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Some initial ideas – Deriving 
water profiles on Mars with 
SOFIA/GREAT 
(Villanueva 2004, Ph.D. thesis)
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Some key results with SOFIA on terrestrial planets

With the arrival of ExoMars/TGO in 2018, many of these science cases can be 
explored with much greater accuracy and resolution from orbit on Mars now
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Imaging / photometry of planets (l/dl<500)
• Studies of atmospheric morphology
• Surface and aerosols/cloud investigations 
Pros: requires relatively simpler instrumentation.
Cons: extreme competition from orbiters and 
space telescopes.

High-resolution spectroscopy (l/dl>10,000)
• Atmospheric composition (e.g., 

trace gases, isotopes) studies.
• Kinematics and profiling by excitation
Pros: prime for ground-based and SOFIA, 
instruments too bulky and complex for space.
Cons: complex instrumentation, data 
interpretation and relatively smaller community.
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Planetary Spectrum Generator 
(Villanueva+2018)
https://psg.gsfc.nasa.gov
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Methane on Mars, as a proxy for activity

Discovery of methane on Mars with NASA-IRTF and Keck at 3.3 um
Mumma, Villanueva, et al. , Science, 2009

Identification of isotopic D/H anomalies on 
Mars (2.7 to 3.3 um)
Villanueva, et al. 2015, Science, 2015

Water isotopic ratios – Tracing a wet past
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Vertical retrievals of water and its D/H – ExoMars/TGO

Tracking water as it escapes from Mars
Villanueva, et al. 2020, Science Advances, Submitted
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First direct detection of water on Europa amid 
a quiescent state (many non-detections)
Paganini, Villanueva, et al., Nature Astr., 2020 – Keck at 3.1 um

Infrared probing of ocean worlds is powerful
e.g., Villanueva / Hammel / Milam et al, JWST-GTO program
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Keck / VLT / ALMA

GMT

E-ELT

TMT

Europa Clipper

Keck / VLT
Diameter: 10m
Optical to 5um
High-resolution
Adaptive optics

ALMA
66 antennas of 12m
Radio / THz
High-resolution
Interferometer

GMT
Diameter: 25 m
Optical to 2.5 µm
Four first light inst.
Adaptive optics

E-ELT
Diameter: 39 m
Optical to 14 µm
Six phase-A inst.
AO, WF, spec, MOS

TMT
Diameter: 30 m
Optical to 2.5 µm
Three phase-A inst.
AO, WF, spec, MOS

Mars2020
HST

TESS
JWST

WFIRST
LUVOIR / OST

Hubble (HST)
Diameter: 2.4m
0.1 to 1.7 µm
Moderate resolution
Diverse inst. suite

TESS
Diameter: 0.1m
FOV 24 x 24 degree2

Imaging / photometry
No spectroscopy

JWST
Diameter: 6.5m
0.6 to 28.5 µm
Moderate resolution
Diverse inst. suite
Ultra-cold (50K)

WFIRST
Diameter: 2.4m
0.4-1 µm
Wide-field camera
Coronagraph 
Contrast 10-9

LUVOIR / OST
Diameter: >6m
UV, Optical, IR
Coronagraph 
Wide-field camera
UV and O/IR insts.
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Where is SOFIA’s niche in this  context?

Planetary Spectrum Generator 
(Villanueva+2018)
https://psg.gsfc.nasa.gov

Diameter: 2.5 m
FOV: 1 arcsec
Zodi: 2x polar

Integration time: 1 hour
Efficiency: 100%
Emissivity: 10%

Sensitivity study

A JWST type observatory  (50K) A  LUVOIR type observatory  (270K)
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Where is SOFIA’s niche in this  context?

Diameter: 2.5 m
FOV: 1 arcsec
Zodi: 2x polar

Integration time: 1 hour
Efficiency: 100%
Emissivity: 10%

Sensitivity study

A JWST type observatory  (50K) An Origins (OST) type observatory  (5K)

Planetary Spectrum Generator 
(Villanueva+2018)
https://psg.gsfc.nasa.gov
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Where is SOFIA’s niche in this  context?

Diameter: 2.5 m
FOV: 1 arcsec
Zodi: 2x polar

Integration time: 1 hour
Efficiency: 100%
Emissivity: 10%

Sensitivity study

A JWST type observatory  (50K) A ground-based observatory (Maunakea)

Planetary Spectrum Generator 
(Villanueva+2018)
https://psg.gsfc.nasa.gov
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Where is SOFIA’s niche in this  context?

Diameter: 2.5 m
FOV: 1 arcsec
Zodi: 2x polar

Integration time: 1 hour
Efficiency: 100%
Emissivity: 10%

Sensitivity study

A JWST type observatory  (50K) SOFIA observatory

Planetary Spectrum Generator 
(Villanueva+2018)
https://psg.gsfc.nasa.gov

Warmer SOFIA struggles in the 2 to 20 um when compared to 
JWST
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Where is SOFIA’s niche in this  context?

Diameter: 2.5 m
FOV: 1 arcsec
Zodi: 2x polar

Integration time: 1 hour
Efficiency: 100%
Emissivity: 10%

Sensitivity study

Ground-based observatory (Maunakea) SOFIA observatory

Planetary Spectrum Generator 
(Villanueva+2018)
https://psg.gsfc.nasa.gov

SOFIA provides unique access in the 20 to 600 um region
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Where is SOFIA’s niche in this  context?
Sub-mm/THz (100 to 1000 um, or <3 THz) – SOFIA is competitive
• SOFIA provides access to H2O, OH, other key species and their isotopologues which are 

blocked from ground-based observatories (e.g., ALMA)
• This is a sweet spot for SOFIA (e.g., 4GREAT, upGREAT)
• Limited spatial resolution and accessible lines may restrict the possible science cases.

Far-Infrared (20 to 100 um) – SOFIA niche
• This area is only accessible from space, yet typically at modest resolutions.
• High-resolution spectroscopy (e.g., HIRMES) would provide unprecedented access to 

new science (e.g., gPAHs, complex organics).
• As demonstrated by Cassini/CIRS (7 to 1000 um) for Titan this is a key spectral region 

to perform detailed molecular characterizations.
• OST/SPICA would provide unprecedented access to this region, yet in >15-20 years.
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Where is SOFIA’s niche in this  context?
Mid-Infrared (5 to 20 um) – Strong competition from JWST in the near future
• SOFIA provides sensitivity to water and its isotopologues, not accessible from ground.
• This is the prime region of PAHs and many key molecular and solid state features.
• Strong competition by colder JWST, with orders of magnitude better sensitivity, yet 

high-resolution spectroscopy (e.g., EXES) will remain competitive.

Near-Infrared (2 to 5 um) – Strong competition from  JWST and ELTs
• The 2-5 um region targets the CH stretch (most hydrocarbons), water, CO and CO2

(only accessible from space). It is sensitive to strong molecular lines in absorption and 
in emission.

• Greater sensitivity from space and better spatial resolution from ground (AO) and 
ELTs make this a tough spectral region to compete for SOFIA.
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Where is SOFIA’s niche in this  context?
Optical and up to IR K-band (0.3 to 2 um) – Extreme competition from ELTs, JWST 
and space (e.g., HST, LUVOIR), very crowded field
• PROs: Perhaps the biggest astronomical community.
• Extreme competition in sensitivity from space (HST, JWST, LUVOIR) and spatial 

resolution from ground and AO systems. No notable gains w.r.t. to ground.

UV – Competition from HST and LUVOIR in the future
• Modest gains in sensitivity w.r.t. to ground-based
• There is no planned big observatory to probe the UV beyond HST
• UV probing requires special optical coatings.

Main SOFIA’s niche: high-resolution spectroscopy (l/dl>10,000) beyond 10 microns. Modest science cases  for terrestrial  
planets, but plenty for organic rich bodies (e.g., comets, ocean worlds, Titan, disks)
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PSG Spectroscopy Tool: psg.gsfc.nasa.gov

Thank you


