
The	
  Solar	
  System	
  in	
  the	
  IR/Submm	
  range	
  
From	
  IRAS	
  to	
  Herschel	
  and	
  beyond	
  

Thérèse	
  Encrenaz	
  
With	
  inputs	
  from	
  Emmanuel	
  Lellouch	
  and	
  Dominique	
  Bockelée-­‐Morvan	
  

	
  
LESIA,	
  Observatoire	
  de	
  Paris,	
  CNRS	
  

	
  
«	
  The	
  Universe	
  explored	
  by	
  Herschel	
  »,	
  Noordwijk,	
  15-­‐18	
  october	
  2013	
  



A	
  revolu[on	
  in	
  Astronomy	
  

•  We	
  know	
  about	
  a	
  thousand	
  exoplanets	
  today	
  
•  Each	
  star	
  in	
  the	
  Galaxy	
  might	
  host	
  at	
  least	
  a	
  planet	
  
•  We	
  are	
  surrounded	
  by	
  billions	
  of	
  planetary	
  systems,	
  but	
  the	
  

Solar	
  system	
  is	
  the	
  only	
  one	
  we	
  can	
  explore	
  at	
  depth	
  



Key	
  ques[ons	
  about	
  the	
  Solar	
  system	
  forma[on	
  
and	
  evolu[on	
  (1)	
  

•  How	
  did	
  the	
  giants	
  planets	
  
form	
  and	
  can	
  we	
  trace	
  their	
  
migra;on?	
  

	
  
•  Can	
  we	
  understand	
  the	
  

diverging	
  evolu;on	
  of	
  
terrestrial	
  planets?	
  

	
  
•  What	
  can	
  we	
  learn	
  from	
  the	
  

diversity	
  of	
  outer	
  satellites?	
  

•  Elemental	
  and	
  isotopic	
  abundances	
  
(D/H	
  in	
  HD)	
  

•  Disequilibrium	
  species	
  (CO,	
  PH3)	
  
–  >	
  internal	
  structure	
  

•  Minor	
  species	
  and	
  isotopes	
  on	
  Mars	
  
(O2	
  and	
  oxygen	
  isotopes	
  in	
  CO	
  on	
  
Mars)	
  

•  Search	
  for	
  [ny	
  atmospheres	
  on	
  
Galilean	
  satellites	
  (H2O	
  on	
  Ganymede	
  	
  
&	
  Callisto)	
  

•  Elemental	
  &	
  isotopic	
  abundances	
  in	
  
Titan	
  (18O/16O)	
  	
  

•  Origin	
  of	
  water	
  in	
  Saturn’s	
  system	
  
	
  (H2O	
  torus	
  around	
  Enceladus,	
  H2O	
  on	
  
Titan)	
  



•  What	
  can	
  we	
  learn	
  from	
  the	
  
diversity	
  of	
  comets?	
  

•  Can	
  we	
  characterize	
  the	
  
Kuiper	
  belt	
  and	
  understand	
  
its	
  history?	
  

	
  

•  Can	
  we	
  characterize	
  the	
  
oxygen	
  flux	
  in	
  the	
  outer	
  solar	
  
system?	
  

•  Characterize	
  the	
  Oort	
  and	
  
Kuiper	
  Belt	
  families	
  
–  >	
  H2O,	
  NH3	
  in	
  comets,	
  D/H	
  
in	
  Kuiper	
  belt	
  comets	
  

•  Albedos	
  and	
  sizes	
  of	
  TNOs	
   	
  	
  
•  Surface	
  characteriza[on	
  of	
  

brightest	
  TNOs	
  	
  

•  Stratospheric	
  water	
  in	
  giant	
  
planets	
  and	
  Titan	
  

Key	
  ques[ons	
  about	
  the	
  Solar	
  system	
  forma[on	
  
and	
  evolu[on	
  (2)	
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Comet McNaught over the Pacific Ocean
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In this extraordinary picture taken from Paranal Observatory, the incomparable view offered by Comet C/2006 P1 (McNaught), which reached its perihelion in January 2007,

unexpectedly becoming the brightest comet in the previous 40 years. The majestic comet, accompanied by the crescent Moon (on the right) is setting at twilight over the “sea of

clouds” which typically covers the Pacific Ocean, only 12 km away from the observatory.
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The	
  outer	
  Solar	
  system	
  is	
  best	
  explored	
  	
  
by	
  far	
  IR/submm	
  remote	
  sensing	
  

•  Outer	
  solar-­‐system	
  objects	
  are	
  cold	
  
–  Giant	
  planets:	
  λmax	
  from	
  25	
  µm	
  (Jupiter)	
  to	
  60	
  

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

	
   	
   	
   	
  -­‐>	
  70	
  µm	
  (Triton)	
  
–  TNOs:	
  70	
  -­‐>	
  100	
  µm	
  
	
  	
  	
  

•  In	
  situ	
  explora;on	
  is	
  limited	
  to	
  a	
  few	
  targets	
  
–  Distant	
  comet:	
  1	
  mission	
  to	
  come	
  (Roseha,	
  

2014)	
  –	
  including	
  the	
  MIRO	
  submm	
  sounder	
  
–  TNOs:	
  1	
  mission	
  to	
  come	
  (New	
  Horizons,-­‐>	
  

Pluto,	
  2015)	
  	
  

•  Studies	
  of	
  comets	
  and	
  TNOs	
  require	
  surveys	
  
for	
  sta;s;cal	
  studies	
  
–  >	
  12	
  comets	
  with	
  Odin	
  
–  >	
  50	
  TNOs	
  with	
  Spitzer,	
  >	
  100	
  TNOs	
  by	
  Herschel	
  	
  

	
  
Sun	
  
	
  
Earth	
  
U,N	
  
TNOs	
  
	
  
CMB	
  
	
  

	
  	
  	
  	
  _____	
  
	
  	
  	
  Herschel	
  

Roseha	
  



A	
  milestone	
  in	
  infrared	
  planetary	
  science	
  

Evidence	
  for	
  an	
  internal	
  energy	
  source	
  in	
  the	
  giant	
  
planets	
  	
   	
   	
   	
   	
  	
  	
  	
  	
  (except	
  Uranus)	
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8706 HANEL ET AL..' ALBEDO AND ENERGY BALANCE OF JUPITER 

TABLE 1. Measurements of the Thermal Emission of Jupiter 

Source Te, K Energy Balance Type of Measurement 

Menzel et al. [1926] •-130 + 10 ground based 
Murray and t'Fildey [1963] 128 + 2.3 ground based 
Low [1965] 132 + 6 at 10/•m ground based 

127 m 6 at 20/an ground based 
•lumann and Gillespie [1969] 134 + 4 2.5 + 0.5 aircraft 

•lrmstrong et al. [1972] 134 + 4 2.5 + 0.5 aircraft 
Trafion and HZildey [ 1974] 135 + 4 ground based 
Murphy and Fesen [1974] 136 + 5 ground based 

Ingersoll et al. [1976] 125 + 3 1.9 + 0.2 Pioneer spacecraft 
Erickson et al. [1978] 123 + 2 1.6 + 0.2 aircraft 

This work 124.4 m 0.3 1.668 m 0.085 Voyager spacecraft 

Te represents the equivalent blackbody temperature. 

the best alignment of Jupiter within the Iris field. The digital 

numbers (DN) of such maxima, divided by %?gti, are plotted 
versus •0j/gti in Figure 1, where % is the solid angle of Jupiter's 
apparent disk and gt• is the solid angle of the instrument field 

of view. The dashed curves represent the envelope of all local 

maxima, indicating the cases of best alignment. Images from 

the Voyager cameras were also used to confirm alignment. If 

the response of the radiometer channel were constant within 

the field, the dashed curve would be horizontal for values of 

%/gt• below unity. Apparently, the radiometer responsivity is 
slightly higher by about 12% in the center than in the average 

over the field. The calibration to be discussed later applies to 

the whole field. Second-order effects caused by the small non- 

uniformity of the response within the field and possible longi- 
tudinal effects on Jupiter have been neglected. As was ex- 

pected, for cases where Jupiter is larger than the Iris field, %/ 
gt• > 1, the dashed curve declines sharply. The most likely 
value of the radiometer output for the best match between the 

Iris field and the disk of Jupiter seems to be the intersection of 

the dashed curves yielding a digital number of 735. 
Similar considerations for the interferometer data lead to 

the selection of five individual spectra for which near-perfect 

alignment and constancy of the signal can be assumed. A sig- 

nificant uncertainty in the thermal emission measurement may 

be associated with the problem of imaging the slightly ellip- 

tical disk of Jupiter onto the circular aperture of the in- 

strument. For four of the five spectra selected the measure- 
ments were made when the diameter of the field of view of Iris 

was about equal to the polar but slightly less than the equa- 
torial angular diameter of the planet. In the first of the five 

spectra the solid angle of the field was slightly larger than the 

solid angle of the disk. After normalizing this spectrum by the 
ratio of the solid angles of the field of view and the apparent 
disk of Jupiter, all five spectra showed nearly identical values 

(standard deviation 0.16%), and therefore the uncertainty 
caused by matching the image of Jupiter to the circular aper- 
ture cannot be large. The brightness temperature of the aver- 

age of the five disk spectra, shown in Figure 2, is similar to the 

spectra recorded at a smaller distance [Hanel et al., 1979a, b] 
but shows, as expected, a mixture of the characteristics of 

spectra near the limb and near the center of the disk. 

CALIBRATION OF THE RADIOMETER 

Calibration of the radiometer requires a precise knowledge 
of the spectral response on a radiometric scale. It is sufficient, 

however, to determine the spectral response in relative terms 

and the spectrally integrated value in absolute units. 

The relative response of the radiometer was established by 
laboratory measurements of the reflective or transmissive 

properties of all components in the optical path. Either the ac- 

tual components or, as in the case of curved surfaces, repre- 

sentative fiat witness samples were measured. The samples 

were manufactured and coated simultaneously with the opti- 
cal elements. The normalized product of all reflection and 

transmission functions is shown in Figure 3. The gold coating 
of the primary mirror causes the roB-off at short wavelengths, 
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Fig. 1. Maxima of radiometer data divided by the ratio of the 

solid angle of Jupiter •0• to the Iris field of view •i as a function of this 
ratio. The intersection of the dashed curves represents near-optimum 
alignment between the image of Jupiter and Iris. 
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Fig. 2. Brightness temperature of the average of five Jovian disk 
spectra. One spectrum was scaled to the ratio of solid angles of Jupiter 
and the instrument; the other four spectra correspond to cases where 
Jupiter's polar axis is close to the Iris field of view, but the equatorial 
axis is slightly larger. 

Gilleh,	
  1969	
  
TB	
  =	
  125	
  K	
  

Hanel	
  et	
  al.,	
  1981	
  
TB	
  =	
  124.4	
  K	
  

Jupiter:	
  Evidence	
  for	
  an	
  internal	
  energy	
  source,	
  1.7	
  [mes	
  the	
  absorbed	
  solar	
  energy	
  (Teq	
  =	
  110	
  K)	
  
	
   	
   	
   	
   	
  Probable	
  origin:	
  Gravita[onal	
  contrac[on	
  

Jupiter 	
   	
   	
   	
   	
  Jupiter	
  
Ground-­‐based	
   	
   	
   	
  IRIS-­‐Voyager	
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First	
  detec[on	
  of	
  HCN	
  in	
  a	
  comet	
  
(P/Halley)	
  Despois	
  et	
  al.	
  1983	
  

Planetary	
  science:	
  Milestones	
  in	
  the	
  millimeter	
  range	
  
(IRAM-­‐30m)	
  

HCN	
  in	
  Comet	
  Halley	
  (1986)	
  
HOCH2CH2OH	
  (ethylene	
  glycol)	
  in	
  Comet	
  Hale	
  Bopp	
  
(2004)	
  
CO	
  and	
  HCN	
  in	
  Neptune	
  (1992)	
  	
  
-­‐>	
  	
  evidence	
  for	
  disequilibrium	
  processes	
  

CO	
  in	
  Neptune:10-­‐6	
  (expected:	
  10-­‐9)	
  
Rosenqvist	
  et	
  al.	
  1992	
  

J. Crovisier et al.: Ethylene glycol in comet Hale-Bopp L37

Fig. 1. Lines of ethylene glycol observed with the IRAM 30-m tele-
scope. Lines from other molecules, as well as unidentified features,
are also seen. The single sideband mode was used with spectral res-
olutions of 0.312 MHz (corresponding to 0.64 km s−1) for the top
spectrum and of 1 MHz (1.3 km s−1) for the two other spectra.

Ethylene glycol is the chemically reduced form of glyco-
laldehyde (CH2OHCHO), the simplest member of the sugar
family. This molecule was not detected in the comet with a 3-σ
upper limit indicating that it is at least 5 times less abundant
than ethylene glycol (Table 2; Crovisier et al. 2004). Together
with the high [CH3OH]/[H2CO] abundance ratio in cometary
ices (>30), this suggests that the chemistry favoured reduced

Fig. 2. The ethylene glycol line at 230.578 GHz observed on two dif-
ferent days with the IRAM PdBI. The spectral resolution is 2.5 MHz
(3.25 km s−1). The observations were made in the double sideband
mode; the variation of the line frequency between the two days shows
that the line is coming from the main sideband.

Fig. 3. The rotation diagram for ethylene glycol lines observed at
IRAM 30-m. The linear regression corresponds to Trot = 77 ± 11 K
and a production rate of 0.29 ± 0.07% relative to water.

alcohols with respect to their corresponding aldehydes. The up-
per limit [C2H5OH]/[CH3CHO] < 4 is also consistent with this
scenario.

Which formation mechanism could explain such a high
abundance of ethylene glycol? Aldehyde/reduced alcohol pairs
are apparently common in interstellar clouds. In the core
Sgr B2(N) of the Sagittarius B2 molecular cloud complex, large
[CH3OH]/[H2CO] and [C2H5OH]/[CH3CHO] abundance ra-
tios are observed (Nummelin et al. 2000). Chemical modelling
as well as laboratory experiments argue for these species being
formed by grain chemistry and released in the gas phase by the
sublimation of grain mantles. Therefore, the overabundance of
reduced alcohols seems to characterize molecular synthesis on
grain surfaces, and could result from the saturation of aldehyde
precursors by atomic hydrogen addition reactions, as proposed
by Charnley (2001) for CH3OH and C2H5OH. Glycolaldehyde
and ethylene glycol were both detected in Sgr B2(N) (Hollis
et al. 2000, 2002). Though there is no consensus as to how such
large complex molecules form in interstellar clouds, Charnley
(2001) suggested that these two molecules are produced on

Le
tt

er
 to

 th
e 

E
di

to
r

First	
  detec[on	
  of	
  ethylene	
  glycol	
  in	
  	
  
a	
  comet	
  (Hale	
  Bopp)	
  Crovisier	
  et	
  al.	
  2004	
  

	
  	
  	
  l	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  l	
  	
  	
  	
  	
  	
  	
  	
  	
  l	
  	
  	
  	
  	
  	
  	
  	
  	
  



Planetary	
  science:	
  Milestones	
  in	
  the	
  submillimeter	
  range	
  
(JCMT,	
  CSO)	
  

	
  •  D/H	
  in	
  2	
  	
  Oort	
  cloud	
  comets	
  (1998)	
  
•  H2O2	
  on	
  Mars	
  (2004)	
  
•  Mesospheric	
  sufur	
  species	
  and	
  HCl	
  on	
  

Venus	
  (2010,	
  2012a,	
  b)	
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Huenges, in A Handbook of Physical Constants:
Mineral Physics and Crystallography, T. J. Ahrens,
Ed. (American Geophysical Union, Washington, DC,
1995), pp. 105–126.

23. B. V. Kostrov, J. Appl. Math. Mech. 30, 1241 (1966).
24. J. D. Eshelby, J. Mech. Phys. Solids 17, 177 (1969).
25. A. J. Rosakis and A. T. Zehnder, Int. J. Fract. 27, 169

(1985).
26. T. Heaton, Phys. Earth Planet. Inter. 64, 1 (1990).
27. Implicit in this assumption is that the frictional loss

and surface energy have the same dependence on
V. If friction does not depend on V, then ! cannot be
directly related to V.

28. N. F. Mott, Engineering 165, 16 (1948).
29. F. P. Bowden and T. P. Hughes, Proc. R. Soc. Lon-

don Ser. A 172, 280 (1939).
30. H. Houston and Q. Williams, Nature 352, 520 (1991).
31. M. Furumoto, Phys. Earth Planet. Inter. 15, 1 (1977).
32. D. A. Wiens and J. J. McGuire, Geophys. Res. Lett.

22, 2245 (1995).
33. A. Navrotsky, in A Handbook of Physical Constants:

Mineral Physics and Crystallography, T. J. Ahrens,

Ed. (American Geophysical Union, Washington, DC,
1995), pp. 18–28.

34. P. Lundgren and D. Giardini, ibid., p. 2241.
35. S. Goes and J. Ritsema, ibid., p. 2249.
36. P. F. Ihmle and T. H. Jordan, ibid., p. 2253.
37. S. L. Beck, P. Silver, T. C. Wallace, D. James, ibid.,

p. 2257.
38. C. H. Estabrook and G. Bock, ibid., p. 2277.
39. We thank J. Rice, A. Rosakis, L. Ruff, H. Houston,

and A. Ruben for helpful comments.

30 September 1997; accepted 6 January 1997

A Determination of the HDO/H2O Ratio in
Comet C/1995 O1 (Hale-Bopp)

Roland Meier,* Tobias C. Owen,* Henry E. Matthews,
David C. Jewitt,* Dominique Bockelée-Morvan, Nicolas Biver,

Jacques Crovisier, Daniel Gautier

Deuterated water (HDO) was detected in comet C/1995 O1 (Hale-Bopp) with the use of
the James Clerk Maxwell Telescope on Mauna Kea, Hawaii. The inferred D/H ratio in
Hale-Bopp’s water is (3.3 " 0.8) # 10$4. This result is consistent with in situ measure-
ments of comet P/Halley and the value found in C/1996 B2 (Hyakutake). This D/H ratio,
higher than that in terrestrial water and more than 10 times the value for protosolar H2,
implies that comets cannot be the only source for the oceans on Earth.

It is assumed that comets contain unpro-
cessed matter from the earliest history of
the solar system. To pursue this subject
further, we measured the abundance of
HDO in the coma of comet Hale-Bopp
using the James Clerk Maxwell Telescope
(JCMT) on Mauna Kea. The resulting D/H
ratio helps define the processes leading to
comet formation and trace the contribution
of unmodified ice grains from the original
interstellar cloud to various reservoirs of
H2O throughout the solar system.

The HDO ground-state 101-000 transi-
tion at 464.92452 GHz was detected on 4.9
April 1997 UT (universal time) (Fig. 1),
about 5 days after Hale-Bopp passed perihe-
lion (1). At the time of the observations,
the comet was 0.917 astronomical units
(AU) from the sun and 1.385 AU from
Earth. We used the C2 single-channel su-
perconductor-isolator-superconductor (SIS)
receiver in a double-sideband mode, which
convolves the two sidebands into one spec-
trum. Our setup enabled simultaneous mea-

surement of two high rotational transitions
in methanol (CH3OH) and the HDO line
without overlap. In the upper sideband, the
CH3OH 92-91 A" transition at 464.835
GHz and the HDO transition yielded line-
integrated antenna temperatures %TAdv &
2.37 " 0.11 and 0.64 " 0.11 K km s$1,
respectively. The CH3OH 112-111 A" line
at 457.006 GHz was detected in the lower
sideband and had an integrated line area of
%TAdv & 1.71 " 0.15 K km s$1 (2). At the
beginning of the HDO observation, we took
a SCUBA image of Hale-Bopp at 850 'm
(3). Within the typical root-mean-square
mechanical stability of the telescope of
"1.5 arc sec, this map allowed us to check
our pointing. The stronger of the two
CH3OH lines was then used to monitor our
tracking of Hale-Bopp. To achieve contin-
uous sky cancellation, we nodded the sec-
ondary mirror at a rate of 1 Hz with a chop
throw of 180 arc sec in the azimuthal direc-
tion. During its peak-activity, Hale-Bopp
was a daytime object, reaching zenith
around noon. The solar elongation was 41°.
JCMT is the only telescope of its class that
is protected against direct solar irradiation
with a membrane of woven polytetrafluoro-
ethylene (Gore-Tex), which shades the an-
tenna surface. The membrane transmits
over 80% of the incident submillimeter ra-
diation but reflects most of the solar light at
shorter wavelengths. We obtained the
HDO spectrum during a period of excep-
tionally dry weather. The zenith opacity at

225 GHz was !0.06, which corresponds to
a precipitable water column of about 1 mm.

To obtain an accurate D/H ratio in wa-
ter, one would ideally want to compare
HDO with an optically thin line of the rare
isotopic molecules H2

18O or H2
17O using

the same telescope; however, all of the
stronger transitions of H2

18O and H2
17O

are inaccessible to JCMT. Hence, we com-
pared our observations with production
rates measured elsewhere at about the same
time. For the first week of April, a water
production rate Q(H2O) & (1.0 " 0.2) #
1031 s$1 was derived from OH observations
at the Nançay radio telescope (4). An in-
spection of the spatial distribution of H2O
(5) and ground-based OH data in the near
ultraviolet (6), however, revealed that de-
rived production rates may depend on ap-
erture size. Follow-up measurements of
HDO on 5 April indicated that the absolute
calibration of the C2 receiver was not fully
reliable at the time of the HDO experi-
ment. As a check, we compared the

R. Meier, T. C. Owen, D. C. Jewitt, N. Biver, University of
Hawaii, Institute for Astronomy, 2680 Woodlawn Drive,
Honolulu, HI 96822, USA.
H. E. Matthews, Herzberg Institute for Astrophysics, Na-
tional Research Council, Victoria, BC V8X 4M6, Canada,
and Joint Astronomy Centre, 660 North A’Ohoku Place,
Hilo, HI 96720, USA.
D. Bockelée-Morvan, J. Crovisier, D. Gautier, Observa-
toire de Paris-Meudon, 5 Place Jules Janssen, F-92195
Meudon, Cedex, France.

*Visiting astronomer at the James Clerk Maxwell Tele-
scope, 660 North A’Ohoku Place, Hilo, HI 96720, USA.

Fig. 1. Spectrum of Hale-Bopp showing the HDO
101-000 line together with two methanol transitions
(120 min, on and off). The CH3OH 112-111 A"

transition originates in the lower sideband (LSB)
(top frequency scale); all other lines belong to the
upper sideband (USB). Because of different cali-
brations of the two sidebands, the intensity of the
line in the LSB has to be multiplied by a factor of
1.41 (2). Each bin covers 313 kHz and is an aver-
age of two adjacent channels. Antenna tempera-
tures have been calibrated against internal stan-
dards and pointing sources W3(OH) and N7538
IRS1. The velocity scale for the HDO line is relative
to the rest frame of the cometary nucleus. The
double-peak structure of the lines is caused by the
velocity distribution in the comet.
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Table 1

List of observations and relevant parameters

Specie Date (2003) UT Central Mars longitudes Frequency (GHz) Resolution (KHz) Bandwidth (MHz) Line center optical depth

H2O2 9/4 8–12 25◦–75◦ W 362.156 190 125 0.01

8/28, 9/4 9, 100◦ W, 345.796 190, 375 125, 500 60
12CO 12 80◦ W

8/28, 9/5 11, 130◦ W, 330.588 190 125 0.6
13CO 10 45◦ W

ationsacross the observed spectral bandpass. This proves

critical to detecting weak line absorptions against a strong

continuum source (in this case, atmospheric line absorp-

tion/emission against the surface black body radiation of

Mars). For example, a 0.1% uncertainty in channel-to-

channel gain calibration is more than adequate for any con-

ceivable emission line observation, but effectively limits

absorption line detections to 0.1%. As the anticipated line

absorption for Mars H2O2 is of this order, improved preci-

sion in the channel-to-channel gain calibrations required us

to increase the gain calibration integration periods for each

scan to 10 times typical operational values.

The supporting 12CO and 13CO sub-millimeter line ob-

servations were observed for two periods (see Table 1) and

at five distinct pointing positions on the Mars disk (cen-

ter, as well as east, west, north, and south 7 arcsec offset

positions). The center-disk integrations for these measure-

ments serve to constrain Mars atmospheric temperature pro-

files for the current H2O2 presentation (more specifically, the

surface–atmospheric brightness contrast, see the following

radiative transfer section), but are also employed to retrieve

Doppler wind profiles for the Mars atmosphere (presented

in a separate, future analysis). The high opacity 12CO and

moderate opacity 13CO absorption lines (see Table 1) re-

quire much shorter integration periods of 5–10 minutes for

appropriate signal/noise ratio measurements. Both the H2O2
and CO spectra were observed in single sideband (SSB)

operation, for which the JCMT dual B3 receivers provide

13 dB (95%) rejection of the image sideband. Calibration

of these Mars absorption spectra, including correction for

the incomplete image sideband rejection, follows standard

ratio-to-continuum practice (e.g., Clancy et al., 1983). For

appropriate comparisons to equivalent model continuum ab-

sorption values, the estimated calibration accuracy is of or-

der 5%.

The solid line of Fig. 2 presents the observed 362 GHz

spectrum of Mars atmospheric H2O2, where the measured

spectral resolution has been smoothed to an effective spec-

tral resolution of 1 MHz. The observed H2O2 line absorp-

tion is quite narrow, with a FWHM linewidth of 2.5 MHz.

Relatively broad standing waves of 18 and 175 MHz wave-

lengths, with peak-to-peak amplitudes of 0.03 and 0.17 per-

cent, respectively, have been subtracted from the measured

bandpass to achieve the fairly flat spectral baseline pre-

sented in Fig. 2. The synthetic spectra represented by as-

terisk and square symbols are discussed in the following

section.

Fig. 2. The observed 362 GHz H2O2 absorption spectrum of Mars (solid

line), which has been smoothed to an effective spectral resolution of 1 MHz.

The line center offset of −2.45 MHz from zero is the Doppler shift associ-
ated with a Mars–Earth relative velocity at the (one week) post opposition

period of observation. Synthetic spectra with equivalent 1 MHz spectral

resolutions are calculated for Mars H2O2 abundances consistent with the

Encrenaz et al. (2002) upper limit of 6 ppbv (square symbols) and a best-fit

mixing ratio of 18 ppbv (asterisk symbols).

3. Radiative transfer analysis

Millimeter and sub-millimeter radiative transfer (RT) in

planetary atmospheres is relatively straightforward, due to

the unimportance of scattering, the near-linear temperature

dependence of the Planck source function, and the simplicity

of the isolated rotational transitions typically observed. As

a consequence, very accurate synthetic line simulations can

be calculated with arbitrarily resolved spectral lineshapes,

full spherical geometry, and linear spatial averaging over

the global-scale resolution often associated with such mea-

surements (e.g., Fig. 1). We employ the Pickett et al. (1998)

line spectroscopic parameters for the 362.156 GHz rotation-

with-vibration transition of H2O2. The CO2 collisional line

broadening coefficient for this transition, which is not mea-

sured, is estimated as 1.4 times the measured air (80% N2,

20% O2) collisional line broadening coefficient (Devi et

al., 1986). This scaling (to a value of 4.2 MHz/mbar at

300 K) is based upon the measured air-to-CO2 increases in

collisional broadening coefficients for millimeter transitions

of H2O and CO (Varanasi, 1971, 1975). The primary RT

model inputs for mixing ratio determinations of an observed

species are the surface continuum emission and pressure-

one demonstration that sulfur atoms are not conserved by
SO + SO2, hence that a third sulfur reservoir is required. Represen-
tative spectroscopic data are presented in Figs. 2 and 3. Fig. 3 also
includes synthetic, model spectra generated as part of the data
analysis procedure. Measurement results are that data provide
stringent upper limits, but no detections of H2SO4. Conclusions,
also discussed in Section 3, include that H2SO4 cannot be the third
sulfur reservoir needed to understand observed SOx temporal vari-
ations. This leaves molecular sulfur as the best candidate species
for that third photochemically active sulfur molecule.

2. Observations and data analysis

From 2004 to the present we have conducted spectroscopic
observations for SO2, SO, and H2SO4 in the Venus atmosphere.

Venus observations of sub-mm lines of SO2 (346.65217 GHz), SO
(346.52848 GHz), and H2SO4 (346.58020 GHz) are obtained with
the James Clerk Maxwell Telescope (JCMT), located on Mauna
Kea, Hawaii (Matthews, 2003). Our sulfur chemistry research is
based upon spectra centered at 346.590 GHz, with a bandpass
width of at least 250 MHz. This spectral region was chosen because
it includes strong lines of SO2, SO, and H2SO4, such that spectro-
scopic line positions of the three molecules are observed simulta-
neously. Relative spectroscopic strengths of the lines are
SO:SO2:H2SO4 = 9.6:2.0:1.0. Observation sensitivity (per unit mix-
ing ratio) to H2SO4 is half the sensitivity to SO2, and 10% the sensi-
tivity to SO. The first detections of SO2 and SO were obtained in
2004 and 2007, respectively. Routine inspection of the data by
eye has not yielded any sulfuric acid detection. Rigorous H2SO4 ret-
rievals are presented here for the first time, based upon the same
spectra used by Sandor et al. (2010) to retrieve SOx abundances.
H2SO4 is below detection thresholds of all analyzed spectra, such
that an upper limit is determined from each data spectrum. Meth-
ods of observation and data analysis, as previously described by
Sandor et al. (2010), are only summarized in the present work. Is-
sues specific to H2SO4 are treated in detail.

Altitude resolution is determined from radiative transfer analy-
sis of the pressure-broadened sub-mm absorption line. At the low-
est pressures (highest altitudes), absorption occurs only at line
center. Observations described in the present work are sensitive
to 70–100 km altitudes in the Venus atmosphere, with maximum
sensitivity (per unit mixing ratio) at 80–85 km. The 70 km lower
altitude limit corresponds to a pressure-broadened linewidth that
exceeds a practical bandwidth of measurement. The 100 km upper
altitude limit is determined by vanishing signal at low atmospheric
density, and applies to species with abundances roughly constant,
or linearly increasing with altitude. Measurement sensitivity
extends above 100 km for molecules that exhibit exponential
increase of mixing ratio with altitude (e.g. CO (Clancy et al.,
2003, 2008, 2011) or the Zhang et al. (2010) model H2SO4

abundances). Absorption of these optically thin lines is linearly

Fig. 1. Measured SO and SO2 mixing ratios (Table 1) are presented here as a scatter
plot. Abundances of the two molecules are not correlated.

Fig. 2. Venus spectra from April 22 (red), June 9 (green), and August 11 (blue) 2007. Line frequencies corresponding to SO2 (dotted), SO (dashed), and H2SO4 (dot–dashed) are
indicated. This June 9 spectrum (green) is the average of spectra simultaneously observed at East (nightside) and West (dayside) positions on the planet. Similarly, the
presented August 11 (blue) spectrum is the average of spectra simultaneously observed at West, North, and South Venus positions. Retrieved abundances for each of the two
June spectra, and each of the three August spectra are listed in Table 1. Total SOx (SO + SO2) was 40 ± 5 ppb on April 22, less than 4 ppb on June 9, and 65 ± 5 ppb on August 11.
The April spectrum determines far more SO than SO2, while the August spectrum shows much less SO than SO2. The H2SO4 is undetectable for all observed SOx abundance
scenarios. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 1. The HD R(2) rotational line observed on the four giant planets.

the protosolar 3He/4He ratio was assumed equal to the current Jupiter ratio mea-
sured in situ by Galileo (Niemann et al., 1998), or equal to the ratio measured in
meteorites (Geiss and Gloeckler, 1998). These values led to protosolar deuterium
composition, (D/H)ps = (1.94 ± 0.5) × 10−5 and (D/H)ps = (2.1 ± 0.5) × 10−5,
respectively, in excellent agreement with the ISO measurement. This confirms
that Jupiter is a reliable indicator of the protosolar D/H. The protosolar value
also indicates a weak decrease of the D/H ratio in the Local Interstellar Medium
(LISM) since the formation of the Solar System: (D/H)LISM = (1.5 ± 0.1) × 10−5

(Linsky, 1998).
For Uranus and Neptune, the retrieved isotopic ratios were larger than those

measured in Jupiter and Saturn: (D/H)H2 = 5.5+3.5
−1.5×10−5 and (D/H)H2 = 6.5+2.5

−1.5×
10−5, respectively (Feuchtgruber et al., 1999a). This confirms that at least a fraction
of the ices that constituted the proto-cores of these planets was mixed in their
atmospheres. Using the interior models of Podolak et al. (1995), Feuchtgruber et al.
(1995a) were able to evaluate the deuterium composition of the proto-uranian and
proto-neptunian ices: (D/H)ices = 9.4+7.6

−4.2 ×10−5 and (D/H)ices = 10.8+8.5
−4.7 ×10−5,

respectively. These values differ by about a factor of three from the D/H ratios
measured in cometary ices, ∼30×10−5 (see Altwegg and Bockelée-Morvan, 2003
for a review).

Drouart et al. (1993) and Hersant et al. (2001) used this D/H variability within
Solar System objects as a chronometer of their formation. They argued that the
various D/H ratios resulted from the different levels of isotopic exchange between
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Figure 2. Comparison between Jupiter’s ISO spectrum (solid line) and two synhtetic models with
terrestrial (dashed line) and half-terrestrial (dotted line) 15N/14N.

2001), and latter by the Cassini/CIRS observations (Abbas et al., 2004; Fouchet
et al., 2004).

Formation models of Jupiter (Owen et al., 2001; Hersant et al., 2004) suggest that
the planet has retained most of the nitrogen present in its feeding zone. Therefore,
the jovian nitrogen isotopic ratio can be seen as a tracer of the protosolar ratio.
This view is supported by a recent reanalysis of lunar samples that gave an upper
limit of 2.8 × 10−3 for the trapped solar wind (Hashizume et al., 2000). Such a
difference between the protosolar and the terrestrial 15N/14N ratios bears important
consequences for the origin of the Earth atmosphere. Terrestrial N2 must originate
from a minor nitrogen reservoir in the protosolar nebula, highly fractionated (a
factor of 2) with respect to the largest reservoir. If interstellar chemistry seems the
most probable culprit (Charnley and Rodgers, 2002; Aléon and Robert, 2004), the
exact fractionation mechanism still remains to be identified, along with the main
nitrogen carrier to the Earth.
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Fig. 1.—Left-hand side: Measurements of 15N/14N in primitive nitrogen-
containing reservoirs: the local ISM (Dahmen et al. 1995), the Large Mag-
ellanic Cloud (LMC; Chin et al. 1999), the solar wind (SW) from the Solar
and Heliospheric Observatory (SOHO; Kallenbach et al. 1998) plus an upper
limit from lunar soils (Hashizume et al. 2000), comet Hale-Bopp (Jewitt et al.
1997), and two measurements in Jupiter, from the ISO Short-Wavelength Spec-
trometer (ISO-SWS; Fouchet et al. 2000) and the present work. Both Jupiter
values refer to total planetary nitrogen, as the NH3 observed by ISO/SWS is
produced on the planet. The point labeled “Early HCN” is a value calculated
from the present Jupiter value using the work of Terzieva & Herbst (2000).
Note the good agreement between this calculated value and the observed ratio
in comet Hale-Bopp. Right-hand side: Measured values of 15N/14N on Earth,
Mars (Nier & McElroy 1977; Mathew & Marti 2001), Venus (Hoffman et al.
1980), and Titan (Marten et al. 1997). The arrow on the dividing line shows
the direction of increase in 15N/14N resulting from preferential 14N escape from
planetary atmospheres.

richment cell produced enough ammonia in the ion source of
the mass spectrometer to give statistically significant count rates
at 9 amu, corresponding to the doubly charged ammonia mol-
ecule containing 15N. It is from these three measurements with
four points for the singly ionized ammonia that the value of

is established, yielding15 !! 14 !! 15 14NH / NH N/ N p (2.3!3 3

(Fig. 1)."30.3)# 10
To put this result in the proper context, we can use current

information about interstellar nitrogen together with models for
Galactic evolution to deduce the likely starting conditions in
the solar nebula. The dominant (190%) form of nitrogen in
interstellar clouds is commonly deduced to be N2 (Womack,
Wyckoff, & Ziurys 1992; van Dishoeck et al. 1993). While
this homonuclear molecule cannot be observed directly, Dah-
men, Wilson, & Matteucci (1995) showed that 15 14N/ N p

in interstellar HCN at the Sun’s distance"3(2.2! 0.5)# 10
from the Galactic center at the present epoch. By studying HCN
in the Large Magellanic Cloud, Chin et al. (1999) were able
to demonstrate that 15N/14N should decrease with time
in a galaxy’s interstellar medium (ISM), as they found

in this immature Galaxy. The decrease is at-15 14 "2N/ N p 10
tributed to early primary production of 15N in massive stars
with short lifetimes that become Type II supernovae. In con-

trast, it appears that 14N is mainly produced by long-lived low-
and intermediate-mass stars as a secondary element (Dahmen
et al. 1995; Chin et al. 1999). 14N thus builds up in the ISM
over time as these stars shed their atmospheres, decreasing the
interstellar value of 15N/14N. This interpretation is strengthened
by the discovery that in the poststarburst galaxy15 14 "2N/ N ∼ 10
NGC 4945 as well (Chin et al. 1999).
Thus, we would predict that the value of 15N/14N in inter-

stellar molecules like NH3 and HCN was higher 4.6 billion
years ago in the fragment of an interstellar cloud that collapsed
to form the solar nebula than it is in the local ISM today. Using
the value of measured in HCN in15 14 !0.5 "3N/ N p 3.1 # 10"0.4

comet Hale-Bopp (Jewitt et al. 1997) as representative of orig-
inal solar nebula HCN, we see that this prediction is fulfilled
(Fig. 1).
On Jupiter and the Sun, the nitrogen from compounds like

HCN must have been overwhelmed by nitrogen from N2 at the
time these objects formed. Terzieva & Herbst (2000) have
shown that ion-molecule reactions in interstellar clouds will
enrich 15N/14N in HCN compared with the value in N2 by a
factor that varies according to temperature and formation time,
reaching a maximum of 30%. As a result, the N2-derived ni-
trogen on Jupiter should exhibit a lower value of 15N/14N than
we find in the contemporaneous, but icily isolated, cometary
HCN. The new measurement on Jupiter exhibits the maximum
difference predicted by the Terzieva & Herbst calculations. We
therefore feel reasonably secure in suggesting that the proto-
solar value of (Fig. 1).15 14 "3N/ N p (2.3! 0.3)# 10
This result reciprocally supports our earlier suggestion that

the nitrogen on Jupiter was delivered as N2, not N compounds,
and therefore should have a lower value of 15N/14N than the
terrestrial atmosphere (Owen & Bar-Nun 1995). It similarly
strengthens the widely held assumption that N2 was the dom-
inant form of nitrogen in the outer solar nebula and in the
interstellar cloud that preceded it.
Returning to the nitrogen in our planet’s atmosphere, we can

evaluate meteorites and comets as potential sources. Meteorites
exhibit a range of values for the nitrogen isotopes that bracket
the terrestrial number. However, the meteorites we know would
have delivered the wrong ratio of 84Kr/132Xe (by a factor of
∼20) and thus seem unlikely to have been major carriers of
terrestrial volatiles without major fractionation in the atmo-
sphere, which would have affected the nitrogen isotopes as
well. Choosing comets instead, we have only the single ex-
ample of HCN in Hale-Bopp where the nitrogen isotopes have
been measured (Jewitt et al. 1997). Assuming this comet is
“typical”—and its value of D/H in H2O suggests that it is (Meier
& Owen 1999)—Earth may have lost some 14N by escape to
reach its present value of from the com-15 14 "3N/ N p 3.7# 10
etary value of . On the other hand, HCN is a!0.5 "33.1 # 10"0.4

trace constituent in comets, and we may safely assume that the
nitrogen isotope ratio will differ in different nitrogen com-
pounds in cometary nuclei, just as D/H is different in H2O and
HCN (Meier & Owen 1999). We note that 15N/14N is almost
uniformly larger than the terrestrial atmospheric value, ranging
up to , in the organic compounds in cluster inter-"35.4# 10
planetary dust particles, which are commonly associated with
comets (Messenger 2001). The dominant nitrogen carrier(s) in
several comets will need to be identified and examined before
the escape issue can be addressed. N2 will not play a role here,
as this molecule is notoriously deficient in comets, causing their
overall underabundance of nitrogen.
Meanwhile, we can consider the interesting case of Mars,

where we find that atmospheric nitrogen is highly enriched in
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Figure 3. The Jupiter H2O 39.38-µm and 66.44-µm line for different water vertical models. This
shows that Jupiter water is restricted to pressures less than 0.5 ± 0.2 mbar.

estimates for continuous external fluxes of 0.6 × 105–1.6 × 105 cm−2 s−1 and
1.2×105–150×105 cm−2 s−1. Such fluxes can be accounted for by IDPs if the flux
measured at 1 AU is extrapolated to 30 AU. In Neptune, the CO2 column density
was estimated to 8 × 1014 cm−2. Such an abundance can be accounted for by two
different sources. IDPs constitute the first possible origin, since the CO2/H2O ratio
in Neptune is consistent with the CO2/H2O ratio measured in comets. A second
possible source is the reaction of H2O with the neptunian stratospheric CO – whose
origin remains uncertain.

On Saturn, Moses et al. (2000a) estimated column densities of (6.3 ± 1) ×
1014 cm−2 and (1.4 ± 0.4) × 1015 cm−2, for CO2 and H2O, respectively. Using a
photochemical model, Moses et al. (2000a) matched the observed abundances with
an exogenic O flux of (4±2)×106 cm−2 s−1. Moreover, Moses et al. (2000a) found
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Figure 1. The SWS spectrum of water in the 3 µm region observed in comets C/1995 O1 (Hale–Bopp)
at 2.8 AU from the Sun, 103P/Hartley 2 at 1.0 AU, and 22P/Kopff at 1.9 AU (scale expanded by ×5).
Adapted from Crovisier et al. (1997b, 1999a).

Carbon monoxide and dioxide were also easily detected. These very volatile
species are the only ones which are observed far from the Sun (r = 4.6 AU).
CO2 was very conspicuous from its strong ν3 band at 4.26 µm in the ISOPHOT-S
spectra. This detection of CO2 by ISO (which was repeated in 103P/Hartley 2) is,
besides the in situ observation in comet Halley, the only direct observation of this
molecule in a comet. The Q-branch of the ν3 band of CH4 was also detected by
the SWS at 3.31 µm (Crovisier, 2000a; Crovisier et al., in preparation). Evolution
of the outgassing of H2O, CO and CO2 in comet Hale–Bopp could be investigated
between 4.9 and 2.8 AU, pre- and post-perihelion, showing the transition from the
CO-dominated to the H2O-dominated sublimation regimes (Crovisier et al., 1996,
1997b, 1999b; Crovisier, 2000b; Leech et al., 1999). H2O, CO and CO2 appear to be
the most abundant volatile molecules, with relative production rates H2O:CO:CO2
equal to 100:70:20 at r = 2.9 AU in comet Hale–Bopp.

The spectrum of the Jupiter-family comet 103P/Hartley 2 was investigated by
ISOPHOT, SWS and ISOCAM, allowing detection of H2O, CO2 (but not CO) and
crystalline silicates (Colangeli et al., 1999; Crovisier et al., 1999a, 2000; Figure 1).
Long integration times were also spent on 22P/Kopff, but this comet was much
fainter and only the water lines could be detected by the SWS (Crovisier et al.,
1999a; Figure 1).
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The rotational temperatures retrieved for water in comets Hale–Bopp and Hart-
ley 2 are 28 and 20 K, respectively. These cold temperatures agree with models of
coma hydrodynamics and water excitation, which predict a rotational relaxation of
water. The intensities of the ortho and para transitions in the ν3 band of water also
permit an evaluation of the ortho-to-para ratio and of the water spin temperature.
Tspin = 28 and 35 K were determined for the two comets, respectively. The mean-
ing of the water Tspin is still to be understood (Crovisier et al., 1997b, 1999a,b;
Crovisier et al., 2000; Cernicharo and Crovisier, 2005).

2.2. SPECTROSCOPY OF MINERALS

The 6–45 µm SWS spectrum of comet Hale–Bopp revealed emission features at-
tributed to minerals in cometary dust (Figure 2). A first look lead to the identification
of crystalline, Mg-rich olivine (forsterite) (Crovisier et al., 1997b). A more thor-
ough investigation showed that crystalline pyroxenes and amorphous silicates are
also present (Crovisier et al., 2000). No PAH signature could be found. This ISO
spectrum of comet Hale–Bopp was the subject of many studies, in comparison with
complementary spectra observed from the ground at other heliocentric distances

Figure 2. The 6–45 µm SWS spectrum of comet C/1995 O1 (Hale–Bopp) observed at 2.8 AU from
the Sun, decomposed into several emission components: 22% of forsterite (Cry Ol), 8% of ortho-
pyroxene (Cry o-Pyr), 70% amorphous silicates (Am Pyr), and two blackbody components (280 and
165 K). From Crovisier et al. (2000).
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Figure 6. Upper panel: Colour temperatures derived from the ISOPHOT-S templates using single
temperature blackbody fits. Lower pannel: Colour temperatures predicted by a model in the spectral
range of ISOPHOT-S. Adapted from Leinert et al. (2002).

6−12 µm range were visible at the 10–20% level. With the ISOCAM-CVF, Reach
et al. (1996, 2003) and Reach (1997) also found blackbody-shaped spectra – though
their temperatures are somewhat lower than those from ISOPHOT-S – indicating
large (>10 µm radius), low-albedo, rapidly rotating grey particles. Comparison to
theoretical models provided acceptable fits only for ‘astronomical silicates’, ruling
out many other potential components of the zodiacal light. The ISOCAM spectra
give also a hint for a 9–11 µm emission feature with an amplitude of 6% of the
continuum. This feature might indicate the presence of a mixture of small (∼1 µm)
amorphous, crystalline and hydrous silicates. The large scale temperature distri-
bution on the sky was derived consistently from both instruments’ data sets: the
temperature value increases with the ecliptic latitude and decreases with the dis-
tance from the sun (Figure 6). This result can be understood in terms of the geometry
of the interplanetary dust cloud.

4.3. ABSOLUTE SURFACE BRIGHTNESS

The most challenging part of ISO’s Zodiacal light programme is no doubt the
analysis of the absolute surface brightness measurements. This is still an on-going
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Fig. 5. Best-fit solutions using the iterative least-squares retrieval algorithm to the observed SWAS water spectra from December 2002 (top) and July 2004 (bottom),
assuming constant water fractional abundance dependence with altitude and the temperature profiles indicated. Best-fit water abundances corresponding to each fit
are provided in Table 5.

0.07 ppm, and 2.2 ± 0.07 ppm in the latter. At both times the
strong absorption line is indicative of a high abundance of water
vapor relative to the canonical 1 ppm in photochemical mod-
eling (e.g., Yung and DeMore, 1982). The non-detection of a
water absorption feature in January and March 2004 indicates
much lower mesospheric water abundances during those peri-
ods, and our analysis leads to stringent upper limits (as low as
10 ppb in March 2004).

6.2. Fixed temperature, linear water profile retrievals

Our second retrieval process allowed for a linear fit to the
water vapor abundance versus altitude (mathematically mod-
eled as log10 f (z) = a + bz with f the fractional abundance
and z altitude), along with a simultaneous fit for the CO profile.
Fixed temperature profiles were used as in the previous section,
and again the CO and H2O solutions are completely decoupled.
Only spectra from the December 2002 and July 2004 periods,
with unambiguous water line detections, were analyzed utiliz-
ing this procedure. The observed and best-fit model water vapor
spectra for both periods are presented in Fig. 6, and the retrieved
vertical profiles for water vapor assuming the three temperature
profile models are shown in Fig. 7.

As with the constant vertical profile solutions, the quality
of the best-fit model spectrum was variable with the assumed
temperature profile. In both cases the far wings of the line are
well-matched by all models, but the region within ±50 MHz
of the line center is less successfully fit. Best-fit water profiles
(for the VIRA model in December 2002 and the Warm model in
July 2004) both show the abundance of water vapor decreasing
with altitude, with a steeper drop for December 2002. However,

in both cases the best-fit water vapor in the lower mesosphere
(e.g., 70–85 km) is a few parts per million, consistent with the
retrievals assuming a constant mesospheric water abundance.
This is intuitively correct, since the bulk of the observed line-
shape is most sensitive to this altitude range (see weighting
functions for H2O in Fig. 4, where only frequencies within
about ±15 MHz of the water line center have weighting func-
tion peaks above ∼85 km).

6.3. Variable temperature, constant water profile retrievals

The variability in both the constant and linear model fits is
strong evidence that the temperature structure is a crucial as-
pect for the retrieval process. Our final retrieval method allowed
for simultaneous retrieval of the temperature profile, a constant
mesospheric water abundance, and the CO abundance profile.
By fixing the temperature profile to the VIRA model at and be-
low 70 km, our accurate knowledge of the LTC for the water
spectra allowed both the temperature structure and the water
abundance to be determined under the assumption of a uni-
form water mixing ratio. In this case the CO and H2O retrievals
are not completely independent, since the temperature solution
above ∼85 km is mildly affected by inclusion of the CO ob-
servations in the inversion process. However, since the bulk of
the observed water line is sensitive to altitudes below ∼85 km,
the CO retrieval will have virtually no effect on the retrieved
constant water abundance.

As with the linear water profile retrievals, analysis under
this method was limited to the December 2002 and July 2004
spectra. Best-fit model water spectra for each period are shown
in Fig. 5, and the retrieved temperature profiles are shown in
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Fig. 2.—(a) Observed spectrum of Jupiter (histograms) compared to three
models using the vertical distributions of water shown in (b) using the same
line designations. The continuum level in the models is rescaled to the observed
value. (b) Three vertical distribution profiles of water in Jupiter’s atmosphere.
Short-dashed lines: Uniform above the condensation!9q(H O) p 2# 102

level. Long-dashed lines: Profile calculated assuming an external flux of
cm!2 s!1, the eddy diffusion coefficient (K) profile of Gladstone et62# 10

al. (1996), and the assumption that all water is removed by vertical transport.
Solid lines: A similar profile but with a steeper vertical slope, which could
result from the combination of a larger deposition rate, a smaller eddy K, and
the inclusion of chemical losses in the lower stratosphere.

account for the local projected diurnal velocity and finally
summed with appropriate weights.

3.1. Jupiter

For Jupiter we used the temperature profile of Fouchet et al.
(2000a). This profile combines Galileo probe measurements in
the troposphere and at pressures less than 1 mbar, with infor-
mation on the stratospheric temperature from CH4 and H2 emis-
sions observed with the ISO short-wavelength spectrometer
(SWS). The temperature is 150 K at 10 mbar, smoothly in-
creasing to 165 K at 1 and 0.1 mbar.
We took NH3 and PH3 abundances and vertical distributions

from Fouchet et al. (2000b). Ammonia has a deep mixing ratio
of , sharply decreasing from the 0.9 bar level to!42.0# 10

at 0.55 bar and at 0.1 bar. For phosphine,!5 !82.0# 10 2# 10
we assumed a mixing ratio below the tropopause and!76# 10
a photolytical cutoff above.
Without any cloud attenuation, our continuum model has

disk-averaged brightness temperatures (TB) of 180 K at 300
GHz, 169 K at 392 GHz, and 155 K at 675 GHz, somewhat
overpredicting the Griffin et al. (1986) measurements (respec-
tively, about 170, 162.5, and 148.5 K). Better agreement is
reached if a cloud with base at 0.68 bar and transmission

is added. This is qualitatively consistent with the sug-T p 0.8
gestion by Griffin et al. that NH3 ice particles may attenuate
Jupiter’s submillimeter radiation. With , we calculateT p 0.8
a Rayleigh-Jeans temperature K at 553 GHz. ThisT p 118RJ

is a tolerable 1 j, 5% mismatch with the SWAS measurement,
and in what follows, the model is multiplied by a constant
factor to match the observed continuum; i.e., the H2O emission
is analyzed in the line-to-continuum ratio.11

11 We note, however, a substantial discrepancy at 489 GHz, where the model
with predicts K or K. The SWAS temperatureT p 0.8 T p 138 T p 149.5RJ B

at 489 GHz cannot be reproduced by the model, which even for yieldsT p 1
K ( K). With , the model prediction is consistentT p 144 T p 155 T p 0.8RJ B

both with the Goldin et al. (1997) measurement and with the model ofWeisstein
& Serabyn (1996), who obtain K at 489 GHz. On the other hand,T ∼ 151B

the SWAS value agrees reasonably well with Hildebrand et al. (1985). Future
observations may clarify this issue.

The observed line width ( km s!1 orFWHM p 24! 2
MHz) gives a direct indication of the line formation45! 4

level. Attributing all of the line width to pressure broadening
gives an upper limit to the probed pressure level. For a Jovian
composition and at 150 K, the Lorentz FWHM is 8150 MHz
atm!1. Thus, the bulk of the water vapor resides at pressures
less than 5.5 mbar. This is an upper limit, because most of the
observed FWHM is actually due to rotational smearing.12

For a typical H2Omixing ratio in Jupiter’smiddle stratosphere,
, from the ISO/SWS spectra (Lellouch et al.!9q p 1.5# 10

1997a; Feuchtgruber et al. 1999), condensation occurs at P p
mbar. Thus, the upper limit of 5.5 mbar is consistent with14

removal of water vapor by condensation around this level. The
ISO data could be fitted either with a vertically uniform distri-
bution above the condensation point or with a more physical
H2O profile resulting from the deposition of water by micro-
meteoritic impact in the microbar region and downward transport
to the condensation sink. Assuming no other losses (such as
photolysis or chemical reactions) besides condensation and the
eddy diffusion (K) profile of Gladstone, Allen, & Yung (1996),
a deposition flux of cm!2 s!1 was found to6(1.2! 0.8)# 10
match the ISO spectra (Lellouch et al. 1997a; Feuchtgruber et
al. 1999).
A vertically uniform profile (with ) above the!9q p 2# 10

condensation level satisfies the observed 557 GHz line contrast
but produces too broad ( km s!1) emission wingsFWHM ∼ 35
(Fig. 2). The observed line is more peaked than the model,
implying that q increases with increasing altitude. Calculation
of contribution functions (not shown) indicates that line wings
sound levels just above the condensation point, while at infinite
spectral resolution, the line core probes a broad layer centered
near 0.3 mbar and extending from 0.05 to 10 mbar. In spite of
considerable rotational (and hence vertical) smearing, the high
signal-to-noise ratio (S/N) of the spectrum permits the retrieval
of the vertical distribution of water at 1–10 mbar.
An H2O distribution calculated as described above from the

eddy K profile of Gladstone et al. (1996), but with an external
flux 1.7 times larger (i.e., cm!2 s!1), produces an emis-62# 10
sion line with adequate contrast but that is marginally too broad
(Fig. 2). This profile has an average mixing ratio slope over
1–10 mbar, defined as , of 0.8, which appears!d(log q)/d(log p)
to be a lower limit to the actual H2O slope (Fig. 2). Increasing
the slope to ∼1.3 improves the fit, although further discrimi-
nation is precluded by S/N limitations. Our preferred H2O pro-
file (Fig. 2, solid line) has a slope of 1.3 and a total H2O column
density of cm!2.152.8# 10

3.2. Saturn

A similar analysis, performed for Saturn, turned out to be
less instructive as a result of the lower S/N of the data and the
increased importance of condensation. We first constructed a
continuum model as for Jupiter, using a PH3 tropospheric mix-
ing ratio of and a deep ammonia abundance of!64.5# 10

(de Graauw et al. 1997). We obtained a disk-!41.75# 10
averaged TB of 131 and 118.5 K (i.e., and 106 K)T p 119RJ

at 489 and 553 GHz, fully consistent with the Weisstein &
Serabyn (1996) model and with the SWAS measured values.
At 140 K, and for a Saturnian composition, the Lorentz

FWHM of the 557 GHz line is 9400 MHz atm!1. If entirely

12 Indeed, if the local H2O emission on Jupiter were spatially constant and
infinitely narrow, Jupiter’s rotation would produce a line with FWHM of

km s!1, almost equal to that observed.!3v p 22eq
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Fig. 3.—Saturn’s observed spectrum (histograms) compared to models
based on several profiles of H2O in Saturn’s stratosphere. Dashed line: q p

, uniform at mbar. Solid lines: H2O profiles equal to 1, 2,
!81.1# 10 P ! 0.5

and 3 times ( from bottom to top) the nominal H2O profile of Moses et al.
(2000a), a detailed photochemical model, and a comparison with the ISO/SWS
data. The continuum level in the models is rescaled to the observed value.

attributed to collisional broadening, the observed FWHM
( km MHz) would correspond to a pres-!120! 4 s p 37! 7
sure of 4 mbar. However, this maximum pressure is implausible
because the condensation pressure of water in Saturn’s strat-
osphere is ∼0.5 mbar. Thus, unlike in Jupiter, pressure broad-
ening contributes a negligible fraction (∼1/10) of the observed
FWHM. The latter is consistent with pure rotational smearing,
which typically induces a 17 km s!1 FWHM. Therefore, no
further information can be obtained on the H2O distribution.
From the detection of 8 H2O lines from ISO/SWS, Feucht-

gruber et al. (1997) and Moses et al. (2000a) inferred a mean
mixing ratio of , assuming a constant value at!97# 10 P !

mbar. A good fit to the SWAS spectrum is obtained for a0.5
slightly larger value, , giving a stratospheric!8q p 1.1# 10
column density of cm!2. As on Jupiter, the unre-151.9# 10
solved ISO/SWS lines did not provide the vertical profile of
H2O. However, based on detailed photochemical modeling,
Moses et al. (2000a) favored a vertically increasing mixing
profile with a total column density of cm!2. We152.7# 10
find (Fig. 3) that their preferred H2O profile must be scaled by
a factor ( ) to fit the SWAS data.132! 0.5

4. DISCUSSION

On both planets a vertical concentration slope is expected for
H2O that has a high-altitude production region and a low-altitude
condensation sink. This situation is observed for many minor
species in outer planet atmospheres, particularly for Jupiter’s and
Saturn’s hydrocarbons (Bézard et al. 1995; Fouchet et al. 2000a;
Moses et al. 2000b) and Titan’s nitriles (e.g., Hidayat et al. 1997).
On Jupiter, Fouchet et al. 2000a inferred a slope of 0.6! 0.2
for ethane and for acetylene. The slope of the mixing0.8! 0.1
ratio we infer for water is higher than that of C2H6 and similar
to or higher than that of C2H2. This is readily understood, be-
cause, as pointed out by Gladstone et al. (1996), the chemical
losses of C2H6 are small and its photolysis, shielded by methane
absorption, is negligible. Thus, the vertical profile of C2H6 es-
sentially reflects its longevity in vertical transport. In contrast,
C2H2 and H2O, being good absorbers at 1500–2000 Å, are ef-
ficiently dissociated in the middle stratosphere, and their mixing
ratio must significantly decrease downward. This conclusion is
supported by the recent Saturn photochemical model of Moses
et al. (2000a, 2000b). The photolysis rates of C2H6, C2H2, and
H2O at 1 mbar in Saturn’s atmosphere are ,!106.8# 10 4.6#

, and s!1, respectively. The corresponding mix-!9 !810 2.5# 10

13 Note that this gives as good a fit to the data as the constant q p 1.1#
mixing ratio at mbar, illustrating that the vertical profile of water!810 P ! 0.5

in Saturn’s atmosphere remains observationally undetermined.

ing ratio slopes between 0.05 and 0.5 mbar are about 0.3, 0.8,
and 0.8, respectively. This qualitatively confirms the above pic-
ture. However, a direct correlation between the slope and the
photolysis rate is not to be expected, as the slope results from
the combined effect of the deposition/production rate and altitude
(which differs for different species), the transport rate, and the
photolytical, chemical, and condensation losses in the lower strat-
osphere. Therefore, a more detailed discussion for Jupiter must
await the development of a complete Jupiter model including
the oxygen chemistry and its testing against the ISO and SWAS
data. Finally, although the SWAS data tend to suggest larger
amounts of water (and therefore larger input fluxes) than inferred
from ISO, it is hard to say whether this indicates a real variability,
as could result from an increase of small cometary impacts. On
this issue, a monitoring of the H2O lines by SWAS (and ODIN
and FIRST in the future) will be very valuable.
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Fig. 1.— Thermal models for KBO 38628 Huya (2000 EB173). Spitzer Space Telescope 24 and 70µm data are shown as circles, with
vertical error bars within them indicating the measurement uncertainties. Six models are fit to the data, with the resulting model albedos,

diameters, and beaming parameters summarized in the legend. From top to bottom the models are: 1) Hybrid STM fit to 24 and 70µm
data, with η as a free parameter (the therm model used here), 2) Hybrid ILM fit to 24 and 70µm data, 3) Canonical STM (η = 0.756)
fit to the 24µm data, 4) Canonical ILM (η = 1.0) fit to the 24µm data, 5) Canonical STM fit to the 70µm data, 6) Canonical ILM fit to

the 70µm data. Note the close agreement of the albedos and sizes for models 1 and 2. Fits to data from one band, using the canonical
asteroid values for η, result in much larger uncertainties in the derived parameters, particularly the fits to the 24µm data.

Model (STM; cf. Lebofsky and Spencer, 1989, and ref-

erences therein). The STM assumes a non-rotating (or

equivalently, zero thermal inertia) spherical object, and

represents the “hot” end-member to the suite of possible

temperature distributions. Under STM assumptions, the

dayside temperature depends only on the angular distance

from the sub-solar point, θ: T (θ) = T0cos1/4θ, and the
temperature is zero on the night side. The sub-solar point

temperature T0 = [(1 − A)S/(ηεσ)]1/4 . Here A = q pV

is the bolometric albedo, S is the solar constant at the dis-
tance of the object, and σ is the Stefan-Boltzmann constant.
Even though the STM represents the hottest reasonable dis-

tribution of surface temperatures for an object in radiative

equilibrium with sunlight, early studies of the emission

from asteroids showed that their emission was even hot-

ter than predicted by the STM (Jones and Morrison, 1974;

Morrison and Lebofsky, 1979). That led to the introduction

of the beaming parameter, η, which allows for localized
temperature enhancements on the dayside, e.g. in the bot-

toms of craters or other rough features, and the tendency of

such warm regions to radiate preferentially in the sunward

(and, for outer solar system objects, observer-ward) direc-

tion (i.e. to beam). (Note that while η appears analogously
to the emissivity, ε, in the expression for the surface temper-
ature, η does not appear explicitly in the expression for the
thermal emission, Eq. 1b.) Lebofsky et al. (1986) derived a

value of η = 0.756 based on 10µm observations of Ceres
and Pallas. We refer to the STM with η set to 0.756 as the
canonical STM.

2.2. Isothermal Latitude Model (ILM)

The cold end-member of the suite of plausible temper-

ature distributions for an object in radiative equilibrium

with sunlight is the Isothermal Latitude Model (ILM; also

known as the fast-rotator model). The ILM assumes a

spherical object illuminated at the equator and rotating very

quickly (or equivalently, a slowly rotating object with infi-

nite thermal inertia). The resulting temperature distribution

depends only on latitude, φ: T (φ) = T0cos1/4φ, where
in this case the sub-solar point temperature is given by

T0 = [(1−A)S/(πηεσ)]1/4. The factor of π in this expres-
sion reduces the subsolar point temperature by 33% relative

to the STM. Because the ILM is characterized by infinite

thermal inertia, local temperature variations, and therefore

beaming, are precluded: thus the canonical ILM assumes

η = 1.

2.3. A Hybrid Thermal Model

Fig. 1 illustrates the problems inherent in using either the

STM or the ILM to measure the sizes and albedos of KBOs.

In particular, none of the 4 canonical STM or ILM models

fit to either the 24 or 70µm data (4 lower elements in the

figure legend) match the observed 24:70µm color. As a re-
sult, the systematic uncertainties on the albedos and diam-

eters, depending only on whether the STM or ILM is used,

are large: pV is uncertain by a factor> 2.5 for the fits to the
70µm data, and is uncertain by a factor of > 17 for the fits
to the 24µm data. (Note, however, that the relative efficacy
of these two wavelengths depends on the temperature of the
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with a spectral resolution of R = λ/"λ ∼ 120 is also shown. The
2.28′′ equatorial diameter planet was nodded in the long dimen-
sion within the 4.7′′ × 11.3′′ slit. The total exposure time for the
SH data, combining both slit positions, was 100 s on source per
Neptune longitude, so 300 s total for the majority of the spectra
shown here, and 50 s on source per Neptune longitude, or 150 s
for all longitudes, for the SL spectrum.

3. Data analysis

The IRS SH observations were reduced using the Spitzer data
processing pipeline to remove instrumental artifacts. The result-
ing 2-D Post Basic Calibrated Data (PBCD) have all cycles coadded
for a given nod position. For the analysis presented here, data
at all three longitudes were coadded to improve S/N. Primarily
to remove the zodiacal light contribution, the spectra were then
sky-subtracted using the Spitzer IRS Custom Extractor (SPICE) spec-
troscopy reduction software (http://ssc.spitzer.caltech.edu/postbcd/
spice.html), and a Spitzer high-resolution sky spectrum taken at
the same ecliptic latitude as Neptune, but from a subsequent ob-
serving campaign (UTC 2005-11-22 00:47). 1-D spectra were ex-
tracted from the 2-D sky-subtracted spectral images using SPICE.
SPICE also provided the flux calibration for the data from a set
of standard stars that were observed within the same spacecraft
instrument campaign. IRS absolute calibration for point sources is
believed to be accurate to within 10% (3σ ). For the Short-Low data,
the analysis was identical, with the exception that sky subtraction
was performed using sky observations taken simultaneously with
the planetary data.

The brightness temperatures were derived from radiances, with
a planetary equatorial diameter of 2.28′′ as viewed from Spitzer on
the date of observation (corresponding to a solid angle of 9.6 ×
10−11 sterad), obtained from the JPL Horizons ephemeris system.

4. The atmospheric model

To confirm new identifications and determine mixing ratios,
disk-averaged synthetic spectra were generated for comparison
with the data. We used a radiative transfer program which inte-
grates over the disk of the planet in a 5-stream upwelling model
using curvilinear geometry. The average upwelling radiance is ob-
tained by using Gaussian quadrature in the cosine of the emission
angle to integrate over the disk. The temperature structure adopted
for the model is taken from Moses et al. (2005) and is consis-
tent with that of Feuchtgruber et al. (1999). As a validation, we
determined that this profile was consistent with our Spitzer mea-
surement of the 17.04 µm (587 cm−1) S(1) H2 quadrupole line,
which is sensitive to the stratospheric temperature profile. We
note that we did not correct for variability in the para-H2/ortho-
H2 ratio (Fouchet et al., 2003); as the spectral resolution of the
data (R = 600) significantly precludes sensitivity to this ratio.
The initial vertical profiles for the atmospheric constituent mix-
ing ratios were taken from Neptune Model A of Moses et al.
(2005) that has generally provided best fits to previous ground and
space-based observations. Spectroscopic line parameters for each
constituent were obtained from the GEISA databank (Jacquinet-
Husson et al., 2004, 1999, and references therein). Absorption
cross-sections from the PNNL database (Sharpe et al., 2004) were
used for CH3COOH. The H2 collision-induced opacity was calcu-
lated following Birnbaum et al. (1996).

5. Results

Both our SL and SH spectra contain many features belonging
to previously discovered constituents of Neptune’s atmosphere, in-
cluding CH4, CH3D, C2H2, and C2H6 (e.g. Orton et al., 1987, and

Fig. 1. Selected regions of the Spitzer SH coadded spectrum and an insert of part of
the SL spectrum showing the previously detected species, CH4, C2H2, CO2, CH3 and
H2, and the newly discovered species, CH3C2H and C4H2. Features with no identifi-
cation at the time of submission of this paper can be seen at 15.15 µm (660 cm−1),
15.55 µm (643 cm−1), 16.00 µm (625 cm−1) and 17.62 µm (568 cm−1).

Fig. 2. Portion of the Spitzer SH Neptune spectrum, converted to brightness temper-
ature, showing two features identified as diacetylene (C4H2) and methylacetylene
(CH3C2H). Data are indicated by the thick solid line, which is surrounded by dotted
lines representing the range of the spectrum within ±1 standard deviation in the
measurements. The thin solid line represents the best fit of a model to the data.

references therein), H2O and CO2 (Feuchtgruber et al., 1997), C2H4
(Schultz et al., 1999), and the CH3 radical (Bézard et al., 1999). Ex-
cerpts of the spectra that include features from C2H6, CO2, CH4
and CH3 are shown in Fig. 1.

Our observations are generally consistent with previous spectra
and, thus, the measured strengths of the relevant bands. For exam-
ple, the Spitzer CO2 feature was fit using a scaling of Moses et al.
(2005) model to derive a volume mixing ratio of 7.8 × 10−10 at a
pressure level of 0.1 mbars. This is comparable to the mixing ra-
tio for CO2 derived from ISO measurements of Neptune, that was
found to be 5 × 10−10, assuming a vertically uniform mixing ratio
above a condensation level of 5.5 mbar (Feuchtgruber et al., 1997).

These first Spitzer spectra reveal several new constituents.
Fig. 2 shows an excerpt of the spectrum containing two of these,
which we identify as belonging to the ν9 band of methylacetylene
(CH3C2H) at 15.8 µm (633 cm−1) and the ν8 band of diacetylene
(C4H2) at 15.92 µm (628 cm−1). The diacetylene feature is detected
at the 3σ level and the methylacetylene feature is detected at the
12σ level of confidence.
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2.4. The surroundings of ageing stars

2.4.1. High abundances of NH3 and H2O around
IRC+10216 – evaporation of icy bodies in orbit around
the star?

Our early simultaneous searches for the PH multiplet
in the band 553.3–553.7 GHz and NH3 at 572 GHz in
the carbon-rich mass-loss envelope of IRC+10216
(CW Leo) led to the convincing detection of the NH3

(10 ! 00) line, while PH was not discovered (Hjalmar-
Fig. 4. H2

18O (110 ! 101) spectrum of comet C/2001 Q4 (NEAT)
detected simultaneously with the H2O.

Fig. 3. H2O (110 ! 101) spectrum of comet C/2001 Q4 (NEAT)
observed in April 2004 with Odin!s AOS.

Fig. 5. Integrated intensity map of the H2O emission from comet C/
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Table 1
The comets observed with Odin

Comet Dates of observation rh (AU) D (AU) Q[H2O] (1028 molec s!1) Remarks

C/2001 A2 (LINEAR) 2001/04/27 0.94 0.83 First observation
2001/06/20–07/09 0.94–1.16 0.24–0.28 11–3 Maps

19P/Borrelly 2001/09/22–24 1.36 1.47 3.3 ± 0.6 Deep Space 1 flyby
2001/11/05 1.48 1.34 2.3 ± 0.4

C/2000 WM1 (LINEAR) 2001/12/07 1.13 0.33 4.2 ± 0.9 Map
2002/03/12 1.16 1.24 6.7 ± 0.5

153P/2002 C1 (Ikeya-Zhang) 2002/04/22 0.92 0.42 25.8 ± 1.1 Map
2002/04/24–28 0.95–1.02 0.41 17.7 ± 1.4 H2

18O

C/2002 X5 (Kudo-Fujikawa) 2003/03/03–30 0.99–1.53 0.93–1.54 2.7–0.6 Monitoring
29P/Schwassmann-Wachmann 1 2003/06/23–29 5.75 5.31 <2.7 Upper limit
2P/Encke 2003/11/16, 23 1.03, 0.91 0.26 0.4, 0.6

C/2002 T7 (LINEAR) 2004/01/26, 02/01 1.76, 1.67 1.86, 1.91 17–25 Monitoring
2004/05/24–29 0.90–0.97 0.33–0.49 19–21 H2

18O, NH3

C/2001 Q4 (NEAT) 2004/03/06–04/14 1.52–1.11 1.73–0.79 13–21 Monitoring
2004/04/26–05/02 1.02–0.99 0.45–0.34 19–21 H2

18O, NH3

2004/04/15–16 0.96 0.44 17.5 ± 1.0 Map

rh and D are the distances of the comet to Sun and Earth, respectively, and Q[H2O] is the water production rate.
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Fig. 3. “Apparent” water production rates of comet C/2001 Q4 (NEAT)
between 26 April and 4 May 2004 and best fit obtained with a sine
+ harmonic evolution (6 parameters, see text). The time has been cor-
rected for the “delay” due to beam averaging and varying geometry.

(Table 3). The precision of the production rates, though, are un-
likely to be limited by the statistical noise (Table 1), but rather by
the pointing accuracy (Sect. 2.1). A 3–4′′ pointing variation typ-
ically results in a 5% uncertainty on the derived production rate
for most measurements, to be compared with a typical 1.3% un-
certainty due to statistical noise for 45 min integration. This 5%
uncertainty has been added quadratically to the rms in Table 1
for all data used in the the χ2 minimization (e.g., Fig. 3).

The other method we used to find a periodicity in the data
is the phase dispersion minimization (PDM) method, introduced
by Stellingwerf (1978). Particularly useful with a scarce and ir-
regular sampling, it consists in folding the data around a test
period T p, binning the data, and computing the variance ra-
tio between the binned data and the whole sample. This ratio
should fluctuate around 1 in the absence of any periodic signal.
Should T p being a significant signal period, then the variance
ratio would diminish toward zero, as the local variance would be
significantly less than the global one.

The choice of the time origin should not influence the results,
hence it is common practice to perform several calculations by
time-shifting the folded data and to make an average. The main
effect is to smooth the variance ratio curve, which is useful when
a small amount of data is available. Considering this small num-
ber of data, we limited our number of bins to four, and we per-
formed two time shifts. The result of the PDM method applied to
the water production rates is given in Fig. 4. The deepest trough
in the curve is at 0.82 day, and we can also see its second sub-
harmonic around 1.6 days with a smaller depth, as expected.

We computed the significance level of the variance ra-
tio, which rises when the trough is deeper, according to
Stellingwerf (1978). The main parameters are the number of data
points, the bin number, and how many time shifts were used. We
obtain 98% and 75% for the restricted and the whole sample sets,
respectively (see Table 4).

The other method consists in fitting a sine curve (four param-
eters: average value, amplitude, period T p, and reference time)
or the composite of a sine curve and its harmonic at T p/2 (6 pa-
rameters). The parameters are optimized via χ2 minimization.
For the best fits, we should get a reduced χ2

ν close to unity. The
1σ uncertainty on the fitted period parameter T p, taken alone, is
computed from the extrema of the ∆χ2 = 1.0 envelope.

Fig. 4. Periodogram analysis of the restricted data set (26 April to 3 May
2004) of comet water production rates. The deepest peak with a variance
ratio of 0.5 corresponds to a 0.82 day period. This is the main period
found in this analysis: other peaks are mainly coming from harmonics
(at 1.6 and 2.4 day) and aliasing. Indeed simulating a pure sine variation
of period 0.82 day with the same sampling reproduces all the peaks with
variance ratio <0.9.

Fig. 5. Same data as in Fig. 3, folded over one period of 19.53 h, after
long-term amplitude correction and “delay” correction as in Fig. 3.

6.1. Analysis of the restricted subset

The result of the search of periodicity with the PDM method
is shown in Fig. 4 and yields a significant minimum peak at
0.815 day. We then tried to fit a sine (4 parameters) and sine
with one harmonic (6 parameters) function to the data. Figures 3
and 5 show the data and results of the χ2 minimization. The re-
duced χ2 is smaller (χ2

32 = 1.06 versus χ2
34 = 1.40) when adding

an harmonic and the solution found is

Qapp = 27.09 + 4.45 × sin
(
2π

t + 15.7898
0.8139

)

+1.46 × sin
(
π

t + 16.1050
0.8139

)
× 1028 molec. s−1 ,

where t is the time in days relative to perihelion, corrected for
the delay due to beam dilution. The ∆χ2 = 1 variation yields a
1σ uncertainty of 0.0032 day (∆χ2 = 4 for the 2σ uncertainty,
i.e., a 95.4% confidence level is obtained for the interval T p =
0.8078–0.8208 days). The pure sine solution yields a period of
T p = 0.8200 day with a larger uncertainty (Table 4).

C/2001	
  Q4	
  (NEAT)	
  
Rota[on	
  period:	
  19.53	
  hours	
  



Open	
  ques[ons	
  for	
  Herschel	
  (1)	
  
	
  Planets	
  (KP	
  «HssO	
  »	
  -­‐	
  Water	
  in	
  	
  	
  the	
  
solar	
  system	
  +	
  OT	
  programs)	
  
	
  Mars	
  
–  What	
  is	
  the	
  ver[cal	
  distribu[on	
  of	
  water	
  

vapor	
  on	
  Mars?	
  
–  What	
  are	
  the	
  abundances	
  of	
  the	
  minor	
  

species	
  	
  and	
  their	
  	
  isotopic	
  ra[os?	
  
•  -­‐>	
  Photochemistry	
  and	
  dynamics	
  in	
  the	
  

Mar[an	
  atmosphere	
  
•  -­‐>	
  History	
  of	
  the	
  Mar[an	
  atmosphere	
  

	
  Outer	
  planets	
  	
  
–  What	
  is	
  the	
  origin	
  of	
  the	
  external	
  oxygen	
  

flux	
  in	
  the	
  outer	
  solar	
  system?	
  
•  -­‐>	
  Local/interplanetary	
  source,	
  role	
  of	
  comets/	
  

rings/satellites?	
  

152 M.D. Smith / Icarus 167 (2004) 148–165

Fig. 2. Map of the amplitude of the basaltic surface emissivity feature, Asurf, as derived from TES data. The color scale goes from 0 (purple) to 0.075 (red).

Surface emissivity is given by (1− Asurffsurf), where fsurf is the spectral shape of surface emissivity shown in Fig. 1 (short-dashed line). This figure is from

Smith et al. (2003b).

Fig. 5. An overview of TES daytime (local time ∼ 1400) aerosol optical depth and water vapor abundance. Shown is the zonal average of each quantity

a function of latitude and season (Ls ). (Top) Dust optical depth at 1075 cm
−1 scaled to an equivalent 6.1 mbar pressure surface (to remove the effect of

topography). (Middle) Water ice optical depth at 825 cm−1. (Bottom) Water vapor column abundance in precipitable microns (pr-µm). The largest data gaps
were caused by solar conjunction and various times when the MGS spacecraft went into contingency (safing) mode.

surface emissivity spectral shape fsurf was changed from the

default basaltic “type 1” shape of Bandfield et al. (2000b) to

the other major surface emissivity spectral unit, the “type 2”

basaltic-andesite surface of Bandfield et al. (2000b). Next,

the water ice spectral shape was changed from that appro-

priate for a smaller aerosol (∼ 2 µm) to that for the larger

(∼ 4 µm) aerosols found in the aphelion-season cloud belt

by Clancy et al. (2003) andWolff and Clancy (2003). The re-

sults are shown in Fig. 3. The change in optical depth for the

250,000 spectra were binned according to dust and water ice

aerosol optical depth to produce the averaged errors shown

in Fig. 3. The scatter of points about the averaged lines was
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Fig. 3.—Mars H O (110–101) spectrum converted to a single-sideband LTC2

ratio spectrum (histogram). The model spectra calculated by assuming the four
water vapor profiles shown in Fig. 4 are overlaid. This water line is much
broader than the spectrometer bandwidth, which prevents us from getting an
accurate retrieval of the water abundance below ∼8 km.

Fig. 4.—Radiative transfer model atmospheric profiles of temperature and
water vapor fractional abundance. For temperature, the thick solid line labeled
T(z)KP represents a best fit to the millimeter spectra obtained on 1999 April
24 by R. T. Clancy (2000, private communication) and is verified to be a good
fit to the observed CO spectrum. The thin solid lines represent offset profiles13

of !10 K, and the dashed line is a canonical temperature profile from the
Viking era. For water vapor, the thick solid line represents a profile with
200 ppm in the lower atmosphere and following 100% RH above the saturation
altitude.

has an overall error beyond the channel-to-channel noise; e.g.,
the whole spectrum has an estimated uncertainty of 3%–6%
relative to the numerical values on the ordinate of Figure 3.
This effect is much less important for the CO line.913

4. ANALYSIS

The observed line shape from a planetary atmosphere is a
complex function of the vertical profiles of temperature and
the absorber abundance. This information is “encoded” in the
line shape through pressure broadening and therefore can be
retrieved within certain bounds through a suitable numerical
inversion or through a radiative transfer model comparison.

4.1. Temperature

On 1999 April 24, observations of CO (2–1) and (1–0) were
obtained by R. T. Clancy at the NRAO 12 m radio telescope
on Kitt Peak (KP), Arizona. These observations were used to
construct a global mean temperature profile of the atmosphere
(Fig. 4). These observations occurred near the middle of the
SWAS observation time frame.
We performed radiative transfer modeling of the CO (5–4)13

transition using this temperature profile, profiles with !10 K
added, and a canonical temperature profile from the Viking era.
Other important atmospheric parameters were taken from
Viking spacecraft and ground-based measurements (P psurf

mbar for this season, after correction for!45.9 f p 9# 10CO

seasonal pressure change, and CO/ CO p 89; see Owen12 13

1992). At the line center, these models calculate zenith and
limb opacities of 2.4 and 25, respectively. The disk average
contribution function in the line center peaks near 45 km.
Therefore, this line is sensitive to the atmospheric temperature
profile from the surface to about 45 km.
The resulting model spectra, convolved to the instrumental

9 More specifically, this error in the LTC ratio spectrum is a function of the
LTC value. For a continuum value C with error , the CO spectrum error13jC
is , but the H O spectrum error is . The difference(1! LTC)Cj (1" LTC)CjC 2 C

arises from the different ways that the spectra were converted to LTC ratio
spectrum and is allowed since we can define, in a relative sense, the continuum
level for the narrow CO line.13

resolution, are overlaid on the reduced SWAS spectrum in Fig-
ure 2. The profile determined from the KP observations is
consistent with the SWAS observations, producing both the
width and the depth of the line shape; the spectra obtained by
offsets of 10 K in temperature provide significantly worse fits,
and the Viking profile is slightly less satisfactory than the"10
Kmodel. A simple least-squares analysis of thesemodels shows
that the KP-measured temperature profile is a very good fit to
the data. This atmospheric temperature profile is significantly
cooler than profiles measured during the Viking mission, by as
much as 20 K. This trend in colder, probably less dusty at-
mospheric conditions since the Viking era has been identified
earlier (Clancy et al. 1990, 1996).

4.2. Water Vapor

The water vapor distribution is expected to be governed by
saturation vapor pressure; therefore, knowledge of the vertical
temperature profile is important. Different water vapor distri-
butions are shown in Figure 4: a constant 30 parts per million
(ppm) profile, a profile of 200 ppm in the lower atmosphere
and following vapor pressure saturation above 7 km (based on
the “best-fit” temperature from the previous section), and pro-
files that are factors of 10 greater and lesser than this profile
at 35 km. We performed radiative transfer modeling of the
H O (110–101) transition in the Martian atmosphere using each2

of the four distributions of water vapor. The resulting spectra,
convolved to the instrumental resolution, are overlaid in Fig-
ure 3 on the observed water vapor spectrum.
The model spectrum based on a constant profile is too narrow

in the far wings and too broad in the core to be considered a
good fit to the data. From this, we find that the surface abun-
dance of water vapor is most likely close to 200 ppm, but it
could be higher by a factor of 2. Since the bandwidth of the
instrument is much narrower than the line, the water vapor
abundance at low altitudes (with higher pressure broadening)
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Figure 2. Histograms of

distributions of the wa-

ter D/H ratio in Carbona-

ceous Chondrites, in LL3

chondrules and clays, in

Hot Cores and in in-

terstellar ice (personal

compilation of published

data). According to this

diagram, LL3 chondrites

exhibit the best preserved

record of the primordial

isotopic heterogeneity of

the solar system water.

Note the similarity be-

tween the high D/H val-

ues in LL3 chondrites

and in interstellar ices.

poration from the grains, water exchanges its D with atomic H, yielding a decreases

in the D/H ratio while the temperature increases. As we will show in Sect. 3, the

similarity between f (H2-H2O) in Hot Cores and in meteorites (see Fig. 2) is an
indication that isotopic exchange between water and H2 can take place in space or

in the solar nebula and yield a decrease of the D/H ratio in water. Note however,

that these Hot Core regions cannot be taken as analogs of the presolar cloud from

which the solar nebula formed. A recent estimate of the D/H ratio of solid water in

interstellar mantle grains gives f =60±34.

2.2. THE EARLY SUN AND THE GIANT PLANETS

The D/H ratio in the solar nebula (25±5×10−6) is estimated from two independent
determinations of (1) the Jovian and Saturnian D/H ratios and of (2) the present

day solar 3He/4He and 4He/H ratios.

1. Numerous spectroscopic determinations of the D/H ratio in the upper atmo-

spheres of the two giant planets Jupiter and Saturn have been attempted (Beer

and Taylor, 1973; 1978; Bezard et al., 1986; de Bergh et al., 1986; 1990;

Feuchtgruber et al., 1997; 1999; Griffin et al., 1996; Lellouch et al., 1996;

Mahaffy et al., 1998; Niemann et al., 1996; Smith et al., 1989a; 1989b; cf.

References IV.). According to Gautier and Owen (1983) the D/H ratio of the

two planets should reflect the value of the solar nebula. In these planets, D

ARTICLE IN PRESS

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

4. Mars

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

C17O, C18O, H17
2 O and H18

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

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

Fig. 1. D/H ratios in the Solar System.
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Our scientific analysis will start with the reduced and calibrated flux densities of the
TNOs in this programme. First, the measured fluxes per target are the basis for deriving
object-specific properties, like effective diameter and albedo, the temperature distribution
across the objects, to investigate their thermal properties including thermal inertia,

Fig. 4 Overview of our Herschel sample (squares) in comparison with the currently known Centaurs and
TNOs (dots). Top: Inclination vs. semimajor axis. Bottom: Eccentricity vs. semimajor axis. The size of the
square-symbols indicates the opposition H-magnitude, the regions of Centaurs, Kuiper Belt und Scattered
Disk are indicated together with the semimajor axis of the outer planets
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on the present and the original size distribution in the Kuiper Belt and constrain formation
models. Objects detectable with Herschel will be typically 200 km or more in diameter.
These larger TNOs should reflect the primordial-size distribution, in contrast to objects
smaller than *100 km which are slowly eroded by collisions (Farinella and Davis 1996).
Secondly, the knowledge of the absolute albedo is a very important input parameter for
scattering models which allow to constrain the surface composition (e.g., Pinilla-Alonso
et al. 2009). Because pure ices are usually bright, a low albedo is indicative of a dark
surface material (e.g. tholin, dark carbon) which is otherwise spectrally neutral. Modelling
techniques (e.g. models by Hapke, Shkuratov and Muinonen, see Muinonen et al. 2002 and
references therein) of surface spectra and polarimetry are available, potentially allowing a
determination of the relative abundances of surface materials, grain size, and the state of
mixing, but these can be applied only if the absolute reflectance is known, which will be
extracted from combining Herschel data with ground based visible magnitudes. Thirdly, we
anticipate that correlations between size, albedo, colour, composition and orbital param-
eters will be diagnostic of evolution processes. It is believed that the diversity of TNOs
surface colours (from neutral to very red, i.e., from V–R * 0.35 to V–R * 0.75,
respectively, where V and R are the apparent magnitudes in filters centered near 5500 and
6500 Å) are associated to different compositions, various surface evolution processes,
impact events, and cometary activity. For example, from laboratory experiments, it appears
that bright but spectrally neutral ices become optically red and dark as a result of ion
radiation (one of the effects of space weathering), while a long-term exposure to ion flux
darkens them further and neutralizes their spectral slope (Moroz et al. 2003, 2004). Fur-
thermore, objects that have experienced a higher impact rate, or recent impacts, may be
intrinsically brighter (and bluer), if collisions excavate fresh, un-weathered material from
below the surface. If the colours tell us something fundamental about the bulk composi-
tions, or if they merely reflect superficial processes acting on the optically accessible
surfaces is unknown. Evidence for colour-orbit correlations in the Kuiper belt

Fig. 1 Left: STM (standard model) flux predictions for a 1000 km TNO at different distances from the Sun.
As input parameters we used the averaged Spitzer-values of 1.25 for the beaming parameter g and 0.08 for
the geometric albedo pV. For comparison, a 100 km TNO at 20 AU is shown together with a detection limit
of 3 mJy. Right: Influence of the surface properties on the thermal flux, based on thermophysical model
(TPM) calculations. We show here the ratio of the flux to what is expected from a ‘‘default TPMTNO’’ model
(best fit to all Spitzer TNO results). The thermal inertia causes major uncertainties at wavelengths below the
emission peak, while the unknown emissivities affect mainly the sub-mm/mm range. The influence of
extreme surface roughness conditions (perfectly smooth, or completely covered by craters) is indicated by
the dashed lines
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Fig. 4. Observation of O2 at 774 GHz. The best fit of a constant altitude
profile infers a volume mixing ratio of 1400±120 ppm. The lower panel
shows the difference between observation and model.

the data from Golubiatnikov & Krupnov (2003) for O2 in air:
1.62 MHz hPa−1 (half width half maximum, HWHM). Taking
into account the higher molecular mass of CO2 as the main col-
lider compared with air, we multiplied the pressure broadening
coefficients in 0.1 hPa steps from 1.1 to 2 and found the best
fit of the model to the observation for a factor of 1.2, corre-
sponding to 1.95 MHz hPa−1 (HWHM). We note that the mix-
ing ratio was not found to be very sensitive to these changes,
the retrieved value always remaining within the error limits. The
pressure broadening factor of 1.2 is smaller than the factor of 1.4
(with CO2 rather than air being the main collider) for CO that has
been found in laboratory measurements (e.g. Dick et al. 2009).
The quality of the observation is excellent, the signal-to-noise
ratio being higher than 300. Unfortunately, the fit is not opti-
mal. The model underestimates the emission feature and over-
estimates the depth of the absorption peak. This indicates that
the assumption of a constant volume mixing ratio may not be
correct. Deviations from the constant profile seem to be positive
in the lower and negative in the upper atmosphere. Future work
will focus on the vertical profile of O2.

4. Summary

We have presented initial results for HIFI observations of the
Martian atmosphere on HCl, H2O2, and O2. The upper limit of
200 ppt volume mixing ratio determined for HCl is one order of
magnitude below the previous value. There is no indication of
present volcanic activity. The upper limit to H2O2 of 2 ppb is
remarkably low compared with former detections. However, this
observation is the first one around Ls = 77◦, a season where pho-
tochemical models predict the annual minimum of H2O2. Future
HIFI observations of H2O2 during other solar longitudes will
provide additional constraints on photochemical models. The
O2 volume mixing ratio of 1400 ± 120 ppm agrees with for-
mer ground-based observations. The assumption of a constant
vertical profile does not lead to an optimal fit of the model to
the observations. The residuals suggest an oxygen fall off with
height. Future work will focus on the retrieval of the vertical O2
profile.
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Fig. 1. The observed submillimetre spectrum of Mars reduced and calibrated as described in the text compared to a model spectrum generated
using the RADTRANS code (Irwin 2009). The positions of the detected H2O and CO lines are indicated.

for the appearance and season (Ls, sol) of Mars relevant to our
observation, we partitioned the visible martian disk in a fine, reg-
ular grid (typically 100 points across a martian diameter). The
EMCD database was then used to provide the local surface pres-
sure and the vertical profiles of temperature in the atmosphere
and in the sub-surface. The surface pressure and the temperature-
pressure-altitude profiles were averaged over the disk, providing
the input thermal profile needed for the radiative transfer calcu-
lation. For calculating the surface brightness temperature, radia-
tive transfer was performed within the surface, using the online
tool of Lellouch et al. (2008): a surface brightness temperature of
220 K was derived. Finally, the derived spectrum was convolved
with a sinc function of FWHM 0.048 cm−1 and averaged over
the disk. For the CO lines we tried mixing ratios between 4.5 and
18 × 10−4 and for the H2O lines we tried mixing ratios between
0.5×10−4 and 2×10−4. The disk-averaged flux density was then
finally calculated given the Mars solid angle of 1.25 × 10−10 for
the observation date of 2009 November 6.

The full spectrum model generated with fixed mixing ratios
of 9× 10−4 for CO and 1× 10−4 for H2O is plotted together with
the calibrated observed spectrum in Fig. 1 and the identified lines
are given in Table 1. Note that the CO 4-3 and 4-5 lines were
not clearly detected in the spectrum as these regions suffered
from instrumentally induced spectral fringes which masked the
absorption features. The level of agreement between the model
continuum level and the observed spectrum is good except in the
SSW range where some distortion is found for reasons described
above. A more detailed view of the H2O line to continuum ratios
is shown in Fig. 2. We have taken three model cases here to show
the variation of line depth and width with constant mixing ratios
of 2 × 10−4 (purple), 1 × 10−4 (green) and 0.5 × 10−4 (red). It is
evident that the green line shows the best fit to the line depths.
However, the line wings in the model appear broader than in the

Table 1. Principal line identifications in the Mars FTS spectrum.

Line Number Species Transition Frequency (GHz)
1 Ortho H2O 110–101 556.94
2 CO J = 6–5 691.491
3 Para H2O 211–202 752.03
4 CO J = 7–6 806.65
5 CO J = 8–7 921.8
6 Para H2O 202–111 987.93
7 CO J = 9–8 1036.91
8 Ortho H2O 312–303 1097.37
9 Para H2O 111–000 1113.34
10 CO J = 10–9 1152.01∗
11 Ortho H2O 312–221 1153.13
12 Ortho H2O 321–312 1162.91
13 Para H2O 422–413 1207.64
14 Para H2O 220–211 1228.79
15 CO J = 11–10 1267.01
16 H2O 625-532 1322.06
17 CO J = 12–11 1382.0
18 H2O 523-514 1410.6

Notes. The line to continuum ratios for H2O lines 11 and 12 are shown
in Fig. 2 and for CO line 15 in Fig. 3. ∗This line is blended with 11.

observation and further more detailed modelling in conjunction
with higher spectral resolution Herschel-HIFI observations will
be required to fully match the spectrum. In Fig. 3 we show a
close up of the spectrum around the CO J = 11–10 line showing
the effect of CO mixing ratios of 18 × 10−4 (purple), 9 × 10−4

(green) and 4.5 × 10−4 (red). Over all CO lines 9 × 10−4 was
found to be the best fit.
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Fig. 2. The 13CO and C18O lines after removal of the baseline ripples. A radiative transfer model was fitted simultaneously to the spectra to retrieve
temperature profile and volume mixing ratio of CO. The lower panels show the differences between model and observations.

To obtain a temperature profile and the mixing ratio of CO
we employed Rodger’s optimal estimation method (Rodgers
1976, 1990). This method uses so-called “a priori” information
– in our case the best estimate of the temperature profile and CO
mixing ratio profile – which is then updated to allow for a best
fit of the spectral line shapes (minimization of χ2). This a priori
profile was taken from our MAOAM general circulation model
(Hartogh et al. 2005) considering the exact observation date, ge-
ometry, and time of the HIFI observations. The surface pressure
averaged over the visible disk was 6.7 hPa. Compared to temper-
ature profiles derived from the EMCD, we find temperature dif-
ferences less than 3 K between 3–60 km. EMCD provides about
5 K higher temperatures below 3 km and 3 to 5 K higher tem-
peratures between 60–80 km. Up to 100 km, both models slowly
merge to almost the same temperature. It is worth noting a high
degree of coincidence of the averaged temperature profiles over
the field of view of the telescope with the two models. Even
though the one from EMCD represents monthly averaged fields,
the one from MAOAM is based on an instantaneous snapshot,
and generally the altitude-latitude distributions differ. This in-
creases our degree of confidence in the simulated temperatures.

A simultaneous fit of the two spectral lines allows retriev-
ing temperature and mixing ratios independently, because of
the rather different optical depth of the two lines, where the
13CO line is optically thick (τ = 6.3 in line centre) and the

C18O line being optically thin (τ = 1.1). Figure 2 shows the si-
multaneously fitted spectra of 13CO and C18O (and the residuals)
after the removal of the baseline ripple. The retrieved CO mix-
ing ratio amounts to 980 ± 100 ppm which is in agreement
with the one detected by SPIRE observations during Ls = 5◦
from 6 November 2009 at 20:20 UT (Swinyard et al. 2010) un-
der rather similar surface pressure conditions. The SPIRE value
of 900 ppm has been used as an a priori input to the retrieval
algorithm. Figure 3 shows the corresponding temperature pro-
file and the averaging kernels. The latter provide information
about the sensitivity of the retrieval versus altitude. Although
the contribution of the a priori profile to the retrieved tempera-
ture profile is less than 10% below 60 km, it fits quite well to the
profiles predicted by the GCMs. However, the differences are
least with EMCD near the ground (∼5 K) and with MAOAM
near 60–70 km. Nevertheless, the observations provide about
12–15 K lower temperatures near 65 km. The temperature in-
version between 40–60 km predicted by the GCMs should be
manifested in an emission feature in the centre of the CO lines,
which obviously is not the case. The 5% error of the model con-
tinuum flux translates into a roughly 5% shift of the temperature
profiles, i.e., all temperatures will be about 10 K higher or lower
than the retrieved value. In the first case, the agreement with the
model profile is better between 40–80 km (although still without
temperature inversion) but worse below 40 km. In the second
case the agreement is worse for all altitudes.
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T. Cavalié et al.: Spatial distribution of water in the stratosphere of Jupiter from Herschel HIFI and PACS observations
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Fig. 11. Water 5 × 5 raster map at 1669.9 GHz obtained with Herschel/HIFI on July 7, 2010, expressed in terms of l/c and smoothed to a spectral
resolution of 12 MHz (observation are plotted in black). Jupiter is represented with the red ellipse, and its rotation axis is also displayed. The black
crosses indicate the center of the various pixels after averaging the H and V polarizations. The beam is represented for the central pixel by the red
dotted circle.These high S/N observations rule out the IDP source model (red lines) because they result (i) in narrower lines than the ones produced
by the IDP model; and (ii) in a non-uniform spatial distribution of water. Even if the flux in the northernmost pixels is adjusted to lower values to
fit the l/c, the IDP model fails to reproduce the line wings (see Fig. 12). By adjusting the local water column density by rescaling the SL9 vertical
profile, we find that an SL9 model (blue line), in which all water resides at pressures lower than 2 mbar, enables one to reproduce the observed
map.

over the PACS beam. The resulting maps are displayed in Fig. 15
and a latitudinal section taken from the 66.4µm map is shown in
Fig. 16. The uncertainty on the line peak values translates into
an uncertainty of up to 20% on the column density values. This
is consistent with the scatter we find in narrow latitudinal bands
(∼15%). If we had used a physical profile for the SL9-material
evolution instead of an empirical one for water, we could have
ended up with column density values different by a factor of up
to 2 (with the same level of uncertainties). One needs to know
the true vertical profile to retrieve the true values of the local
water column.

The 66.4µm map and the corresponding latitudinal section
show a general trend in the latitudinal distribution of the derived
column densities. Indeed, we see an increase by a factor of 2−3
from the northernmost latitudes to the southern latitudes. This
kind of distribution was anticipated by Lellouch et al. (2002),
though with a much lower contrast, from their SL9 model. They
expected a contrast of only 10% between 60 ◦S and 60 ◦N at
infinite spatial resolution in 2007. Here, we observe a factor
of 2−3 contrast between 60◦S and 60 ◦N after spatial convolu-
tion by the instrument beam. This should translate into an even
stronger contrast at infinite spatial resolution.
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Fig. 8. Nominal water vertical profiles used in the analysis of the HIFI
and PACS maps. The IDP profile (red solid line) was computed with
the photochemical model of Cavalié et al. (2008b), using the nominal
thermal profile of Fig. 6 and a standard K(z) profile from Moses et al.
(2005). In the SL9 profile, a cut-off level was set to p0 = 2 mbar. This
is the highest value of p0 that enables reproducing all the HIFI lines. In
this profile, the water mixing ratio is 1.7 × 10−8 as in the central pixel
(number 13) of the HIFI map.

3.2. IRTF data modeling

Methane emission can be used to probe Jupiter’s stratospheric
temperatures because (i) the ν4 band of methane emits on the
Wien side of Jupiter’s blackbody curve; (ii) methane is well-
mixed throughout Jupiter’s atmosphere and only decreases off
at high altitudes because of diffusive separation (Moses et al.
2000); (iii) the deep volume mixing ratio is known from the
Galileo probe re-analysis results of Wong et al. (2004) to be
equal to 2.37±0.57× 10−3, resulting in a mole fraction of 2.05±
0.49 × 10−3. For the TEXES data, we used the photochemical
model methane mole fraction profile from Moses et al. (2000)
with a deep value of 1.81 × 10−3 taken from the initial Galileo
probe results paper by Niemann et al. (1998) because it agrees
within errors with Wong et al. (2004). Moreover, the Moses et al.
(2000) model has been shown to agree with previous observa-
tions of Jupiter.

To infer Jupiter’s stratospheric temperatures from the
TEXES maps, we employed the automated line-by-line radiative
transfer model described in Greathouse et al. (2011). This model
uses the pressure-induced collisional opacity of H2-H2, H2-He,
and H2-CH4 as described by Borysow et al. (1985, 1988) and
Borysow & Frommhold (1986) and the molecular line opacity
for 12CH4, 13CH4, and CH3D from HITRAN (Rothman et al.
1998). It also varies the vertical temperature profile to repro-
duce the observed methane emission spectra. The resulting zon-
ally averaged temperature maps are displayed in Fig. 9. The
pressure range we are sensitive to with these observations is
0.01−30 mbar.

A second approach to deriving stratospheric temperatures,
which we applied to our MIRSI maps, consists of using the ra-
diometrically calibrated versions of the 7.8 µm images. Although
these maps yield only temperatures at a single level (between 1
and 40 mbar), they can differentiate between the thermal models

shown in Fig. 6. Therefore, we simulated the 7.8 µm radiance we
would expect from the range of temperature profiles from Fig. 6
to create a table of radiance vs. emission angle. Then we de-
termined the upper-stratospheric temperature corresponding to
the profile that most closely produced the observed radiance at
each latitude/emission angle pair along the central meridian for
each date. Orton et al. (1991) used a similar approach in their
analysis of raster-scanned maps of Jupiter. The result is the tem-
perature maps that are shown in Fig. 10. The zonal variability
is much smaller than the meridional variability in each image,
validating the approach taken in examining the zonal-averaged
temperatures from the TEXES data shown in Fig. 9.

The Herschel observations are sensitive to pressures lower
than 2 mbar. This is why we created the range of thermal profiles
shown in Fig. 6, in which the profiles start to differ from one an-
other at pressures lower than 10 mbar. This introduces the main
limitation in our temperature derivation from the MIRSI images,
because these observations are sensitive to levels ranging from 1
to 40 mbar. To encompass the range of observed radiances that
are generated by higher temperatures in the 1−40 mbar range, we
therefore had to increase the range over which we were perturb-
ing the temperatures at pressures lower than 10 mbar. As a result,
the temperatures derived from the MIRSI images are excessively
high at latitudes corresponding to bright bands. Therefore, only
the trend in the latitudinal variation of the temperature can be
relied on rather than the values themselves.

4. Results

4.1. HIFI map

At 1669.9 GHz and with the spectral resolution of HIFI, we
probed altitudes up to the 0.01 mbar pressure level, depending
on the observation geometry (see Fig. 7). The line opacity at
the central frequency at the observed spectral resolution but at
infinite spatial resolution is ∼10 at the nadir and ∼250 at the
limb. We first tested the IDP profile (presented in the previous
section) that fitted the SWAS and Odin observations in Cavalié
et al. (2008b, 2012). At Jupiter, this source should be steady and
spatially uniform (Selsis et al. 2004). In the case of a steady
local source, it would either show high concentrations at high
latitudes (for material transported in ionic form) or at low lat-
itudes (for material transported in neutral form). We detected
neither of these cases in the observations, although this diag-
nostic is limited by the relatively low spatial resolution. The re-
sult of the IDP model is displayed in Fig. 11. The IDP profile
fails to reproduce the observations in several aspects. Indeed, it
can be seen that this model produces lines that are too strong
in most of the northern hemisphere (pixels 6, 7, 15 and 16).
Figure 12 shows that if the water flux attributed to IDP is low-
ered to ∼2.0 × 106 cm−2 s−1, the model matches the observa-
tions in terms of l/c but still overestimates the line width. The
main problem of this model is that the line wings are too broad
in most of the pixels. The only pixels in which the line wings
could be compatible with the data are pixels with the highest
noise. This means that the bulk of the stratospheric water is not
located just above the condensation level, i.e., at ∼20−30 mbar
as in the IDP model, but higher in altitude. The line shape of
the 556.9 GHz water line as observed by SWAS and Odin al-
ready suggested that the IDP source was unlikely (Cavalié et al.
2008b). Consequently, the IDP model can be ruled out. In con-
trast, the SL9 profile gives much better results in the line wings
(see Fig. 11). We found that all line wings could be reproduced
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Fig. 2. Water maps of the line peak intensity (=l/c-1, thus in % of the
continuum) at 58.7 and 65.2µm observed by the PACS spectrometer on
December 8, 2009. Jupiter is represented by the black ellipse, and its
rotation axis is also displayed. The beam is represented by a gray filled
circle. Both maps indicate that there is less emission in the northern
hemisphere than in the southern (best seen in the limb emission).

and carried out complementary ground-based observations at the
NASA Infrared Telescope Facility (IRTF) in 2009 and 2010.

2.2. IRTF observations

2.2.1. IRTF/TEXES maps

On May 31 and October 17, 2009, we performed observations
with the Texas Echellon cross-dispersed Echelle Spectrograph
(TEXES; Lacy et al. 2002), mounted on the NASA IRTF
atop Mauna Kea. By achieving a spectral resolving power
of ∼80 000 in the ν4 band of methane (CH4) between 1244.8 and
1250.5 cm−1 (see Fig. 4), we were able to resolve the pressure-
broadened methane emission wing features, which give de-
tailed information on the vertical temperature profile from 0.01

Methane spectra from 0 and −13 latitude (red, black)
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Fig. 4. Methane emission spectra from 13 ◦S latitude (black) and from
the equator (red) showing the different spectral shape and strength from
the May 2009 observations with TEXES. The spectra are at an airmass
between 1 and 1.2. The blue curve represents the telluric transmission.
Owing to the high Jupiter/Earth velocity and the high spectral resolu-
tion achieved by TEXES, we were able to easily separate the Jovian
methane emission from the telluric methane absorption. Gaps in the
data are caused by telluric transmission regions that are too opaque to
retrieve useful data. The red and black spectra have been flat-fielded
by the black chopper wheel minus the sky emission, which performs a
first-order division of the atmosphere.

to 30 mbar. The data were reduced through the TEXES pipeline
reduction software package (Lacy et al. 2002), where they were
sky-subtracted, wavelength-calibrated, and flux-calibrated by
comparing them to observations of a black chopper wheel made
at the beginning of each set of four scan observations. We sub-
sequently processed the pipelined data through a purpose built
remapping software program to co-add all scan observations and
solve for the latitude1 and west longitude of each mapped step
and spaxel along the TEXES slit length. The data were then
zonally averaged and binned into latitude and airmass bin sizes
of 1−1.2, 1.2−1.5, 1.5−2.0, and 2.0−3.0 Jovian airmass. The lat-
itude bins (Nyquist-sampled spatial resolution) varied from 2 de-
grees at the sub-Earth point to 5 degrees at −60 degrees latitude.

2.2.2. IRTF/MIRSI maps

In addition to the TEXES observations, we recorded two sets
of radiometric images of Jupiter’s stratospheric thermal emis-
sion observed through a discrete filter with a FWHM of 0.8µm,
centered at a wavelength of 7.8µm with the Mid-Infrared
Spectrometer and Imager (MIRSI; Kassis et al. 2008) that is
also mounted on the NASA IRTF. The radiance at this wave-
length is entirely controlled by thermal emission from the
ν4 vibrational-rotational fundamental of methane and emerges
from a broad pressure region in the middle of Jupiter’s strato-
sphere, 1−40 mbar (see Fig. 2 of Orton et al. 1991). Because
methane is well-mixed in Jupiter’s atmosphere, any changes
of emission are the result of changes in temperature around
this region of Jupiter’s stratosphere. The images were made (i)
on 25 June−1 July 2010, very close in time to the July 7 HIFI
observations, and (ii) on 5−6 December 2010, very close in time
to the December 15 PACS observations. An example of these
observations is shown in Fig. 5.

The data were reduced with the standard approach outlined
by Fletcher et al. (2009), in which they were sky-subtracted
with both short- (chop) and long-frequency (nod) reference im-
ages on the sky. The final results were co-additions of five in-
dividual images with the telescope pointing dithered around the
field of view to fill in bad pixels in the array and minimize the
effects of non-uniform sensitivities of pixels across the array.
Before coadding, the individual images were flat-fielded using a

1 All latitudes in this paper are planetocentric latitudes.
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Fig. 1. Top: the 110–101 line of H2O at 556.936 GHz observed by (top)
SWAS in Sept. 1999 (Bergin et al. 2000). The sub-observer planeto-
centric latitude is β = −21◦. The ∼20 km s−1 emission linewidth is
primarily caused by the rapid (9.9 km s−1) rotation of the planet. The
solid line is the SWAS-derived model for H2O in Saturn’s stratosphere.
Bottom: same line, observed by Herschel/HIFI on June 21 and July 8,
2009 (β = −3◦) and June 24, 2010 (β = +2◦). The orbital longitude of
Enceladus on these three dates is 30◦, 0◦, and 7◦, respectively (0◦ corre-
sponds to the sub-Saturn point being visible at disk center). The insets
show a rough sketch of the associated torus appearance.

plumes and centered on Enceladus’ orbit near 3.95 Saturn
radii (RS), offers a promising explanation. Although the circu-
lar Keplerian orbital velocity at ∼4 RS is ±12.6 km s−1, its radial
projection for line of sights (LOS) intersecting Saturn is about
one quarter of this value, matching the linewidth requirement.

Dedicated observations (Fig. 2), including in addition the
202−111 (987 GHz), 312–303 (1097 GHz), 111–000 (1113 GHz),
and 212–101 (1670 GHz) H2O lines, were obtained on June 24,
2010 (β = +2◦) in the framework of the “HssO” key program
(Hartogh et al. 2009). Since the HIFI beam at 1670 GHz (HPBW
∼ 12.6′′) partially resolves Saturn’s ∼16.5′′ disk, a crude five-
point map (center, east, west, north, south) was also obtained in
that line.

3. Excitation and torus models
In a physical situation similar to cometary atmospheres, wa-
ter molecules in orbit around Saturn are subject to exci-
tation processes caused by the ambient radiation field and
possibly collisions. Radiative excitation processes include radia-
tive populating of pure rotational levels as well as IR pumping
of vibrational bands followed by radiative decay. We adapted a
cometary code (Bockelée-Morvan & Crovisier 1989) to Saturn’s
conditions to calculate the populations of the H2O rotational lev-
els under fluorescence equilibrium, assuming an ortho/para ra-
tio of three. In addition to solar radiation and the 2.7 K cosmic
background, we took into account Saturn’s thermal field – de-
scribed for simplicity as a constant 100 K brightness temperature
source at a fixed 4 Rs distance. We found that the latter dominates
the radiative excitation of rotational levels, while solar radia-
tion prevails for IR pumping. Excitation by H2O-H2O collisions
was found to be negligible. On the basis of detailed calculations

following Zakharov et al. (2007), H2O-electron collisions were
also found to be of a minor importance, given the electronic
densities and temperatures measured in the torus (Persoon et al.
2009).

Model results indicate that for both the ortho and para states,
most of the molecules (∼93%) appear to be in the fundamental
levels (101 and 000, respectively), and the next populated levels
are the 110 (ortho) and 111 (para) levels, with populations in the
model of 0.043 and 0.059 (relative to the fundamental levels).
Hence, lines originating in the fundamental levels, i.e. the or-
tho 557 and 1670 GHz lines and the para 1113 GHz line, are
predicted to be strongly absorbed. Weak absorption is expected
in the 202−111 para line (987 GHz), while higher energy lines,
such as the 1097 GHz line with a 137 cm−1 lower energy level,
equivalent to 196 K, are expected not to show any detectable ab-
sorption. All these predictions agree with observational results
(Fig. 2).

Observations were modeled with a simplified, “homoge-
neous”, torus model. Torus material is characterized by its lo-
cal number density and local distribution of velocity vectors.
The latter is described by the combination of Keplerian veloc-
ity and a velocity dispersion Vrms. Doppler-shaped line profiles
characterized by Vrms are calculated and locally Doppler-shifted
according to the LOS-projected circular Keplerian velocity. Line
profiles are converted into opacity profiles by using the excita-
tion model above. The radial structure of the torus is described
by its inner and outer limits, and a constant H2O number den-
sity along each line-of-sight is assumed. Free model parameters
are thus the H2O column density (NH2O) and the molecule ve-
locity dispersion Vrms, the latter being assumed to be constant
throughout the torus. Nominally, the torus is assumed to be cen-
tered on the Enceladus orbit at 3.95 RS and to extend from 2.7 to
5.2 RS (i.e. over a 2.5 RS distance; Farmer 2009). Model results
for a radially more confined (e.g. a 1.5 RS extension; Cassidy
and Johnson 2010) or even an infinitely narrow torus were in-
significantly different; in contrast, as discussed below, models
are sensitive to the central position of the torus. To model the
emission part of the lines, we included the SWAS-derived model
for the distribution of H2O in Saturn’s stratosphere (Bergin et al.
2000), with a water column of 5.5 × 1016 cm−2.

In a first step, NH2O was assumed to be uniform across
Saturn’s disk, and in the case of the 1670 GHz map, determined
separately for each beam position. Being optically thin, all lines
are well suited to a precise determination of the H2O columns.
For the 1670 GHz line, the east and west limb positions have
complex line shapes, that are Doppler-shifted and have only one
wing absorbed, reflecting the interplay between Saturn’s rotation
and the torus orbital velocity. They therefore show good sensi-
tivity to both Vrms and the torus location. As shown in Figs. 2
and 4, the best-fit solution is obtained for Vrms = 2.0−2.3 km s−1

and NH2O = (1.5−1.75)× 1013 cm−2, and the torus is indeed cen-
tered at ∼4 RS (and not, for instance, in Saturn’s main rings at
<2 RS). Given its simplicity, the model gives a remarkably good
match to most lines. The weak 987 GHz line requires a water col-
umn 1.7 ± 0.3 times larger than for other lines, pointing to larger
excitation (by the same factor) of the 111 level than predicted by
our model. We leave this issue for future work, noting that this
does not affect our conclusions about either the torus density or
structure, as deduced from the other lines, since ∼90% of the
molecules are in the fundamental levels. Water still appears to
be rotationally cold, as the data imply an excitation temperature
of ∼16 K for the 111–000 (1113 GHz) line.

The north pole spectrum at 1670 GHz indicates a factor-of-
two lower NH2O than other beam positions, implying that there
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(1.2 ± 0.2) ! 1014 cm"2. As shown in Fig. 5, model Sa permits a good
match to all our Herschel PACS + HIFI observations. As we will
show later, this profile also provides a good agreement with the
ISO observations of (Coustenis et al., 1998). Model Sa is also shown
in Fig. 6 in the context of other physically-based models of the H2O
distribution (see below).

3.3. Test of previously proposed physical models

We also tested several models previously proposed on the basis
of photochemical modelling. We considered especially (i) the mod-
el adopted by Coustenis et al. (1998) to match the ISO observations
(i.e. the photochemical model of Lara et al. (1996), rescaled by a

Fig. 3. Weighting functions for the various water lines observed with PACS and HIFI (averaged over our viewing geometry, and with the continuum contribution subtracted),
computed with the best fit semi-empirical water vertical distribution (model Sa , see Section 3.2) of the H2O mole fraction (qH2O, top scale). Envelope profiles Sb and Sc are also
plotted. The temperature profile used in our modelling is also shown (P (T), bottom scale).

Fig. 4. Synthetic spectra computed with the models Sa , Sb and Sc of water mole fraction (see Fig. 3), compared to the PACS observation of the 75 lm line (top), and the HIFI
averaged 557 GHz line (bottom).
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Martin Emprechtinger2, Edwin A. Bergin5, Jacques Crovisier3, Miriam Rengel1, Raphael Moreno3, Slawomira Szutowicz6

& Geoffrey A. Blake2

For decades, the source of Earth’s volatiles, especially water with a
deuterium-to-hydrogen ratio (D/H) of (1.5586 0.001)3 1024, has
been a subject of debate. The similarity of Earth’s bulk composition
to that of meteorites known as enstatite chondrites1 suggests a dry
proto-Earth2 with subsequent delivery of volatiles3 by local accre-
tion4 or impacts of asteroids or comets5,6. Previous measurements
in six comets from the Oort cloud yielded a mean D/H ratio of
(2.966 0.25)3 1024. The D/H value in carbonaceous chondrites,
(1.46 0.1)3 1024, together with dynamical simulations, led to
models in which asteroids were the main source of Earth’s water7,
with #10 per cent being delivered by comets. Here we report that
the D/H ratio in the Jupiter-family comet 103P/Hartley 2, which
originated in the Kuiper belt, is (1.616 0.24)3 1024. This result
substantially expands the reservoir of Earth ocean-like water to
include some comets, and is consistent with the emerging picture
of a complex dynamical evolution of the early Solar System8,9.
On 17 November 2010, using the Herschel Space Observatory, we

determined the D/H ratio in a comet from a reservoir other than the
Oort cloud—103P/Hartley 2. Such Jupiter-family comets are believed
to originate from the Kuiper belt, which exists beyond the orbits of the
giant planets at radii between 30 and 50 astronomical units10 (1 AU is
the average Earth–Sun distance). In contrast, Oort-cloud comets are
theorized to have originated from radii near the gas giants and to have
been subsequently ejected to the Oort cloud (.5,000 AU)11. The
Herschel measurement therefore traces the water D/H ratio in a new
population of water-ice-rich bodies in the Solar System that are a
potential source of water on the Earth.
To obtain an accurate determination of the D/H ratio in water, we

carried out simultaneous observations of optically thin isotopic var-
iants of water, specificallyHDO andH2

18O (Fig. 1), as part of our Solar
System observing programme12. This was critical for comet 103P/
Hartley 2, whose activity and water outgassing rates exhibited signifi-
cant short-termvariations13.Weused state-of-the-art excitationmodels
to determine the HDO and H2

18O beam integrated column densities
and production rates from the measured line intensities. Observation
and modelling details are given in Supplementary Information. A
critical point is that all observations sampled the same region of the
coma, about 6,500 km in diameter.
The retrieved gas columndensities and production rates are sensitive

to collisional cross-sections, along with the density and temperature
profiles of H2O and electrons, and we thus considered a range ofmodel
parameters (Table 1). Although the production rates determined for the
various model parameters differ slightly, the value of the D/H ratio is
estimated to be (1.616 0.24)3 1024. In our analysis, we assumed an
H2

16O/H2
18O ratio of 5006 50, a range that encompasses the Earth

value and is consistent with previous measurements in cometary
water14 (see also Supplementary Information). The quoted 1s uncer-
tainty in the D/H ratio includes a 5% uncertainty related to modelling.

Our measured D/H value is substantially larger than that which
characterized the young Sun (4.5Gyr ago; the protosolar ratio),
believed to be about 2.13 1025, which in turn is slightly higher than
the value found in the local interstellarmedium today (1.63 1025) and

1Max-Planck-Institut für Sonnensystemforschung, Max-Planck-Str. 2, 37191 Katlenburg-Lindau, Germany. 2California Institute of Technology, Pasadena, California 91125, USA. 3LESIA-Observatoire de
Paris, CNRS, UPMC, Université Paris-Diderot, 5 place Jules Janssen, 92195 Meudon, France. 4Rosetta Science Operations Centre, European Space Astronomy Centre, 28691 Villanueva de la Cañada,
Madrid, Spain. 5Astronomy Department, University of Michigan, Ann Arbor, Michigan 48109, USA. 6Space Research Centre, Polish Academy of Sciences, 00-716 Warsaw, Poland.
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Figure 1 | Submillimetre water emission lines from comet 103P/Hartley 2.
The time of the observations was 20 days after perihelion, when the comet was
1.095 AU from the Sun and 0.212 AU from Herschel. Because the H2O ground
state rotational lines in comets are optically thick29,30, observations of the rare
oxygen isotopic counterpart, H2

18O, provide a more reliable reference for the
D/H determination. The spectra of the 110–101 lines of HDO (a) and H2

18O
(b) at 509.292 and 547.676GHz, respectively, were obtained with the
Heterodyne Instrument for the Far Infrared (HIFI) High Resolution
Spectrometer (HRS) between 17.28 and 17.64 November 2010 UT. The line
intensities, expressed in the main-beam brightness temperature scale, are
0.0116 0.001 and 0.1176 0.002K kms21, for HDO and H2

18O respectively,
averaging the two instrument polarizations. The velocity scale is given relative
to the velocity of the comet’s nucleus. The spectral resolution is 141 and
132m s21 for the HDO and H2

18O spectra, respectively. For details of the
observational sequence and basic parameters of the data analysis, see
Supplementary information.
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Transneptunian	
  objects	
  and	
  asteroids:	
  	
  
Sizes,	
  albedos	
  and	
  thermal	
  proper[es	
  

•  Albedos	
  and	
  sizes	
  of	
  TNOs	
  
–  PACS:	
  130	
  objects,	
  SPIRE:	
  11	
  objects	
  
–  Classical	
  objects	
  (19):	
  a	
  =	
  0.17	
  (cold),	
  0.11	
  (hot)	
  
–  Plu[nos	
  (18):	
  a	
  =	
  0.08	
  
–  Scahered	
  disk	
  &	
  detached	
  (15):	
  a	
  =	
  0.07	
  (SDOs),	
  0.17	
  (detached)	
  

	
   	
  T.	
  Mueller’s	
  talk	
  on	
  Thursday	
  

•  Densi;es	
  of	
  binary	
  systems	
  (Fornasier	
  +13,	
  talk	
  on	
  Thursday)	
  
–  Quaoar:	
  2.2	
  g/cm3	
  -­‐>	
  high	
  refractory	
  content	
  
–  Orcus:	
  1.5	
  g/cm3	
  ;	
  Salacia:	
  1.3	
  g/cm3	
  

•  Thermal	
  proper;es	
  of	
  TNOs	
  Poster	
  5-­‐9	
  	
  
–  PACS	
  &	
  SPIRE:	
  9	
  objects	
  (thermal	
  iner[a,	
  surface	
  emissivity)	
  
–  Low	
  thermal	
  iner[a	
  	
  (	
  Γ	
  =	
  2.5	
  Jm-­‐2s-­‐1/2	
  K-­‐1,	
  decreasing	
  as	
  Rh	
  increases)-­‐>	
  

highly	
  porous	
  surfaces	
  (Lellouch	
  et	
  al.	
  2013)	
  

•  Thermal	
  proper;es	
  of	
  asteroids	
  	
  
–  Vesta: Γ	
  =	
  20	
  Jm-­‐2s-­‐1/2	
  K-­‐1	
  >	
  consistent	
  with	
  fine	
  regolith	
  (Leyrat	
  +13)	
  
–  Lute[a:	
  Γ	
  =	
  5	
  Jm-­‐2s-­‐1/2	
  K-­‐1	
  -­‐>	
  region	
  of	
  small	
  scale	
  roughness	
  (O’Rourke	
  +13)	
  
–  1999	
  RQ36	
  (Osiris-­‐Rex	
  target):	
  Physical	
  &	
  thermal	
  proper[es, 	
   	
  	
  	
  	
  	
  	
  	
  

Γ	
  =	
  650	
  Jm-­‐2s-­‐1/2	
  K-­‐1	
   	
  -­‐>	
  rubble	
  pile	
  nature	
  (cf	
  Itokawa,	
  Mueller	
  et	
  al.	
  2012)	
  	
  

P. Santos-Sanz et al.: “TNOs are Cool”: A survey of the trans-Neptunian region. IV.

Fig. 2. Radiometric hybrid-STM fits for the objects observed with Spitzer-MIPS and Herschel-PACS. The best fit is plotted for the Herschel (rh,
∆) conditions (solid line) and for the Spitzer conditions (dashed line).

fitting options give consistent solutions within error bars. The
PACS+MIPS solution is always adopted as the preferred one
(outlined in bold face in Table 5), as it (i) provides reduced error
bars (ii) permits the determination of the beaming factor.

Table 5 includes first size/albedo determination for 9 objects
(4 SDO and 5 detached objects). Six of them are based on PACS-
only measurements (2007 OR10, 2007 RW10, 1999 KR16, 2005
QU182, 2007 OC10, and 2007 UK126), and the remaining three
make use of PACS plus unpublished-MIPS data (2001 FP185,
2002 XU93, and 2003 FY128). Published sizes and albedos exist
for the other 6 objects of our sample (1996 TL66, 2002 PN34,
Ceto, Typhon, 2005 TB190 and Eris) but we here present fluxes
for these objects at wavelengths not observed before (i.e. 100 µm
and 160 µm), and the combination with earlier measurements
leads to improved estimations of sizes, albedos, and beaming
factors (see Table 5).

The V geometric albedos for our targets vary from 3.8%
(2002 XU93) to 84.5% (Eris), with an unweighted mean value
of 11.2± 7.6% excluding Eris. If weighted by the relative errors
(i.e. 1/(σ/pV)2), the mean albedo is 6.4± 6.3% (for σ we used
the mean of upward and downward uncertainties on pV). This er-
ror bar on the mean albedo includes the dispersion of the albedo
measurements and their individual RMS errors. It is dominated
by the dispersion between individual measurements, so it has a
limited significance. This variation of geometric albedos can be
seen in Fig. 3-left. For SDOs, there is a lack of albedos >20%

and a clustering in the [0–5%] range. In contrast, detached ob-
jects in our sample all have albedos >5%, with a peak in the
[10–20%] range. The unweighted/weighted mean is 6.9/5.2%
for the SDOs and 17.0/12.3% for detached objects excluding
Eris.

Diameters vary from 112 km (2002 PN34) to 2454 km (Eris),
with a remarkably uniform distribution (Fig. 3, right). However,
the distribution of diameters is seemingly different between
SDOs and detached objects. SDO diameters are smaller than
400 km, except for an outlier at 1280 km (2007 OR10), while all
detached objects are larger than 200 km. This apparent tendency
of detached objects to be larger than SDOs is, however, proba-
bly an effect of the discovery bias (see discussion in Sect. 2), as
detached objects are typically discovered at larger heliocentric
distances than SDOs.

Except for Eris, where the “floating η” fit fails, the com-
bination of Spitzer and Herschel data allows us to determine
the beaming factor for 7 objects (6 SDO and 1 detached – see
Table 5 –). The (weighted by absolute errors) mean-η obtained
from these results is 1.14± 0.15. This is fully consistent with
the mean 1.20± 0.35 η-value derived from the Spitzer dataset
(Stansberry et al. 2008) and justifies the use of this mean value
for those cases where η cannot be determined. Beaming factors
only barely larger than ∼1 (as opposed to η " 1) indicate that
KBOs in general and our sample objects in particular are close to
the slow rotator regime (i.e. STM), which is a remarkable result
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Fig. 13. Left: Kolmogorov-Smirnov distance d between observed and modeled distribution of η grouping data by bins of heliocentric distance
(rh < 25 AU, 25 < rh < 41 AU, and rh > 41 AU). In all models, a uniform distribution of the polar axes over the sphere and the “random
roughness” case are assumed. Right: histograms showing the distribution of best fit Γ0, when accounting for uncertainties in the measured η.
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Fig. 14. Beaming factor η as a function of geometric albedo pV for
the entire sample, compared with Monte-Carlo simulations assuming
a rotation period of 8 h, a random orientation of the polar axes, uni-
form on the sphere, and a random distribution of surface roughnesses.
The synthetic objects have the same rh values as in the observations.
Cases with (i) a constant thermal inertia Γ = 2.5 MKS (red points)
and (ii) Γ = 2.5 MKS for objects with pV < 20% and Γ = 0.5 MKS
for objects with pV > 20% (green points) are shown. The latter case
allows an improved match of the observations, except for Makemake
(pv = 0.77 ± 0.02, η = 2.29+0.46

−0.40).

5. Discussion

We have used two different approaches to determine the thermal
inertia of TNO/Centaurs using their measured beaming factors.
The first method consists of considering cases with fixed object
orientation and roughness, – four orientations/roughness com-
binations have been included. The second method is a Monte-
Carlo simulation of the population with a random distribution
of orientations and surface roughnesses, in which the calculated
beaming factors are compared to the observed values by means
of the Kolmogorov-Smirnov test. Both approaches converge to
suggest that TNO/Centaurs have low thermal inertia. The first
method indicates a median value of Γ in the range 1.7–4.2 MKS,
while the second yields a best-fit value Γ = 2.5 MKS for the
most likely case where spin axes have a uniform distribution of
orientation over the sphere (and only twice greater if all spin

Table 6. Thermal inertias: comparison with previous work.

Object Γ (MKS) Γ (MKS) Ref.
this work previous work

Chiron 1.5–5 <3 (smooth); 5–10 (rough) (1)
Chariklo 5–14 3–30 (10–20 preferred) (1)
Quaoar 3.5–22 2–10∗ (1)
Orcus 0.4–1.2 0.4–2.0 (1)
2003 AZ84 0.6–1.8 2–10∗ (2)
Haumea 0.2–0.5 0.1–1 (3)
Phoebe 15–45 20–25 (4)

References. (1) Fornasier et al. (2013); (2) Müller et al. (2010);
(3) Santos-Sanz et al. (2010); (4) Howett et al. (2010).

Notes. (∗) See text for discussions.

axes are in the equatorial plane). In addition, the two methods
qualitatively agree on a decrease of thermal inertia with helio-
centric distance. The “fixed orientation/roughness” model indi-
cates a steep variation, with power exponent of about −1.7. The
statistical approach points to a more gentle decrease of Γ, by a
nominal factor of 2.5 from 8–25 to 41–53 AU, which is roughly
equivalent to a power exponent of ∼−1.

5.1. Comparison with results from thermophysical models

For a limited number of objects of the combined Spitzer/
Herschel sample, more detailed thermophysical modeling
(TPM) has been performed to determine thermal inertia and the
sensitivity of the results to pole orientation, rotation period and
surface roughness. Such models have been presented especially
by Müller et al. (2010) and Lim et al. (2010) using an early ver-
sion of the Herschel fluxes, and more extensively by Fornasier
et al. (2013). In the case of Haumea, an estimate of its ther-
mal inertia was obtained by Santos-Sanz et al. (2010) from pre-
liminary TPM of its thermal lightcurve (Lellouch et al. 2010).
Results from six prominent objects are gathered in Table 6 and
compared to values from our work. For the latter, the indicated
range encompasses the four (orientation, roughness) cases but
does not account for the measurement error bars (note also that
although for most of them, the rotational period is known, the
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  Lellouch	
  et	
  al.	
  
2013	
  
	
  



What	
  is	
  needed	
  a{er	
  Herschel?	
  
•  A	
  beier	
  sensi;vity	
  

–  To	
  enlarge	
  the	
  sample	
  of	
  Jupiter-­‐family	
  comets	
  
–  To	
  detect	
  more	
  parent	
  molecules	
  in	
  comets	
  (HCl,	
  HF…)	
  
–  To	
  enlarge	
  the	
  sample	
  of	
  TNOs	
  toward	
  smaller	
  sizes	
  &	
  PANSTARRS/GAIA	
  

targets	
  
–  To	
  characterize	
  the	
  surface	
  of	
  bright	
  TNOs	
  by	
  FIR	
  spectrosocpy	
  

–  >	
  SPICA-­‐type	
  mission	
  

•  A	
  higher	
  spa;al	
  resolu;on	
  
–  To	
  iden[fy	
  water	
  jet	
  structures	
  in	
  comets	
  
–  To	
  map	
  H2O	
  in	
  giant	
  planets	
  and	
  Titan	
  
–  To	
  study	
  asteroid/TNOs	
  binaries	
  

•  Follow-­‐up	
  with	
  ALMA	
  
–  HDO	
  in	
  Mars,	
  Venus,	
  giant	
  planets	
  and	
  Titan	
  
–  CO	
  on	
  Mars	
  and	
  Venus	
  -­‐>	
  winds	
  
–  HDO,	
  HCl	
  &	
  Sulfur	
  species	
  on	
  Venus	
  
–  Parent	
  molecules	
  in	
  comets:	
  Detec[on	
  and	
  	
  

	
  mapping;	
  deuterated	
  species	
  
–  Ac[vity	
  of	
  distant	
  comets	
  &	
  Centaurs	
  
–  TNOs:	
  albedos	
  and	
  sizes	
  of	
  binaries	
  

•  Typical	
  sizes:	
  0.1	
  –	
  1	
  arcsec	
  

	
  	
  

	
  	
  	
  	
  	
  	
  	
  Venus	
  with	
  ALMA	
  –	
  14	
  Nov	
  2011	
  
SO	
  (346.5	
  GHz)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  HDO	
  (335.4	
  GHz)	
  

 

Venus	
  diameter:	
  11	
  arcsec	
  


