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How	  did	  the	  giants	  planets	  form	  and	  can	  we	  trace	  their	  migra4on?	  
–  Elemental	  and	  isotopic	  raRos	  	  

•  H2/He,	  D/H	  in	  HD,	  15N/14N	  in	  NH3,	  13C/12C	  &	  15N/14N	  in	  CO	  &	  HCN	  

–  Disequilibrium	  species	  (CO,	  PH3,	  HCN)	  
–  >	  C/O	  in	  the	  deep	  atmosphere	  

–  >	  Internal	  structure	  
Why	  are	  Uranus	  and	  Neptune	  so	  different?	  

–  M(Neptune)	  >	  M(Uranus)	  -‐>	  Why?	  

–  Uranus	  Rlted	  on	  the	  eclipRc	  -‐>	  Why?	  
–  Same	  sizes	  and	  densiRes,	  but	  very	  different	  atmospheres	  	  

•  Neptune:	  Internal	  energy,	  strong	  verRcal	  mixing…	  	  

•  -‐>	  different	  internal	  structures	  (convecRon	  inhibited	  in	  Uranus?)	  
•  A	  consequence	  of	  early	  history	  and	  migraRon?	  

–  Possible	  tracers:	  Tropospheric	  CO,	  PH3	  	  	  	  

Key	  quesRons	  about	  the	  outer	  solar	  system	  
formaRon	  and	  evoluRon	  (1)	  



What	  can	  we	  learn	  from	  the	  diversity	  of	  	  distant	  small	  
bodies	  (satellites	  &	  asteroids)?	  

•  Search	  for	  Rny	  atmospheres	  (H2O,	  CO,	  HCN)	  

•  Search	  for	  water	  envelopes	  around	  asteroids	  (cf	  
Ceres)	  

•  Elemental	  and	  isotopic	  raRos	  in	  Titan	  

•  Origin	  of	  water	  in	  Saturn’s	  system	  
Can	  we	  characterize	  the	  oxygen	  flux	  in	  the	  outer	  solar	  

system?	  

•  Mapping	  of	  stratospheric	  H2O	  in	  the	  giant	  planets	  
•  Oxygen	  source:	  Icy	  Satellites?	  Comets?	  MeteoriRc	  

flux?	  	  

Key	  quesRons	  about	  the	  outer	  solar	  system	  
formaRon	  and	  evoluRon	  (2)	  



Thermal	  emission	  in	  the	  	  outer	  solar	  system	  is	  best	  observed	  	  
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)	  

•  In	  situ	  explora4on	  is	  limited	  to	  a	  few	  targets	  
–  Uranus	  and	  Neptune	  were	  only	  explored	  by	  Voyager	  in	  

the	  1980s,	  no	  future	  mission	  planned	  

–  No	  planned	  mission	  toward	  Saturn	  system	  aler	  Cassini	  

•  All	  strong	  molecular	  rota4onal	  transi4ons	  are	  found	  in	  the	  
far	  IR/submm	  range	  

•  Space	  is	  needed	  in	  2	  cases:	  
–  ObservaRon	  of	  molecules	  not	  	  

observable	  	  from	  Earth	  (H2O,	  O2,	  O3…)	  
–  Large	  wavelength	  coverage	  (rotaRonal	  
temperatures,	  spectral	  surveys)	  

Sun	  

Earth	  
U,N	  
TNOs	  
CMB	  

	  	  	  	  _____	  
	  	  	  Herschel	  

24 1 General Features of the Solar System

Fig. 1.10. Planetary radiation flux (reflected and thermal components). [After T. Encrenaz:
Space Science Reviews 38, 35, D. Reidel Publishing Company, 1984]

energy and contributes to the infrared radiation that we have just described. In the
second case it may be either reflected directly or diffused (by a planetary atmosphere,
for example) before being re-emitted to space. In what follows, we shall consider the
reflected component to consist of the sum of all the radiation that is not absorbed.

These two spectral components, thermal and reflected, are observed for all the
planets and also for comets; for the latter in particular the maximum of the thermal
radiation is observed to shift in wavelength with a change in heliocentric distance
(Fig. 1.11).

The intensity of the reflected component of solar radiation depends, not on the
object’s temperature, but on a quantity known as its albedo. According to Bond’s
definition (1861), the albedo is the ratio of the flux reflected by a sphere in all
directions to the flux of parallel light illuminating it. The albedo is therefore related
to the coefficient of reflection of the surface or of the cloud layer that returns the solar
radiation. In the case of icy surfaces (those of the satellites of Saturn, for example),



A	  milestone	  in	  infrared	  planetary	  science	  

Evidence	  for	  an	  internal	  energy	  source	  in	  the	  giant	  planets	  
	   	   	   	   	  	  	  	  	  (except	  Uranus)	  	  
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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. 

Gilleo,	  1969	  
TB	  =	  125	  K	  

Hanel	  et	  al.,	  1981	  
TB	  =	  124.4	  K	  

Jupiter:	  Evidence	  for	  an	  internal	  energy	  source,	  1.7	  Rmes	  the	  absorbed	  solar	  energy	  (Teq	  =	  110	  K)	  
	   	   	   	   	  Probable	  origin:	  GravitaRonal	  contracRon	  

Jupiter 	   	   	   	   	  Jupiter	  
Ground-‐based	   	   	   	  IRIS-‐Voyager	  



Planetary	  atmospheres:	  	  A	  milestone	  in	  the	  millimeter	  range	  
(IRAM-‐30m)	  

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

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

	   	   	   	   	   	   	   	   	   	   	   	   	   	  Rosenqvist	  et	  al.	  1992	  
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Planetary	  atmospheres:	  	  
Milestones	  in	  the	  submillimeter	  range	  (JCMT)	  

•  H2O2	  on	  Mars	  (2004)	  

•  Mesospheric	  sufur	  species	  and	  HCl	  on	  Venus	  (2010,	  2012)	  

118 R.T. Clancy et al. / Icarus 168 (2004) 116–121

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.)

B.J. Sandor et al. / Icarus 217 (2012) 839–844 841

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



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

Deuterium	  enriched	  in	  icy	  giants	  
-‐>	  Support	  to	  nucleaRon	  model	  PLANETS AND TITAN 125

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

Feuchtgruber	  et	  al.	  1999;	  Lellouch	  et	  al.	  2002	  

Encrenaz	  et	  al.	  1999	  

External	  oxygen	  flux:	  source?	  
-‐Local	  source	  (satellites,	  rings)	  
-‐Interplanetary	  source	  

	  -‐	  flux	  of	  meteoroids	  
	  -‐	  comets	  (Jupiter:	  SL9?)	  

Feuchtgruber	  et	  al.	  1997	  



Planetary	  &	  satellite	  atmospheres:	  
Herschel	  Highlights	  

Giant	  planets	  	  	  
-‐  D/H	  in	  Uranus	  and	  Neptune	   	   	  	  

-‐  Stratospheric	  water	  in	  Jupiter,	  Saturn	  and	  Titan	  	  
-‐  CO	  in	  Uranus	  (Cavalié	  et	  al.	  2014)	  	  

Outer	  satellites	  	  	  
-‐  Atmospheric	  composiRon	  of	  Titan	  	  
	  (Moreno	  et	  al.	  2011,	  2012;	  CourRn	  et	  al.	  2011	  	  	  

-‐	   	  Water	  torus	  of	  Enceladus	  	  (Hartogh	  +	  2011)	  	  
-‐  H2O	  atmosphere	  around	  Ganymede	  and	  Callisto	  

Asteroids:	  DetecRon	  of	  H2O	  around	  Ceres	  

	  	  	  	  -‐	  



Planetary	  atmospheres	  with	  ALMA	  
•  Main	  objec4ves	  

–  Search	  for	  minor	  species	  

–  Dynamics	  &	  photochemistry	  
–  Venus	  and	  Mars	  

•  CO	  mapping:	  T(z)	  +	  winds	  	  

•  Venus:	  HDO,	  Sulfur	  &	  Chlorine	  species	  
•  Mars:	  HDO,	  H2O2	  

–  Giant	  planets	  &	  Titan	  
•  CO,	  HCN	  mapping:	  T(z)	  +	  winds	  

–  Other	  outer	  satellites	  
•  Io:	  volcanism	  (SO2)	  

•  Enceladus:	  HCN	  
•  Future	  studies:	  CO,	  HCN	  (Gal.	  Sat)	  

•  What	  will	  not	  be	  done:	  
–  H2O,	  O2,	  O3,	  halides…	  
–  Broad	  spectral	  coverage	  

Venus,	  SO	  @	  346.5	  GHz 	  	  	  	  	  

	   	   	   	   	  	  	  	  	  	  	  	  Nov.	  14,	  	  
	   	   	   	   	  	  	  	  	  	  	  	  2011	  

	   	   	   	   	  	  	  	  	  	  	  	  Nov.	  15,	  
	   	   	   	   	  	  	  	  	  	  	  	  2011	  

	  Encrenaz	  et	  al.	  2014	  



An	  unexpected	  discovery:	  	  
The	  detecRon	  of	  water	  vapor	  	  
	  	  	  	  	  around	  Ceres	  (HIFI)	  

	  	  	  	  	  	  	  	  557	  GHz	  H2O	  line	  detected	  with	  HIFI	  in	  October	  2012	  and	  March	  2013	  
	   	   	   	   	   	  Kueppers	  et	  al.,	  2014	  	  	  	  

What	  is	  the	  fronRer	  between	  asteroids	  and	  comets???	  



A	  water	  envelope	  around	  Ceres:	  
What	  does	  it	  mean?	  

•  Water-‐rich	  small	  bodies	  are	  expected	  to	  be	  found	  
beyond	  the	  snow	  line	  

•  The	  presence	  of	  water	  around	  Ceres	  might	  suggest	  
that	  some	  icy	  bodies	  migrated	  inward	  

•  Would	  also	  explain	  the	  presence	  of	  hydrated	  
minerals	  at	  the	  surface	  of	  Ceres	  

•  Exploring	  the	  water	  content	  of	  asteroids	  is	  important	  
as	  a	  possible	  tracer	  of	  their	  migraRon	  

•  Will	  also	  help	  to	  idenRfy	  the	  origin	  of	  terrestrial	  
water	  	  



	  	  	  What	  is	  the	  origin	  of	  terrestrial	  oceans?	  
	  	  	   	  	  	  	  	  A	  diagnosRc:	  the	  D/H	  raRo	  in	  water	  

[D/H]E	  =1/	  2	  x	  [D/H]Oort-‐cloud-‐comets	  

[D/H]E	  =	  [D/H]CC-‐Meteorites	  but	  also	  =	  [D/H]Kuiper-‐Belt-‐comets	  	  
-‐>	  Origin	  of	  oceans:	  D-‐type	  MBA	  or	  Kuiper	  Belt	  comets?	  

Lis	  et	  al.	  2013	  



Water	  envelopes	  around	  small	  bodies:	  
What	  to	  do	  next?	  

•  Search	  for	  water	  envelopes	  around	  a	  variety	  of	  asteroids:	  	  
–  Outer	  main	  belt	  asteroids	  (possible	  origin	  of	  terrestrial	  water)	  
–  Centaurs	  near	  perihelion	  
–  ConRnuum	  flux:	  about	  1	  Jy	  for	  an	  MBA	  with	  100	  km	  diameter	  

•  What	  is	  required?	  
–  Heterodyne	  spectroscopy	  	  
–  Size	  about	  100	  km	  -‐>	  gain	  of	  factor	  100	  in	  sensiRvity	  vs	  Herschel/
HIFI	  (-‐>	  cooled	  telescope)	  

–  No	  need	  for	  spaRal	  resoluRon	  
•  Which	  instrument?	  

–  CALISTO,	  MMSO	  



Parameter	   Units	   Value	  or	  Range	  

Wavelength	  range	   µm	   180	  (1167	  GHz)	  

Angular	  resoluRon	   arcsec	   2-‐3	  arcsec	  

Spectral	  resoluRon,	  (λ/Δλ)	   dimensionless	   106	  

ConRnuum	  sensiRvity	   µJy	   1000	  

Spectral	  line	  sensiRvity	   10-‐19	  W	  m-‐2	   0.01	  

Instantaneous	  FoV	   arcmin	   5	  x	  5	  arcsec	  

Number	  of	  target	  fields	   dimensionless	  

Field	  of	  Regard	   sr	  

	  Water	  envelopes	  around	  small	  bodies	  
	  	  	  	  Desired	  Measurement	  CapabiliRes	  



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

!

6. Figures 
 
 
 

 

 
 
 
Fig. 1 : Left: Line/continuum spectrum of the H2O 110-101 557 GHz line towards the 
Ganymede leading hemisphere observed with Herschel/HIFI in September 2012 (Hartogh, 
private communication). Please keep this information confidential. Right: Distribution of 
H2O and other species as a function of subsolar latitude in Ganymede atmosphere (from 
Marconi 2007).  
 
 
 
 
 
 

 
 
 
Fig. 2 : Left : Simulation of the H2O 557 GHz line observed with HIFI in September 2012. 
The thermal continuum is 30 Jy. To be compared to the observed spectrum shown in Fig 1. 
Right: Simulated spectrum of the HCN J(4-3) line in Ganymede observed with ALMA at 4.3 
AU from Earth (full Ganymede disk). The thermal continuum is 11.8 Jy. The HCN/H2O 
abundance ratio is 0.1 % (cometary value). 
 

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

DistribuRon	  of	  H2O	  and	  other	  species	  
as	  a	  funcRon	  of	  subsolar	  laRtude	  in	  
Ganymede’s	  atmosphere	  	  
(M.	  L.	  Marconi,	  Icarus,	  2007)	  

Ganymede	  
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What	  to	  do	  next?	  	  
Mapping	  water	  envelopes	  of	  	  satellites	  &	  large	  asteroids	  

•  Objec4ve:	  Determine	  the	  distribuRon	  of	  	  water	  (trailing/leading	  sides	  
on	  Ganymede,	  localized	  sources…)	  

•  What	  is	  required?	  	  
•  Heterodyne	  spectroscopy	  	  @	  1167	  GHz	  

•  SpaRal	  resoluRon	  
•  Ganymede	  is	  1.3	  arcsec	  in	  diameter	  	  FOV:	  0.6	  arcsec	  (5	  points	  over	  

the	  disk)	  

•  Fcont(G)	  =	  26	  Jy,	  in	  FOV:	  1.4	  Jy	  
•  Line	  is	  seen	  in	  absorpRon	  (about	  20%)	  –	  Expected	  signal:	  0.3	  Jy	  
-‐>	  SensiRvity:	  Factor	  16	  vs	  Herschel/HIFI	  
•  SpaRal	  resoluRon:	  60	  m	  baseline	  interferometer	  	  

•  Which	  instrument?	  ESPRIT	  



Parameter	   Units	   Value	  or	  Range	  

Wavelength	  range	   µm	   180	  (1670	  GHz)	  

Angular	  resoluRon	   arcsec	   0.6	  arcsec	  

Spectral	  resoluRon,	  (λ/Δλ)	   dimensionless	   106	  

ConRnuum	  sensiRvity	   µJy	   2000	  

Spectral	  line	  sensiRvity	   10-‐19	  W	  m-‐2	   0.02	  

Instantaneous	  FoV	   arcmin	   2	  x	  2	  arcsec	  

Number	  of	  target	  fields	   dimensionless	  

Field	  of	  Regard	   sr	  

	  	  	  	  	  Water	  mapping	  on	  Ganymede	  
Desired	  Measurement	  CapabiliRes	  



Water	  mapping	  in	  Jupiter	  with	  Herschel	  	  
(PACS/HIFI)	  

•  H2O	  in	  Jupiter	  (PACS/HIFI)	  
Cavalié	  et	  al.	  2013	  
–  H2O	  is	  above	  the	  2	  mbar	  level	  

–  Decreases	  from	  south	  to	  north	  
laRtudes	  

–  >	  Origin	  must	  be	  the	  SL9	  collision	  
Jupiter	  -‐	  PACS	  

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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The	  origin	  of	  water	  	  
in	  the	  system	  of	  Saturn	  

•  DetecRon	  of	  the	  water	  torus	  generated	  by	  
Enceladus	  (HIFI)	  

-‐	  Cryovolcanism	  on	  Enceladus	  has	  been	  reported	  by	  Cassini	  

-‐	  Using	  appropriate	  geometry,	  HIFI	  has	  detected	  the	  H2O	  
torus	  generated	  by	  Enceladus,	  in	  absorpRon	  in	  front	  of	  
the	  H2O	  emission	  of	  Saturn	  

•  H2O	  in	  Titan	  (PACS/HIFI)	  Moreno	  +13	  
-‐	  Oxygen	  flux	  is	  weaker	  than	  previously	  inferred	  from	  ISO	  

–  >	  	  Enceladus	  cryovolcanim	  is	  sufficient	  to	  explain	  	  
Saturn	  &	  Titan’s	  external	  water	  	  

A&A 532, L2 (2011)

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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match to all our Herschel PACS + HIFI observations. As we will
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distribution (see below).
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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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What	  to	  do	  next?	  
Water	  mapping	  on	  Uranus	  and	  Neptune	  

•  Stratospheric	  water	  detected	  on	  Neptune	  with	  ISO,	  origin	  
unknown	  

•  ObjecRve:	  Determine	  the	  origin	  of	  stratospheric	  water	  
(comets,	  meteoroids)	  and	  its	  temporal	  evoluRon	  

•  Two	  kinds	  of	  measurements	  needed:	  
– Mapping	  @	  60	  µm,	  R	  =	  3000,	  FOV	  =	  0.5	  arcsec	  (PACS-‐
type)	  

– Mapping	  @	  1670	  GHz,	  R	  =	  106,	  FOV	  =	  1	  arcsec	  (HIFI-‐type)	  

•  Flux	  in	  H2O	  line	  is	  comparable	  to	  Jupiter	  for	  equal	  FOV	  (TB	  =	  
150	  K)	  
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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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a.	  H2O	  mapping	  of	  Neptune	  @	  60	  µm	  
On	  Jupiter	  with	  PACS:	  
Beam	  =	  9	  arcsec	  
(Cavalié	  et	  al.2013	  -‐>)	  

FOV	  equired	  on	  Neptune	  	  
(2	  arcsec):	  0.5	  arcsec	  
Fcont(Neptune)/beam	  =	  10	  Jy	  
Fline(N)	  =	  20	  10-‐19	  W/m2	  

-‐>	  
SensiRvity:	  Factor	  300	  vs	  PACS/Herschel	  	  
SpaRal	  resoluRon:	  60	  m	  baseline	  interferometer	  
Which	  instrument?	  SPIRIT	  (0.9	  arcsec	  @	  60	  µm)	  



Parameter	   Units	   Value	  or	  Range	  

Wavelength	  range	   µm	   60	  

Angular	  resoluRon	   arcsec	   0.5	  arcsec	  

Spectral	  resoluRon,	  (λ/Δλ)	   dimensionless	   3000	  

ConRnuum	  sensiRvity	   µJy	   100	  

Spectral	  line	  sensiRvity	   10-‐19	  W	  m-‐2	   0.2	  

Instantaneous	  FoV	   arcmin	   5	  x	  5	  arcsec	  

Number	  of	  target	  fields	   dimensionless	  

Field	  of	  Regard	   sr	  

Water	  mapping	  on	  Neptune	  @	  60	  µm	  
	  	  	  Desired	  Measurement	  CapabiliRes	  

	   	   	  	  	  	  



b.	  H2O	  mapping	  of	  Neptune	  @	  1670	  GHz	  
On	  Jupiter	  with	  HIFI	  (1670	  GHz)	  
Beam	  =	  13	  arcsec	  
(Cavalié	  et	  al.2013	  -‐>)	  

Required	  on	  Neptune	  	  
(2	  arcsec):	  
Beam	  =	  1	  arcsec	  
Fcont(N)	  =	  30	  Jy	  
Fline	  =	  60	  10-‐19	  W/m2	  
-‐>	  SensiRvity:	  Factor	  170	  vs	  Herschel/HIFI	  	  
SpaRal	  resoluRon:	  	  40	  m	  baseline	  interferometer	  
Which	  instrument?	  	  ESPRIT	  

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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Parameter	   Units	   Value	  or	  Range	  

Wavelength	  range	   µm	   180	  (1670	  GHz)	  

Angular	  resoluRon	   arcsec	   1	  arcsec	  

Spectral	  resoluRon,	  (λ/Δλ)	   dimensionless	   106	  

ConRnuum	  sensiRvity	   µJy	   3000	  

Spectral	  line	  sensiRvity	   10-‐19	  W	  m-‐2	   0.2	  

Instantaneous	  FoV	   arcmin	   5	  x	  5	  arcsec	  

Number	  of	  target	  fields	   dimensionless	  

Field	  of	  Regard	   sr	  

Water	  mapping	  on	  Neptune	  @	  1670	  GHz	  
	  	  	  Desired	  Measurement	  CapabiliRes	  

	   	   	  (Second	  priority)	  



Conclusions	  
Killer	  apps	  in	  atmospheric	  sciences	  

•  Search	  for	  water	  envelopes	  around	  distant	  small	  bodies	  
–  Heterodyne	  spectroscopy	  required	  
–  CALIPSO,	  MMSO	  

•  Water	  mapping	  on	  the	  brightest	  small	  bodies	  
–  Het.	  Spectroscopy	  +	  high	  angular	  resoluRon	  required	  
–  ESPRIT	  

•  Water	  mapping	  on	  Uranus	  and	  Neptune	  
–  High	  angular	  resoluRon	  required	  
–  Possible	  at	  60	  mm	  with	  R	  =	  3000	  (SPIRIT)	  
–  Possible	  at	  1670	  GHz	  with	  R	  =	  106	  (ESPRIT)	  

•  In	  all	  cases:	  synergy	  with	  ALMA	  (CO,	  HCN,…)	  


