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Abstract. High-resolution spectroscopy in the milli-
meter and submillimeter range has made significant
contributions to the study of chemical composition and
thermal structure of planetary and satellite atmo-
spheres. This field of research is expected to make con-
siderable progress in the future, from both ground-
based and space experiments, with the availability of
heterodyne recéivers at frequencies up to 1 THz, and
with the development of space missions devoted to
the exploration of the far-infrared and submillimeter
range. A compilation of guidelines for searching molec-
ular species in planetary atmospheres through their
rotational transitions, from the millimeter to the far-
infrared range (100 um) is presented. These transitions
are specified, and the corresponding synthetic spectra
are shown, or detectability fimits are estimated. Several
observational scenarios are considered: (1) ground-
based heterodyne observations (such as those with
IRAM, CSO, JCMT); (2) space heterodyne obser-
vations with a 3 m antenna (such as that on the Euro-
pean FIRST space mission); (3) Fabry-Pérot spec-
troscopic observations from the ground and from space
(such as the ISO and FIRST space missions). All
planets (except Mercury) and the three satellites sur-
rounded by an atmosphere, Titan, Triton and Io, are
considered. The main results of this compilation can
be summarized as follows. In addition to previously
detected molecules, several species appear as promising
candidates for detection in the far-infrared to milli-
meter ‘spectral range. For ground-based heterodyne
observations; they include: HCL, O, and SO on Venus;
HCl, 0, H,0, and NO on Mars; HCI in the giant
planets; SO on Io. For space observations, they are:
O, on Venus and Mars (provided Venus is observable
with FIRST), H,0 in Saturn and Titan (with ISO and
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FIRST); HD, HCI and other halides in the giant
planets (ISO). In the case of heterodyne observations,
detectability limits are also indicated. They typically
correspond to mixing ratios in the range 107*-10~",
depending upon the strength of the observed transition.
It should be noted that a 30 m antenna operating at
230 GHz remains very competitive, especially for small
objects (e.g. o) with large dilution factors. Heterodyne
observations of Triton and Pluto appear beyond the
limit of detection.

1. Introduction

The study of planetary atmospheres provides important
clues for understanding the origin, evolution, and more
generally the formation processes of the terrestrial and
giant planets. Planetary atmospheres undergo continuous
processing and change throughout their lifetimes. Both
transport (diffusion. convection, escape, and winds) and
physico-chemical effects (photochemistry, electro-
chemistry, and thermochemistry) act to change the state of
planetary atmospheres. Volcanism and strong convection
may suddenly induce disequilibrium processes, leading to
the presence of unexpected atmospheric components. A
thorough understanding of these complex processes is
required for understanding the history of planetary atmo-
spheres. Significant progress in this area can be made
by detecting, measuring and analyzing trace atmospheric
constituents, including their horizontal and vertical dis-
tributions, and their temporal and spatial variations.
Heterodyne spectroscopy in the millimeter and sub-
millimeter range is especially suited for the study of atmo-
spheric processes. The heterodyne technique gives access
to very high spectral resolution. Resolving powers of 10°
and higher with bandwidths of 0.5-1 GHz are presently
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Table 1. Molecular radio lines detected in planets and satellites

Frequency Planet(s)”

(MHz) Species Transition v M J S U N P I T SL-9/
22235 H,0 616523 * ?
23694 NH, (I, H—(1, 1) * *(from broad band abs.)

89088 HCN 1-0 * *

115271 CO 1-0 * * *

143057 SO, 16, 2, 14-16, 1, 15 *

145561 HC;N 16-15 *

146605 SO, 4,2,24,1,3 ?

1471XX CH,CN (8, K)~(7, K)" *

183310 H,0 31325 * ?

214689 SO, 16, 3, 13-16, 2, 14 *

216643 SO, 22,2,20-22, 1,21 *

218325 HC;N 24-23 *

218903 oCs 18-17 *

219560 Cc"0 2-1 *

219949 SO 6(5)-5(4) ?

220399 BCO 2-1 * * *

2207XX CH,CN (12, K)—(11, K)* *

221965 SO, 11,1, 11-10, 0, 10 *

225897 HDO 31525 ?

230538 CcO 2-1 * *

244936 CS 54

258157 HC"®N 3-2 *

259012 H"“CN 3-2 *

265886 HCN 3-2 * * *

266944 PH, (1, 0)-(0, 0) *

345795 CO 3-2 *

346652 SO, 19, 1, 19-18, 0, 18 ?

354505 HCN 4-3 * *

461041 CO 4-3

“V, Venus ; M, Mars; J, Jupiter; S, Saturn; U, Uranus; N, Neptune ; P, Pluto; I, lo; T, Titan; SL-9/J, impact

of comet Shoemaker—Levy-9 on Jupiter.

®Several transitions are observed near the same frequency ; the last digits of the frequency are not given.

achievable. This very high resolving power allows the
retrieval of the vertical distribution of the observed mol-
ecule and/or of the atmospheric thermal profile. In
addition, this technique allows the detection of molecules
with very low mixing ratios, due to the strong intensity of
many rotational transitions, and the large size of ground-
based antennas. After the early detections of CO on Mars
and Venus (Kakar et a/., 1976, 1977), many attempts have
been made to detect and/or monitor rotational transitions
in the atmospheres of planets and satellites, leading to
several significant discoveries. Among the most remark-
able results of the past few years, one should note the first
detections of CO and HCN on Neptune (Marten et al.,
1991, 1993), HC;N and CH;CN on Titan (Bézard et al.,
1992, 1993a), SO, on Io (Lellouch er al., 1990), HDO
and H,O on Venus and possibly Mars (Encrenaz et al.,
1991a,b, 1995a,b). Vertical distributions of CO (Mubhle-
man et al., 1984 ; Marten et al., 1988) and HCN (Tanguy
et al., 1990) on Titan were retrieved. In the atmospheres of
Venus and Mars, the CO abundance and thermal structure
were monitored over long-time periods (Clancy and
Muhleman, 1985). Finally, heterodyne millimeter CO
measurements have been used to measure wind velocities
in the atmospheres of Mars and Venus (Lellouch et al.,
1991b; Pierce et al., 1991). Table 1 gives the list of molec-

ular radio lines detected in planetary and satellite atmo-
spheres.

The unexpected detection of stratospheric CO and
HCN in Neptune, but not in Uranus, provides a good
example of the importance of detecting minor constituents
in planetary atmospheres. These constituents were
detected in the submillimeter range with mixing ratios of
about 1 ppb and 1 ppm for HCN and CO, respectively
(Marten et al., 1991, 1993). Subsequent observations per-
formed in the millimeter range (Rosenqvist ef al., 1992)
yield a factor of 4 lower mole fraction for HCN and a
factor of 2 lower mole fraction for CO. A satisfactory
explanation of this discrepancy could be important in
constructing models of the origin of these constituents.
CO s believed to be of internal origin, but present thermo-
chemical models do not account for the observed abun-
dance. HCN is likely to form in the stratosphere by photo-
chemistry involving nitrogen atoms ; these could originate
either from Neptune’s satellite Triton, or from the dis-
sociation of molecular N, (coming from Neptune's
interior) by galactic cosmic rays. In the latter case, the
existence of CO and N, in this planet would give an
important insight into the origin of the giant planets’
atmospheres, by constraining models of the chemical com-
position of the primordial solar nebula. The above
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example shows that minor constituents can provide
important clues to the formation of the planets. Clearly,
improved measurements will be needed to better constrain
the models.

The collision of comet Shoemaker—Levy-9 with Jupiter,
in July 1994, provided another opportunity for moni-
toring the Jovian stratosphere using heterodyne spec-
troscopy. Through their millimeter and submillimeter
transitions, several new species (CO, CS, OCS, HCN)
were detected in the Jovian stratosphere, as a result of
shock chemistry following the explosion of the fragments
(Lellouch er al.. 1995; Marten et al., 1995). In addition,
the monitoring of these lines provided a direct measure-
ment of the stratospheric temperature above the 1 mbar
pressure level : the observed lines first appeared in emis-
sion, then turned into absorption lines one week after the
impacts, and remained observable for several months.
This shows evidence for a persistent cooling of the Jovian
stratosphere, possibly due to the formation of strato-
spheric haze.

Over the past decade, technological developments have
been achieved in two specific directions which lead us to
foresee a significant advancement in this field of research
in the years to come : the extension of sensitive heterodyne
receivers to higher frequencies, and the capability of
operating large submillimeter telescopes in space above
the Earth’s atmosphere.

Sensitive heterodyne receivers using SIS mixers, are
currently available at frequencies up to 700 GHz; it is
expected that the frequency range will extend to 1 THz
and possibly higher by the end of this decade. The use of
higher frequencies will be essential for two reasons. First,
present observations are currently limited by the diffrac-
tion limit of the telescope. Even a 30 m antenna has a
diffraction limit of 12 arcsec at 230 GHz, which strongly
restrains the imaging capabilities of these observations.
This difficulty can be overcome either by the use of milli-
meter interferometers, or by the extension toward higher
frequencies. The second advantage lies in the larger choice
of available transitions, allowing new molecules to be
searched for. and stronger transitions to be used, implying
improved detectability limits.

At the same time, space missions are now under devel-
opment for the exploration of the infrared and sub-
millimeter spectral range. The ISO mission (Infrared
Space Observatory), to be launched by ESA in 1995, will
explore the infrared sky up to a wavelength of 180 pm.
There is no heterodyne spectroscopy on board, but a
Fabry-Pérot, which is of interest for the present study.
As a next step. the FIRST mission (Far Infrared Space
Telescope), also to be launched by ESA around 2006, will
be instrumented with low noise heterodyne receivers for
a full spectral coverage by heterodyne spectroscopy up to
a frequency of about | THz, and by Fabry—Pérot spec-
trometers at higher frequencies. In addition, in the specific
case of Saturn and Titan, the Cassini mission, to be launched
by NASA and ESA in 1997, will carry on its orbiter a far-
infrared interferometer spectrometer (CIRS). In spite of
its much lower spectral resolving power, as compared with
the previous above-mentioned capabilities, this instru-
ment will offer interesting opportunities due to its high
spatial resolution. All these space missions will enlarge
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Fig. 2. Same as Fig. 1. Spectral range : 200400 GHz

the observable spectral range to regions obscured by the
terrestrial opacity, allowing, in particular, the observation
of molecules like H,O and O, but also NH; and many
other species. Figures 1-5 show the atmospheric opacity
from the far-infrared to the millimeter range (cor-
responding to frequencies lower than 1 THz), at a high-
altitude observatory (Mauna Kea, Hawaii).

In order to take full advantage of these new oppor-
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tunities, it is necessary to make a systematic study of
the transitions available for each species which might be
present in a planetary atmosphere, and to estimate the
corresponding detectability limits. The objective of this
paper is to make such a compilation, by taking a list of
possible molecules, defining the best spectral range for
their detection, and calculating for each planet the cor-
responding detectability limit for a given type of obser-
vation. The aim of this study is to help in the definition of
future planetary observations in the far-infrared, sub-
millimeter and millimeter range, from the ground and
from space. A preliminary version of this analysis can be
found in Encrenaz et al. (1991c¢).

The basic principles of line formation in planetary
atmospheres at thermal wavelengths are discussed in Sec-
tion 2. Various types of possible observations, from the
ground and from space are presented in Section 3. The
selection of molecules to be considered is discussed in
Section 4, and the model used is presented in Section 5.
Our results, listed by object, are given in Section 6, and
our conclusions are summarized in Section 7.

2. Line formation in planetary atmospheres

We consider the case of a planetary or a satellite atmo-
sphere in which the lines are Lorentz-broadened (Townes
and Schawlow, 1955; Hanel ef al., 1992 ; Janssen, 1993).
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Fig. 5. Same as Fig. 1. Spectral range : 800-1000 GHz
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This is a valid assumption in most cases, with the excep-
tion of very tenuous atmospheres (lo, Triton, Pluto) and
the upper stratospheres, when pressures are lower than
about 100 pbar. At infinite spectral resolution, the absorp-
tion coefficient at the line center, in cm ™!, is defined as

S N
a(cm"):;'E Q)

where S is the line strength, in cm per molecule, N the
number of molecules per cm?, and Av the half-width of
the line at half-maximum, in cm ™' (we note that «, through
S, is temperature dependent).

The number density of molecules N of a specific minor
constituent is given by

_°P

N_kT

(2)

where P is the total pressure, T the temperature, and p
the mixing ratio, per volume, of the minor constituent
(assumed to be constant) ; & the Boltzmann constant.
The half-width of the line Av is well represented by the
following formula (Townes and Schawlow, 1955):

300 ¥
Av = VOP|:7:| (3)

where y, is the broadening coefficient, in cm~' atm™',

measured at a temperature of 300 K. X is a coefficient
varying from about 0.5 to 1, depending upon the inter-
action potential between the minor constituent and the
main atmospheric gas responsible for the line broadening.
We thus derive

Sp

o= e
nyok T' 7300

“4)

We will now derive the minimum detectable mixing ratio
of a minor constituent as a function of the line strength.
The theory of radiative transfer in a planetary atmosphere
can be found in Goody (1964) or Hanel er al. (1992). In
the case of an object with a surface, under normal inci-
dence, we have

I, = «Eol-l?v(Ts)e—zH'f0 B/(T)e " du(2) (5)

0

where [, 1s the outgoing intensity at the line center, B, the
Planck function, T, the surface temperature, and ¢, the
surface emissivity. 1, is the total optical depth of the atmo-
sphere (from surface to free space), t the optical depth
above the level of altitude z:

(z) = J Ca(z) dz. (6)

Except in the case of the coldest objects (7T < 100 K)
in the high-frequency range of the submillimeter region
(v > 600 GHz), the brightness integral can be written
using the Rayleigh-—Jeans approximation of Planck’s law :



Th. Encrenaz et al. : Detectability of molecular species

a T T T T T

Tg(K)

1 i L J 1 i
~200.0 -100.0 0.0 100.0 200.0

Av(MHz2)
Fig. 6. Observed spectrum of the CO (J = 1-0) transition on
Mars, at 115 GHz. The figure is taken from Lellouch et al.
(1989). The continuum level has been removed

T.=eoTe "+ [ T(z)e ™ de(2) (7)

0

where T, is the brightness temperature at the line center.

In particular, assuming a constant atmospheric tem-
perature T, above the surface, equation (7) can be rewrit-
ten as follows:

Tc ZEOTseilﬂ_*_Ta(l_eiro)' (8)

In the case of a weak, optically thin line (5 « 1), this
equation becomes

Ti—ey T, = AT ~ (T, — & T))10. 9

Equation (9) shows that the temperature contrast between
the line center T, and the continuum (g7;), AT, is a
function of ¢, 1, and T,. [In the more general case, the
temperature contrast depends on ¢, 7, and 7(z).] We
have seen (equation (4)) that the absorption coefficient is
directly proportional to S p. This illustrates that the line
contrast AT is proportional to the mixing ratio and the

TgtK)

2.0 N

H 1 1 i 1
-100.0 -50.0 0.0 50.0 100.0

LHv(MHz}
Fig. 7. Observed spectrum of the *CO (J = 1-0) transition on
Mars, at 110 GHz. The figure is taken from Lellouch et al.
(1989). The continuum level has been removed. The temperature
contrast due to the limb emission is about 3 K
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line strength of the line. The broadening coefficient y, is
approximately constant, within a factor of about 2, for
most of the considered molecules, with a typical value of
0.1 cm"atm™', or 3 GHz atm™"'. As a consequence, for
a given planetary atmosphere, the minimum detectable
mixing ratio of a minor constituent is, at first approxi-
mation and within an uncertainty of a factor of 2, inversely
proportional to the intensity of the transition used for the
detection.

The minimum detectable temperature difference can be
estimated and compared with the line contrast to deter-
mine the minimum detectable mixing ratio for a specific
molecule. In the case of a source filling the field of view.
the minimum detectable temperature difference is a func-
tion of the system temperature T,,.. the bandwidth B and
the integration time 7. If the source does not fill the field
of view, the minimum detectable temperature is calculated
using the factors above and the beam filling factor. The
system temperature depends upon the quality of the
receiver and the opacity of the terrestrial atmosphere ; the
field of view depends on the size of the antenna. These
quantities will be calculated in more detail in Section 3.

Figures 6 and 7 show examples of strong and weak lines
observed in the atmosphere of Mars. In this case, the
atmospheric temperature decreases regularly from the sur-
face temperature 7, down to a constant value T, at about
z = 50 km. For an emissivity factor ¢, of about 0.9, in the
case of the CO (J = 1-0) transition, the strong line exhi-
bits a continuum temperature of 0.97,. a maximum tem-
perature of T, in the wing (corresponding to an optical
depth of unity just above the surface) and a narrow
absorption line in the core, with a temperature close to T,
at the line center (Fig. 6). In the case of the weak “CO
(J = 1-0) line, the limb contribution becomes dominant,
and the line is seen in emission (Fig. 7).

In the case of dense planetary atmospheres, the con-
tinuum outside the line is not due to a surface or a cloud
deck. but is defined by a continuous spectral absorption
due to the wings of other strong lines (as, for example,
NH, for Jupiter) and/or the pressure-induced spectrum of
the dominant atmospheric constituent (hydrogen for the
giant planets, CO- for Venus, N, for Titan). The thermal
profiles of the giant planets show an inversion at the
tropopause (P close to 100 mbar), with a negative tem-
perature gradient in the troposphere and an increase of
the temperature with altitude above. Strong transitions
can show a narrow emission core at the center of a very
broad absorption line. This is illustrated in Fig. 8 with the
CO (J = 2-1) spectrum of Neptune. It is important to
notice that, because the FWHM of a Lorentz-broadened
iine is typically a few GHz per atmosphere. any tropo-
spheric line, formed below the 100 mbar level. has a
width comparable to or larger than the receiver bandwidth
making it difficult to observe with the heterodyne tech-
nique. Thus, in the case of the giant planets, heterodyne
spectroscopy is best used to detect atmospheric species
which are present in their stratospheres.

3. Selection of observational cases

We consider several cases, on the basis of present and
future instrument capabilities and observing media. Two
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Fig. 8. Observation of the CO (2-1) transition on Neptune, at
230 GHz. The figure is taken from Rosenqvist et al. (1992)

types of instrumentation have to be considered. The first
one, as described above, is based on coherent detection
and provides, through heterodyne spectroscopy, a resolv-
ing power of 10° over a typical bandwidth of 0.5 GHz;
the second one is based on incoherent detection (using, for
example, bolometers) and can provide a typical resolving
power of about 10*; the spectral range can be large (sev-
eral tens of cm ') if a Fourier-transform spectrometer is
used, or much smaller (about 1 cm™") in the case of a
Fabry-Pérot (FP) spectrometer.

Concerning heterodyne spectroscopy, antennas of sev-
eral tens of meters are presently available, but their
efficiency and/or the quality of their site usually limits
their frequency range. A typical example is the IRAM
(Institut de Radio-Astronomie Millimétrique) 30 m antenna
at Pico Veleta (Spain), which is optimized for frequencies
lower than 300 GHz. Other antennas of the 10 m class
can be used at higher frequencies. Typical examples are
the 10.5 m CSO (Caltech Submillimeter Observatory)
antenna and the 15 m JCMT (James Clerk Maxwell Tele-
scope) antenna at Mauna Kea Observatory (Hawaii), pre-
sently operating at frequencies lower than 700 GHz. With
the ongoing development of heterodyne receivers, it can
be foreseen that, by the end of this decade, ground-based
heterodyne observations with these antennas will be pos-
sible up to a frequency of about | THz. In the case of
incoherent detection, there are a few far-infrared and sub-
millimeter FP spectrometers, which are mostly used on
the Kuiper Airborne Observatory ; ground-based Fourier-
transform spectrometers are also becoming operational.

The opacity of the terrestrial atmosphere strongly limits
the spectral range observable from Earth (Figs 1-5).
Water vapor and oxygen atmospheric lines prevent astro-
nomical observations in the vicinity of their line centers,
making it very difficult to detect these species in astro-
nomical objects, and at the same time preventing the
detection of other important molecules such as NH;,
which have transitions falling within the inaccessible spec-
tral ranges. As mentioned above, several space missions
involving far-infrared and/or submillimeter instruments
are currently under development. In the domain of inco-
herent detection, the ISO mission, to be launched by ESA
in 1995, will explore the infrared sky from Earth orbit

Th. Encrenaz et al.: Detectability of molecular species

during 18 months, providing, in particular, a resolving
power of 2 x 10* with a Fabry—Pérot operating in the 45—
180 um range. In the specific case of the exploration of
Saturn and Titan, the Cassini mission, to be launched by
NASA and ESA in 1997, will carry an infrared inter-
ferometer spectrometer (CIRS) providing at best a spec-
tral resolution of 0.5 cm ™' in the wavelength range 7 ym-—
1 mm. Earth-orbit submillimeter space missions have also
been considered for exploring the whole submillimeter
range with heterodyne spectroscopy. Following the
SWASS and ODIN projects, devoted to heterodyne spec-
troscopy in a few selected channels using 1 m class
antennas, the FIRST mission, developed by ESA, is de-
signed for a complete spectral coverage with heterodyne
spectroscopy up to a frequency of about 1 THz, using a 3
m antenna. This mission will be completed with incoherent
detection Fabry—Pérot instruments operating in the 80—
300 um wavelength range.

On the basis of the achievements and projects described
above, we define the following observational cases for our
study (Table 2):

(A) Ground-based heterodyne spectroscopy with a 30
m antenna, at frequencies lower than 300 GHz (“IRAM
case”).

(B) Ground-based heterodyne spectroscopy with a 10
m antenna, at frequencies between 300 GHz and 1 THz
(**CSO case™).

(C) Heterodyne spectroscopy with a space mission
using a 3 m antenna, at frequencies below 1 THz
(“*FIRST-H case™).

(D) Ground-based Fourier-transform spectrometry
with a 10 m antenna, at frequencies below 1 THz (wave-
lengths higher than 300 ym) ; such an instrument is becom-
ing operational at CSO (Weisstein and Serabyn, 1994).

(E) Fabry-Pérot spectroscopy from space with a 0.60
m telescope, in the wavelength range 100-180 um (55-100
cm™'; “ISO case™).

(F) Fabry-Pérot spectroscopy from space with a 3 m

Table 2. Observational cases

Resolving 10° 10
power (heterodyne (Fabry—Pérot/
spectroscopy) Fourier-transform
spectroscopy)
Ground-based A

(IRAM) (Fourier-transform or
v < 300 GHz FP sub-mm spectrometer)
¢ =30m
B
(CSO)
300 GHz<v< 1
THz
¢ =105m
Space C E
(FIRST-H) (ISO)
v < | THz 100 < 4 < 180 mu
¢=3m ¢ = 0.60 m
F
(FIRST-F)
80 < 4 < 300 mu
¢=3m
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antenna, in the wavelength range 100 ym-1 mm (fre-
quencies below 100 cm™', or 3 THz; “FIRST-FP case™).

In what follows, we estimate the detectability limits which

we can expect for each type of heterodyne experiment
(cases A, B and C).

T
111 Hllllllllulll

difference, for 4 source ﬁllm the field of view (FOV), can
be estimated as follows :

K T\\
AT =~ — (10
V(B D
where T is the system temperature in K, B the bandwidth

in Hz dnd t the integration time in s. K is a coefficient
approximately equal to 2, the exact number depending on
how the receiver is used to observe the planet. The aper-
ture efficiency does not enter the expression if the planet
fills the beam. If the source does not fill the FOV, the
minimum detectable brightness temperature difference is
to be divided by the filling factor. This filling factor
depends upon the respective size of the p]anet and the
FOQV

V, ang, 4ass anccian field of view

uuucuuu ICIU U VIUVY, 15 U

Qn/“ assu m-nn
ummg a

follows :
f=1-2" FOV)?

where 8 is the ancular diame
wnere U 1S the ang me

—

eter of the planet,

angular dia pl
We will now calculate the minimum detectable differ-
ences of brightness temperatures. for the various planetary
and satellite atmospheres, and for the three first cases
mentioned above. In all cases we assume B = 10° Hz (1

MHz spectral resolution) and r = 3600 s (1 h integration).
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The system temperature is a function of both the receiver
temperature, which in turn depends upon the frequency,
and upon the terrestrial opacity. [t also takes into account
the telescope efficiency, which tends to degrade as the
frequency increases. We include the loss factor of the
atmosphere (exp (—7t)) as a divisional term in the cal-
culation of the system temperatures. This substantially
increases the system temperature in those spectral regions
where the telluric opacity is large. The system tem-
peratures for case B are substdntially ldrger than cases A
and C because the auuuopucu\, Upa\,u_y is lale In case
(A), corresponding to IRAM, we adopt a frequency of
230 GHz and T, = 600 K. For cases (B) and (C) (CSO
and FIRST-H), we select two values of the frequency:
600 and 900 GHz. At 600 GHz, we take T, = 3000 K for
(B) and 300 K for (C); the better performance in (C) is
due to the absence of terrestrial opacity. At 900 GHz. we
make the following assumption: T, = 4500 K for (B)
and 450 K for (C). There numbers are no more than
reasonable estimates ; actual values can differ by as much
as a factor of 2. As an example, IRAM receivers at 230

GH7 hava nraconfl
v Pt

LUnZaayv hetter cucte oratnrac tha

m tamn nd:
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cated in case (A); on the other hand, true values of T,
might be larger than indicated here at high frequencies. if
the telescope efficiency is poor.

Table 3 gives the values of the minimum detectable
brightness temperature differences. calculated for each
object in each of the five cases described above. These
results can be interpreted as follows.

(1) A 30 m antenna such as IRAM, operating below
300 GHz, is extremely powerful for all molecules having

Table 3. Detectability limits for cases A, B and C
Case A Case B Case B Case C Case C
(IRAM) (CSO) CS0O) (FIRST) (FIRST)
¢ (m) 30 10.5 10.5 3 3
v (GHz) 230 600 500 600 300
FOV (") 10 12 8 40 27
T, (K) 600 3000 4500 300 450
AT, (K) 0.02 0.10 0.15 0.010 0.015
Source ("} f AT, S AT, f AT, f ATw f AT,
Venus 40 1.0 002 1.0 0.10 .0 0.15 0.50 0.02 0.78 0.02
Mars 15 0.79 0.02 0.66 0.15 9 0.16 0.093 0.11  0.19 0.08
Jupiter 40 1.0 0.02 1.0 0.10 .0 0.15 0.50 002 0.78 0.02
Saturn i6 (.83 0.02 0.71 0.14 094 0.16  0.105 0.10 0.22 0.07
Uranus 3.5 0.08 0.25 0.057 1.7 0.12 1.2 0.0053 1.9 0.011 1.4
Neptune 2.2 0.033 0.60 0.023 43 0.051 29 0.0021 4.8 0.0046 3.2
Titan 0.8 0.0044 4.5  0.0031 32 0.0069 22 3(—4) 36 6(—4) 25
lo 1.1 0.0083 24 0.0058 17 0.013 11 5(—4) 19 0.0011 14
Triton 012 (-4 200 T(—5) 1440 2(—4y 960 6(—6) 1602 =5y 2000
Pluto 0.08 4(—5) 450 3(=5) 3240 7(—=5 2160 3(—6) 3600 6(—6) 2500
Notes:
¢ (m), dntenna or telescope diameter.

Qe ti

e & % AF Al
Vv \\}llL’, llC\luCllLy Ul UUO&I vauiuvll,
FOV ("), field of view.
T,,. (K). system temperature.

AT, (K), minimum detectable antenna temperature (r.m.s. for 3600 s integration time at 1| MHz spectral resolution).

1, filling factor.

AT V\ minimum
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transitions of comparable intensities over the entire milli-
meter and submillimeter spectrum. This is due to the com-
bination of a [arge antenna and a good atmospheric trans-
parency. In particular, this type of instrumentation is best
suited for small objects having very large dilution factors.
Triton and Pluto, unfortunately, appear to be beyond the
limit of the heterodyne technique. In any case, if a mol-
ecule is observable below 300 GHz, observations at higher
frequencies should be considered only when the gain in
line intensity is of at least a factor of 10, or when spatial
resolution is needed.

(2) A comparison of the CSO and FIRST cases shows
that, when the planet fills the FOV, or at least a large
fraction of it (as is the case of Venus, Mars, Jupiter, and
Saturn), the maximum sensitivity is reached with FIRST,
due to its very low system temperature. For small objects
(Uranus, Neptune, Titan, and lo), the large dilution factor
of FIRST counterbalances the low value of T, so that,
in the atmospheric windows observable from the ground,
the performances of the CSO and FIRST are comparable.
Of course FIRST is unique for all transitions unob-
servable from the ground, in particular H,O and O,.

Finally, it should be noted that the minimum detectable
brightness temperature contrasts are calculated under the
assumption that the observed spectra have flat baselines,

st PR maminm s ol o ¢k~ ¢

not affected by ripples. Experience shows that this is not
always the case, especially for strong sources like Venus,
Mars, Jupiter, and Saturn. This restriction has to be kept

in mind when final conclusions are drawn.

4. Selection of molecules

Our selection of molecules was based on the following
criteria. We have first considered all molecules already
detected in a planetary or satellite atmosphere, and we
have analyzed their possible detectability in other objects.
We have added in our list all molecules whose presence in a
planetary atmosphere has been suggested from theoretical
modelling or simulation experiments. Finally we have also
considered the list of known interstellar molecules. As
a baseline, we have used the compilation of molecules,
radicals and ions made by Crovisier (1993). Table 4 sum-
marizes all the species which have been considered in the
present study, and gives information about their
rotational structure, with examples of typical line inten-
sities in various spectral ranges. A unique rotational tem-
perature of 300 K was adopted, which is intermediary
between that of the outer planets and that of Venus’ lower
atmosphere. In this table, isotopes of a given species have
been considered only for the most abundant molecules,
and when their rotational structure differs from the one
of the given species. The list given in Table 4 is probably
not exhaustive, but should include most of the species of
planetary interest for which spectroscopic information is
known.

Forestimating the possible abundance of a given species
in a planetary atmosphere, we have used the following
references. In the case of Venus, we have used the analyses
of Von Zahn et al. (1983), Krasnopolsky and Parshev
(1983), and Krasnopolsky (1986). For Mars we have used

Th. Encrenaz et al.: Detectability of molecular species

the review by Krasnopolsky (1986). In the case of the
giant planets, we have used the work of Lellouch and
Destombes (1985), Bézard et al. (1986), and reviews by
Atreya (1986) and Encrenaz (1990). For Titan, our work
is based upon the review of Hunten er al. (1984), the
laboratory work by Cerceau ef al. (1985) and Raulin et
al. (1990), and the synthetic calculations of Coustenis e
al. (1993). In the case of o we have used Leliouch e al.
(1992), and for Triton and Pluto we have used Lunine ez
al. (1989).

In our analysis, we have considered, for each planet or
satellite, all species which might have at least a small
probability of being present, on the basis of our current
knowledge. In the final discussion (Section 6), as a general
rule, we have selected, for each object, all molecules
expected to be present above the 10~ '® mixing ratio level,
and all species for which a significant upper limit could be
expected. In addition, in order to make this study as
complete as possible, we have also considered a few species
which are less likely to be detectable, but for which little
information is known. On the basis of general photo-
chemical models, we have added some oxygen, carbon
and sulfur compounds in the case of the terrestrial planets,
and we have included some hydrogenated species, hydro-
carbons and nitriles in the giant planets and Titan. With
the exception of CO, on Venus (abundant enough for its
pressure-induced spectrum to be significant), we have not
discussed molecules with no dipole moment, as they have
no rotational transitions.

5. Modelling

Nominal thermal profiles have been chosen for all planets
and satellites. following the work of Seiff (1983) in the
case of Venus, Krasnopolsky (1986) for Mars, Gautier
and Owen (1989) for Jupiter, Saturn and Uranus, Conrath
et al. (1987) for Neptune, Hunten et al. (1984) and Lel-
louch et al. (1989) for Titan. In the case of the other
satellites, there is a large uncertainty about the tem-
perature distribution ; these cases are discussed separately
in Section 6.4. Vertical temperature and pressure profiles
are shown in Figs 9-15. With the exception of a few
specific cases mentioned in the text (H,O and HDO on
Mars and Venus, in particular), the mixing ratios are
assumed to be constant with altitude.

Our modelling assumes a uniform distribution of tem-
perature and abundances over the planetary disk. This is
a first approximation, sufficient for the purpose of esti-
mating detectability limits. However, non-uniformity
might be a dominant effect for some species, due to pole-
equator or day—-night variations.

Our radiative transfer model has been described in Lel-
louch et al. (1989, 1991a). The planctary atmosphere is
divided into about 200 layers. Opacities are calculated at
each atmospheric layer at 256 different frequencies cover-
ing the range (v,—0.25 GHz, v,+0.25 GHz), with a vari-
able step (from 0.1 GHz, far from the center, to 0.1 MHz
at the line center). The outgoing flux is integrated over all
altitudes, either at the disk center or over the whole disk,
taking into account the limb contribution. A Voigt profile
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is used to account for the Doppler regime in the upper
planetary atmospheres. In the case of Mars, we treated
the planet as a dielectric sphere with uniform surface
temperature, with an averaged surface emissivity of 0.90
(dielectric constant = 2.5).

Spectroscopic constants (line position, strength and
Lorentz-broadening) were mostly taken from the Poynter
and Pickett catalog (Poynter and Pickett, 1984 ; Pickett er
al., 1992) and the GEISA databank (Husson et al., 1986).
Whenever possible, improved values of the pressure-
broadening coeflicients were used, taking into account the
major atmospheric gas responsible for the broadening
(CO, for Venus and Mars; H, for the giant planets; N,
for Titan).

The pressure-induced absorption was calculated

according to the following formulae (v in cm™', n in
amagat) :
e For Venus (CO—CO, collisions)
acol,coz = 17 X 104 H}Vzn%o:. (12)

e For the giant planets (H,—H, and H,—He collisions)
tp,n, = LOXT07 "0 (13)
U, ne = 1.6 X107 0% ny * nyg,. (14)

The H./He ratios were taken from Gautier et al. (1981)
(Jupiter), and Conrath et a/. (1984, 1987, 1991) (Saturn,
Uranus and Neptune).

e For Titan (N,—N, collisions)
on,n, = 4.0 ]0'°v3n,iz. (15)

Our calculations are in general agreement, with previous
synthetic spectra modelled at lower spectral resolution, in
the far-infrared range, in the case of giant planets (Lel-
louch et al., 1984a ; Bézard et al., 1986) and Titan (Cous-
tenis et al., 1993). They are also consistent with high-
resolution synthetic spectra of Titan in the millimeter
range (Paubert ef al., 1984).

In what follows, the synthetic planetary spectra have
been calculated (in brightness temperature units) for the
entire disk, over a 0.5 GHz interval with a resolution of 1
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MHz, to fit the nominal conditions of heterodyne spec-
troscopy measurements. In a few cases, the spectral range
has been extended up to 5 GHz to allow a comparison
with 1SO observations; in the case of very narrow lines
(lo, Titan), the spectral resolution has been lowered to
100 kHz. The brightness temperature unit is directly com-
parable to the minimum brightness temperature differ-
ences calculated in Table 3. The detectability limits indi-
cated below correspond to a l-sigma limit for | h of
integration time and a spectral resolution of 1 MHz. We
note that, for a reliable detection, a S/N > 3 is necessary ;
we can also mention that, in most of the cases, the expected
line-widths are larger than 1 MHz, so that the r.m.s. can
be decreased by degrading the spectral resolution.

6. Results

The main results of the present study are summarized
in Tables 5 (Venus), 6 (Mars) and 7 (giant planets and
Titan).

6.1. Venus

6.1.1. O, and oxygen-bearing molecules. O,. The abun-
dance of oxygen in the atmosphere of Venus has been a
matter of controversy. An O, airglow was observed by
Connes et al. (1979) ; it is probably caused by the recom-
bination of O atoms produced on the dayside by CO,
photolysis. Pioneer Venus experiments (Oyama et al.,
1980) derived a mixing ratio of several tens of ppm in the
40-50 km range, but a much lower limit was derived by
other means (Traub and Carleton, 1974), so that the O,
detection remains questionable.

If oxygen were present in the Venus atmosphere with a
constant mixing ratio of 50 ppm, its spectroscopic detec-
tion would be possible with FIRST, if Venus is observable
with this satellite despite its small solar elongation. The
best transition lies at 424 GHz and the temperature con-
trast would be 1.5 K (Fig. 16). A S/N of 50 could then be
achieved in 1 h integration time. However, as mentioned
above, such an oxygen abundance is unlikely. The detect-
ability limit corresponding to this line is thus 1 ppm in [
h. It can be noted that another transition, slightly weaker,
lies at 119 GHz.

Another way to search for O, in Venus would be to
study its isotopic transition '*0"*0 at 234 GHz. Still for an
oxygen mixing ratio of 50 ppm, the temperature contrast is
0.05 K. Its detection at this level would require several
hours of integration time at IRAM.

O;. Ozone has not been observed on Venus. Theoretical
photochemical models by Krasnopolsky and Parshev
(1983) predict a vertical distribution with mixing ratios of
10~"" at 80 km and 10~ at 100 km and above.

Using this distribution, and the 610 GHz transition, we
obtain a brightness temperature contrast of 0.8 K, which
should be detectable at CSO with a S/N of 5in 1 h
integration (Fig. 17).

Another strong transition is present at 239 GHz. The
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Table 5. Observability of rotational transitions on Venus and detectability limits
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Species Det? A B C D E F Comment
(O Y D? e Controvers. abundance
(424) e Assumed: 50 ppm
Q™0 N MD?
(234)
O, P MD D o Assumed: 10~"" (80 km)
(610) 1077 (100 km)
H.O Y o D D e H,”Oand H,"O
(183) (557) also detectable
HDO Y (0] D
(226) (600)
H,0, N 107° e Detection not expected
(606)
HO, N 107° o Detection not expected
(611)
cO Y (0] e [sotopes also observed
(115,
230)
CO, Y e Pressure induced cont.
c'*O*0 Y MD
(243)
H.,CO N 2x 10710 o~ e Detection unlikely
(225)
SO Y MD D e Assumed: 3x 1077 (60 km)
(220) (689) 107" (70 km).
5x 10" (>80 km)
SO, Y D? e Present in lower atm.
H.S Y D? e Present in lower atm.
OoCS Y D? e Present in lower atm.
Cs N 1071
(636)
H.SO, P e Depleted by saturation
above the clouds
NN N e Rot. trans. too weak to be
observable
NO Y 3x 1077 e Located above 100 km,
(651) detection not expected
CN N 2x 10710 e Detection not expected
(226)
NH, N 10—
(572)
HCl Y D D e Assumed 4x 107’
(626) HYCl also detectable
ClO P 10-¢ o Detection not expected
(241)
HF Y D
HBr N D
Hl N D

Notes: The numbers refer to constant mixing ratios throughout the atmosphere. Y, detected; N,
not detected; P, predicted; O, observed in rotational lines; D, detectable; MD, marginally detectable.

expected contrast, with the same vertical distribution, is
0.16 K, which could be detectable at IRAM.

H,0. Water vapor has been detected on Venus, both
on the night side and on the day side. Below the clouds,
at altitudes lower than 50 km, the H,O mixing ratio is
about 30 ppm (Von Zahn et al., 1983 ; Bézard et al., 1990 ;
de Bergh et al., 1995). Above the clouds, it seems to show
spatio-temporal variations. Because the H,O distribution
is constrained by saturation, its observation in the milli-
meter range can provide information upon both the water

vapor abundance and the temperature of the mesosphere
where the line is formed (z = 95 km).

H,O has been recently detected at 183 GHz at IRAM
{Encrenaz e al., 1995a). However, this transition can be
observed only under exceptional weather conditions. The
most favorable transition for submillimeter spectroscopy
is the 557 GHz transition (Fig. 18). The very large tem-
perature contrast (50 K) will be easily observable with
FIRST, or even a smaller space satellite (such as ODIN)
having comparable instruments. Observing the line core



1498

Th. Encrenaz et al.: Detectability of molecular species

Table 6. Observability of rotational transitions in Mars and detectability limits

Species Det? A B C D E F Comments
0, Y D e Assumed: 1.3x 107°
(424)
160180 N D
(234)
O, Y D? D? e Strong seasonal effect
(239) (610)
H,O Y O D D D e Strong seasonal effect
(22, (557)
183)
HDO Y 0? D D D
(226) (600)
H,0, P D? D
(252) (606)
HO, N 10~°
(611)
CO Y O 0] e Isotopes also
(115, (345) observed
230)
H,CO Y? 10-10 e Controv. detection
SO N 1071
(689)
SO, N 1077
(689)
H,S N 107°
611)
OCS N 10-°
(243)
CS 107" e Detection unlikely
(636)
NO D? D e Assumed: 5x 10°°
(250) (651) (100-300 km)
NH, 10— e Detection unlikely
(572)
CN 2x 10710 ® Detection unlikely
(226)
HCl1 P? D? D? D? D? e Assumed:4x107’
(626) e HYCl also detectable
Clo N 10-#
(241)
HBr D? D?
(500)
HI N D? D?
(385)

See Notes to Table 5.

at high spectral resolution (100 kHz) could even permit
the retrieval of the thermal profile above the minimum
temperature level, if a temperature inversion takes place.
Transitions of H,'®*O and H,'70 will be observable with
FIRST as well.

Unfortunately, Venus will not be observable with the
ISO satellite, because of the constraint on solar elongation
angle. Without this constraint, several H,O rotational
lines would have been easily detectable in the far-infrared
range.

HDO. The HDO detection is relatively easy on Venus,
thanks to the very strong deuterium enrichment (about
120 times the terrestrial value) on this planet (de Bergh er
al., 1991). HDO has been detected at 226 GHz at IRAM
(Encrenaz et al., 1991a). However, this transition is weak,
and the observed temperature contrast is 1.5 K.

A much more favorable transition lies at 600 GHz:
the expected temperature contrast is 50 K (Fig. 19). Its
observation, easily feasible at CSO, will allow a better
determination of the H,O content (assuming that the D/H
ratio on Venus is known) and a better constraint on the
mesospheric temperature.

It should be noted that a simultaneous observation of
H,O and HDO with FIRST will allow a new deter-
mination of the D/H ratio on Venus, independent of the
previous near-infrared spectroscopic measurements.

H,0,. According to Krasnopolsky and Parshev (1983),
the vertical distribution of H,0, is expected to peak at an
altitude of 80 km, with a number density less than 10°
cm ™3, corresponding to a mixing ratio smaller than 10~
If this model is correct, its detection on Venus is impos-
sible. The most favorable H,O, transition, at 606 GHz,
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Fig. 17. The synthetic spectrum of O; on Venus (610 GHz). The
assumed O, mixing ratio is 10~7 at = = 100 km (see text)

would lead to a detectability limit in the range of 10~°
with the CSO.

HO,. Theoretical calculations by Krasnopolsky and
Parshev predict a HO, abundance peak at 85 km with a
number density of 10’ cm~*, which corresponds to a mix-
ing ratio of 107" at this level.

HO, could be searched for at 611 GHz, where a detect-
ability limit of 10~° (constant mixing ratio) could
be achieved. Thus, this upper limit would not be very
stringent.

OH. The OH abundance, according to models, is
expected to peak at 95 km with a mixing ratio below 10~ '°.
The rotational transitions of OH, which are in the far-
infrared, are not observable presently with enough spec-
tral resolution. Thus, the detection of OH on Venus does
not look feasible by the technique described here.

6.1.2. Carbon-bearing molecules. CO. CO was the first
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Fig. 18. The synthetic spectrum of H,O on Venus (557 GHz).
The assumed H,O mixing ratio is 4 x 10~ at 55 km, 3 x 10~ " at
65 km, and is constrained by saturation above 65 km (see
Encrenaz er al., 1991a. 1995a)
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Fig. 19. The synthetic spectrum of HDO on Venus (600 GHz).
The assumed H.O mixing ratio is the same as in Fig. 18. The
D/H ratio in Venus is assumed to be 120 times the terrestrial
value, i.e. 0.018

molecule to be detected on Venus (Kakar et al., 1976). Its
vertical distribution has been inferred, with the meso-
spheric temperature, and the CO temporal variations have
been monitored over more than a decade by various
authors (e.g. Clancy and Muhleman, 1985). (J/ = 1-0) and
(J = 2-1) transitions of CO and its isotopes have been
observed. CO measurements have also been used for mea-
suring wind velocities over the Venus disk (Pierce et al..
1991).

In the temperature range of the Venus mesosphere, the
CO lines of maximum intensity occur around a frequency
of 1 THz. However, their observation would give little
advantage, as compared to the present observations.
except a better spatial resolution for the CO and thermal
mapping, and the wind velocity measurements. Even in
this case, observing CO lines around 1 THz at CSO will
provide little improvement with respect to IRAM
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Table 7. Observability of rotational transitions in giant planets and Titan and detectability limits

Species  Det? A B C D E F Comments
CH, Y D D D e Sci.obj.: T(P) (J.S)
J.5) (GP.T) (GP.T)  CH,UN.T)
(942)
CHD Y D?
(J.T)
(930)
C,H, N(GP) 107*J.S) e Mix.rat. in T:
Y(T)  3x1077(N) 2% 10
2x107%T)
(257)
CH N 107'°(1.8) e Detection
3x 107°(N) not expected
2x107¥T)
CH. N 4%107'(.S) e Detection
1073(N) not expected
1077(T)
(68)
NH, Y(GP) 107D e Observed in
3IX107(N) J&S troposph.
2% 1074T) e Det. limits are
(572) for N&T strat.
HCN Y O(N.T) O(N) D D D e Troposph. onJ
J2.N, T, (264) (352) .S) e Strat. on N&T
SL-9/1)
CH,CN Y(T) O(T) D(T)
107D (606)
3x 1078(N)
(257)
HCN  Y(T)  O(T)
10-1°(J)
3x107°(N)
(263)
CH.NH N 107%J)
3 x 107(N)
2% 107%(T)
CN N 107'(1.S) e Detection
3x107°(N) not expected
2x 107%(T)
CO Y O(N,T) O(N) D D D e Trop. on J&S
J,S,N, T, (115,230) (345) J.S.T) e Strat. on N&T
SL-9/J)
H,O Y() D(S.T) e Trop.onJ
P(S.T) (557) e Predicted in
S&T stratosph.
H,CO N 107'°(J.S) e Detection
3x107°(N) not expected
2% 107¥(T)
(674)
CH.OH N 1073(1.8) e Detection
3x 1077(N) not expected
2x1074T)
HD Y (GP) D(GP) e Sci.obj.: D/H
PH, YWd.S) 3x107%(1,S) D D D e Trop. on J&S
(267)
HCl DW.S) DJS) D D o Assumed: 4 x 107’
(626) (J.S) d.8) o HYCl also det.
HF N D D
(J.S) (J.S)
HBr N DJ.S)? D(.S) D D
(500) )] 1.5) (1.S)
HI N D(1.S)? D.S) D D
(385) M (J.S) J.5)



Th. Encrenaz ¢r «f. . Detectability of molecular species

Table 7. (Continued)
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Species Det? A B C D E F Comments
H-S N D(J)? D)y  DW)?
P
CS Y(SL-9/J) 2x10 '"(1.S) e Detection not
6x 10 "(N) expected under
110 (T normal conditions
ocCs Y(SL-9:J) 2x10 "(J.S) e Detection not
6 x 10 *(N) expected under
4x 10 (T normal conditions
HCP P(S) D(S)? D(S)? D(S)? e Assumed: 10 *®
H.Se N D? D? D? e Assumed: 10 7
P(1.S) (J.S) J.S) (1.S) {troposph.}
AsF, N D? D? D? e Assumed:
P(J.S) (J.S) (1.S) (1.8) 4x 10 " (trop.)

See Notes to Table 5.

measurements at 230 GHz. In addition, millimeter inter-
ferometry appears better suited for this type of study.

CO.. Carbon dioxide has no dipole moment, but con-
tributes to the millimeter spectrum of Venus through its
pressure-induced continuum, which, at 230 GHz. limits
the penetration level to the cloud level.

The C'*O'*0 isotope of carbon dioxide was detected in
the IR range by Bézard er af. (1987) ; it also presents weak
rotational transitions. Assuming a solar value for '°O/"O,
i.e. a mixing ratio of 4x 10~", the 243 GHz transition
J = 11-10) gives a temperature contrast of 0.5 K., which
might be detectable at IRAM ; the 441 GHz transition
{J = 20-19) gives a contrast of 2.5 K, which could be
detectable with the CSO. The scientific interest of this
detection would be to map the temperature field of the
Venus night side near the cloud top at the time of inferior
conjunction.

H,CO. There is presently no information about what
could be the H-CO content on Venus. Formaldehyde is
believed to be formed either by CH, oxidation, or by
H,O-CO heterogeneous reactions. From what we know
now, methane does not exist in the Venus atmosphere,
and both CO and H,O are present in very weak amounts.
The detection of H-CO on Venus appears very unlikely.

H,CO exhibits very strong rotational transitions. The
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Fig. 20. The synthetic spectrum of SO on Venus (688.7 GHz).
The assumed SO mixing ratio is 3 x 107" at - = 60 km {see text)

most appropriate range to search for this species would
be 600-700 GHz, using the CSO. The expected detectivity
limit would correspond to a constant mixing ratio in the
range of 107",

6.1.3. Sulfur-bearing molecules. SO. SO has been
detected on Venus in the UV range (Na et al.. 1990).
However, theoretical photochemistry models predict
that the SO mixing ratio might reach 3x 1077 at = =
60 km (Krasnopolsky and Parshev, 1983). decrease down
to 107" at 70 km. and stay around 5x 107" above
80 km.

SO has a large number of very strong rotational tran-
sitions. Among others, a good candidate is the 689 GHz
transition, observable from the ground. We calculate a
temperature contrast of 0.5 K (Fig. 20) which could be
detectable at CSO with a S/N of 3 in 1 h of integration
time. The 220 GHz transition would be also marginally
detectable at IRAM.

SO-. Sulfur dioxide has been detected at various levels
of the Venus atmosphere. Its mixing ravio is about 150
ppm below the clouds (22 km < = < 50 km). but decreases
within the clouds to a value of about 0.05 ppm at 70 km.
because of'its conversion to H.SO, (Von Zahn eral.. 1983 ;
Bézard et ul., 1993b).

The SO, molecule is spectroscopically very active. and
shows a forest of very strong transitions. As an example.
the 689.4 GHz line leads to a temperature contrast of
0.5 K between the center and the edge of the 0.5 GHz
bandwidth. However, as shown in Fig. 21, the line cal-
culated with the vertical distribution mentioned above is
too broad to be observed by heterodyne spectroscopy.

In contrast, the search for SO. on Venus might be a
possible objective for ground-based Michelson inter-
ferometry (case D). The temperature contrast between the
SO, line center and the true continuum (as observed in
Fig. 20 for a nearby frequency) s 1.2 K. corresponding
to a line depth of 0.5%. A S/N higher than 200 would
thus be required to detect the line. which may not be
impossible on a strong source ke Venus.

H,S. Hydrogen sulfide is also present in the lower atmo-
sphere of Venus, and destroyed at the cloud level, with
mixing ratios ranging from 3 ppm below 20 km down to
1 ppm at 55 km. H.S has strong rotational transitions
throughout the millimeter and submillimeter : interesting



1502

2445

To
244
\
\\
\
Y
\

2435
T

L 1 L . L L
689.2 689.3 689.4 689.5 689.6

243

GHz

Fig. 21. The synthetic spectrum of SO, on Venus (689.4 GHz).
The assumed SO, mixing ratio is 5 x 10™% at z = 70 km (see text)

transitions appear, in particular, at 216 and 611 GHz. As
for SO,, H,S transitions are likely to be too broad to be
detectable with heterodyne spectroscopy ; the detectability
limit would correspond to a constant mixing ratio of about
10~°. Like SO,, H,S could be searched for with ground-
based Fourier-transform spectroscopy.

OCS. Carbonyl sulfide presents the same characteristics
as the two previous sulfur-bearing molecules, SO, and
H,S: it is present in the lower atmosphere with a mean
mixing ratio of about 0.5 ppm near 37 km (Bézard et al.,
1990), but its abundance decreases as the altitude increases
(Pollack et al., 1993), and OCS is destroyed at the cloud
level.

Like SO, and H,S, OCS shows many rotational tran-
sitions, which would lead to lines too broad to be detect-
able with heterodyne spectroscopy. In particular, the 243
GHz transition, observed with IRAM leads to a detect-
ability limit in the range of 10~°. OCS could be searched
for with ground-based Fourier-transform spectroscopy.

CS. There is no information about the CS radical. Its
presence is not expected from theoretical grounds.

Using the CSO, the detectability limit for a constant
mixing ratio would be 10~'° from the 636 GHz transition.

H,S0,. The H,S0, water vapor is relatively abundant
just below the cloud level (a few ppm at z = 50 km, accord-
ing to Krasnopolsky and Parshev (1983)), but is con-
strained by saturation above this level. Its detection is
thus not possible with heterodyne spectroscopy, for the
same reasons as mentioned above in the case of SO,, H,S
and OCS. In addition, in the case of H,SO,, the lines
would probably be formed below the level of the CO,~
CO, continuum, which would make them disappear inde-
pendently of their linewidth.

6.1.4. Nitrogen-bearing molecules. N,. Nitrogen is spec-
troscopically inactive. Its isotope "“N'*N, however, has
weak rotational transitions, but the N, abundance in
Venus (3.5%) is too small for these lines to be detectable.

NO. A nitric oxide airglow was observed by the Pioneer
Venus and IUE (International Ultraviolet Explorer) UV
spectrometers, and its origin was explained by reactions
on N and O in the 80-140 km range. However, the amount
of nitrogen atoms in the Venus atmosphere (maximum of

Th. Encrenaz er al.: Detectability of molecular species
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Fig. 22. The synthetic spectrum of H**Cl on Venus (626 GHz).
The assumed H¥CI mixing ratio is 4 x 10~7 (constant with alti-
tude)

10* at z =115 km (Krasnopolsky, 1986), which cor-
responds to a mixing ratio of 10~° at this level) is not
sufficient to form enough NO for a detectable signature
in the millimeter range.

NO exhibits two series of multiplets at 250 and 650
GHz, and the transitions are rather weak. At 651 GHz,
the detectivity limit would correspond to a constant mix-
ing ratio of 3 x 1077 (case B), which is likely to be mean-
ingless.

NO, and N,O. There is no information nor prediction
about the abundances of these species in the Venus upper
atmosphere. Furthermore, taking into account the low
abundance of NO and the weak intensities of the NO,
and N,O transitions (see Table 4), the detection of these
species in Venus is not expected.

CN. There is no information about the CN abundance
on Venus. However, it can be noted that CN has strong
rotational transitions, which could lead to a detectability
limit in the range of 2 x 10~'° with IRAM (case A).

NH;. An upper limit of 3 x 10~% was obtained for the
NH; mixing ratio in the lower atmosphere from ground-
based near-IR spectroscopy (Kuiper, 1968). Titov (1983)
suggested that ammonia might still be present in lower
abundance and react with SO, in the clouds to form
ammonium pyrosulfite (NH,),S,O;, but there is no con-
firmation of this model.

Heterodyne spectroscopy could allow to refine the NH,
upper limit above the clouds, from the observation of the
strong J = 1-0 transition of ammonia at 572 GHz. As this
line is not accessible from the ground, this observation
would have to be done from space. An upper limit of
10~ '? could be reached with FIRST in 1 h observing time
(case C).

6.1.5. HCI, other Cl-bearing molecules and other halides.
HCL. HCI was discovered by ground-based near-IR spec-
troscopy (Connes et al., 1967), above the clouds, with a
mixing ratio of 4 x 107", The same value was measured in
the lower atmosphere on the night side (Bézard et al.,
1990).

If the HCl mixing ratio is constant throughout the
Venus atmosphere, its detection with heterodyne spec-
troscopy is expected to be very easy. Indeed, HCI exhibits
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Fig. 23. The synthetic spectrum of H¥Cl on Venus (625 GHz).
The assumed H*Cl (constant) mixing ratio is 4x 1077, The
FC1C ratio is 0.325

a multiplet at 626 GHz, while its isotope H’Cl shows the
same multiplet shifted by 1 GHz at 625 GHz. Assuming
the cosmic value of 3.1 for the *CI/*'Cl ratio (Anders
and Grevesse, 1989), the two multiplets would be easily
detectable (Figs 22 and 23). This observation should be
feasible at CSO in the near future. In the case of a constant
vertical distribution, the expected line contrast would be
about 50 K. so that a S/N higher than 100 should be
achieved in less than 10 min.

HCI, however, might be photodissociated in the upper
atmosphere of Venus, as suggested by several authors,
and be responsible for the hydrogen escape and the recom-
bination of CO and O, (Prinn, 1973). In this case, it should
be noted that the multiplet structure of the transition wiil
allow a precise retrieval of the HCI vertical distribution.

Finally, the search for HCl could also be tempted using
a ground-based interferometer (case D); however, the
spectral resolution would not be sufficient to separate the
multiplets and to retrieve the vertical distribution.

CIO. Theoretical models of chlorine chemistry predict
the formation of ClO as a result of the HCl photo-
dissociation and the reaction of Cl atoms with HO, (Kras-
nopolsky and Parshev, 1983). The CIO density would
reach a maximum of 10® cm~* at 80 km, which cor-
responds to a mixing ratio of 1077 at this level.

ClO has a large number of strong transitions through-
out the millimeter and submillimeter range. As an ex-
ample, the 241 GHz transition, accessible with IRAM,
would provide a detectability limit corresponding to a
constant mixing ratio of about 10~* (case A). This limit
is thus probably not very useful.

HF and other halides. As HCl, HF has been detected
in the near-infrared range (Connes et a/., 1967 ; Bézard et
al., 1990) ; its mixing ratio was found to be 10~° above
the clouds as well as in the deep atmosphere.

HF has very strong rotational transitions, all in the far-
infrared range. The first transition (J = 1-0) lies above
1.2 THz. Its observation could be attempted with a Fabry-
Pérot spectrometer from space (case F), as, for example,
FIRST, if Venus is observable with this satellite. The same
comment applies to HBr and HI, although expected to be
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Fig. 24. The synthetic spectrum of O, on Mars (424 GHz). The
assumed O, mixing ratio is 1.3 x 107 (constant with altitude)

present in lower abundances. It should be mentioned that
HBr and HI have their first rotational transitions at 500
and 385 GHz, respectively, possibly observable from the
ground with heterodyne spectroscopy under good weather
conditions. Expected upper limits from CSO observations
would be about 6 x 107" and 2 x 10~° for HBr and HI,
respectively.

6.2. Mars

6.2.1. O, and oxygen-bearing molecules. O3,. Oxygen was
detected on Mars, with a mixing ratio of 1.3 x 107*, from
ground-based high-resolution spectroscopy in the visible
range (Carleton and Traub, 1972); this result was later
confirmed by the Viking mass spectrometer experiment.

As for Venus, oxygen can be observed on Mars in the
submillimeter range. The 424 GHz transition, observable
with FIRST, is expected to be easily detectable (Fig. 24).
Assuming a constant O, mixing ratio of 0.0013, a S/N of
about 80 should be achieved in 1 h of integration time
(case C).

*0"0. The *O™0 transition at 234 GHz could be
searched for at IRAM (Fig. 25). Its detection is likely to
require a few hours of integration, but should be feasible.
assuming, on the basis of the Viking measurements. a
solar value of the '*O/"O ratio.

O,. Ozone has been detected on Mars in the UV range,
and more recently in the IR (Espenak er al., 1991); it
shows strong seasonal, latitudinal and local effects. Its
maximum lies at an altitude of about 50 km, with a mixing
ratio of about 107° at the time of maximum abundance.
Ozone appears to be maximum in northern winter at high
latitude (Krasnopolsky, 1986).

Ozone could be searched for in the millimeter and sub-
millimeter range, at 239 and 610 GHz. At 239 GHz,
assuming the “maximum” O, distribution, a temperature
contrast of 1.5 K is expected (Fig. 26), which would be
detectable at IRAM (case A). with a S/N of about 70 in
1 h integration time. However, this calculation implies a
uniform *‘maximum’ ozone distribution over the Martian
disk. which is too optimistic. Searching for O, at 610 GHz
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Fig. 25. The synthetic spectrum of '“O"*O on Mars (234 GHz).
The assumed O, (constant) mixing ratio is the same as in Fig.
24. The '0/*0 ratio is 1/500

at CSO will be possible too, as the Os line intensity is
stronger. The two limits are expected to be comparable.

H,0O. The water vapor on Mars has been detected by
several means, using optical and near-infrared spec-
troscopy from Earth and space. The Viking MAWD
(Mars Atmospheric Water Detectors) and Lander exper-
iments provided measurements of the water column abun-
dance ranging from 1 pr-um (“precipitable-micron”, cor-
responding to a mixing ratio of about 15 ppm) to about 70
pr-um (about 1000 ppm). The H,O abundance is known to
show important local, seasonal and interannual variations
(Krasnopolsky, 1986: Rosenqvist er al., 1992}, with a
mixing ratio in the range 107°-~10"*. In addition, the H,O
vertical distribution is constrained by saturation.

A mapping of the 22 GHz H,O line has been achieved
with the VLA (Very Large Array) by Clancy et al. (1992),
who derived a mean mixing ratio of 107°, which cor-
responds to about 3 pr-um. A tentative detection of the
183 GHz H,0 line has been obtained at IRAM (Encrenaz
et al., 1995b). Asin the case of Venus, this observation can
only be done under exceptional atmospheric conditions.

The best transition for observing H,O on Mars is the
557 GHz line, observable from space. As shown in Fig.
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Fig. 26. The synthetic spectrum of O; on Mars (239 GHz). The
assumed O, mixing ratio is 10~ ® in the 35-60 km range (see text)
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Fig. 27. The synthetic spectrum of H.O on Mars (557 GHz).

The assumed H,O mixing ratio is 3 x 107°. No saturation occurs
in this model, so that H.O/CO, is constant with altitude

27, a temperature contrast of 40 K is expected for 4 mixing
ratio of 3 x 107> (with this value, no saturation takes place
for the nominal thermal profile). This detection would be
very easy for FIRST (S/N of 500 in 1 h of integration time,
case C), or any smaller space mission having a comparable
instrumentation, such as ODIN.

At higher frequencies, H,O transitions become stronger
and stronger. These lines should be easily detectable with
the ISO satellite (case E), using the Fabry-Pérot mode of
the long-wavelength spectrograph (LWS). As shown in
Fig. 27, which displays the 557 GHz transition over a 5
GHz interval. a loss of about 5 in the line contrast will
result from the degraded spectral resolution of LWS (0.03
cm™"). H-O lines observed with the LWS-FP mode of
ISO in the 100-180 um range—as, for instance, the H,O
transition at 2640 GHz (114 ym)—should thus have a line
contrast of 5-10 K and be easily detectable.

HDO. Two transitions of HDO, at 226 and 147 GHz.
were tentatively detected on Mars, but their identification
remains doubtful (Encrenaz et a/., 1991b, 1995b).

The most favorable transition is, as in the case of Venus,
the 600 GHz line. Assuming a H,O mixing ratio of
3x107% and a D/H ratio equal to 5 times the terrestrial
value (Owen et al., 1988). we calculate a line contrast of
40 K (Fig. 28), easily detectable with the CSO in a few
minutes of integration time. This observation could be
attempted also with a ground-based interferometer (case
D).

H,0,. H,0, could be the elusive oxidant on Mars, that
could also explain the lack of organics on this planet.
Nominal mid-latitude photochemical models assuming a
water vapor mixing ratio of 150 ppm yield 0.1 ppm of
H,O, at the surface of Mars, dropping to about 1 ppb at
30 km (Atreya and Gu, 1994, 1995). During times of large
H,>O mixing ratios, H,O, could approach 0.5 ppm at the
surface.

Assuming, as nominal values, mixing ratios of 10”7,
10~*and 10~ " at altitudes of 0, 15 and 30 km, respectively.
the H,O, transition at 606 GHz is expected to show a
temperature contrast of 3 K, which should be detectable
at the CSO with a S/N of 20 in 1 h of integration time
(case B, Fig. 29).
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he assumed H.O (constant) mixing ratio is the same as in Fig.
27. The D/H ratio on Mars is 6 times the terrestrial value. i.e.
9.0x 107

At lower frequencies, other transitions, about 10 times
lower, are also found. A contrast of 0.3 K should be
detectable at IRAM, at 252 GHz (case A), with a S/N of
15in 1 h of integration time. However, recent unsuccessful
attempts (Rosenqvist, priv. commun.) suggest that the
actual vertical distribution of H.O, might be less abundant
than indicated in the nominal model.

HO-. This molecule has never been detected on Mars,
but photochemical models (Atreya and Gu, 1994) predict
a mixing ratio of 107", If present at this level, HO, could
be detectable at CSO in the 600-680 GHz range, in par-
ticular at 611 GHz (case B).

of Venus, CO was the first atmospheric species to be
detected on Mars by heterodyne spectroscopy (Kakar er
al., 1977). CO and its isotopes have been observed in
the (J/ = 1-0), (J = 2-1) and (J = 3-2) transitions and
monitored as a function of time ; these observations have
provided the CO vertical distribution and the thermal
profile. CO has also been mapped over the Martian disk
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Fig. 29. The synthetic spectrum of H,O, on Mars (607 GHz).
The assumed H.O, mixing ratio is 1077 at the surface, 107" at
15 km (see text)
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and wind velocity measurements have been derived (Lel-
louch et al., 1991a, b).

There is no special need to increase the frequency of
these observations, except to improve the spatial res-
olution for the wind measurements. [t should be men-
tioned that CO transitions corresponding to higher J-
values will be observed with the ISO in the LWS-FP
mode, with a degraded spectral resolution and no spatial
resolution.

H.CO. A tentative identification of formaldehyde, at
0.5 ppm. has been reported from the Phobos solar occul-
tation data (Korablev ef al., 1993). This result was sup-
ported by theoretical photochemistry models. However,
a subsequent search at 225 GHz. at IRAM. failed to
confirm this result (Rosengvist. priv. commun.).

H.CO has strong transitions in the submillimeter range.
A favorable transition appears at 674 GHz. The cor-
responding detectability limit at CSO would be a constant
mixing ratio of 107" (case B).

6.2.3. Sulfur-bearing molecules. There is presently no
positive information about the abundance of gaseous sul-
fur species on Mars, nor, to our knowledge. any theor-
etical prediction of their abundances.

SO. From the search of its 220 GHz transition at
IRAM. an upper limit of about 10" can be derived (Lel-
louch, unpublished result). This upper limit can be
improved if 4 stronger transition is used, like the 688.7
GHz transition at CSO. A constant mixing ratio of about
107" (1 h integration time) could then be detected (case
B).

SO.. The present upper limit is 3 x 10" ", from a search
of the 216.6 GHz transition at IRAM (Encrenaz et al..
1991b). Using the 689.4 GHz transition at the CSO, one
can expect an upper limit of 107" in 1 h integration.

H.S. The present upper limit, obtained from the 216.7
GHz H.S transition at IRAM. is 2 x 107" (Encrenaz et
al., 1991b). One can expect to reach a detectability limit
of 107" from a 1 h observation of the 611 GHz transition
at CSO (case B).

OCS. From the 146 GHz transition, an upper limit of
7 x 107" was obtained at IRAM (Encrenaz er al., 1991b).
This limit can be reduced to 107" by using the 243 GHz
transition, still at IRAM. There is no real advantage in
using lines at higher frequencies.

CS. As in the case of Venus, there 1s no information
about the possible presence of CS on Mars. The detect-
ability limit from the 636 GHz transition would cor-
respond to a constant mixing ratio of 10"

6.2.4. Nitrogen-bearing molecules. NO. NO was
detected in the upper atmosphere of Mars with the Viking
mass spectrometers (Nier and McElroy. 1977). Its photo-
chemistry has been studied by Yung er al. (1977) and
McElroy er al. (1977). Following their work, we have
assumed a NO distribution with a peak of intensity of
5% 107%in the 100-130 km range.

There are two groups of lines which can be considered.
The 250 GHz multiplets give a temperature contrast of
0.5 K (Fig. 30). which should be marginally detectable at
IRAM with an observation of several hours (case A).
The 651 GHz multiplets are expected to give a stronger
contrast (1.6 K, Fig. 31), and should be detectable at CSO
(case B). with a S/N of 10 in 1 h of integration time.
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Fig. 31. The synthetic spectrum of NO on Mars (651 GHz). The
assumed NO mixing ratio is the same as in Fig. 30
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NO, mixing ratio on Mars is expected to be
lower than the NO one, and to decrease more rapldly as
the altitude increases. There is no information about N,O,
but its formation in measurable amounts is not expected.
Taking into account the strengths of the NO, and N,O
lines comparable to the NO transitions or weaker, the
detection of these species on Mars is thus unexpected.
NH;. There is no information at present about the
possibie abundance of ammonia on Mars. A 1 h obser-
vation of the 572 GHz line with FIRST should provide a

deP(‘f)hl]lf\l limit of about ln"lo ((‘qep (‘\

......

CN. No 1nformauon presently ex1sts As in the case of
Venus, an observational limit in the range of 2 x 107" is
accessible (case A).

6.2.5. HCI, other Cl-bearing molecules and other halides.
HCI. There is presently no information about the abun-
dance of HCl on Mars. However, if a mixing ratio of
4x 1077 is assumed, as in the case of Venus, the two
multiplets of HCl and H*Cl, at 626 and 625 GHz respec-
tively, should be easily detectable (Figs 32 and 33). Asin

the case of Venus, the structure of the multiplets should
allow a precise retrieval of the HCI vertical distribution.

Th. Encrenaz ef al.: Detectability of molecular species
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(case B).

If HCl is present on Mars at the 4 x 1077 level, the 626
and 625 GHz lines (but not the individual multiplets)
should be also observable with a ground-based Fourier-
transform spectrometer (case D). In this case, the tran-
sitions corresponding to higher J-values should also be
easily detectable with ISO (case E).

ClO. There is no information about the possible abun-

dance of CIO on Mars. As in the case of \/pnnc a search
aance of C1O on Mars. AS ca

111 vl s¢éarcn

for ClO at 241 GHz using IRAM would prov1de a detect-
ability limit of about 10~F

HF and other halides. HF is not detectable in the milli-
meter or submillimeter range, but has strong transitions
in the far-infrared range, which might be observable with
ISO. This detection would be easy if the HF abundance
on Mars was the same as in Venus. HBr and HI couid be
detectable too with ISO, and could be searched for with
ground-based heterodyne spectroscopy at 500 and 385
GHz, respectively. Expected limits at the CSO (case B)
are 6 x 107" and 2 x 10~° for HBr and HI, respectively.
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Fig. 34. The synthetic spectrum of CH, on Saturn (942 GHz).
The assumed CH, mixing ratio is 4 x 10™* (constant with alti-
tude ; see text)

6.3. Giant planets and Titan

6.3.1. Methane and hydrocarbons. CH,. Methane is rela-

tively abundant in the atmospheres of the giant planets

and Titan: about 2 x 107% in Jupiter, 4 x 10~% in Saturn,
in the range of a few 107" in the tropospheres of Uranus
and Neptune, and 2x 107 in Titan’s stratosphere
(Atreya, 1986). In the case of Uranus and Neptune, satu-
ration is expected to take place in the upper atmosphere,
strongly depleting the stratospheric CH, mixing ratio;
saturation could also take place in Titan’s stratosphere.
In the other cases, the methane mixing ratio is expected
to be constant with altitude up to the microbar level.

CH, has been observed through its numerous
vibration-rotation bands in the visible and infrared ranoce

AVIALVIITI AUV DRSS 1 MR VASIDIC a0 HLIQICG Taligh.

However, in the far-infrared and the submillimeter range,
it also exhibits weak, forbidden rotational lines, which
could be observed in the stratospheres of the giant planets
and Titan due to the large atmospheric paths involved.
The scientific objectives of such measurements would be
the following : determination of the stratospheric thermal
profiie in the case of Jupiter and Saturn; determination
of the stratospheric methane abundance in the case of

1Tranng Nantiine and Titan
vialiuo, A‘\-‘JLUIIU alivl 1iilail.

Transitions corresponding to the lowest J-values can be
searched for with heterodyne spectroscopy experiments.
As an example, Fig. 34 shows the expected Saturn spec-
trum of the J = 4-3 CH, line at 942 GHz, calculated with
a methane mixing ratio of 4 x 10~*. The 0.5 K temperature
contrast would be marginally detectable from the ground
and/or with FIRST. It should be noted that Saturn,
because of its small stratospheric temperature gradient is
not favorable for the detection of stratospheric lines. Jupi-
ter and Neptune are more favorable cases. The CH, strato-
spheric abundance of Neptune, which may correspond to
supersaturation, is very uncertain presently. Assuming a
stratospheric mixing ratio of 5 x 107, at the upper limit of
the uncertainty range (Gautier ef al., 1995), a temperature
contrast of 2.5 K is obtained. However, because of the
large dilution factor, this contrast is not sufficient for the
line to be observable from the ground nor from space. In

contrast, the CH, lines should be observable on Jupiter.
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The methane rotational lines are very strong in the far-

1 . 3 1 ]I ho 1 th
infrared spectral region, whieb will be covered by the

long-wavelength spectrometer of ISO (case E) as well as
FIRST-FP (case F). They should be easily detected on
the four giant planets and Titan. In the case of Saturn and
Titan, they will also be observed with the CIRS inter-
ferometer aboard the Cassini orbiter. As an example, Fig.
35 shows the CH, multiplet of Saturn at a frequency of
2508 GHz (83.6 cm™', or 119.6 um).

CH;D. The main interest in the CH,D molecule is that it
allows a determination of the D/H ratio, if a simultaneous
determination of methane can be obtained in the same

afmncnhm‘m region (i.e. at a nearby freguency). with the

LHOSPALHIL IRV (1L av a ARSI R RS A I

same techmque.

CH;D has been detected in the four giant planets and
Titan from its infrared bands. Monodeuterated methane
exhibits weak rotational lines near 930 GHz, in the vicinity
of the (J = 4-3) CH, rotational line. The most favorable
case is Titan, which shows a deuterium enrichment with
respect to J'upiter and Saturn. Assuming a CH,;D mixing

ratio of 1.1 x 10~° (Coustenis et al., 1989), a temperature
contrast of 11 K is observed (Fig. 36). This contrast could
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Fig. 36. The synthetic spectrum of CH,D on Titan (930 GHz).
assumed CH,D mixing ratio is 1. 1 x 10~° (constant in the
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be marginally observable with several hours of integration
time (S/N = 0.51in | h). CH;D isexpected to be marginally
detectable on Jupiter with the CSO (case B) and with
FIRST (case C). It should be noted that heterodyne spec-
troscopy is definitely needed for this observation, in view
of the very narrow line profiles.

C;H,. Methylacetylene has been detected in the lower
stratosphere of Titan, with an abundance of 4 x 1077 at
the equator and 2 x 10~* at the north pole (Coustenis et
al., 1993). No information exists on the giant planets.

The best frequency to search for C;H, is 257 GHz,
where a limit around 107* could be achieved at IRAM for
Jupiter and Saturn, and a value 30 times higher for Nep-
tune and 200 times higher for Titan. In the latter case, this
upper limit is thus likely to be meaningless. The Neptune
limit is interesting as it is comparable to the value of
2x 1077 predicted by Moses et al. (1992), while more
recent calculations (Dobrojevic ez al., priv. commun.) sug-
gest a much lower abundance. Millimeter observations
could thus provide a crucial test for these photochemical
models.

C,H;. Propene (CH,CHCH,) has some millimeter tran-
sitions, but their intensities are not well known presently.
On the basis of present photochemical models, propene is
not expected to be present in measurable abundances in
the giant planets and Titan.

CH. CH is likely to be a photochemical product of
methane, but is not expected to accumulate in the atmo-
spheres of the giant planets. A search for CH at CSO (case
B) could lead to a detectability limit in the range of 10~'°
(Jupiter), 3 x 10~° (Neptune) and 2 x 10~* (Titan). Unfor-
tunately, Neptune's expected limit is significantly larger
than theoretical estimates from Moses er al. (1992) and
Dobrojevic ef al. (priv. commun.), respectively, 107" and
107",

CH,. CH, has several groups of rotational transitions
with moderate intensity around 70 GHz, 445 GHz and in
the far-infrared range. However, present photochemical
models do not predict the formation of CH, in any sig-
nificant amount. A search for CH, at IRAM would lead
to detectability limits of 4 x 10~ for Jupiter and Saturn.
10~* on Neptune and 10~ for Titan, probably not sig-
nificant.

6.3.2. Nitrogen-bearing molecules. NH,. Ammonia is
one of the most abundant species in the giant planets.
However, its vertical distribution is strongly depleted.
both by saturation and by photochemistry, so that its
stratospheric abundance is expected to be very low. How-
ever, one might not exclude that, in the case of Titan
and possibly Neptune, small quantities of stratospheric
ammonia might be formed as a product of nitrogen photo-
chemistry.

The first ammonia transition (J = 1-0) occurs at 572
GHz, and is not observable from the ground. From
heterodyne spectroscopy with FIRST (case C), detect-
ability limits correspond to constant stratospheric mixing
ratios ranging from 10"’ (Jupiter) to 3 x 10~ (Neptune)
and 2 x 10~* (Titan). Figures 37 and 38 illustrate the spec-
tra of Neptune and Titan, respectively, calculated with a
constant NH; mixing ratio of 107",

In the case of Jupiter and Saturn, as shown by Lellouch
et al. (1984a) and Bézard et al. (1986), the tropospheric

Th. Encrenaz et al.: Detectability of molecular species
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Fig. 37. The synthetic spectrum of NH, on Neptune (572 GHz).
The assumed NH; mixing ratio is 10~'° (constant in the strato-
sphere)

absorption lines of ammonia will be easily detectable
with the LWS-FP mode of ISO and the FIRST FP
spectrometers.

HCN. HCN has been tentatively detected in Jupiter
(Tokunaga et al., 1981). using Fabry—Pérot IR spec-
troscopy. Its origin is likely to be tropospheric. Strato-
spheric HCN has been detected in the millimeter range on
Neptune (Marten et al., 1991, 1993) and Titan (Tanguy
et al., 1990), with mixing ratios of 7x 107" and 2 x 1077,
respectively. The upper limit of stratospheric HCN on
Uranus is 7 x 107" (Rosenqvist et al., 1992). Recently,
HCN has been detected in Jupiter’s stratosphere shortly
after the impact of comet Shoemaker-Levy-9, and
remained observable for a period of several months (Mar-
ten et al., 1995).

With its very strong dipole moment, HCN has a series
of strong rotational transitions which peak around 1 THz.
This is illustrated in Fig. 39 which shows the (J = 10-9)
HCN spectrum of Neptune at 886 GHz. However, there is
no clear advantage of using higher frequency transitions,
except for a more accurate retrieval of the vertical strato-
spheric distribution.

As pointed out by Bézard et al. (1986), tropospheric

©

A e i e e

8

82

5723 574 572e 578 e

e
Fig. 38. The synthetic spectrum of NH; on Titan (572 GHz). The
assumed NH, mixing ratio is 10~'? (constant in the stratosphere)
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Fig. 39. The synthetic spectrum of HCN on Neptune (886 GHz).
The assumed HCN mixing ratio is 7 x 107" (constant in the
stratosphere)

lines of HCN are expected to be detectable in the far-
infrared spectra of Jupiter and Saturn. They should be
easily detectable with the LWS-FP mode of ISO (case E)
and the FIRST FP spectrometers (case F). They could
also be searched for with a ground-based interferometer
(case D). Finally, it should be noted that HCN will be
also detectable on Titan in the submillimeter range
{Coustenis er al., 1993) with the CIRS interferometer
aboard the Cassini mission.

CH,CN. Acetonitrile (CH;CN) has been recently
detected on Titan, at IRAM, with heterodyne spec-
troscopy at 221 GHz (Bézard er al., 1993a); there is no
available information for the giant planets. The detect-
ability limit at 257 GHz, at IRAM, corresponds to a
constant stratospheric mixing ratio of 10~° for Jupiter,
and 3 x 10" on Neptune.

If higher frequency transitions are used, such as the 606
GHz multiplet, a factor of 10 is gained in line intensity,
but this advantage is counterbalanced by the smaller size
of the CSO antenna and the higher system temperature.

HCN. Cyanoacetylene has been detected on Titan,
both from [RIS-Vovager (see Hunten ef al. (1984) for a
review) and heterodyne spectroscopy (Bézard et al., 1992).
at IRAM, at 146 and 218 GHz. The IRIS data led to
mixing ratios of 2.5 x 107 near 110 km, at high northern
latitudes, and an upper limit was derived at intermediate
latitudes. The IRAM spectra led to a disk-averaged column
density of 10" molec cm™" above the 320 km level. No
information exists about its possible abundance in the
giant planets.

At 264 GHz, with IRAM, the detectability limit for
stratospheric HC;N is 107" for Jupiter and 3 x 10™" for
Neptune. Transitions at higher frequencies are not stronger.

CH-NH. This molecule has never been observed on the
giant planets nor on Titan, but appears in some photo-
chemical models as a possible dissociation product. The
best spectral range for searching this species is the 230
GHz region, where a detectability limit of 10™* (Jupiter).
3x 1077 (Neptune) and 2 x 10~° (Titan) can be reached
with IRAM (case A). There is no definite advantage in
using higher frequency transitions.

1509

3

Fig. 40. The synthetic spectrum of CO on Uranus (345 GHz).
The assumed CO mixing ratio is 3 x 10 7" (constant with altitude)

CN. There is no information about the possible abun-
dance of CN. which is not expected to be stable in the
atmospheres of the giant planets and Titan. Upper limits
of 107", 3x 10" and 2x 107" could be reached with
IRAM on Jupiter. Neptune and Titan, respectively.

6.3.3. Oxygen bearing compounds. CO. CO has been
observed in the tropospheres of Jupiter (Larson ¢t al.,
1978) and Saturn (Noll ef al., 1986), in the IR range, and
in the stratospheres of Neptune (Marten ez af., 1991, 1993 ;
Rosenqvist ef al., 1992), from heterodyne spectroscopy of
the (/= 2-1) and (J = 3-2) transitions: the (J = 1--0)
transition was also detected in Neptune’s troposphere
(Guilloteau et al., 1993). CO was detected in Jupiter’s
stratosphere following the collision of comet Shoemaker-
Levy-9 (Lellouch ez al.. 1995). In the case of Titan. Lutz
et al. (1983) first detected CO in the near-infrared and
derived a constant mixing ratio of about 10~*in the tropo-
sphere. Millimeter heterodyne measurements of CO on
Titan (Muhleman et al.. 1984) confirmed this value by
observing the CO (J = 1-0) transition. Later observations
of the CO (J = 1-0) and (J = 2-1) transitions. however.
gave a CO mixing ratio about ten times lower in the
stratosphere (Marten er al., 1988) ; this controversy is sull
not solved. In the case of Uranus. the upper limit for
stratospheric CO is 4x 107" There is little hope of
improving this limit, as illustrated by the synthetic {(J = 3
2) CO spectrum of Uranus (Fig. 40).

Transitions corresponding to J > 3 should be detect-
able in Neptune and Titan, as shown in Figs 41 and 42
which give a comparison of the intensities of the (J = 3-
2) and (J = 7-6) transitions. Such information may be
useful for retrieving the CO vertical distribution more
accurately. In the case of Jupiter and Saturn, far-infrared
absorption lines due to tropospheric CO could be mar-
ginally detectable with ISO. Their detection should be
easier using either FIRST-FP (case F) or a ground-based
interferometer (case D).

H.O. Tropospheric water is trapped in clouds in the
deep atmospheres of the giant planets. However. the pres-
ence of stratospheric H,O has been suggested by various
authors in the case of Saturn and Titan. In the case of
Saturn this suggestion is based on the possible detection
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Fig. 41. The synthetic spectrum of CO on Neptune (345 GHz).
The assumed CO mixing ratio is 6 x 10~7 (constant with altitude)

of H,O in UV spectra (Wilkenstein et al., 1983) ; for Titan,
the presence of H,O would be needed to account for the
presence of CO,. In both cases, water would originate
from external impacts coming from the rings or from
meteorites (Atreya, 1986); measuring the H,O strato-
spheric abundance would allow to test the hypothesis of
an external flux of particles.

As mentioned above, stratospheric water is best searched
for at 557 GHz. Figure 43 shows the synthetic H,O spec-
trum of Saturn; our calculations assume a mixing ratio
of 1077 above the pressure level P = 10 mbar, which cor-
responds to the column density measured by Wilkenstein
et al. (1983). It should be mentioned that the transition is
very broad. With heterodyne spectroscopy, using a spec-
tral band of 0.5 GHz, a contrast of 30 K is expected; it
should be easily detectable with FIRST (case C), and
possibly also with a smaller satellite such as ODIN. It
should be mentioned that the expected H,O line is broad
enough to be detectable with the LWS-FP mode of I1SO
(case E), as weil as FIRST-FP (case F); with a spectral
resolution of 0.03 ¢cm ™!, the contrast in the far-infrared
H,O line would be higher than 20 K.

In the case of Titan, assuming, after Coustenis et al.
(1993), a stratospheric mixing ratio of 10~°, we calculated
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Fig. 42. The synthetic spectrum of CO on Neptune (807 GHz).
The assumed CO mixing ratio is the same as in Fig. 41
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Fig. 43. The synthetic spectrum of H,O on Saturn (557 GHz).
The assumed H,O mixing ratio is 1077, constant above the
P = 10 mbar level (see text)

100

the 557 GHz H,O emission line (Fig. 44) which could be
also detectable with FIRST in the heterodyne mode (case
C). The 35 K contrast would be at the detection limit in
3 h integration time. The detection should be much easier
with ISO (case E), using the stronger far-infrared tran-
sition lines (Coustenis et al., 1993), or the FP mode of
FIRST (case F). For both Saturn and Titan, far-infrared
H,0 lines are expected to be observed with CIRS-Cassini.

OH. OH, a product of H,O photodissociation, could
be searched for in Saturn and Titan. Rotational tran-
sitions are present in the far-infrared range. This detection
could be attempted with the LWS-FP mode of 1SO
(case E).

Other organic molecules : H,CO, CH;0OH. There is pre-
sently no information about the possible abundances of
these species in the stratospheres of the giant planets and
Titan. We indicate below the expected detectability limits.

In the case of H,CO, the most suitable range appears
in the 600-700 GHz region. In particular, the 674 GHz
transition would provide a limit of 107'° for Jupiter and
Saturn at the CSO. Because of the dilution factor, this
limit is degraded to about 3x 10~° for Neptune and
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Fig. 44. The synthetic spectrum of H,O on Titan (557 GHz).

The assumed H,O mixing ratio is 10~°, constant in the strato-
sphere (see text)
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Fig. 45. The synthetic spectrum of HD in the four giant planets
(J. S, U and N), The R(0) and R(1) lines are located at 89.23
and 177.84 cm ™', respectively. Other absorption or emission
features are due to PH; (near the R(0) line) and NH; (near the
R(1) line). The assumed HD mixing ratio is 6 x 10~° (constant
with altitude). The figure is taken from Bézard et al. (1986)

2 x 107" for Titan. This latter result is about two orders
of magnitude larger than recent theoretical estimates of
the H,CO abundance in Titan’s stratosphere (Toublanc
et al., 1995).

CH,OH has a series of transitions around 331 GHz.
The corresponding detectability limit with the CSO would
be in the range of 10~ for Jupiter and Saturn, about 30
times higher for Neptune and 200 times higher for Titan
(case B). Again, the Titan limit is much larger than the
present estimate of its abundance (Toublanc et al., 1995).

6.3.4. Other molecules. HD. Determining the HD abun-
dance in the giant planets is essential for an accurate
measurement of their D/H ratio. Previous determinations
rely either on observations of HD lines involving scat-
tering processes in the vistble range, difficult to interpret.
or on CH,;D analyses, depending upon the fractionation
factor. As pointed out by Bézard et al. (1986), the best
way to derive D/H in the four giant planets is the use of
their rotational transitions. The R(0) line, at 89 cm™', is
expected to show up in absorption, with a central core in
emission (Fig. 45). Its detection on the four giant planets
will be one of the major planetary objectives of the ISO
mission.

PH,. Phosphine has been detected in the tropospheres
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Fig. 46. The synthetic spectrum of H*Cl on Jupiter (626 GHz).
The assumed H**C] mixing ratio is 4 x 107 (constant with aiti-
tude)

of Jupiter and Saturn from IR spectroscopy. The first
rotational line (J = 1-0) occurs at 267 GHz. Millimeter
heterodyne observations failed to detect an emission core
(Lellouch et al., 1984b), which probably implies that, in
Jupiter and Saturn, PH; is depleted in the upper tropo-
sphere by photodissociation. In Uranus and Neptune,
PH, is likely to condense out in the upper tropospheres of
these planets.

The (1-0) PH, transition at 267 GHz has been detected
in Saturn’s troposphere with a ground-based Fourier-
transform spectrometer (Weisstein and Serabyn, 1994).
The inferred tropospheric mixing ratio is 3 x 107°. At
267 GHz, the detectability limit of PH; from heterodyne
spectroscopy corresponds to a stratospheric mixing ratio
of 3 x 10~% on Jupiter and Saturn.

Tropospheric lines of PH; will be easily detectable with
ISO (LWS-FP mode, case E) in the case of Jupiter and
Saturn. On Uranus and Neptune, the lines are expected
to be very marginally detectable. This detection will be
easier with a ground-based Fourier-transform spec-
trometer (case D) or with the FP mode of FIRST
(case F).

HCl. No information is presently available on the abun-
dance of HCl in the giant planets. However, Bézard et al.
(1986) have calculated that, under cosmic abundances
(HCI mixing ratio of 4x1077), and assuming efficient
transport from the deep atmosphere where it is stable,
HCl rotational lines are expected to be very strong in the
far-infrared range.

Assuming a constant mixing ratio of 4 x 10~7 through-
out the atmosphere, we have calculated the synthetic spec-
trum of the 626 GHz J = 1-0 transition multiplet, in Jupi-
ter and Saturn (Figs 46 and 47). The strong temperature
contrasts would be easily detectable at CSO (case B). The
H?'Cl isotope would be also observable at 625 GHz; its
spectral profile would be comparable to those of H*CI.
with slightly lower contrasts.

It should be noted that the assumption of a constant
mixing ratio may be unrealistic, as photochemistry is
likely to take place at some level in the stratosphere. As
in the case of Venus and Mars, the HCI stratospheric
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Fig. 47. The synthetic spectrum of H*Cl on Saturn (626 GHz).
The assumed H*CI mixing ratio is 4 x 107 (constant with alti-
tude)

vertical profile could be retrieved from the analysis of the
HCI multiplet.

As pointed out by Bézard et al. (1986), in the case of a
constant tropospheric mixing ratio of 4 x 1077, the HCl
tropospheric lines of Jupiter and Saturn are expected to
be easily detectable with the LWS-FP mode of [SO (case
E). The same observation could be done with a ground-
based Fourier-transform spectrometer (case D) or with
FIRST-FP (case F). In the case of Uranus and Neptune,
HClis expected to condense and should not be observable.

In the case of Titan, assuming a cosmic CI/N abundance
ratio, the expected HCI mixing ratio would be 4 x 1077,
However, HCI is not likely to be stable and might react
with Titan’s surface. The detectability limit for the 626
GHz line at CSO would be about 107%,

Other halides: HF, HBr, HI. As for HCI. no infor-
mation exists presently about the abundances of these
species in the giant planets.

Assuming they are present in cosmic abundances
(1.5x 1077, 8x 107" and 7x 10~" for HF, HBr and HI,
respectively), and transported from the deep interior by
rapid convective motions, Bézard er a/. (1986) have shown
that all three species are expected to be detectable with
ISO (LWS-FP) on Jupiter and Saturn (case E). Emission
cores should be observable if their mixing ratio stays con-
stant above the tropopause. As mentioned above (Section
6.1.5), HBr and HI have their first rotational transitions
at 500 and 385 GHz, respectively, possibly observable
from the ground ; but the expected upper limits (6 x 10~
and 2 x 107°, respectively) make their detection difficult
(for HBr) or unlikely (for HI).

As in the case of HCI, these species are expected to
condense in Uranus and Neptune.

H.S. On the basis of the cosmic S/H value, hydrogen
sulfide would be expected to be relatively abundant in
the giant planets (3 x 107" in Jupiter’s troposphere). Its
absence in their [R spectra has been interpreted by chemi-
cal reactions involving the formation of NH,SH clouds in
the deep troposphere.

H.S exhibits a very large number of transitions in the
300-1000 GHz range. Bézard er al. (1986) have shown
that some of them might be marginally observable in the
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Fig. 48. The synthetic spectrum of HCP on Saturn (359 GHz).
The assumed HCP mixing ratio is 10" (constant with altitude)

far IR range. This observation might be made with 1SO
or, more easily, with 4 ground-based Fourier-transform
spectrometer (case D) or with the FP mode of FIRST
(case F).

CS and OCS. Millimeter transitions of CS (J = 5-4, at
245 GHz) and OCS (J = 18-17, at 219 GHz) have been
detected at IRAM in the stratosphere of Jupiter, shortly
after the collision of comet Shoemaker-Levy-9 (Lellouch
et al., 19995). These species are normally absent from Jupi-
ter’s stratosphere, but were probably formed as a result
of shock chemistry just after the explosion. Their detec-
tions in other planets are thus unlikely. In the case of CS,
the detectability limit (at IRAM, at 245 GHz)is 2 x 10"
for Jupiter (under normal conditions) and Saturn,
6 x 107" for Neptune and 4 x 10~° for Titan. These limits
are 10 times larger in the case of OCS (at IRAM. at 243
GHz).

HCP. The presence of HCP in Saturn has been sug-
gested on the basis of photochemical models (Kaye and
Strobel, 1983), as a photodissociation product of CH,
and PH;. Its mixing ratio could be in the order of 10~"
Rotational transitions of HCP occur mostly in the 10--
30 ecm ' range (Lellouch and Destombes, 1985). and, as
calculated by Bézard er al. (1986), could be marginally
observable in the form of tropospheric absorption lines
(Fig. 48). They should be searched for with [SO, FIRST
and from the ground (cases D-F).

H-Se and AsF;. No information exists about these mol-
ecules. Assuming a cosmic abundance of 4x 107° and
4x 107" for H.Se and AsF,, respectively. in the tropo-
spheres of Jupiter and Saturn, Bézard et . (1986) have
shown that, for the two species, rotational transitions
occurring in the 40-90 cm™~' range might be observable.
As for H,S and HCP, these observations can be attempted
in cases D-F. However, the detection of arsenic in the
form of AsH; on both Jupiter and Saturn makes the
detection of AsF; in these planets unlikely.

6.4. lo, Triton and Pluto

In the case of these three small bodies surrounded by a
tenuous atmosphere, there is still a large uncertainty about
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their temperature profile and their chemical composition.
We did not calculate synthetic spectra for these objects.
but we indicate below possible observations to be
attempted, and the corresponding upper limits which
might be deduced.

Because the atmospheres of these objects are very tenuous,
the lines are Doppler-broadened and extremely narrow.
Heterodyne spectroscopy is thus the only means for
detecting rotational transitions of gaseous species on these
objects.

6.4.1. lo. The atmosphere of lo is known to be com-
posed of SO.. as indicated both by the IRIS infrared data
{Pearl ¢r ul.. 1979) and by the millimeter detection of this
molecule at 222 GHz (Lellouch er af.. 1990). From the
intensity and the width of the observed millimeter line, a
surface pressure of 3-40 nbar was inferred, covering only
a fraction (5-20%) of lo’s surface. The origin of this
patchy distribution could be condensation/sublimation
processes and/or volcanism. There is a strong uncertainty
about the thermul profile : millimeter observations tend to
support a hot atmosphere (warmer than 500 K) above the
110 K surface. which aeronomical models presently fail
to reproduce. In any case. the temperature contrast
between the atmosphere and the surface seems to be a
few hundred K. a favorable situation for millimeter
observations.

SO.. After the first detection of SO, at 222 GHz at
IRAM, several other lines have been searched for
(Lellouch ¢r «l., 1992). The 143 GHz transition was
observed at IRAM, and the 346.6 GHz transition has
been tentatively detected at the CSO.

In the tuture, searching for stronger transitions at higher
frequencies, like the 689.4 SO, transition. could provide
further constraints upon the thermal profile and the SO,
distributions. This line should be detectable at the CSO.

SO. From the unsuccessful search for SO at 346.5 GHz
at the CSO, un upper limit of 5% was derived for the SO
mixing ratio. after 8 h of integration (Lellouch er al.,
1992). This limit was obtained assuming for SO the same
disk distribution as tfor SO,, {rom which its is produced
by photodissociation. This upper limit might be improved
by the use of the 688.7 GHz transition. which is 4 times
stronger.

H.S. An upper limit of the H,S abundance was derived
from the absence of detection of the 169 GHz line at
IRAM. No saturation is expected for this molecule.
Assuming a unitorm distribution over lo’s disk, the cor-
responding partial pressure is about 0.1 nbar. strongly
dependent upon the temperature assumed in the model
(Lellouch er «f.. 1992).

This limit could be improved by using stronger tran-
sitions at higher frequencies. for instance the 611 GHz
transition, 10 times stronger. at the CSO.

CO. An upper limit of about 5 nbar was reached using
the (J = 1-0) CO transition at 115 GHz at IRAM;
however. this observation was not optimized, as the 1
MHz resolution was used (Lellouch et al., 1992). This
limit could be significantly improved by using the 230 GHz
line, almost ten times stronger. The (J = 6-5) transition at
691 GHz could also be used at CSO. These two lines could
provide more stringent upper limits by factors of 10 and
20, respectively.
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CS. No information is presently available about the
possible abundance of CS; this radical is not expected to
be stable on lo. Nevertheless. taking into account the
peculiar nature of lo's atmosphere. possibly fed by vol-
canism, it is still worth mentioning that an upper limit 400
times lower than for CO could be obtained from the 245
GHz transition at IRAM. Another transition. ten times
stronger. could be used with the CSO at 685 GHz.

OCS. There is presently no information about the pos-
sible abundance of OCS on lo. The best frequency range
to search for this molecule is the 230 GHz range. From
the 243 GHz transition, a detectability limit of about 0.1
nbar could be expected at IRAM.

6.4.2. Triton und Pluto. Our knowledge of the atmo-
spheres of Triton and Pluto has made significant progress
over the past years, thanks to three events: the Neptune
encounter by Fovager 2in 1989, the Pluto-Charon mutual
events in 1985-90 and the observation of a stellar occul-
tation by Pluto in 1988. Both objects have a tenuous,
nitrogen-dominated atmosphere, with partial pressures of
10 pbar for Triton and a few pbar tor Pluto. In the case
of Triton. there is a temperature contrast of about 60 K
between the surface and the upper atmosphere (Broadfoot
et al.. 1989) : a similar contrast ts also present on Pluto.

Table 3 illustrates that. because of their very large
dilution factors, Triton and Pluto tall beyond the detec-
tivity limit of heterodyne spectroscopy. Indeed. whatever
the strength of a given transition may be. we cannot expect
to observe a brightness temperature contrast larger than
the maximum temperature contrast between the upper
atmosphere and the surface.

As shown in Table 3, for both Tnton and Pluto, the
minimum detectable Tb contrasts always exceed 200 K.
which rules out any possibility of detecting a molecule on
these objects.

7. Conclusions

We present below some concluding remarks about the
present and future observational opportunities. as
described in our cases A-F.

(A) A 30 m antenna like IRAM remains extremely
competitive, as compared to a 10 m antenna working at
higher frequency. It should be used preferentially for all
molecules having transitions below 300 GHz which are
not less than 10 times weaker than those present at higher
frequencies. A major improvement would be a 30 manten-
na working at 345 GHz under good conditions, i.e. with
sensitive receivers and a good antenna efficiency. The
advantage of a large antenna is of course decisive for all
small objects.

(B) A 10 m antenna like the CSO working in the 300
700 GHz range provides a4 unique opportunity for mol-
ecules like HCI. which present no transitions at lower
frequencies. It is also a very good opportunity for mol-
ecules having transition intensities which increase sig-
nificantly with frequency. This is. in particular, the case
of SO.. SO, H.S. HDO. H.0.. O-.

(C) FIRST, operating in the heterodyne spectroscopy
mode, will be unique for molecules like H-O. O~ and NH.,
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very important for planetary studies, as well as for all
other minor species unobservable from Earth. As shown
in Table 3, for extended objects, its excellent system tem-
perature makes this facility as sensitive as a large ground-
based antenna.

(D) A ground-based Fourier-transform spectrometer
operating in the submillimeter range would be a very
precious tool for planetary studies. Due to its moderate
spectral resolving power (about 10%), it would be ideal for
detecting tropospheric absorption lines of minor con-
stituents in the atmosphere of Venus or in the tropo-
spheres of the giant planets. In particular, this instrument
could be able to detect HCI on all planets, tropospheric
HCN and CO on Jupiter and Saturn, and PH; in the
tropospheres of all giant planets. H,S, SO and SO, lines
could also be searched for, especially on Venus. Such an
instrument is becoming operational at the CSO (Weisstein
and Serabyn, 1994).

(E) The ISO satellite, to be launched by ESA in 1995,
will present an excellent opportunity for searching tro-
pospheric species in the giant planets (HD, HCl and other
halides), as well as minor constituents on Mars (H,0),
Titan (CO, HCN, H,0) and possibly Saturn (H,0). In
particular, this facility should be able to provide an accu-
rate determination of the D/H ratio on the four giant
planets.

(F) The objectives of FIRST, used in the Fabry—Pérot
mode, will be the same as in case E, but they will be easier
to achieve, with the increased sensitivity due to the FIRST
3 m telescope. In particular, such an instrumentation will
be ideal for searching for weak submillimetric lines in
the tropospheres of the giant planets, unobservable from
Earth.

In summary, we have seen that many exciting discoveries
could be expected in the near future from the exploration
of the far-infrared to millimeter spectral range. These new
results should significantly enhance our knowledge of the
planetary and satellite atmospheres in the forthcoming
decade.
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