
1. Science aim/goal: To measure accurate isotopic ratios and abundances of trace gases,
to constrain models and inform understanding of solar system origin and evolution.

2. (i) Scientific Importance: Far-infrared space telescopes such as ISO, Herschel and
Spitzer have made important advances in measurements of trace gases and isotopes for
cold outer solar system objects, including HD on the four giant planets, water abundance
on Titan, and HDO in comets. In addition, the stable isotopic ratios 12C/13C, 14N/15N,
16O/17O/18O provide valuable information about both planetary formation and evolution,
for example the large differences seen in 14N/15N from Jupiter (450) to the Earth (272) to
Titan (167) may indicate both differences in original constituents but also fractionation
by escape. However, our knowledge of these critical tracers of solar system formation
and evolution remains meagre, with no far-IR space telescopes currently active. The
measurements of D/H in hydrogen on the giant planets have large errors, so we are
uncertain as to the degree of enrichment versus the protosolar nebula. The D/H is an
important indicator of core/envelope fraction, which is needed to discriminate between
models of planetary formation (Owen and Encrenaz 2003). The far-IR region provides a
rich hunting ground for the signatures of isotopologues of small molecules, and the
detection of complex molecules, such as benzene at 14.8 µm, which can be measured to
constrain models of photochemistry.

(ii) Measurements Required: Spectroscopy from 10-1000 µm is a key capability of a
far-IR space telescope. This will enable a sensitive study of HD lines at 28-112 µm, and
rotational lines of HCN, CO, NH3 and PH3 and isotopes at 50-500 µm. Many trace gases
also have vibrational bands in the mid-infrared (10-20 µm), including HCN, C2H2, C2H6

and more. The strong CO2 v2 band at 15 µm, inaccessible even to SOFIA, would be
accessible from space, including nearby isotopic emissions from 13CO2 and CO18O.
Spectral resolution should equal or exceed those of previous telescopes to improve S/N,
while an aperture size of 10-20 m is desirable for S/N, and less so for spatial resolution.

(iii) Uniqueness to 10µm to few mm wavelength facility: The measurements possible
in the far-IR will permit unique science. Small molecules such as HD (rotational lines)
and H2 (quadrapole lines) are only visible in this spectral region, and water lines
including isotopes are for the most part not observable from the Earth due to atmospheric
water. In addition, isotopes of CO and HCN will be observable. The amount of objects
that can be sampled in situ (e.g. Galileo probe, Rosetta, OSIRIS-REx) is much smaller
than needed, therefore remote sensing with a far-infrared facility to determine isotopic
ratios on many solar system bodies is crucial to determining a complete inventory.

(iv) Longevity/Durability: A far-IR telescope will complement rather than compete with
other large facilities that will exist in 2025 to 2030. Ground-based optical facilities in the
30-40m class will provide revolutionary capability at optical and near-infrared
wavelengths. The JWST instrument range extends only to 28 µm, while ALMA
commences at ~300 µm, leaving a significant gap in the far-infrared. After the expected
end of JWST operations around ~2028, no mid- to far-infrared telescope is currently
scheduled to be operational, leaving an even wider gap between near-IR and sub-mm
capabilities. A large far-IR telescope will provide unique and critical science addressing
key questions of solar system formation and evolution.
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3. Figure:  

 
Figure 1: measured D/H ratios in solar system objects (Hartogh et al. 2009). The origin of volatiles supplied to the 
inner solar system from beyond the snow line – including the Earth's water-  is currently uncertain. 

4. Table:  
 

Parameter Unit Required 
value 

Desired 
Value 

Comments  

Wavelength/band µm 10-300 10-900 A 30 K object has Planck peak at 96 
µm 

Number of 
targets 

 20 100 Includes outer planets and moons with 
detectable atmospheres, KBOs and 
comets. 

Survey area deg.2 4π sr 4π sr All but Mercury, Venus, Moon should 
be observable, as with JWST.  

Angular 
resolution  

arcsec 1.0 @ 
50 µm 

1.0 @ 
100 µm 

Requires 12.5 (25.0) m telescope 

Spectral 
resolution 

Δλ/λ 104 107 Grating is required, heterodyne 
preferred in addition 

Continuum 
Sensitivity (1 σ) 

µJy 100 10  

Spectral line 
sensitivity (1 σ) 

W m-

2 
10-5 10-4  

Signal –to-noise  1000 10000  
Dynamic range  5000 50000 ALMA is 103. Solar system planets can 

be bright compared to astrophysical 
targets, depending on bandwidth 
(spectral resolution), spatial resolution.  
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et al., 1999) due to the mixing of their atmospheres with D-rich
grains present in their cores (see Fig. 1). Comparing the D/H ratio
in the four giant planets therefore provides a key insight into the
composition of the protoplanetary grains, and their possible link
to cometary grains (Hersant et al., 2001). The exact knowledge of
the current D/H ratio in the Martian atmosphere is a key
parameter in understanding the pre-Jeans escape water
reservoir which is believed to be characterized by a D/H value
about twice the terrestrial D/H ratio (Owen et al., 1988;
Krasnopolsky et al., 1997), i.e. consistent with (Oort-cloud)
cometary values. Whether cometary material is the best choice
for the dominant source of Martian water or if differences in the
Martian accretion history (i.e. heterogeneous versus
homogeneous accretion in connection with hydrodynamic
escape) can explain this enrichment, is an open question.
Knowledge about the exact D/H ratios of the present Martian
atmosphere and in Kuiper belt comets (from HDO=H2O) will be
milestones in constraining not only the thermal escape flux, but
also the currently remaining water reservoirs on Mars. Herschel
will also allow us to determine the origin of the external sources
of water on the giant planets and Titan (Feuchtgruber et al., 1997;
Coustenis et al., 1998). These measurements will be used to better
constrain the production of water and dust in the outer Solar
System. Specific aspects of water studies of this programme
concerning the terrestrial and outer planets on the one hand and
comets on the other hand will be described in the following
sections.

4. Mars

HIFI will be able to determine vertically resolved D/H profiles
from H2O and HDO vertical profiles in the Martian atmosphere.
The accuracy of the D/H determination will be an order of
magnitude higher compared to former column abundances
measurement (Krasnopolsky et al., 1997) (enrichment by 572
compared to SMOW), i.e. it will not only constrain the water
reservoir (Leshin, 2000; Lunine et al., 2003) and Jeans escape (e.g.,
Yung et al., 1988; Owen et al., 1988) of Mars, but also has the
potential to find isotopic fractionation as a function of altitude and
season (see Montmessin et al., 2005). Regarding oxygen, slightly
non-terrestrial values have been reported for 18O/16O and 17O/16O,
respectively, 13% and 7% lower than their telluric counterpart
(Krasnopolsky et al., 1996). Neither confirmed by Encrenaz et al.
(2005) nor by Krasnopolsky et al. (2007), this surprising result
(obtained with CO2) needs confirmation by measuring the oxygen
isotopic ratios in both CO and H2O. Thus, specific observations of

C17O, C18O, H17
2 O and H18

2 O will be performed. Understanding
water isotopic ratios requires understanding of the Martian
atmosphere as a whole, but there are still many unsolved
questions related to the past climate of Mars and, in particular,
the history of the H2O and CO2 reservoirs. In order to address
these problems, we first need to better understand the present
aeronomy of Mars and, more precisely, the water cycle. The
composition of the Martian atmosphere is largely governed by the
photochemistry of carbon dioxide and water (Nair et al., 1994),
since water is the gas source of hydrogen radicals. The latter have
been identified as the predominant catalytic drivers of carbon and
oxygen chemistry and explain the rather low amounts of CO and
O2 in the Martian atmosphere (Parkinson and Hunten, 1972;
Sonnemann et al., 2006). Quasi-simultaneous measurements of
the vertical distribution of H2O along with CO, O2, H2O2 and
temperature of the lower and middle atmosphere of Mars are a
powerful tool for constraining these models. Regarding the
Martian atmospheric composition, few gaseous molecular species
have been spectroscopically identified so far: CO2, CO (Kaplan
et al., 1969), H2O (Kaplan et al., 1964), O2 (Carleton and Traub,
1972), O3 (Lane et al., 1973) and recently H2 (Krasnopolsky and
Feldman, 2001), H2O2 (Clancy et al., 2004). Yet, photochemical
models do predict the presence of a number of additional
compounds, such as OH, HO2, NO, etc. (Nair et al., 1994; Lef!evre
et al., 2004; Sonnemann et al., 2009). A number of minor species
in the Martian atmosphere are intimately related to water and are
expected to vary in correlation (e.g., H2O2, HO2, OH) or anti-
correlation (O3). They play an important role in the comparative
planetology context (e.g., Seele and Hartogh, 1999; Hartogh et al.,
2004; Sonnemann et al., 2007).

The water cycle is a key aspect of the Martian atmosphere/
surface system. Temporal and spatial variations of the column-
integrated amount of water have been characterized by space
missions such as Viking (Jakosky and Farmer, 1982), Mars Global
Surveyor, (Smith, 2002), and Mars Express (Fouchet et al., 2007).
However, it was not possible to retrieve the vertical profile of
water from these observations due to their low spectral resolu-
tion, except recent solar infrared occultation observations with
Mars Express of Fedorova et al. (2009). HIFI observations should
enable retrievals with an accuracy at least better by a factor of 5.
So, extremely limited information is available on the vertical
profile of water. So far only ground-based heterodyne observa-
tions using the weak H2O 22 or 183 GHz and HDO 226 GHz lines
(Clancy et al., 1992; Encrenaz et al., 1995, 2001) SWAS and Odin
observations which both targeted the ground state transition of
water (Gurwell et al., 2000; Biver et al., 2005) have provided
results, but they have generally lacked in sensitivity to retrieve

Fig. 1. D/H ratios in the Solar System.
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