamical class is also
indicated: Oort cloud (OC) or short-period Jupiter-family (JF) comets.
The blue horizontal line corresponds to the VSMOW D/H value. The
upper limit for the D/H ratio in comet 45P is indicated by a downward
arrow and the lower limit for the active fraction in comet 2009P1 by a
right arrow. The dash-dotted line shows the expected D/H assuming two
sources of water: D-rich (3.5⇥VSMOW) from the nucleus and D-poor
(VSMOW). Comets with an active fraction equal to 0.08 are assumed
to release only D-rich water.

tion at 1 au from the Sun (Fig. A.1). Values for the D/H ratios are
taken from the review of Bockelée-Morvan et al. (2015), except
for comet C/1996B2 (Hyakutake), for which we use a revised
value of (1.85 ± 0.6) ⇥ 10�4 (Appendix A.4). This long-period
comet displayed outbursts and fragmentation events over a few
months before and after perihelion, when it released icy grains
and chunks, hence the large active fraction (Fig. 2; Combi et al.
2005). The D/H ratio reported by Bockelée-Morvan et al. (1998)
of (2.9 ± 1.0)⇥ 10�4 was measured during an outburst, with
a large uncertainty mainly related to the scatter in reported
water production rates. For this new evaluation, we used updated
Q(H2O) values (Combi et al. 2005).

We investigated the processes responsible for the excess of
icy grains in hyperactive comets by considering a sample of
18 comets with determined nucleus sizes and water production
rates at perihelion (Appendix A.3). As shown in Fig. 3, hyper-
activity is not observed for comets with e↵ective nucleus radii
larger than 1.2 km (12 comets in our sample), whereas comets
with smaller nuclei, though underrepresented considering the
size distribution of cometary nuclei (Fernández et al. 2013), are
all hyperactive. This suggests that the large amount of subliming
icy aggregates or chunks in hyperactive comets is not related
to a higher ice/refractory content. A comparison between the
well-studied comets 67P and 103P shows that even though the
nucleus gas production is much lower in 103P than in 67P,
owing to a smaller nucleus size (Fig. 3), the mass loss rate in
chunks is larger for 103P (Fulle et al. 2019), thereby explaining
its hyperactivity. Estimates of the refractory-to-ice mass ratio in
67P (Herique et al. 2016; Pätzold et al. 2019; Fulle et al. 2019)
converge to values between � = 3 and 7, matching the rough
estimate of � = 3 for 103P (Fulle et al. 2019).

L5, page 3 of 8



From 2009 to 2013, it could study and map several lines of water in a dozen of comets, some of them being weak,
distant comets. In three of them, it measured the D/H isotopic ratio. (Figs 9, 12, [21,22,23])

7. Close observation of a comet with MIRO, the radio telescope aboard Rosetta

The Rosetta space probe, launched by the European Space Agency in 2004, is exploring comet 67P/Churyumov-
Gerasimenko, orbiting its nucleus at distances which, at some moments, were as close as 8 km. It is equipped
with a dozen of instruments, one of them being MIRO (Microwave Instrument for the Rosetta Orbiter), a radio
telescope with an antenna of only 30 cm diameter. In the vicinity of the comet, this modest size is enough to
study a selection of lines of water (several isotopic species), methanol, ammonia and carbon monoxide with a
spectrometer operating around 0.5 mm wavelength. MIRO is also equipped with two continuum channels at 0.5
and 1.6 mm wavelength, dedicated to the observation of the thermal emission of the nucleus. (Figs 11, 10, [24,25])

Figure 10. An example of the water lines observed at 0.5 mm wavelength in comet 67P/Churyumov-Gerasimenko with MIRO on
Rosetta [25]. Top: observation on 23 June 2014 at a distance of 128 000 km. Bottom: observation on 19 August 2014 at a distance
of 81 km; the lines are then seen in absorption against the continuum of the nucleus.

Figure 11. A partial map of the temperature of the nucleus of comet 67P/Churyumov-Gerasimenko, from the submillimetric
continuum observations of MIRO on Rosetta, superimposed on the model of its shape deduced from imaging in the visible [25]. It
can be seen on the left side that MIRO observes the night side for which visible imaging provides no information. The temperatures
vary, following solar insolation, from about 30 K (night side) to 130 K. The comet was then at 3,5 AU from the Sun.

Rosetta and its instruments are to monitor the evolution of the comet until at the end of August 2016 and to
follow its activity, which climaxed at its perihelion in August 2015.
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Rosetta and its instruments are to monitor the evolution of the comet until at the end of August 2016 and to
follow its activity, which climaxed at its perihelion in August 2015.
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Mapping of 67P/Churyumov-Gerasimenko with MIRO aboard Rosetta
- MIRO : first heterodyne instrument on a planetary space mission
- Heterodyne spectroscopy, 2 channels (0.5 and 1.6 mm wavelength)
- H2O + isotopes, CO, NH3, CH3OH
- Thermal emission of the nucleus

H2O 557 GHz
D = 128000 km
23 June 2014

H2O 557 GHz
D = 81 km
19 August 2014

Surface temperature at l = 0.5 mm, 13 August 2014
Crovisier + 16



Probing the interior of Jupiter using JUNO/MWI (NASA)
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(Bellotti et al. 2016). A third system was used for measurements of the 3.5–15 cm wave-
length (2–8.5 GHz) complex dielectric properties of aqueous ammonia, the putative liquid
cloud constituent in the Jovian atmosphere (Duong et al. 2014).

3.1.3 Synchrotron Model

In preparation for Jupiter observations, our synchrotron modeling effort is predominately fo-
cused on enabling subtraction of the synchrotron emission to achieve the required accuracy
for atmospheric measurements. We have two independent models, each capable of produc-
ing a synchrotron emission map which predicts the MWR observations on orbit, and each
consistent with the Earth-based observations of synchrotron emission. The simpler model
(Adumitroaie et al. 2016; Levin et al. 2001) uses an ad hoc 4-parameter pitch angle distri-
bution adjusted for each of eight zones in L-shell, producing an equatorial main belt and
high-latitude lobes that match the VLA observations (Fig. 1). This model enables relatively
rapid adjustment to match direct MWR observations of the synchrotron emission. The more
complex model (Santos-Costa and Bolton 2009; Santos-Costa et al. 2014) attempts to in-
corporate all known physics of transport mechanisms and interactions within the radiation
belts, but will be more cumbersome to adjust in response to observations.

3.2 Observational Parameters for Juno

3.2.1 Frequency Coverage

The region of Jupiter’s atmosphere targeted for exploration of its compositional and dy-
namical properties extends downward from the ammonia cloud region to strictly unknown
depths. Figure 3 shows the brightness temperature contribution functions computed for the

Fig. 3 Contribution functions vs. pressure in a nominal Jupiter atmosphere at the indicated MWR wave-
lengths

Launch : 2011 – Expected end: 09/2025
PI: S. Bolton
Objectives :
- Constrain the internal structure and 

measure O/H
- Study atmospheric dynamics & aurorae

MWI (Janssen +17) : Microwave sounder, l = 1.3 -> 50 cm
Objective : probe the deep troposphere  &
determine the NH3 and H2O vertical distributions

P(bars)  50 cm         1.3 cm



The state vector is a set of scaling factors, X= (x1, x2, … , xn)
T , 0 ≤ xi ≤ 1, at prescribed pressure levels p1 , p2 ,

… , pn. The ammonia concentration at pressure pi is thus xiq
*(pi), where q*(pi) is the ammonia concentration

of an ideal adiabat at pressure pi. The scaling factor x at any pressure p is given by the linear interpolation of xi
and xi + 1 on the axis of logpi and logpi + 1, where pi< p< pi + 1. The log probability in equation (5) is modified
according to first requirement as

lnP XjeY
! "

¼ lnP eYjX
! "

þ lnP Xð Þ % lnP eY
! "

% λ DXj jj j2; (6)

where λ is a positive tunable parameter describing the strength of regularization and D is the Tikhonov
regularization matrix [Tikhonov et al., 1977]:

D ¼

1 %1 0 0 0

0 1 %1 0 0

0 0 … … 0

0 0 0 1 %1

0

BBB@

1

CCCA (7)

Equation (7) imposes a penalty for large variance of X. If λ is large, the penalty would be large so that the result
is guided toward a solution in which X has small variance. We find that λ≈ 1 balances the goodness of fit and
the variances of X. Similar kinds of regularization methods have been used in the hyperspectral imaging of
Mars [e.g., Kreisch et al., 2017; Quemerais et al., 2006].

We used the same MCMC sampling algorithm described in section 3.1 according to the log probability
expressed in equation (6) with a regularization term in equation (7). The sampling levels are 92.0, 33.1,
20.1, 12.2, 7.39, 4.48, 2.72, 1.65, 1.00, 0.61, and 0.3 bars, each separated by about half a pressure scale height.
The scaling factor at the lowest and highest sampling levels are held fixed at 1.0 to satisfy the boundary
condition that the ammonia gas is saturated at the top boundary and the ammonia concentration is equal
to the deep ammonia abundance at the bottom boundary. Inversions are performed latitude by latitude
up to 40° north and south at 2° resolution.

The vertical-latitudinal cross section of ammonia concentration for the medium-high water case is displayed
as Figure 3 of Bolton et al. [2017]. The profiles of ammonia at four typical latitudes are shown in Figure 3. The
EZ (0–5°N) features a high concentration of ammonia of about 350 ppm, which is consistent with the

Figure 4. The colored contours show the ammonia concentration in parts per million inverted from nadir brightness tem-
peratures during PJ1 flyby assuming that the deep water abundance is 0.06% (0.65 times solar). The deep ammonia
abundance is 373 ppm, and the reference temperature is 132.1 K at 0.5 bar. The aspect ratio in the horizontal and vertical is
exaggerated.
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MWI/JUNO : Results

A very surprising  NH3 distribution in the 
deep troposphere, with strong depletion 
around the NEB (Li +17)
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Figure 4. a) Temperature profile above 1 bar pressure level and normalized contribution functions 

of 22 GHz channel and 10 GHz channel. b) Ammonia profile above 1 bar pressure level. c) 

Temperature profile from 30 bars to 1 bar and normalized contribution functions of 10 GHz, 5.2 

GHz, 2.6 GHz, 1.2 GHz from top to bottom. d) Ammonia and water profile from 30 bars to 1 bar. 

The black lines indicate the median atmospheric model in all samples. The colored lines (red for 

temperature, blue for water and green for ammonia) show 100 random samples drawn from the 

whole probability distribution.The profiles above ~0.6 bar are replaced with the CIRS 

obsrevations38, which sometimes leads to a discontinuity at this pressure level.  

At the equator : O/H = 2.7 (+2.4,-1.7) x solar (Li +20)
- consistent with C/H, N/H, S/H from Galileo Owen +97)
- consistent with solar-composition icy planetesimals 



JWST Highlights
• Meteorology on planets

– Jupiter : south pole, Great Red Spot (Fouchet, de Pater +24)
– Saturn: Structure & dynamics of the Northern hemisphere (Fletcher + 

24)
– Uranus and Neptune (Roman + 24)

• Exospheres on satellites and distant small bodies
– SO on Io (de Pater +24)
– H2O, CO, CO2 on Galilean satellites
 (Cartwright +24, Bockelée-Morvan +24)
– Activity on Centaurs
       (Faggi + 24)
– Uranus rings
       (de Pater + 24)

Leading                                                                   Trailing

Gaseous CO2 on Callisto (Cartwright + 24)

Gaseous CO2 on Ganymede
(Bockelée-Morvan + 24)



The South Pole of Jupiter as seen by JWST/MIRI 

Mapping of the auroral region with MIRI
-> Detection of benzene C6H6 & many hydrocarbons
-> Retrieval of T(z) and the altitude of the homopause
-> Detection of stratospheric photochemical haze
èResults: The homopause is higher by 140 km in the auroral region and 

   stratospheric temperatures are higher
   Aerosols are produced from C6H6 through the formation of PAHs

Homopause level

Altitude   Pressure

Rodriguez-Ovalle
+ 24



Composition, structure & dynamics of Saturn’s atmosphere
Manuscript accepted by JGR: Planets

Figure 15. Aerosols, phosphine, ammonia and water derived from the 4.9-7.3 µm region.

Aerosols in panel (a) are plotted in opacity/km at a reference wavelength of 5 µm, calculated

following the scheme in Appendix C of Irwin et al. (2022). A logarithmic colour bar is used to

show structure within the aerosol cross-section. For the gases in panels (b)-(d), the contours are

also logarithmic to allow for the rapid decline of the abundance with altitude. PH3 and NH3 are

provided in ppm, H2O is given in ppb. Vertical dotted lines show the latitudes of tropospheric

eastward jets.

al., 2009; Sinclair et al., 2013; Sylvestre et al., 2015) and predicted by photochemical models
based on the annual-average insolation (Moses & Greathouse, 2005; Hue et al., 2015), but
this too is time variable, with evidence that the equatorial C2H6 peak has strengthened
with time whereas C2H2 has remained reasonably constant (L. N. Fletcher, Sromovsky, et
al., 2020).

The di↵erent latitudinal trends in the lower stratosphere (C2H2 declining towards
high latitudes, C2H6 increasing) have been observed previously, with short-lived C2H2 more
closely following photochemical predictions of Moses and Greathouse (2005) (Fig. 17a),
whereas long-lived C2H6 is more sensitive to stratospheric circulation. Intriguingly, local
maxima between 10�-30�N observed in both species during northern winter by Cassini (2005-
2012, Guerlet et al., 2009; Sylvestre et al., 2015) have now been replaced by local minima
between 10� and 35�N during northern summer observed by JWST. This supports the idea
that wintertime subsidence has been replaced by summertime upwelling in this latitude
range (i.e., upwelling of hydrocarbon-depleted air from the lower stratosphere), associated
with the seasonal reversal of the inter-hemispheric Hadley cell (Friedson & Moses, 2012;
Bardet et al., 2022). This upwelling may provide an explanation for why MIRI observed
colder stratospheric temperatures in 2022 (Section 5.1) compared to Cassini in 2017.

–32–

Aerosols                                          NH3

   PH3 H2O

Equator                                    North Pole         Equator                                     North Pole

- Evidence for seasonal 
changes since Cassini in 
temperatures and winds 
(from N-winter to N-
summer)

- Evidence for two aerosol 
layers around 1-2 bar 
(NH3?) and 0.2-0.3 bar 
(photochemical haze?)

- No correlation between 
PH3, NH3 and H2O

Fletcher +23



JWST/MIRI mapping  of 29P/Schwassman-Wachman 1 in CO & CO2
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10 and 90. Owing to the uncertainties over the shape and orientation 
introduced in the 3D outgassing modelling, we estimated that there 
is about a 10% relative uncertainty (±1σ) over the production rates 
reported in Table 1.

Isotopic ratios
A notable aspect of the observed spectra of 29P, as shown in Fig. 1, is 
the clear identification of emissions for the 13CO2, 13CO, C17O and C18O 
isotopes across the coma. However, extracting isotopic ratios from 
these data is complex due to the strong opacity and the severe spec-
tral confusion affecting these emission bands. In the inner regions of 
the coma, where high local densities prevail, the atmosphere starts to 
become optically thick, which restricts the amount of solar radiation 
reaching the molecules. As we are measuring the solar pumped fluores-
cence, this reduction in solar flux leads to a reduction of the effective 
fluorescence efficiencies. Correcting for this effect is not trivial, as the 
local opacities are proportional to the integrated column densities 
for each isotopologue and the individual rotational-vibrational line 
intensities, which vary by orders of magnitude between isotopologues 
and across the coma. The fluorescence models in PSG correct for the 

effects of opacity at the rotational-vibrational line-by-line level, yet 
the model utilizes an approximation to quantify and correct for the 
solar pump attenuation at each line56,57. Employing an approximation 
to explore minute isotopic deviations can be challenging, especially 
in the inner coma, where high opacities prevail. As the atmosphere 
becomes optically thinner away from the nucleus, these effects  
are largely reduced but the weaker isotopic bands become harder to 
properly quantify and detect.

If we assume that the isotopic ratios are common across the whole 
coma, then by performing multi-band multi-isotopologue retrievals 
across the IFU maps while specifying a specific isotopic ratio, we can 
explore which sets of isotopic ratios lead to a greater agreement with 
the data. We, therefore, performed a statistical analysis over 49 binned 
3 × 3 spaxel regions and varied the isotopic ratios from a minimum of 
0.1 to 10 times the telluric isotopic ratios (‘Isotopic measurements’ 
in Methods). The analysis for 12C/13C in CO2 reveals that for 29P this 
ratio is consistent with telluric values within ±1σ of the distribution, 
as are 12C/13C and 16O/18O in CO. This analysis also showed that even 
though we can identify the 17O/18O signature in the observed spectra, 
the sensitivity is not sufficient to give a reliable quantification of that 
isotopic ratio. Specifically, our analysis showed that 12C/13C in CO2 
ranges between 65 and 353 (±1σ, telluric 89) and between 105 and 349 
(±1σ, when weighted for SNR), 12C/13C in CO ranges between 43 and 738 
( ± 1σ, telluric 89) and between 42 and 720 (±1σ, when weighted for 
SNR), and 16O/18O in CO2 ranges between 202 and 4,424 (±1σ, telluric 
500) and between 172 and 4,393 (±1σ, when weighted for SNR). These 
measured ranges do not reveal a substantial divergence from telluric  
isotopic values.

Discussion
Of the few known active centaurs, 29P is the most active and, therefore, 
the most studied. It has been observed for years with multi-wavelength 
and multi-instrument observing campaigns34,35,47,48,61–73, which have 
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Fig. 2 | Morphologies of the CO and CO2 outgassing jets. a,c, Maps of measured 
CO2 (a) and CO (c) column densities (m−2), divided by the inverse of the sky-plane 
projected distance form the nucleus 1/ρ (m−1), as retrieved with optically thick 
treatment in the fluorescence modelling in PSG56,57, in the 4–5 µm wavelength 
region. b,d, Maps of modelled CO2 (b) and CO (d) column density (m−2), divided 
by the inverse of the sky-plane projected distance from then nucleus, as the result 
of the 3D jet modelling (KAMJO), projected along the line of sight. e, Simulated 
view of the 3D jet modelling as seen from JWST. The strong dichotomy in the  

CO/CO2 abundance ratios may be suggestive of a heterogeneous nucleus 
structural composition, possibly associated with a bilobed nucleus, with one lobe 
formed in a region where CO was more efficiently converted into CO2 relative 
to the other lobe. The bilobed 3D image of the nucleus was created only for 
visualization purposes. ObsLat, observer latitude; ObsLon, observer longitude; 
PsAng, Sun’s position angle; Phase, solar phase angle; θ, azimuth; ψ, elevation;  
δ, half-opening angle of the jet.

Table 1 | CO and CO2 production rate (Q) and expansion 
velocities (vexp) of the jet components, which were 
ingested into the 3D KAMJO model to reproduce the 
two-dimensional JWST anisotropic outgassing observed  
for 29P

CO CO2

Frontal jet North jet Frontal jet North jet South jet

Q (s−1) 2.6 × 1028 1.8 × 1028 4.7 × 1026 0.7 × 1026 1.0 × 1026

vexp (m s−1)a 500 400 500 400 400
aExpansion velocity based on radio observations of 29P, as reported in the literature34,35,48.

The nucleus of 29P/SW1 is a bilobed object ( 1 CO + CO2-rich and 1 CO2 rich)  
with two distinct origins

Faggy + 24



Solar system studies in the FIR : The future
Present limitations:
• Interferometers (Alma/Noema…): Absence of flexibility, presence of ripples in the case of bright sources 
• JWST: Limited spectral range & resolution, absence of flexibility, no heterodyne spectroscopy available 
What to do next:

(1) Ground-based facility: a large single dish 
with heterodyne spectroscopy
- High dynamical range 
- High spectral resolution on large banswidths 

- > the European AtLAST project

(2) Space observatory: a 2-m cryogenic telescope 
between 25 and 300 µm (imaging, spectoscopy, 
polarimetry)
- Fills the gap between the JWST and ALMA with 
unprecedented sensitivity
- >  the PRIMA project, under Phase A at NASA 



Solar system studies with AtLAST
Access to the monitoring of transient/seasonal phenomena (Cordiner +24) 

•  3-D atmospheric dynamics on large planets
• Wind fields on planets and satellites
• Composition of exospheres on distant 

objects
• Mapping of comets

• Albedos and sizes of TNOs

Open Research Europe 2024- DRAFT ARTICLE

1 Scientific justification

Jupiter’s atmosphere is dominated by molecular hydrogen (H2) and helium (He), but contains many
additional minor – yet important – constituents. Trace species are created through hydrogen combi-
nation and chemistry induced via solar radiation, and make up less than 1% of Jupiter’s atmosphere
by volume. Of these, water (H2O), hydrogen sulfide (H2S), ammonia (NH3), and methane (CH4) are
significant for their role in the radiative balance of Jupiter’s atmosphere and the production of fur-
ther trace constituents. Some of these trace species are similar to gases produced in the atmospheres
of Saturn and Titan, and others are viable candidates for the coloring agents that give Jupiter’s
cloud tops their striking reddish-brown hues. Many of Jupiter’s trace gases – particularly hydro-
carbon (CXHY ) species – have been detected in the thermal infrared wavelength regime through
both ground- and space-based observations. After the impact of comet Shoemaker-Levy 9 (hereafter
SL9) into Jupiter’s mid-southern latitudes in 1994, additional trace gases were detected in the Jo-
vian stratosphere including carbon monoxide and dioxide (CO, CO2), hydrogen cyanide (HCN), and
carbon monosulfide (CS). These species have persisted in Jupiter’s stratosphere for over 20 years and
show distinct latitudinal variability [1]; thus the mixing of Jupiter’s atmosphere during major events
such as cometary impacts, and the resulting chemistry and distribution of disequilibrium species, are
important for the study of giant planetary atmospheres as a whole.

Here, we propose dedicated observations of Jupiter with the Atacama Compact Array
(ACA) and Total Power (TP) array to map trace hydrocarbons in Jupiter’s atmosphere
and search for additional undetected species that have been proposed to exist through
both Jovian photochemistry and the impact of SL9. Jupiter has been previously observed
using the 12-m Atacama Large Millimeter/submillimeter Array (ALMA), but primarily for the pur-
pose of mapping large atmospheric features. The first results of these observations, a characterization
of Jupiter’s atmospheric features during the Juno era, have recently been published (Fig. 1; [2]).
Additional projects sought to map H2O and minor stratospheric species detected since the advent
of SL9 (e.g. HCN; [1]). However, the exceptional spatial and spectral resolution of ALMA have
yet to be utilized in a search for additional, undetected molecules produced in Jupiter’s atmosphere
or injected through cometary impacts. In order to continue tracing the species generated by the
SL9 impact and better deduce to what extent Jupiter’s atmospheric composition can be used as a
record of impact history, we must investigate the full extent of minor atmospheric products produced
through high energy interactions or dredged up from Jupiter’s deeper atmosphere.

atmosphere are enhanced by a factor of 4 over the solar values,
and NH3 and H2S are enhanced by a factor of 3.2, and the
temperature–pressure (TP) profile follows an adiabat (typically
wet in zones, dry in belts), constrained to be 165 K at the 1 bar
level to match the Voyager radio occultation profile (Lindal
1992). At pressures 0.7 bar, the TP profile follows that
determined from mid-infrared (Cassini/CIRS) observations
(Fletcher et al. 2009).

As discussed in dP19, variations in the observed brightness
temperature can in principle be caused by variations in opacity
or by spatial variations in the physical temperature. They show
that variations in opacity are much more likely than changes in
temperature, and therefore, like in dP19, we attribute all
changes to variations in opacity. The latter authors also
investigated the effect on the brightness temperature due to
changes in the TP profile at and above the ammonia cloud
deck, as sensed at mid-infrared wavelengths. After changing
the TP profile at each latitude to that observed by Cassini/
CIRS (Fletcher et al. 2016), only small changes (varying from
zero to perhaps up to maximal 5 K in brightness temperature at
some latitudes) were seen near the center of the ammonia
absorption band, between 18 and 26 GHz (∼1.3 cm). At deeper
levels below the NH3 cloud, an equatorial thermal wind
analysis constrained by the Galileo Probe vertical wind shear
(Atkinson et al. 1998; Marcus et al. 2019) suggested that there
may be horizontal temperature variations of <3 K between the
equator and 7.5N. Our analysis of ALMA data did not consider
small horizontal temperature differences of this magnitude,
particularly as vertical wind shear cannot be measured in the
region of the SEB outbreak.

To examine the three-dimensional distribution of ammonia
gas, or more specifically to identify changes in this distribution
since 2013 December, we compare in Figure 7 the brightness

temperature of the 1–3 mm ALMA data with best-fit models to
the 2013–2014 VLA data (from dP19). We stress here that no
new models were produced; the existing models were merely
extended into the millimeter-wavelength range. Hence, as
in dP19, we ignored opacity by clouds. The latter authors
justified this assumption based upon disk-averaged spectra at
millimeter to centimeter wavelengths. They argued that if cloud
opacity were important, the brightness temperatures at milli-
meter wavelengths should be affected much more than in the
centimeter range, because the mass absorption coefficient is
inversely proportional to wavelength for particles that are small
compared to the wavelength (Gibson et al. 2005).
Figure 7 shows the zonal-mean brightness temperature

spectra of the ALMA data together with the corresponding
2013–2014 VLA data, superposed on the models that gave a
best fit to the 2013–2014 VLA data at the different latitudes.
For comparison, we show in all plots the best fits to the EZ
(cyan) and NEB (radio-hot belt; blue), while the best-fit VLA
models are shown in red. The 3 mm data, with a 2.5–3 times
lower spatial resolution, show lower limits to brightness
temperatures where maxima in Tb are measured and upper
limits where Tb minima are recorded. As shown, the ALMA
data show a near-perfect match to the red curves, except
perhaps at the highest latitudes. The brightness temperatures at
these high latitudes might be slightly too high, due to the bowl-
like structure under the planet as introduced by missing short
spacings (e.g., de Pater et al. 2001; dP19).
We note that particularly in the EZ (4°N), NTrZ (23°N), and

at latitudes 30°–40°N and S, the ALMA data match the VLA
models perfectly, which would corroborate dP19ʼs assumption
that clouds do not affect Jupiter’s brightness temperature at
millimeter to centimeter wavelengths. To check this statement,
we performed several RT calculations. These show that in the

Figure 2. (A) North–south scans through longitude-smeared ALMA and VLA maps. The scans were created by median averaging over 60° of longitude, centered on
the central meridian of each map, after reprojection on a longitude/latitude grid. Because a limb-darkened disk had been subtracted from the data, the background
level of each scan is centered near 0 K, as for the 224 GHz scan. The scans are offset for clarity by 10 K each, while each set is separated by 20 K. The spatial
resolution of the 3 mm maps is about 2.5 times lower than at 1.3 mm and the VLA maps, which lowers the feature contrast. The vertical dashed lines (at, e.g., the EZ,
SEB, NEB, and NTB) help guide the eye to line up features. The green line at the top is the (eastward) wind profile as measured from the HST data; the scale is given
on the right side. At the top, we show a slice through the HST image from Figure 4. (B) Longitude-smeared ALMA maps of Jupiter’s thermal emission at 1.3 and
3 mm (averaged over the entire Bands 6 and 3, respectively), and a VLA 3 cm map from dP19, after subtraction of a limb-darkened disk.
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atmosphere are enhanced by a factor of 4 over the solar values,
and NH3 and H2S are enhanced by a factor of 3.2, and the
temperature–pressure (TP) profile follows an adiabat (typically
wet in zones, dry in belts), constrained to be 165 K at the 1 bar
level to match the Voyager radio occultation profile (Lindal
1992). At pressures 0.7 bar, the TP profile follows that
determined from mid-infrared (Cassini/CIRS) observations
(Fletcher et al. 2009).

As discussed in dP19, variations in the observed brightness
temperature can in principle be caused by variations in opacity
or by spatial variations in the physical temperature. They show
that variations in opacity are much more likely than changes in
temperature, and therefore, like in dP19, we attribute all
changes to variations in opacity. The latter authors also
investigated the effect on the brightness temperature due to
changes in the TP profile at and above the ammonia cloud
deck, as sensed at mid-infrared wavelengths. After changing
the TP profile at each latitude to that observed by Cassini/
CIRS (Fletcher et al. 2016), only small changes (varying from
zero to perhaps up to maximal 5 K in brightness temperature at
some latitudes) were seen near the center of the ammonia
absorption band, between 18 and 26 GHz (∼1.3 cm). At deeper
levels below the NH3 cloud, an equatorial thermal wind
analysis constrained by the Galileo Probe vertical wind shear
(Atkinson et al. 1998; Marcus et al. 2019) suggested that there
may be horizontal temperature variations of <3 K between the
equator and 7.5N. Our analysis of ALMA data did not consider
small horizontal temperature differences of this magnitude,
particularly as vertical wind shear cannot be measured in the
region of the SEB outbreak.

To examine the three-dimensional distribution of ammonia
gas, or more specifically to identify changes in this distribution
since 2013 December, we compare in Figure 7 the brightness

temperature of the 1–3 mm ALMA data with best-fit models to
the 2013–2014 VLA data (from dP19). We stress here that no
new models were produced; the existing models were merely
extended into the millimeter-wavelength range. Hence, as
in dP19, we ignored opacity by clouds. The latter authors
justified this assumption based upon disk-averaged spectra at
millimeter to centimeter wavelengths. They argued that if cloud
opacity were important, the brightness temperatures at milli-
meter wavelengths should be affected much more than in the
centimeter range, because the mass absorption coefficient is
inversely proportional to wavelength for particles that are small
compared to the wavelength (Gibson et al. 2005).
Figure 7 shows the zonal-mean brightness temperature

spectra of the ALMA data together with the corresponding
2013–2014 VLA data, superposed on the models that gave a
best fit to the 2013–2014 VLA data at the different latitudes.
For comparison, we show in all plots the best fits to the EZ
(cyan) and NEB (radio-hot belt; blue), while the best-fit VLA
models are shown in red. The 3 mm data, with a 2.5–3 times
lower spatial resolution, show lower limits to brightness
temperatures where maxima in Tb are measured and upper
limits where Tb minima are recorded. As shown, the ALMA
data show a near-perfect match to the red curves, except
perhaps at the highest latitudes. The brightness temperatures at
these high latitudes might be slightly too high, due to the bowl-
like structure under the planet as introduced by missing short
spacings (e.g., de Pater et al. 2001; dP19).
We note that particularly in the EZ (4°N), NTrZ (23°N), and

at latitudes 30°–40°N and S, the ALMA data match the VLA
models perfectly, which would corroborate dP19ʼs assumption
that clouds do not affect Jupiter’s brightness temperature at
millimeter to centimeter wavelengths. To check this statement,
we performed several RT calculations. These show that in the

Figure 2. (A) North–south scans through longitude-smeared ALMA and VLA maps. The scans were created by median averaging over 60° of longitude, centered on
the central meridian of each map, after reprojection on a longitude/latitude grid. Because a limb-darkened disk had been subtracted from the data, the background
level of each scan is centered near 0 K, as for the 224 GHz scan. The scans are offset for clarity by 10 K each, while each set is separated by 20 K. The spatial
resolution of the 3 mm maps is about 2.5 times lower than at 1.3 mm and the VLA maps, which lowers the feature contrast. The vertical dashed lines (at, e.g., the EZ,
SEB, NEB, and NTB) help guide the eye to line up features. The green line at the top is the (eastward) wind profile as measured from the HST data; the scale is given
on the right side. At the top, we show a slice through the HST image from Figure 4. (B) Longitude-smeared ALMA maps of Jupiter’s thermal emission at 1.3 and
3 mm (averaged over the entire Bands 6 and 3, respectively), and a VLA 3 cm map from dP19, after subtraction of a limb-darkened disk.
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HST

Figure 1: Jupiter as observed by the Hubble Space Telescope in April, 2017 (left), and ALMA from
May, 2017 at 1.3 mm (center) and 3 mm (right). Image credits: (left) NASA, ESA, A. Simon;
(center, right) [2].

In addition, these observations will help to provide global context to the recent Juno
spacecraft, whose mission has been extended until 2021. The Jovian Infrared Auroral Map-
per (JIRAM) and Microwave Radiometer (MWR) instruments onboard Juno provide high spatial

1

Figure 2. HST (left) and longitude-smeared ALMA (center, right) observations of Jupiter from de Pater et al. [59] (used
with permission). The ALMA observations show data after the subtraction of a limb-darkened disk model, enabling the
high contrast (Æ 10 K) differences in brightness temperature between Jupiter’s zonal structure to be easily observed.

T. Cavalié et al.: First direct measurement of auroral and equatorial jets in the stratosphere of Jupiter

Fig. 3. Jupiter’s UV aurora and stratospheric HCN winds. This composite image shows the LOS wind velocities (in m s�1) derived from the
ALMA observations and the statistical emission of the aurorae (Clarke et al. 2009) in the configuration of the ALMA observations. The northern
and southern aurora regions are best seen in the dedicated zoomed-in quadrants. The M = 30 footprints of the magnetic field model from
Connerney et al. (2018) are good markers of the positions of the main ovals as seen by Juno-UVS (Gladstone et al. 2017) and are plotted in
orange. The white ellipses indicate the spatial resolution of the ALMA observations. The directions of the strongest winds in the equatorial and
auroral regions are indicated with the red � and � symbols.

was expected to be close to tangential to the limb on its poleward
edge (see Appendix F and Fig. F.1). It is thus no surprise that
we find no clear evidence of the jet on the northern edge of the
oval. Within the framework of our simplified model, assuming a
300 m s�1 counterrotation wind inside the northern oval nonethe-
less provides a good fit to the measured wind speeds poleward
of 55�N on the western limb where the northern oval was rising
(see Fig. E.1). Finally, despite the northern aurora being located
on the western side, mostly behind the terminator, we see a broad
signal on the eastern limb at polar latitudes with an average LOS
velocity of about +100 m s�1, for which we lack a clear expla-
nation. A more favorable observation geometry of the northern
polar region is thus required to improve our understanding of the
stratospheric circulation in this region.

6. Discussion

The branch of the northern auroral jet we tentatively detect lies
below the electrojet discovered at p< 1 µbar from infrared obser-
vations of H+3 emission by Rego et al. (1999) and further con-
strained by Stallard et al. (2001) and Johnson et al. (2017). This
electrojet has a near-to-supersonic velocity of �1�2 km s�1 and
is in counterrotation along the main oval (Stallard et al. 2001,
2003). Achilleos et al. (2001) showed that the H+3 ions could
accelerate the neutrals by up to 60% of their velocity through
collisions between the ionosphere and the thermosphere in the
ionization peak layer (0.07�0.3 µbar). The upper limit set by
Chaufray et al. (2011) of 1 km s�1 on the velocity of a corre-
sponding H2 flow confirmed a smaller neutral wind velocity,
in agreement with our findings. Benefiting from ideal viewing
conditions (sub-Earth latitude of 0.2�N), Rego et al. (1999) also
detected a similar counterrotation electrojet on the main south-

ern oval. Models by Majeed et al. (2016) and Yates et al. (2020)
predict that neutrals have higher velocities below the southern
oval than below the northern one. Although we find relatively
similar velocities underneath the two ovals, our detection in the
northern oval remains tentative such that we cannot conclude on
the relative magnitude between the two auroral jets. This par-
ticular point thus needs to be confirmed with new observations.
Majeed et al. (2016) and Yates et al. (2020) also predict that the
southern jets are expected to disappear around the µbar level. On
the contrary, our data demonstrate that the neutrals are still flow-
ing with a substantial counterrotation velocity at the sub-millibar
level below the southern oval (and probably also below the north-
ern one), that is, �900 km below the corresponding ionospheric
winds of Rego et al. (1999) and 100�500 km below the tentative
H2 flow of Chaufray et al. (2011). Despite the strong signal-to-
noise limitations of our CO observations at 3 mbar, we find that
the southern auroral jets are at least twice slower in the millibar
range than at sub-millibar levels, possibly disappearing between
the sub-millibar and the millibar levels.

The detection of these auroral vortices down to the sub-
millibar level may bear crucial implications for Jovian atmo-
spheric chemistry. The photolysis of CH4 at the µbar level
triggers the production of more complex hydrocarbons. The
addition of energetic magnetospheric electrons, which are more
abundant in the auroral region than anywhere else on the planet
(Gérard et al. 2014), further favors this complex ion-neutral
chemistry (Wong et al. 2003). The presence of auroral vortices
down to the sub-millibar level could confine the photochemi-
cal products within this region by preventing the mixing of the
material inside the oval with the material outside, thus increas-
ing the production of heavy hydrocarbons and aerosols. Auroral
chemistry probably increases the production of C2 species, as
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B. Benmahi et al.: First absolute wind measurements in Saturn’s stratosphere from ALMA observations

Fig. 9. Zonally averaged eastward winds from CO and HCN observa-
tions compared with the García-Melendo et al. (2011) measurements.
The eastward winds for HCN and CO are obtained by averaging the

winds between the two limbs of the planet, i.e.
ueast
� �uwest

�

2 where u� is the
zonal component of the wind speed at the limb.

Fig. 10. Averages of the zonal wind speed in the broad eastward equato-
rial jet between 10�S and 10�N, excluding latitudes between 3�S and 3�N
from the Cassini/VIMS, Cassini/ISS (CB and MT filters), and ALMA
(CO and HCN) data.

at the equator in the latitude range from 3�S to 3�N. Compared
to the average winds of the large equatorial jet that spans between
20�S and 25�N, this narrow jet is relatively weak in CB obser-
vations at 350–500 mbar pressure, but it is very intense in MT
observations at 60–250 mbar pressure (Fig. 9). Our CO observa-
tions between 0.1 mbar and 20 mbar do not reveal any sign of a
narrow intense jet at the equator. This is quite surprising as we
expected to detect this peak which could be related to the SSAO.

That we do not see any evidence for such a peak superim-
posed over the broad eastward jet in the CO data may simply
result from the large vertical extent of the CO wind contribu-
tion function (Fig. 5), which may cancel any contribution of the
SSAO by encompassing opposite phases of the SSAO. Interest-
ingly, the HCN wind contribution function is more peaked than
the CO one (around the peak level), and looking carefully at the
HCN wind profile (Figs. 8 and 9), we detect a narrow local min-
imum in the velocities between 5�S and 1�N, with a negative
amplitude of �50± 20 m s�1 with respect to the average between
10�S and 10�N shown in Fig. 10. This is consistent with the order
of magnitude of the SSAO peaks, according to Guerlet et al.
(2018).

4.3. Northern hemisphere mid-latitudes

Between 25�N and 60�N, we find tentative evidence for the
first time of a global westward wind with an average speed of
–50± 30 m s�1 in both limbs from the CO data (Fig. 9). More-
over, our HCN and CO wind measurements show that the
tropospheric eastward jet seen at 42�N (Fig. 9) has completely
vanished in the stratosphere. We also find westward velocities
with HCN between 25�N and 50�N, but only marginally. It is
noteworthy that some of the only features that could be tracked
in Saturn’s stratosphere were the hot vortices, nicknamed the
beacons, that were formed in the stratosphere following Saturn’s
Great White Spot of 2010–2011. Fletcher et al. (2012) notably
found that the post-merger beacon had a westward motion of
1.6± 0.2� per day (i.e. �–15 m s�1 at �35�N). These observations
are thus consistent with the average wind obtained in this latitude
range from our data.

In Fig. 8, the eastward and westward peaks seen in the HCN
winds at 61�N, 55�N, 50�N, and 45�N at the western limb and
at 55�N, 59�N, and 67�N at the eastern limb, and that have
amplitudes exceeding 100 m s�1 do not correspond to a zonal cir-
culation because they do not have a symmetrical counterpart on
the other limb. In this latitudinal range in the troposphere, the
dynamics are often perturbed by the presence of vortices and
other instabilities due to meridional shear of the upper tropo-
spheric jets at mid-latitudes (see Trammell et al. 2014). Above
this pressure level, in the stratosphere, and at these latitudes,
the question is whether a circulation similar to that observed
by Trammell et al. (2014) in the upper troposphere occurs and
whether or not a 150 m s�1 velocity is realistic for these hypo-
thetical eddies. This could explain our results of non-zonal peaks
in the eastern and western limbs around 60�N. In Fig. 9, the
peaks around 60�N and 65�N, both slightly around 100 m s�1,
are not significant because they result from the average of the
non-zonal peaks (see Fig. 8) at 61�N in the western limb and
55�N, 59�N, and 67�N in the eastern limb. Waves are another
candidate for non-zonal wind components. For instance, obser-
vations of the hexagonal wave structure at 78�N by Antuñano
et al. (2015) showed a perturbation of 30 m s�1 in the upper
troposphere, which seems to be consistent with a �0.5 K ampli-
tude in the tropospheric thermal structure (as determined from
Cassini/CIRS by Fletcher et al. 2018). By extrapolation, a
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Fig. 3. Retrieval results. Left: retrieved best-fitting wind profiles for CO (red line) and HCN (blue line) measurements, using a fourth-order
polynomial. Red and blue shadowed regions contain the ensemble of good fits according to the �2 criterion from Eq. (3). The semi-transparent
grey rectangle indicates the unobservable northern latitudes. The solid black line shows the sixth-order fit to Voyager’s cloud-tracking winds
(Sromovsky et al. 1993). Right: wind variations with altitude at the equator, 20�S and 70�S, both for our measurements and for a set of references
in the literature (see Sect. 5 for details). Cloud-tracking winds from Fitzpatrick et al. (2014) and Tollefson & Pater (2018) are not shown at 70�S
as they have uncertainties of about 1000 m s�1. Winds from Fletcher et al. (2014) do not correspond to a direct measurement, but to the computed
thermal wind equation applied to a reanalysis of the 1989 IRIS/Voyager data (dashed grey lines) and to 2003 Keck data (dashed cyan lines).

Our equatorial wind is about 200+100
�80 m s�1 less intense than

the Voyager reference. Assuming nominal probed levels of
�1 mbar and �1 bar, respectively, this indicates a +70+30

�20 m s�1

wind shear per pressure decade (or �u/�z = +30 ± 10 m s�1

per scale height), where the positive sign is related to the retro-
grade wind direction. At 70�S, our winds are about 70+180

�170 m s�1

less intense than Voyager’s. We find a much smaller wind shear
at 70�S, although the uncertainties are larger than for equato-
rial winds: �20 ± 60 m s�1 per pressure decade (or �u/�z =
�9 ± 25 m s�1 per scale height). Our results compare well with
the estimates from French et al. (1998, their Fig. 11b), who
studied the wind-shear between Voyager’s cloud-tracking winds
(which they assumed at 100 mbar) and their occultation data at
0.38 mbar. French et al. (1998) determined a wind shear of about
+30 m s�1 per scale height at the equator and �15 m s�1 per scale
height at 70�S.

In contrast, cloud-tracking measurements from
Tollefson & Pater (2018) appear somewhat at odds with
our estimated wind shear, as their H-band measurements –
assumed by the authors to probe deeper levels – indicate less
intense winds than the K� band. Tollefson & Pater (2018)
assumed that the H-band (resp. K�) winds probe the 1–2 bar
(resp. 10–100 mbar) level. This led them to an inverted wind
shear, with the equatorial winds becoming more intense with
increasing altitude. The authors attempted to explain this behav-
ior by invoking a thermal-compositional wind equation that
accounts for density changes associated to latitudinal variations
of the methane abundance. We find that such an approach is not
warranted according to our results. Furthermore, the absolute
sounded pressures are uncertain and highly model-dependent

and both bands might not be probing such di�erent pressure
levels (Tollefson & Pater 2018, Fig. 16 therein). Similarly,
Fitzpatrick et al. (2014) found di�erences among their cloud-
tracking H- and K�-band winds. The pressure levels of the
observed clouds are also uncertain in this case, with both H-
and K’-band clouds spanning pressure levels between 0.1 and
0.6 bar (Fitzpatrick et al. 2014, Fig. 11 therein).

In itself, the consistency of our direct wind measurements
with thermal wind calculations does not highlight a particular
mechanism responsible for the wind decay with altitude; namely,
the thermal wind equation simply states a balance between ver-
tical wind shears and temperature meridional gradients. The
wind decay reported here indicates a drag source, which could
be the propagation and breaking of gravity and/or planetary
waves (common in planetary stratospheres), although this has
to be tested in dynamical simulations. On Saturn and Jupiter,
interactions between vertically-propagating waves and the mean
zonal flow drive the strong acceleration and deceleration of
the stratospheric equatorial zonal flow (e.g., Cosentino et al.
2017; Bardet et al. 2022). Wave-breaking as a source of friction
was also hypothesized by Ingersoll et al. (2021) to maintain the
stacked circulation cells in Jupiter’s upper troposphere.

Our measurements open up a new window on the study of
Neptune’s stratospheric dynamics. In addition, our findings pro-
vide useful information for general-circulation modelling studies
(Liu & Schneider 2010; Milcareck et al. 2021), which require
observations to compare with the numerical simulations. Never-
theless, our wind measurements remain modest in precision, as
a result of combined limited integration time and low spatial res-
olution. Future dedicated observations, possibly combined with
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Figure 3. (Left) Jupiter zonal wind velocities derived from ALMA observations of HCN at ⇠ 100 resolution (color
map); ultraviolet auroral emission at the south pole is also shown [37, 31]. (Center) Zonal wind speeds as a function of
latitude in Saturn’s stratosphere from Benmahi et al. [9], compared to winds from Cassini imaging. (Right) Comparison
of ALMA wind speed measurements of Neptune from CO and HCN emission lines compared to Voyager cloud tracking
measurements [20]. Images used with permission from their respective copyright holders.
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Saturn’s winds (Benmahi +22)
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Figure 2. Integrated emission (or ‘moment 0’) maps of Titan’s CH3D (A), CH3CN (B),
and continuum (C) spectra. Panels (A) and (B) correspond to the emission integrated over
the spectral transitions shown in Fig. 1. The synthesized ALMA beam size (FWHM of the
ALMA PSF) is shown as the hatched ellipse in the lower left; Titan’s solid surface, latitude
and longitudes are shown (solid and dashed blue lines). Contours are in increments of 1�
(A) and 10� (B). Spectra were extracted for radiative transfer modeling at 20� latitude
bins as displayed on the continuum emission map in panel C (yellow squares), and the
corresponding area representing the ALMA beam foot-print used to generate synthetic
spectra from these individual regions on Titan’s limb are shown (yellow ellipses). Altitudes
of 150 km and 1200 km above Titan’s surface are denoted by dotted and dashed blue circles,
respectively, on the continuum map.

Titan-CH3CN

CH3CN on Titan (Thielen +23)
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Figure 6. Contour maps of molecular line emission from in comets S1/ISON and F6/Lemmon using ALMA with a beam
size of ⇠ 0.500. Contour intervals in each map are 20% of the peak flux (the lowest, 20% contour has been omitted
from panel (c) for clarity). On panel (b), white dashed arrows indicate HNC streams/jets. The peak position of the
(simultaneously observed) 0.9 mm continuum is indicated with a white ‘+’. See [46] for further details. Multi-beam
mapping studies with AtLAST would dramatically improve our knowledge of cometary compositions and gas production
processes on larger coma scales (up to several arcminutes).

Figure 7. Broadband spectral model of a comet at 1 au from the Sun and Earth observed using a 50 m diameter
telescope in the 1 mm band. We assume a typical cometary gas production rate of Q(H2O) = 1029 s�1, spherically
symmetric outflow velocity of 0.8 km s�1 and rotational temperature of 60 K. Molecular abundances are the average of
previously observed cometary values [60, 15].

Figure 8. Left: Simulated HDO line strengths in a typical (moderately bright; Q(H2O) = 1029 s�1) comet at 1 au from
the Earth and Sun, with average cometary HDO/H2O ratio [117], using a diffraction-limited 50 m telescope beam size.
The strongest HDO line in AtLAST’s frequency range is highlighted, which is much stronger than the cometary HDO
lines observed previously in the (sub)millimeter band. Right: Simulated HDO 894 GHz map and spectral extract from
the central pixel. The 1.400 AtLAST beam FWHM is shown lower left.
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H2CO in Comet Lemmon (Cordiner +14)
Figure 15: Profiles inferred in this work (solid lines), compared to the model of Lavvas et al. (2021, dashed lines). For
CH3CCH, CH3CN, and HC3N, arrows indicate upper limits on profiles rescaled from Lavvas et al. (2021).

atmosphere (being most directly visible from the layered structure of hazes; Cheng et al., 2017) and their
contribution to the heat budget of Pluto’s upper atmosphere should also be assessed.

In summary, we suggest that the spatial variations of the HCN emission point to enhanced HCN
abundances at low vs high latitudes, perhaps combined with some temperature variations in the upper
atmosphere, but recognize we are at loss to propose a satisfactory explanation for them.

6.2.3. HNC detection and upper limits on other compounds: comparison to photochemical models

Fig. 15 summarizes our findings on the other minor compounds HNC, CH3CN, CH3CCH and HC3N.
For HNC, the suite of step-wise models determines a column density of ∼1×1013 cm−2 within a factor of
2, and the best guess HNC profile, rescaled from our determined HCN distribution, has an HNC column
density of (7.1±2.0)×1012 cm−2. These numbers are very similar to the HNC column in Titan, (0.6–
1.5)×1013 cm−2 from Moreno et al. (2011) and 1.0×1013 cm−2 in the best fit model of Lellouch et al.
(2019). Furthermore, Pluto’s atmosphere HNC/HCN ratio, 0.095±0.026 in our preferred model, is strik-
ingly comparable to that in the HNC and HCN production region near 1000-1200 km in Titan’s at-
mosphere, both in limb-resolving disk observations of Lellouch et al. (2019) and in the photochemical
models of Hébrard et al. (2012), Dobrijevic et al. (2016) and Vuitton et al. (2019). The first of these
models considered only neutral production of HNC, while the latter included ion-neutral chemistry, with
the dissociative recombination of HCNH+, as initially proposed by Petrie (2001), representing a signifi-
cant source of HNC. In contrast, the Lavvas et al. (2021) model overestimates the HNC column density
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HCN & HNC on Pluto (Lellouch +22)
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Comets and the origin of terrestrial water (Lis +23) 
Objective: to measure D/H in a large sample of comets to 

understand the D/H distribution among different types of comets 
and better constrain the link to the origin of terrestrial water
      Method: Observation of optically thin HDO & H2

18O lines
     Large program, 30 comets, FIRESS, R = 4400 @ 112µm
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 Objective: constrain the destruction & accretion mechanims 
in the Kuiper belt formation
 Method: thermal survey of KBOs  at 100 µm to determine the 
size+albedo of  about 200 objects in the 35-80 µm range
    Large program, PRIMAger  maps in hyperspectral band 2A
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Figure 2: D/H ratio in water in the Solar System (from the Origins Mission Concept Study Report after Altwegg et al. 

2015). Cometary D/H ratios vary between 1 and 3 times VSMOW, in both Oort Cloud and Jupiter Family comets. The 
blue disk marks the first ALMA measurement in the V883 Ori disk (Tobin et al. 2023). 

The outer asteroid belt is a natural reservoir of icy bodies in the Solar System. Most C-type 
asteroids show hydrated silicate absorption features. Models suggest that buried ice can persist 
within the top few meters of the surface over billions of years (Schorghofer 2008), and Dawn 
observations (Raponi et al. 2018) showed that water ice can accumulate in permanently shaded 
areas of craters. Main-belt comets (Hsieh & Jewitt 2006) constitute a separate class of intrinsically 
icy bodies in the outer Asteroid belt, in which water outgassing was only recently reported using 
JWST (Kelley et al. 2023).  

Comets have formed and remained for most of their lifetime at large heliocentric distances. 
Therefore, they contain some of the least-processed, pristine ices remnant from the Solar Nebula 
disk. Due to the presence of gaseous atmospheres, their composition can be studied through 
remote sensing. Numerous complex molecules have been identified in comet 67P by Rosetta and 
the derived composition of cometary ices is very similar to low-mass star-forming regions, 
suggesting formation in the pre-solar cloud or in the cold outskirts of the Solar Nebula 
(Drozdovskaya et al. 2019).  

Cometary D/H ratios span a wide range (Figure 2) linked to the significant mixing of bodies from 
different regions in the Solar System caused by giant planet migration. It has also been suggested 
that a substantial fraction of Oort Cloud comets might have been captured from other stars in 
Sun’s birth cluster (Levison et al. 2010). The variations in D/H ratio are currently interpreted as 
being the result of isotopic exchanges with D-poor gases (H2, OH) in the hot, inner regions of the 
young solar nebula, combined with turbulent mixing (Ceccarelli et al. 2014). However, 
paradoxically, the high D2O/HDO ratio measured in comet 67P suggests that cometary water is 
largely unprocessed and was formed on grains in the presolar cloud (Altwegg et al. 2017).  

Size distribution in the Kuiper Belt   Arielle Moullet 
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● provide an independent constraint to the Kuiper Belt SFD in the 35–100 km range. 

● verify or improve the appropriateness of albedo-assumptions used in optical surveys, 
making the optically derived SFDs much more robust. 

Together those constraints will facilitate a more meaningful comparison of the Kuiper Belt SFDs 
with formation models will help to understand the respective historical roles of accretion and 
collisions. 

A separate science question that can be obtained on the largest targets is the presence of 
inhomogeneous surface features, which are known to be present on large KBOs, but whose 
presence of targets <100 km is not confirmed, possibly revealing geologically linked thermal 
structures and anomalies. Rotational monitoring with optical photometry provides similar 
accuracy but does not allow to disentangle size projection effects from surface features. 

 
Figure 1: Adapted from Shankman et al., 2016: Cumulative distribution of KBOs scattered population as a function 

size (red - based on OSOSS observations) compared to three modeled distributions. Albedo assumption is 5% for all 
bodies. 

Instruments Required: 
PRIMAGer small maps in hyperspectral band 2A. 

Program Size:   
● Large (100 + hr) 

Approximate Integration Time: 
Kuiper-Belt Objects as observed by PRIMA are point-sources, well below 0.1” in equivalent 
apparent angular size, and we require a SNR of ∼10 on the detection to be able to constrain size 
to a meaningful level, especially considering modeling uncertainty on the top of measurement 
noise. 

D/H in the outer solar system

Cumulative 
distribution of 
scattered KBOs from 
optical 
measurements
(assumed albedo, 
0.05)
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Preferred capabilities for the future 

(1) Ground-based facility: a large single dish with heterodyne spectroscopy
(2) Space observatory: a 2-m cryogenic telescope between 25 and 300 µm
 (imaging, spectoscopy) : FIRESS, R= 4400 @ 112 µm ; PRIMAger, 2A band


