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Quick	
  tour	
  of	
  possibiliFes	
  



Terrestrial	
  Planets	
  

•  	
  	
  	
  Mercury:	
  not	
  visible	
  

	
  	
  	
  	
  	
  	
  	
  Venus:	
  atmosphere	
  composiFon,	
  dynamics	
  (winds,	
  temporal	
  
variaFon)	
  [EXES]	
  

•  	
  	
  	
  Mars:	
  atmosphere	
  composiFon,	
  dynamics	
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Outer	
  Planets	
  

•  	
  	
  	
  Jupiter	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Saturn	
  

•  	
  	
  	
  Uranus	
  

•  	
  	
  	
  Neptune	
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All:	
  ConvecFon	
  in	
  tropsphere	
  (FORCAST),	
  
convecFon	
  in	
  stratosphere	
  (EXES),	
  weather	
  
(FORCAST),	
  atmosphere	
  chemistry	
  including	
  
exosphere	
  (GREAT,	
  EXES),	
  heat	
  output	
  
(FORCAST,	
  FIFI	
  LS,	
  HAWC+)	
  
	
  



Moons	
  

•  Titan	
  atmosphere	
  [EXES,	
  GREAT]	
  

–  	
  	
  	
  	
  	
  prebioFc	
  molecules	
  
–  	
  	
  	
  	
  	
  out-­‐of-­‐equilibrium	
  species	
  tracing	
  hot	
  chemistry	
  

•  Moons	
  with	
  subsurface	
  oceans	
  
–  Radiometry	
  for	
  energy	
  balance	
  [FORCAST,	
  FIFI	
  LS,	
  HAWC+]	
  
–  temporal	
  and	
  phase-­‐angle	
  changes	
  due	
  to	
  surface	
  features	
  [”]	
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SOFIA�Science�Vision Planetary�Science

Titan:�a�PreǦbiological�Organic�Laboratory

In�the�midǦIR�range,�complementing�groundǦbased�Cassini�and�ISO�observations,

EXES� can� be� used� to� search� for� complex� hydrocarbons� and� nitriles� in� Titan’s

stratosphere,�benefiting� from� the� lack�of� atmospheric� interference�by� telluric

H2O� and� CO2.� This� gives� access� to�windows� unattainable� from� the� ground� in

which�organics�predicted�by�models�and� laboratory�experiments,�such�as�C6H2,

C8H2,� C5H2,� C4H4,� CH2CHCN,� CH3CH2CN,� and�many� others,� remain� to� be� seen

(Coustenis�et�al.�2003�and�references�therein)�(Figure 5Ǧ9).�

Figure 5-9. (left) Complex organic chemistry hypothesized to occur in Titan’s atmosphere (courtesy NASA/JPL). (right) Data
from ISO SWS with resolution R ~1600-2000 (from Coustenis et al. 2003). SOFIA’s EXES instrument would be able to search for
pathway-critical species such as CH3 (16.5 µm), C6H2 (16.1 µm) and Crotonitrile (13.7 µm) predicted by models.

Because� of� its� higher� sensitivity� and� spectral� resolution,� SOFIA� can� greatly

extend� and� enhance� existing� ISO� and�Cassini�observations� (which�have� lower

spectral�resolution)�and�also�Herschel�observations�that�will�be�limited�in�waveǦ

length�range�and�time.�Thanks�to� its� long�operational� lifetime,�SOFIA�may�be�a

bridge�to�future�spacecraft�exploration�of�the�Saturn�system.�Major�atmospheric

constituents� such� as� CH4,� CO� and� HCN� can� be� studied� and�monitored.� High

molecular�weight�hydrocarbons� and�nitriles�only�hinted� at�by�Cassini�observaǦ

tions,�or�seen�only�in�the�laboratory,�may�be�observed�directly,�and�their�globally

averaged� vertical�distributions� inferred.�SOFIA’s� long�mission� lifetime�will� also

contribute�to�monitoring�secular�and�seasonal�atmospheric�variations,�including

the�methane�“monsoon”�cycle,�over�a� large�fraction�of�Saturn’s�29Ǧyear�orbital

period.

 



Small	
  Bodies	
  

•  	
  	
  	
  	
  	
  	
  	
  Dwarf	
  Planets	
  
•  OccultaFons	
  [HIPO/FLIPO]	
  for	
  diameters,	
  rings,	
  atmosphere	
  search,	
  haze	
  
•  Radiometry	
  [FORCAST]:	
  diameter,	
  thermal	
  properFes	
  
•  Surface	
  composiFon	
  [FORCAST	
  &	
  FLITECAM	
  grism]	
  

•  	
  	
  	
  	
  	
  	
  	
  	
  Comets:	
  like	
  asteroids,	
  plus	
  dust	
  and	
  gas	
  composiFon	
  	
  
•  	
  	
  	
  	
  	
  	
  	
  	
  	
  from	
  outgassing	
  [GREAT,	
  FORCAST	
  grism]	
  
•  	
  	
  	
  	
  	
  	
  	
  	
  mineralogy	
  (Fe/Mg	
  silicates)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  origin	
  of	
  terrestrial	
  water	
  (D/H,	
  ortho/para)	
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More	
  details	
  on	
  a	
  few	
  
potenFal	
  projects	
  



Venus	
  

•  Visibility	
  condiFons	
  on	
  mid-­‐Feb2017:	
  	
  
–  40	
  degree	
  solar	
  elongaFon	
  
–  40”	
  angular	
  size	
  
–  but	
  only	
  visible	
  in	
  early	
  evening	
  for	
  <1	
  hr	
  

•  Molecules	
  already	
  observed	
  with	
  TEXES	
  
–  CO2,	
  HDO	
  and	
  SO2	
  
–  Detectability	
  of	
  lines	
  depends	
  criFcally	
  on	
  Doppler	
  shij	
  

•  Other	
  molecules	
  remain	
  uncharacterized	
  
–  no	
  access	
  to	
  infrared	
  outside	
  Earth’s	
  atmosphere,	
  while	
  Venus	
  has	
  many	
  

of	
  same	
  gases	
  as	
  Earth	
  
–  Isotopic	
  raFos	
  trace	
  chemical	
  history;	
  why	
  were	
  Venus’	
  oceans	
  lost?	
  

•  Dynamics	
  
–  VerFcal	
  distribuFon	
  of	
  SO,	
  SO2	
  related	
  to	
  cycling	
  
–  Winds	
  
–  Factor	
  of	
  5-­‐10	
  temporal	
  variaFon	
  in	
  SO2	
  (Encrenaz	
  et	
  al	
  2012)	
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at IRTF. We had a double objective: first, investigate if SO2
variations could be found over a timescale shorter than a day,
and second, search for SO2 at two different wavelengths, prob-
ing different altitude levels in the Venus atmosphere. In addition
to the 7-µm range previously observed in January 2012, we also
selected a spectral interval at 19 µm, where the radiation probes
a few kilometers below, within the H2SO4 cloud. SO2 was easily
detected and mapped in the two spectral ranges and HDO was
again mapped at 7 µm. Three main conclusions can be derived
from this study: (1) the thermal structure shows evidence for a
clear isothermal/inversion region above the cloudtop at high lati-
tudes, which was not seen in January 2012; (2) there is evidence
for a strong depletion of the SO2 mixing ratio as a function of
altitude above the clouds; (3) the SO2 maps show a noticeable
variation over a timescale in the order of an hour. Observations
and modelling are described in Sect. 2. Results are presented in
Sect. 3 and discussed in Sect. 4.

2. Observations and modelling

TEXES is an infrared imaging spectrometer operating between 5
and 25 µm which combines high spatial (about 1.5 to 2 arcsec)
and spectral (R = 80 000) resolution (Lacy et al. 2002). In
January 2012, we mapped the disk of Venus with the TEXES in-
strument at IRTF, with the prime objective of detecting and map-
ping sulfur dioxide and water vapor (through its tracer HDO),
and monitoring the temporal variations of these two species
(Encrenaz et al. 2012a, hereafter referred as E12). Our method
consists of ratioing the line depths of the weak minor species
with weak neighboring transitions of CO2. It allows us to cancel,
to first order, the effects associated with the calibration, the ge-
ometry, and the atmospheric parameters (Encrenaz et al. 2008).
This method was first successfully used on Mars to monitor hy-
drogen peroxide and water vapor (Encrenaz et al. 2012b) and to
infer an upper limit of SO2 (Encrenaz et al. 2011).

2.1. Observations

On October 4 and 5, 2012, we observed Venus in two spec-
tral ranges, at 1343−1353 cm−1 (7.4 µm) and at 529−531 cm−1

(19 µm), which correspond to the ν3 and ν2 bands of SO2 respec-
tively. The continuum at these two wavelengths is constrained
by the extinction cross section of the H2SO4 particles of the
cloud. As shown by Zasova et al. (1993), this coefficient is
about 2.5 times stronger at 7 µm than at 19 µm; the 19-µm radia-
tion thus probes a few kilometers deeper than the 7-µm radiation.
A third band, ν1 at 1150 cm−1 (8.7 µm), probes higher levels as
the extinction coefficient is three times stronger than at 7 µm; un-
fortunately the band is weak and the depletion of SO2 above the
cloud would make the detection of the SO2 lines very difficult at
this wavelength. Venus was observed over two nights (October 4
and 5, 2012). The diameter of Venus was 15.3 arcsec and its illu-
mination factor was 72.5%. Its Doppler velocity was+12 km s−1,
corresponding to a Doppler shift of −0.054 cm−1 at 1350 cm−1

and −0.021 cm−1 at 530 cm−1. The spectral resolving power was
about 84 000 at 1350 cm−1 and 53 000 at 530 cm−1, correspond-
ing to spectral resolutions of 0.016 cm−1 and 0.010 cm−1, re-
spectively. The width slit of the instrument (1 arcsec at 7 µm and
2 arcsec at 19 µm) was aligned along the north-south celestial
axis and moved from west to east by 0.5-arcsec steps in order to
map the planetary disk. At 7 µm, the slit length was 5 arcsec and
the scans were repeated three times, from north to south, in order
to map the whole planet. Each scan was recorded in about 15 min
so that, including overheads, a full map was obtained in about 50
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Fig. 1. Spectrum of Venus recorded by TEXES, integrated over the
whole disk, covering the 1350−1351 cm−1 range. TEXES Data: January
data (black crosses), October data (thick black line). The spectral res-
olution is 0.016 cm−1. Models: CO2 (thin black line), HDO (3 ppm,
thin blue line), SO2 (thin red line, 100 ppb). Both TEXES spectra are
Doppler shifted and the abcissa axis is rest frequencies. The difference
between the Doppler shifts is about 0.1 cm−1. The broad absorption fea-
tures are due to terrestrial contamination. It can be seen that this con-
tamination is much stronger in October than in January, so that the two
HDO lines detected in January at 1350.20 and 1350.26 cm−1 are not de-
tected in October. Two SO2 lines remain detected around 1350.12 cm−1

and 1350.69 cm−1.

min. At 19 µm, the slit length was about 12 arcsec and a single
scan was taken in 15 min, centered on the equator. The 7-µm
observations were taken between 17:00 and 19:00 UT, and the
19-µm observations were taken between 19:00 and 21:00 UT.
The data were processed following the procedure used for the
Mars observations (Encrenaz et al. 2004). Weather conditions
were poor, with some temporary cloud coverage and a high water
content, sometimes as high as 8 pr-mm, and significantly limited
the quality of the 7-µm data. In contrast, the 19-µm range, which
shows no terrestrial contamination, was much less affected by
the poor weather conditions.

In the 1343−1353 cm−1 spectral range, the spectrum of
Venus is dominated by a CO2 isotopic band that probes the
lower mesosphere above the cloudtop, typically at altitudes
of 60−80 km. All other strong absorption features present in
the TEXES spectrum are due to telluric absorption (mostly H2O
and CH4 in the Earth’s atmosphere). In this spectral range, we
concentrate on spectral intervals outside these strong telluric ab-
sorptions to study HDO and SO2 in the Venus mesosphere. In
the 529−531 cm−1 spectral range, free of telluric absorption, the
Venus spectrum shows strong and weak transitions of CO2, and
a few transitions of SO2, but no HDO transition.

Figure 1 shows the spectrum of Venus integrated over the
whole disk on October 5, 2012 between 1350.0 and 1351.0 cm−1,
compared with the same spectrum recorded on January 11,
2012. Both spectra have been Doppler-shifted to show rest fre-
quencies. Synthetic spectra of Venus, including contributions
from CO2, HDO and SO2, are shown for comparison. There
are two main differences between the two observed spectra:
(1) The Doppler shifts were in opposite directions, so that the
terrestrial absorption features are shifted by about 0.1 cm−1

between the two spectra; (2) the telluric absorption is much
stronger in October 2012. The two effects prevent the detec-
tion of the two HDO lines which were used in January 2012.
For the present study, as described below, we have used the
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CO2	
  HDO	
  SO2	
  



Jupiter’s	
  Stratosphere	
  and	
  Troposphere	
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The	
  EXES	
  slit	
  was	
  stepped	
  across	
  the	
  
disk	
  of	
  Jupiter	
  to	
  make	
  a	
  spectral	
  map.	
  
The	
  strongly	
  limb-­‐brightened	
  
appearance	
  is	
  from	
  the	
  narrow,	
  
stratospheric	
  H2	
  line.	
  
	
  
The	
  H2	
  Para/Ortho	
  state	
  raFo,	
  when	
  paired	
  
with	
  CH4	
  temperature,	
  gives	
  a	
  measure	
  of	
  
mixing	
  rate	
  in	
  the	
  stratosphere,	
  because	
  the	
  
rate	
  of	
  para/ortho	
  conversion	
  is	
  known.	
  
	
  

SOFIA	
  spectroscopic	
  slits	
  were	
  
stepped	
  across	
  the	
  disk	
  of	
  
Jupiter	
  to	
  make	
  spectral	
  maps.	
  	
  
	
  
With	
  EXES	
  at	
  high	
  spectral	
  
resoluFon:	
  lib-­‐brightened,	
  	
  
narrow,	
  stratospheric	
  H2	
  line.	
  
	
  
With	
  FORCAST	
  at	
  moderate	
  
resoluFon,	
  measure	
  pressure-­‐
broadened	
  H2	
  	
  
	
  
Para/Ortho	
  state	
  raFo,	
  paired	
  
with	
  CH4	
  temperature,	
  measures	
  	
  
mixing	
  rate	
  in	
  the	
  atmosphere,	
  
because	
  the	
  rate	
  of	
  para/ortho	
  
conversion	
  is	
  known.	
  
	
  

Planetary(Science:(Jupiter(

Antony(Wesley,(Murrumbateman,(Australia(
G227(–(17.9(µm( G329(–(28.9(µm(

FORCAST(Slitscan(

Jupiter’s*Tropospheric*Dynamics*from*SOFIA*Mapping*of*Temperature,*ParaW
Hydrogen,*and*Aerosols*–*P.I.*de*Pater**



Titan	
  occultaFon	
  

•  Central	
  flash	
  only	
  present	
  for	
  longest	
  
wavelength	
  
–  ExFncFon	
  and	
  refracFon	
  can	
  be	
  

separated	
  because	
  of	
  their	
  different	
  
wavelength	
  dependence	
  

–  Aerosol	
  scaqering	
  is	
  much	
  stronger	
  at	
  
shorter	
  wavelengths,	
  depends	
  on	
  (a/λ)4	
  

•  Mul$-­‐wavelength	
  observa$ons	
  are	
  
cri$cal	
  for	
  understanding	
  atmosphere	
  	
  

u	
  

g	
  

i	
  

Zalucha	
  et	
  al.	
  (2007);	
  from	
  Eliot	
  Young	
  

Image	
  of	
  Titan,	
  which	
  is	
  
covered	
  in	
  hydrocarbon	
  
haze	
  
	
  
Hydrocarbon	
  lakes	
  found	
  
by	
  Huygens	
  spaceprobe	
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Solar	
  System	
  ObservaFon	
  
Notes	
  



Tracking	
  

•  Rate	
  should	
  be	
  slower	
  than	
  1”/s	
  
•  “easiest”	
  tracking	
  for	
  visibly-­‐bright	
  objects	
  (V<14),	
  beqer	
  than	
  

1”	
  
•  Invisible	
  targets	
  possible	
  using	
  offset	
  guiding	
  on	
  celesFal	
  

source,	
  but	
  this	
  is	
  a	
  not-­‐well-­‐tested	
  mode	
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ElevaFon	
  limits	
  and	
  Sunrise/Sunset	
  

•  The	
  telescope	
  stays	
  in	
  the	
  elevaFon	
  range	
  22-­‐58	
  degrees	
  
•  Absolute	
  minimum	
  solar	
  elongaFon	
  is	
  therefore	
  22	
  degrees	
  

–  PracFcal	
  limit	
  of	
  25	
  degrees	
  to	
  allow	
  Fme	
  to	
  acquire	
  &	
  observe	
  

•  We	
  have	
  flight	
  rules	
  to	
  prevent	
  sunlight	
  on	
  the	
  telescope	
  
•  ObservaFons	
  right	
  ajer	
  sunset	
  are	
  possible	
  

–  No	
  Fme	
  for	
  iniFal	
  calibraFon	
  leg,	
  so	
  not	
  best	
  for	
  1st	
  flight	
  of	
  series	
  
–  Takeoff	
  	
  before	
  sunset,	
  door	
  open	
  at	
  10,000	
  feet,	
  get	
  on	
  target	
  

•  ObservaFons	
  up	
  to	
  sunrise	
  are	
  possible	
  but	
  have	
  risk	
  
–  Need	
  to	
  close	
  door	
  and	
  prepare	
  alternate	
  landing	
  scenario	
  such	
  that	
  a	
  

potenFally	
  “stuck	
  open”	
  door	
  is	
  pointed	
  away	
  from	
  the	
  Sun	
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Moons	
  

•  Keeping	
  main	
  planet	
  off	
  the	
  array	
  (or	
  slit)	
  is	
  highly	
  desirable	
  
•  Horizons	
  and	
  XEphem	
  are	
  good	
  for	
  visualizing	
  orientaFons	
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SOFIA	
  Focal	
  Plane	
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•  View	
  from	
  Spot	
  
•  EXES	
  Medium	
  

–  X-­‐dispersed	
  slits	
  are	
  short	
  
•  FLITECAM	
  

–  Horizontal	
  slit	
  
•  FORCAST	
  	
  

–  VerFcal	
  slit	
  
•  FIFI	
  LS	
  

–  Blue	
  channel	
  ½	
  area	
  


