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Demonstrate current 
observational capabilities
Selected recent results:
• Lunar water
• Winds on Jupiter
• Phosphine on Venus
• Comets
• Occultations

2

OUTLINE



Apollo samples: 
Initial analysis showed no minerals containing water
Advances in instrumentation 4 – 46 ppm H2O

2009: Independent detections of the 3 µm hydration band 
by Chandrayaan-1, Deep Impact, and Cassini –
widespread, shows variations with latitude, temperature, 
and lunar time

The 3 µm band (symmetric and asymmetric stretch of the 
OH bond) cannot distinguish between water and hydroxyl

Differences in the center wavelength and band shape, 
dependence on the mineral composition, surface 
properties, etc. 

The H2O bending vibration at 6.1 µm is unique to water 
molecules
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LUNAR HYDRATION

Boogert et al. 2015, ARAA

Observations of the Icy Universe; ARAA 53 (2015; accepted), v. 05/05/2015 5

Figure 1: Overview of the strongest ice and dust features in the MYSO AFGL 7009S

(Dartois et al., 1998). The calculated spectrum of pure H2O ice spheres at 10 K is

shown (dashed line) to indicate the multiple H2O bands.

2.1 Ice Mapping

Most ice features are detected as pure absorption bands against infrared continuum

point sources. Studies of the spatial variations of the ice properties are therefore

relatively rare, yet very powerful. They often rely on the presence of many point

sources (usually infrared-bright giants) behind clouds (e.g., Taurus; Murakawa et al.

2000). The envelope of a Class 0 YSO was mapped using background Class II LYSOs

(Pontoppidan et al., 2004), and of a dense core using Class I/II LYSOs (Pontoppidan,
2006). Ice mapping is however also possible if the background emission is extended

by scattering from dust in any disk, envelope, or outflow cone (Harker et al., 1997;

Spoon et al., 2003; Schegerer & Wolf, 2010). In addition, scattering by large grains

enhances the short-wavelength wing of the 3.0 µm H2O band (§4.1; Pendleton et al.

1990), which enables mapping of ices in reflection nebulae. This has rarely been

done. Similarly, the lattice modes (∼ 25-300 µm; §4.5) are suited for ice mapping.

They are the only ice bands that may appear in emission, because, in contrast to

the intra-molecular modes, their excitation energy is below the binding energy of the

ices.



Visible and NIR imaging spectrometer (JPL), 0.43–3 µm, 260 
channels; 70 m resolution

Absorption features at 2.8 – 3 µm, near the poles, attributed to 
hydroxyl or water-bearing materials
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CHANDRAYAAN-1 -- MOON MINERALOGY MAPPER (M3)

Pieters et al. 2009

The M3 3-mm data clearly indicate that a
minor hydrated phase or hydration process
occurs on the lunar surface. This finding could
imply that the Moon contains primary hydrated
mineral phases that are uncommon in the lim-
ited Apollo, Luna, and lunar meteorite col-
lections. These unsampled phases might be
endogenic to the Moon and freshly exposed by
craters in ancient highland terrain, or they may
form during an impact event by a water-bearing
comet or asteroid. On the other hand, H2O and
OH species might also be continuously created
when solar-wind protons interact with the
oxygen-rich surfaces during the formation of

lunar soil particles. In addition, fresh broken
surfaces and soil grains may readily react with
protons from the solar-wind, forming strong
surficial OH bonds. Either of these may be
highly dependent on the temperature and solar-
illumination environment. The differences described
between LP-NS hydrogen abundance andM3 3-mm
band depth (linked toOH/H2O abundance) imply
that the M3 detection of OH/H2O species is dis-
tinctly surface-correlated (i.e., linked to the upper
few millimeters of the lunar regolith), but not sub-
stantially deeper. Thus, surficial processes involv-
ing the solar-wind are the most likely explanation
of our observations.

The process for producing OH/H2O on the
Moon may provide an ongoing mechanism for
delivery of these volatile elements to cold traps
in the polar permanently shadowed regions. Per-
haps most importantly, harvesting the lunar reg-
olith for volatiles now becomes a serious option
for long-term human activities.
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Fig. 4. M3 data taken two months
apart during morning (A) [optical
period 1 (OP1)] and afternoon (B)
[optical period 2 (OP2)] solar illumi-
nation. The large 30-km Chadwick
crater is located on the farside at
258.7°E, 52.7°S. Spectra in panel
(C) are scaled reflectance for areas
1 and 2, relative to a local area of
strong solar illumination that exhib-
its a relatively weak 3-mm band in
the scene (this reference location
varies with geometry). Background
soil region 2 (50 by 50 pixels) ex-
hibits a moderately weak and con-
sistent 3-mm band strength. Region
1 within the crater (20 by 20 pixels)
exhibits a more prominent apparent
band strength, perhaps sensitive to
solar illumination. Black boxes in
(A) and (B) (50 by 15 pixels) indi-
cate that the reference area selected
for spectral ratios.

Fig. 3. (A) Scaled reflec-
tance spectra forM3 image
strip M3G200902005T-
150614. All spectra are
7-by-7–pixel averages,
and no thermal emission
has been removed to al-
low the measured flux to
be compared. The stron-
gest detected 3-mm fea-
ture (~10%) occurs at
cool, high latitudes, and
the measured strength
gradually decreases to
zero toward mid-latitudes
(where thermal emission
is necessarily less well
constrained by M3). At
lower latitudes (18°), the
additional thermal emis-
sion component becomes
evident at wavelengths
above ~2200 nm (14, 15). (B) Model near-infrared reflectance spectra of H2O
and OH applicable for lunar comparisons. These spectra are highly dependent
on physical state. A model of a thin layer of H2O water (red) and ice (blue) on a
10% reflective surface equivalent to ~1000-ppm abundance is distinct from

anorthite (green) and a lunar glass analog (black). The shaded area extends
beyond the spectral range of M3. Calculations are based on optical constants
from (27–29), assuming no scattering in the H2O or OH and with a 100-mm
path length within the substrate.
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Orange and pink: iron-bearing minerals. 
Green: 2.4 µm surface brightness.

Blue: OH and H2O.



FORCAST targets: two sunlit locations
◦ A high southern latitude region near Clavius

crater (high total water abundance in the M3

data) 
◦ A low-latitude portion of Mare Serenitalis (control 

region with little or no water)
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Extended Data Fig. 1 | Location map. LRO WAC Image of the Moon with the slit location of the mare reference and Clavius overlaid.

NATURE ASTRONOMY | www.nature.com/natureastronomy

LETTERSNATURE ASTRONOMY LETTERSNATURE ASTRONOMY

Extended Data Fig. 6 | Zoomed Clavius map. Left: Image of Clavius crater from quickmap that show the visible image with the SOFIA slit areas show by 
the white box. Right: The same image of Clavius crater but with the Clemintine UVVIS color ratio overlaid to highlight compositional variations. The SOFIA 
slit intersects Tycho crater ejecta at lower latitudes.

NATURE ASTRONOMY | www.nature.com/natureastronomy

Tycho
SOFIA OBSERVATIONS

Honnibal et al. 2021



Strong 6 µm emission at Clavius crater 
and surrounding terrain relative to the 
control location near lunar equator
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estimates are lower limits because the lunar mare equatorial site 
was used as the reference (hereafter referred to as the mare refer-
ence) and any water present there would have been removed from 
the Clavius data during the calibration process (see Methods). The 
error in abundance is about 80 µg g−1 H2O based on the statistical 
noise in the data, and including errors from the uncertainty in lunar 
emissivity used in the calibration (see Methods).

An outstanding problem since the discovery of the 3 µm absorp-
tion is how much of that feature is due to molecular water and how 
much is due to hydroxyl. At present, the 3 µm band cannot be used 
to distinguish between molecular water and hydroxyl. To begin 
to understand the relative abundances of water and hydroxyl, we 
directly compare our molecular water abundances with total water 
abundances (OH + H2O) derived from the Moon Mineralogy 
Mapper (M3) for the regions sampled by the SOFIA FORCAST slit in 
Fig. 3. We note that there has been disagreement regarding the distri-
bution of total water based on removal of thermal emission from M3 
data. For example, three studies7,10,11 report decreases in band depth 
and total water content towards the equator, whereas one study12 used 
a different data reduction approach and reported no drop in band 
intensity towards the equator. All four groups, however, agree on high 
band depths at high latitudes where emitted radiance is lowest, lend-
ing confidence to the total water abundances in the Clavius region 
reported by Li and Milliken7. This agreement provides support for 
our derived abundances using 6 µm observations due to the similar 
abundances in total water from M3 and molecular water from SOFIA.

The abundances estimated from SOFIA all fall within 1σ of the 
M3 data, however, the trends of total water from M3 and molecular 
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Fig. 1 | Lunar 6!µm emission bands. Spectra of the Clavius region show a strong 6!µm emission band, indicating the presence of H2O at the locations noted 
in the top right corners (Clavius frame numbers are noted in the top left corners). Abundances derived from these spectra range from 100 to 400!µg!g−1 
H2O. Abundance and location information can be found in Supplementary Tables 1 and 2. The error bars indicate 1σ uncertainty.

0

0.2

0.4

0.6

0.8

1.0 Moon

Crystalline hydrates

Meteorite

MORB

N
or

m
al

iz
ed

 fr
eq

ue
nc

y

Band centres (µm)

5.7 5.8 5.9 6.0 6.1 6.2 6.3 6.4

Fig. 2 | 6!µm band centre frequency distribution. 6!µm band centres of the 
lunar, meteorite and MORB spectra and the observed centre position of 
H–O–H of crystalline hydrates from Falk6. The meteorite and MORB data 
are shown as ranges and have sample sizes of 4 and 5, respectively.
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SOFIA OBSERVATIONS Abundance vs latitude, SOFIA and M3

LETTERSNATURE ASTRONOMY

water from SOFIA with latitude are different. In the lower-latitude 
SOFIA data below about 65°, both our data and M3 lie on the ejecta 
blanket of Tycho crater. Both total water and molecular water show 
relatively constant values, with SOFIA abundance estimates around 
300 µg g−1 H2O and M3 total water estimates around 200 µg g−1 H2O. 
Off Tycho’s ejecta towards the south, M3 total water values steadily 
increase from about 200 to about 400 µg g−1 H2O, whereas SOFIA 
molecular water abundances are constant around 200 µg g−1 H2O. 
The observed trend with latitude in this specific region may be due 
to the local geology rather than a general global phenomenon (see 
Methods). The cause of the differences in the spatial distribution of 
abundances is not clear. The two wavelength regions are not prob-
ing precisely the same portions of regolith grains and depths in the 
regolith; these differences may therefore reflect variations in the 
location of hydroxyl and molecular water in the regolith grains. For 
example, the depths of the 3 and 6 µm bands show good correla-
tion in laboratory samples, but they are not exactly correlated. More 
data are required to address this issue. Other possible reasons for 
the differences between SOFIA and M3 datasets are discussed in the 
Methods (see the Extended discussion on estimated abundances in 
the Clavius region section).

There are several mechanisms for the origin of water in lunar soil 
that are relevant to our data. Water present in the lunar exosphere 
can be chemisorbed on grain surfaces13. Water can be introduced 
by volatile-rich micrometeorites, and a portion of this water can 
be retained in the glasses resulting from these impacts14 or intro-
duced into the exosphere, available for chemisorption15. Water can 
be formed in situ on grain surfaces from pre-existing hydroxyl that 
undergoes recombinative desorption at high lunar noontime tem-
peratures, particularly at the equator, also releasing this water into 
the exosphere for later loss or trapping16. Water can also be formed 
in situ from pre-existing hydroxyl during micrometeorite impact, 
when high temperatures promote the reaction, as has been recently 
demonstrated in the laboratory17. In experiments, the water was 
detected as vapour, but presumably a portion of that water can also 
be sequestered into impact glasses.

Chemisorbed water is unlikely to be a substantial portion of 
our signal. Poston et al.18 modelled the amount of molecular water 
that would be present on grain surfaces after several lunations and 
showed that only 3 µg g−1 of H2O can reside on the surface of grains 
at the derived brightness temperature, lunar time of day and lati-
tudes of our observations (see Methods). Similarly, Hendrix et al.19 
estimate that about 1% of a monolayer of molecular water is pres-
ent if the diurnal variation in the UV water-ice band ratio is due 
to water, which corresponds to only a few µg g−1 of water. This 
almost certainly means that the water detected by SOFIA resides 
within the interior of lunar grains or is trapped between grains 
shielded from the harsh lunar environment, allowing it to survive 
a lunation. However, observations with SOFIA cannot distinguish 
between water within impact glasses and water trapped between 

grains and within void spaces. (We note that the lunar band centres 
are more similar to those of adsorbed water in the meteorite spec-
tra than to the internal water in a single water-bearing glass spec-
trum. There are, however, few data available to confidently conclude 
that the band centre is an indicator of the location of water on or 
within grains. We instead rely on the physical chemical models that 
strongly exclude chemisorbed water). Lastly, the minerals that make 
up a large fraction of lunar soil are nominally anhydrous and should 
have extremely low water contents20. For these reasons, we conclude 
that the water we observe is trapped within impact glasses.

Assuming that the water resides within glasses, we estimate the 
abundance of water within the glass itself. Most lunar soil comprises 
a combination of about 30 wt% glass derived from micrometeor-
ite impact21 and the remainder being rock and mineral fragments. 
If our observed water is confined to impact glass, then taking the 
abundance of water measured in our spectra and dividing it by 30%, 
the abundance of water within impact glasses ranges from about 
300 to 1,300 µg g−1 H2O with an average of 700 µg g−1 H2O. Daly and 
Schulz14 performed impact experiments with water-bearing projec-
tiles and found molecular water in their experimentally produced 
impact glass at abundances of 215 to 7,698 µg g−1 H2O using Fourier 
transform infrared measurements at 6 µm; our estimated water 
abundances within impact glass lie within this range. Our estimated 
mean abundance of water in glass is about four times higher than 
the total water in micrometeorite impact glasses measured by Liu 
et al.22, who reported 70–170 µg g−1 H2O equivalent in Apollo lunar 
soil samples that are all from low-latitude sites.

The similar abundances of molecular water and total water (Fig. 3)  
indicate that little hydroxyl is present at the lower latitudes that we 
observed (latitudes from ~65° to 55°). Impactor water entrained in 
impact glass explains this observation, but our data do not exclude 
in situ conversion of hydroxyl to water. However, if this occurs, the 
conversion from hydroxyl to water is highly efficient. Hydroxyl 
is expected at all latitudes due to solar wind exposure23–26, so our 
results suggest that the micrometeorite flux, at least at the latitudes 
observed, is sufficient to process much of the hydroxyl that is pres-
ent to water. Models of the rate of hydroxyl formation are highly 

Table 1 | 6!µm band properties

Material Band centre Band full-width at 
half-maximum

Range Mean Range Mean

Moon 6.042–
6.122

6.081 0.127–
0.438

0.253

Meteorite 6.052–
6.088

6.073 0.277–
0.480

0.390

MORB 6.118–
6.124

6.121 0.202–
0.209

0.204

Crystalline hydrates 5.811– 
6.321

6.112 – –
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Fig. 3 | Latitude variations. Abundances versus latitude measured by 
SOFIA at 6!µm (black) and M3 at 3!µm (red; M3 units are H2O equivalent). 
The grey lines are 1σ uncertainties in the M3 data. Abundances measured by 
SOFIA fall within 1σ of M3 total water abundances.

NATURE ASTRONOMY | www.nature.com/natureastronomy

Mean water abundance in the Clavius region 200 µg g-1

Latitude distribution different from that implied by M3

data – local geology rather than a global phenomenon

The two wavelengths do not probe the same depths, 
local variations in the location of hydroxyl and water in 
the regolith grains

Honnibal et al. 2021



Water detected by SOFIA resides within the interior 
of lunar grains (more likely) or is trapped between 
grains shielded from the harsh lunar environment 

The measured water abundance implies 300 to 
1300 µg g-1 H2O in impact glasses – within the range 
of laboratory measurements

Water entrained in impact glass explains the 
observations, but the data do not exclude in situ 
conversion of hydroxyl to water 

Observations are more consistent with a 
mechanism that produces water by impact from 
pre-existing lunar material than impact delivered 
water

A follow-up SOFIA Legacy Program currently under 
way
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ORIGIN OF LUNAR WATER



Tropospheric wind pattern: 
alternating prograde and 
retrograde zonal jets (up to 
100 m s-1)

Above the tropopause, no 
tracers to infer the wind 
pattern from visible

8

AURORAL AND EQUATORIAL JETS 
IN JUPITER’S STRATOSPHERE

Cavalié et al. 2021

T. Cavalié et al.: First direct measurement of auroral and equatorial jets in the stratosphere of Jupiter
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Fig. 1. ALMA observations of Jupiter’s
stratospheric HCN and CO. Left: line area
maps of the HCN (5�4) (top) and CO
(3�2) (bottom) emission at the limb of
Jupiter. Right: spectra extracted from the
data cubes (red lines), showing typical line
shapes and the cuto↵ pressure (p0) in the
species vertical profile to reproduce the
line width, with the 30 best-fit spectra com-
puted with the MCMC procedure from
the parametrized line shape. Observable
Doppler shifts with respect to the line rest
frequencies are caused by the planet’s rapid
rotation and the local east-west winds.

5. Results

5.1. Wind speed retrieval results at low-to-mid latitudes

From 60�S to 50�N, the strongest and broadest wind we detect
is located at 9�11�N, as shown in Fig. 2. It is a prograde jet with
a peak LOS velocity of +215± 25 m s�1 on the planet’s east-
ern limb and �115± 25 m s�1 on the planet’s western limb. The
average eastward wind speed is 165± 40 m s�1 (Fig. 2, bottom),
compatible with the magnitude of the near-equatorial jet found
from the thermal wind balance by Flasar et al. (2004) This jet
has a full width at half maximum (FWHM) of ⇠7�. The di↵er-
ence in peak velocities between the two limbs indicates that the
local vortices could accelerate or decelerate winds by ⇠50 m s�1.
This situation could thus be similar to what is seen at the cloud
level, where García-Melendo et al. (2011) found that the equato-
rial zone shows variability in wind speeds of ⇠20 m s�1 on aver-

age (but up to 60 m s�1) over only one planet rotation because
of vortices and planetary waves. We tentatively find a retro-
grade jet at 2�S with a 2-� confidence level only. Its speed on
the eastern limb is �140± 25 m s�1, but we cannot unambigu-
ously identify it on the western limb. The presence of a pro-
grade jet at 4�7�S is even more tentative (1.5-�). The equatorial
wind structure at 1 mbar is thus asymmetrical with respect to the
equator, contrary to the cloud-top wind structure and contrary to
what one would expect in the QQO altitude and latitude ranges.
It may result from the latitudinal temperature gradients found
between the upper stratospheric layers and the millibar region
where the QQO occurs (Cosentino et al. 2017); these gradients
were also found to be asymmetrical at the time of our observa-
tions (Giles et al. 2020). In the northern and southern low-to-mid
latitude, there is little evidence of other jets outside the equato-
rial region.

L8, page 3 of 11

HCN and CO, two species delivered by the SL9 impact, 
can be studied using ALMA at exquisite spatial and 
spectral resolution (100 m s-1 winds superposed on 12.5 
km s-1 Jovian rotation at the equator)

CO

HCN



Zonal winds at low-to-mid 
latitudes

Strong and broad prograde jet at 
9 – 11o N at 1 mbar (E limb +215 m 
s-1, W limb -115 m s-1)

Nonzonal winds in the N and S 
polar regions at 0.1 mbar (300 –
400 m s-1)

Counter-rotating velocities, 100s 
of km below the ionospheric 
auroral winds (lower tails)

May help increase the efficiency 
of chemical complexification 
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AURORAL AND EQUATORIAL JETS 
IN JUPITER’S STRATOSPHERE

Cavalié et al. 2021

A&A 647, L8 (2021)
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Fig. 2. Jupiter’s stratospheric winds. Top: instantaneous LOS wind speed measurements as a function of latitude obtained from ALMA spectral
mapping observations of the HCN (5�4) line. The winds are measured at 1 mbar from 60�S to 50�N and at 0.1 mbar at polar latitudes. The western
limb data are plotted in blue and the eastern limb data in red (1-� uncertainty envelopes in light blue and orange, respectively). Bottom: eastward
wind speeds averaged from both limbs from 60�S to 50�N. Prograde winds have positive speed values.

5.2. Wind speed retrieval results in the polar regions

The most unexpected and outstanding features detected in our
observations are the nonzonal winds seen in the northern and
southern polar regions (see Fig. 2, top). We detect jets at 0.1 mbar
at 55�N and 85�S on the western limb as well as at 70�S on
the eastern limb. They all have counterrotation velocities. The
strongest one, seen at 70�S on the eastern limb, has an FWHM of
7� and a peak LOS velocity of �350± 20 m s�1. The wind seen at
85�S on the western limb peaks at +200± 20 m s�1. These peaks
seem to be collocated with the position of the southern auroral
oval for the CML of our observations when compared with the
position of the statistical emission of the aurorae (Clarke et al.
2009) and with the M = 30 footprints of the Connerney et al.
(2018) model of the magnetic field (i.e., the footprints of field
lines that reach 30 Jupiter radii at the equator). The latter is a
good marker of the position of the main ovals as observed by
Juno’s Ultraviolet Spectrograph (UVS; Gladstone et al. 2017).
This comparison can be seen qualitatively in Fig. 3. The wind
peaks at 70�S on the eastern limb and at 85�S on the western
limb would then result from the same jet. To confirm this find-
ing, we implemented a model in which we assumed a constant
wind within the southern oval and no wind outside the oval. We
took the inner and outer oval edges as defined by Bonfond et al.
(2012). We simulated spectra at infinite spatial and spectral reso-

lutions, Doppler-shifted them according to the LOS auroral oval
wind component after carefully accounting for the geometry of
the observations, and finally convolved them to the spectral and
spatial resolutions of the ALMA observations. To improve the
fit, we had to extend the inner and outer edges of the southern
oval by ⇠2�. This model demonstrates that a 370 m s�1 coun-
terrotation wind inside the auroral oval results in asymmetric
components, as observed at 70�S and 85�S (see Appendix E
and Fig. E.1). However, this simple model is unable to prop-
erly fit the wind speeds within the entire auroral region. The
real wind pattern in the auroral region is certainly more com-
plex than in our simple model, similar to the ionospheric wind
field derived by Johnson et al. (2017) from H+3 emission in the
northern auroral region. The lack of spatial resolution prevents
us from refining our model further without additional and uncon-
strained parametrization (e.g., variable wind speed within the
oval, wind gradient at the interface between the oval and its sur-
roundings, and winds not only limited to the oval but also inside
the auroral regions).

It is noteworthy that we find hints of a similar counterrota-
tion jet in the northern auroral region with peak LOS velocities
of +165± 15 m s�1 and an FWHM of 6� in latitude at 57�N on
the western limb. The northern oval was just coming into view at
the time of the observations, thus severely limiting the viewing
of the northern auroral region. A significant part of the main oval
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Submm detection of PH3 at ~20 ppb in 
the atmosphere of Venus (ALMA+JCMT).

Could originate from unknown 
photochemistry of geochemistry, or by 
analogy with biological production of PH3
on Earth, from the presence of life.

Inconsistent with a stringent IR upper limit 
of 5 ppb (3σ).

Also, availability of water in the Venus 
cloud deck, as quantified by the “water 
activity” parameter, is 2 orders of 
magnitude below the limit for known 
extremophiles.

10

PHOSPHINE ON VENUS

ARTICLES NATURE ASTRONOMY

four main reasons. First, the absorption has been seen, at compa-
rable line depth, with two independent facilities; second, line mea-
surements are consistent under varied and independent processing 
methods; third, overlap of spectra from the two facilities shows no 
other such consistent negative features; and fourth, there is no other 
known reasonable candidate transition for the absorption other 
than PH3.

The few km s−1 widths of the PH3 spectra are typical of absorp-
tions from the upper atmosphere of Venus22. Inversion techniques27 
can convert line profiles into a vertical molecular distribution, but 

this is challenging here due to uncertainties in PH3 line dilution 
and pressure broadening. As the continuum against which we see 
absorption28 arises at altitudes of ~53–61 km (Extended Data Fig. 2), 
in the middle/upper cloud deck layers17, the PH3 molecules observed 
must be at least this high up. Here the clouds are ‘temperate’, at up 
to ~30 °C, and with pressures up to ~0.5 bar (ref. 29). However, PH3 
could form at lower (warmer) altitudes and then diffuse upwards.

PH3 is detected most strongly at mid-latitudes and is not detected 
at the poles (Table 1). The equatorial zone appears to absorb more 
weakly than mid-latitudes, but equatorial and mid-latitude values 
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overlap between two consecutive orders of the TEXES instru-
ment (Lacy et al. 2002).

In this Letter, we first describe the observations (Sect. 2). An
upper limit of the PH3 abundance at the cloud top is presented in
Sect. 3. Results are discussed in Sect. 4.

2. Observations

TEXES is an imaging high-resolution thermal infrared spectro-
graph in operation at the NASA Infrared Telescope Facility at
Maunakea Observatory in Hawaii (Lacy et al. 2002). It combines
high spectral capabilities (R = 80 000 at 7 µm) and spatial capa-
bilities (around 1 arcsec).

Data were recorded on March 28, 2015, at 01:21:14
UT, between 951 and 956 cm�1. The Venus diameter was
14 arcsec, and the airmass was 1.016. The Doppler velocity was
�11 km s�1, corresponding to a Doppler shift of +0.035 cm�1 at
950 cm�1. The illuminated fraction was 78% (very similar to
the JCMT and ALMA observations reported by Greaves et al.
2020), and the evening terminator was observed. The slit length
was 8 arcsec and the slit width was 1.1 arcsec at 950 cm�1. We
aligned the slit along the north-south celestial axis, and we
shifted it from west to east, with a step of half the slit width
and an integration time of 2 s per position, to cover the planet
in longitude from limb to limb and to add a few pixels on the
sky beyond each limb for sky subtraction. As the diameter of
Venus was larger than the slit length, we made two scans (north
and south) to cover the full latitude range with some overlap
around the equator. The total observation time was 18 min. The
atmospheric transmission is very good around 950 cm�1; a single
broad feature is observed at 955.25 cm�1 (rest frequency) due to
terrestrial atmospheric water vapor, which is outside the position
of the PH3 transition.

The TEXES data cubes were calibrated using the standard
radiometric method (Lacy et al. 2002; Rohlfs & Wilson 2004).
Calibration frames consisting of black chopper blade measure-
ments and sky observations were systematically taken before
each observing scan, and the di↵erence (black-sky) was taken as
a flat field. If the temperature of the black blade, the telescope,
and the sky are equal, this method corrects both telescope and
atmospheric emissions.

Figure 1 shows two disk-integrated spectra of Venus, with
and without the limb contribution, along with a synthetic spec-
trum corresponding to a PH3 volume mixing ratio of 20 ppbv,
which is constant with altitude (details on the modeling are
given in the following section). The strongest PH3 transitions are
located between 954 and 956.5 cm�1 (Table 1). The doublet at
956.23 cm�1 falls within a strong CO2 line, so the useful spectral
range is limited to 954–956 cm�1. The two strongest PH3 transi-
tions fall in the wings of a strong CO2 line; in addition, the line
at 954.445 cm�1 coincides with a discontinuity due to an overlap
between two consecutive orders. The only usable PH3 transition
occurs at 955.23 cm�1 and is free of instrumental contamination.

Both TEXES spectra show an emission core at the center of
the strong CO2 line at 954.545 cm�1.This phenomenon is due
to a non-LTE e↵ect in the hot band of CO2 around 955 cm�1

(Table 1), which takes place in the upper mesosphere. Individual
spectra show that the core emission is especially strong at the
limb but is still slightly present at the center of the disk. In order
to minimize its e↵ect on our analysis (which probes the few kilo-
meters above the cloud top) as much as possible, we integrated
the TEXES data taking into account only the airmasses lower
than 1.7 to exclude the limb and the high latitudes contributions.
Our summation includes all latitude ranges up to +/� 50�. This

CO2 l              l          l l                            l   l            l l     l  

PH3  l             l                                 l              

Telluric H2O
l

TEXES-disk (am < 1.7)

TEXES (disk + limb)

Synthetic (PH3 = 20 ppbv)

l                                      l                                        l      

Fig. 1. Blue curve: TEXES spectrum recorded on March 28, 2015,
between 954 and 956 cm�1, integrated for all airmasses lower than 1.7.
Black curve (shifted by �0.2 for clarity): TEXES disk-integrated spec-
trum of Venus, extracted from the same data set, including the limb
contribution. Red curve (shifted by �0.4 for clarity): synthetic spec-
trum, including CO2 and PH3, with a volume mixing ratio of 20 ppbv,
constant with altitude, calculated for an airmass of 1.15 (30� latitude).
The broad absorption feature around 955.215 cm�1 is due to a telluric
water vapor line. The red ticks at the top of the figure indicate the dis-
continuities due to an overlap between two consecutive orders.

spectrum is used for the present analysis. It can be noticed that
neither TEXES spectra show any significant di↵erence in the
vicinity of the PH3 line, with, in both cases, a signal-to-noise
close to 1000 (see below).

3. PH3 upper limit

Synthetic spectra of PH3 in the atmosphere of Venus were calcu-
lated using the radiative transfer code that we applied for mon-
itoring SO2 and HDO at the cloud top (Encrenaz et al. 2016,
2019). This line-by-line code calculates the outgoing flux using
an integration over 175 atmospheric levels separated by 1 km.
The cloud top is defined by a blackbody at a temperature of
235 K and a pressure of 150 mbars. The thermal profile is the
same as that used in Encrenaz et al. (2016). The temperature is
210 K at 11 km above the cloud top (P = 10 mbars), 187 K at
21 km above the cloud top (P = 1 mbar), and 180 K for altitudes
more than 28 km above the cloud top (P lower than 0.2 mbar).
The penetration level in the mid-infrared is governed by the
extinction cross-section of the H2SO4 particles that constitute
the upper cloud deck. As illustrated by Zasova et al. (1993), the
values of this coe�cient are very similar at 950 cm�1 and at
1350 cm�1, where our analysis of SO2 and HDO was performed.
The atmospheric model used in our previous analyses is thus
suited for the present study.

The spectroscopic data for PH3 were extracted from the
GEISA-2015 database (Jacquinet-Husson et al. 2016). For the
broadening coe�cients PH3-CO2, in the absence of more pre-
cise information, we assumed, as we did for SO2 and HDO
(Encrenaz et al. 2016), an increase by a factor of 1.4 with respect
to the air-broadening coe�cients (Nakazawa & Tanaka 1982).
As a verification, we independently estimated the broadening
coe�cient of our PH3 line at 955.231 cm�1 by using NH3 as an
analog, as done by Greaves et al. (2020) for the PH3 millimeter
line. The air-broadened HWHM (half-width at half-maximum)
of our PH3 transition at 954.232 cm�1 is 0.0744 cm�1 atm�1.
The NH3 transition with the same quantum numbers as our
PH3 transition (⌫2, J = 4, K = 3) has an air-broadened
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• Water mass fraction increases with distance from the Sun
• “Textbook model”: temperature in the terrestrial planet 

zone too high for water ice to exist
• Water and organics were most likely delivered later by 

comet or asteroid-like bodies
• Alternative: water could have survived, incorporated into 

olivine grains or through oxidation of an early H 
atmosphere by FeO in the magma ocean

11

THE ORIGIN OF EARTH’S WATER

Snow Line
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ISOTOPIC MEASUREMENTS

Sample return or in-situ 
— detailed studies of 
individual objects

OSIRIS-REx

Rosetta

Herschel

Remote sensing — statistical studies 
of objects that have atmospheres

Deep Impact/EPOXI



• Comets: variations between one and three times terrestrial value
• No trends with physical or dynamical parameters

D/H RATIO
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COMPLEX SOLAR SYSTEM DYNAMICS

• Grand Tack Model: inward then outward 
migration of Jupiter and Saturn (~5 Myr)

• Nice Model: Saturn migration into 1:2 orbital 
resonance with Jupiter — Late Heavy 
Bombardment (~500 Myr)

Walsh et al. 2011 — Gomes et al. 2005 — Tsiganis et al. 2005 — Morbidelli et al. 2005
14



D/H DISTRIBUTION: INNER VS. OUTER SOLAR SYSTEM

Alexander 2006 15

D/H in the inner Solar System relatively 
well constrained by measurements in 
meteorites (100+ measurements)

D/H in the outer Solar System poorly 
constrained – a few measurements in 
comets with large uncertainties



HYPERACTIVE COMETS

16

Comets with high active fractions typically have terrestrial 
D/H ratios
Water release from sublimating icy grains in the coma

SOFIA Comet Wirtanen
D/H= (1.61±0.65) × 10-4

Lis et al. 2019



COMETS WITH ALMA

17Roth et al. 2021    — Cordiner et al. 2019     — Biver et al. 2022

ALMA imaging observations allow discerning 
parent(HCN) from daughter/distributed source 
species (e.g., CS, H2CO, HNC, possibly CH3OH)
ACA and ALMA autocorrelation spectroscopy

the strongest in our data set. Assuming isotropic outgassing, our
best-fit radiative transfer model finds vexp= 0.51± 0.02 km s−1,
with a reduced chi-square (cr

2) of 2.61, corresponding to P= 0.0
(where P is the probability that the model differs from the
observations due to random noise). Instead, assuming hemispheric
asymmetry along the Sun–comet vector, our best-fitting model
indicates an expansion velocity vexp(1)= 0.60± 0.01 km s−1 in
the sunward hemisphere and vexp(2)= 0.42± 0.01 km s−1 in the
anti-sunward hemisphere, with a ratio of sunward to anti-sunward
production rates of 1.30± 0.05. For the asymmetric model,
we find cr

2 = 1.005, corresponding to P= 0.47; therefore, the
asymmetric outgassing model is strongly favored.

Expansion velocities and asymmetry factors for CS, CH3OH,
and HNC are consistent with those for HCN within uncertainty
for the interferometric spectra, suggesting similar outgassing

for each species and/or their parents. The exception was
H2CO, where the best-fitting asymmetry factor of sunward to
anti-sunward production rates was 0.51± 0.09 (Table 4). This
suggests increased H2CO production in the anti-sunward
hemisphere of ER61.
The slower expansion velocity in the anti-sunward hemisphere

combined with the asymmetry factor (1.30), indicating higher
HCN production in the sunward hemisphere, helps to explain the
redshifted line profile, as HCN molecules outgassing from the
anti-sunward side would have remained in the ACA beam for
longer than those from the sunward side. Conversely, for H2CO,
the expansion velocities in each hemisphere are in formal
agreement, yet the asymmetry factor (0.51) indicates increased
H2CO production in the anti-sunward hemisphere. This helps
explain how the distinct H2CO outgassing pattern (compared to all

Figure 2. (A)–(C). Spectrally integrated flux maps for HCN, CS, and continuum in ER61 on UT 2017 April 11. Contour intervals in each map are 20% of the peak.
The rms noise (σ, mJy beam−1 km s−1) and contour spacing, δ, for each map are: (A) HCN: σ = 230, δ = 5.2σ, (B) CS: σ = 120, δ = 1.1σ, and (C) Continuum:
σ = 4.4 mJy beam−1, δ = 3.1σ. Sizes and orientations of the synthesized beam (6 07 × 2 56) are indicated in the lower left corner of each panel. The comet’s
illumination phase (f ∼ 51°), as well as the direction of the Sun and dust trail, are indicated in the lower right. The black cross indicates the position of the peak
continuum flux. A spectral line profile taken at the peak of emission is shown in the upper right.
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Table 2. Log of succesful sub-millimeter observations.

UT date < rh > < ∆ > Tel. Integ. time pwva

(yyyy/mm/dd.d–dd.d) (au) (au) (min)b (mm)
2018/12/03.10–03.13 1.064 0.111 ACA 37 tbc 0.9

03.24–03.28 1.064 0.111 ACA 70 0.4
2018/12/05.19–05.27 1.061 0.103 ACA 122 0.7
2018/12/06.24–06.28 1.059 0.099 ACA 56 0.5
2018/12/07.17–07.22 1.058 0.095 ACA 71 0.5
2018/12/08.15–08.19 1.057 0.092 ACA 71 0.8
2018/12/02.08–02.28 1.065 0.115 TP 89+88 0.7
2018/12/03.07–03.29 1.064 0.111 TP 89+119 0.6
2018/12/05.15–05.28 1.061 0.103 TP 89+88 0.7
2018/12/06.21–06.30 1.059 0.099 TP 88+50 0.5
2018/12/07.14–07.27 1.058 0.095 TP 89+88 0.7
2018/12/08.12–08.25 1.057 0.092 TP 88+88 0.8

Notes. (a) Mean precipitable water vapour in the atmosphere above the telescope.
(b) Total integration time on the source.

Fig. 1. Map of the integrated intensity in Jy.km.s−1 of the CH3OH line
at 464.9 GHz obtained with the ACA interferometer.

Fig. 2. Map of the integrated intensity in Jy.km.s−1 of the CH3OH line
at 468.3 GHz obtained with the ACA interferometer.

Fig. 3. Map of the integrated intensity in Jy.km.s−1 of the CH3OH line
at 455.6 GHz obtained with the ACA interferometer.

Fig. 4. Map of the integrated intensity in Jy.km.s−1 of the HDO line at
464.9 GHz obtained with the ACA interferometer.

Article number, page 2 of 7

Preliminary D/H = 1.5 × VSMOW
Consistent with the SOFIA measurement 
within the error bars
May indicate variations in the D/H within 
the FoV (direct release vs. icy grains)
ALMA and SOFIA observations are very 
complementary! 

ACA

Comet Wirtanen – HDO 464 GHz

Biver et al.: HDO in comet 46P/Wirtanen with ALMA

Fig. 5. Map of the integrated intensity in Jy.km.s−1 of the H2S line at
452.4 GHz obtained with the ACA interferometer.

Fig. 6. OTF Map of the CH3OH line at 464.8 GHz integrated intensity
in Jy.km.s−1 obtained with the TP array.

Fig. 7. OTF Map of the CH3OH line at 468.3 GHz integrated intensity
in Jy.km.s−1 obtained with the TP array.

Fig. 8. OTF Map of the CH3OH line at 455.6 GHz integrated intensity
in Jy.km.s−1 obtained with the TP array.

Fig. 9. OTF Map of the HDO integrated intensity in Jy.km.s−1 obtained
with the TP array.

Fig. 10. OTF Map of the H2S integrated intensity in Jy.km.s−1 obtained
with the TP array.
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Early KAO highlights — detection 
of the Uranian ring system and 
the atmosphere of Pluto
“Central flash” provides 
constraints on haze densities and 
thermal gradients in lower 
atmosphere, bounds on haze-
particle sizes
Multi-wavelength observations 
allow analysis of atmospheric 
profiles and aerosol or haze 
content
Multi-epoch observations allow 
studies of a possible temporal 
variability
Stability of Pluto’s atmosphere 
over 25 years
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PLUTO OCCULTATIONS

0.3-0.6 µm

0.4-1.1 µm

0.36-1.1 µm

1-5.5 µm

Person et al. 2017

2015
2011
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LOOKING INTO THE FUTURE
Astro2020 Report Published and Planetary 
Decadal Report expected in April
FIR Flagship – Origins – would provide 
measurements of the D/H ratio in 100s 
comets – 2040
FIR Probe would allow first statistical 
studied – 2030
It is critically important to take full 
advantage of the complementarity of 
the existing FIR/submm facilities


