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In  Introduction 

The Stratospheric Observatory For Infrared Astronomy (SOFIA, Figure 1) is a Boeing 
747-SP aircraft housing a 2.5-meter gyrostabilized telescope designed to make sensitive 
measurements of a wide range of astronomical objects at wavelengths from 0.3 µm to 1.6 
mm.  This new observatory will be a key element in our research portfolio for chemical and 
dynamical studies of warm material in the universe, and for observations of deeply 
embedded sources and transient events. SOFIA is designed for at least two decades of 

operations and will join the Spitzer Space Telescope 
(Werner, et al. 2004,  Gehrz, et al. 2007), Herschel  
Space Observatory (Pilbratt et al. 2003) and James Webb 
Space Telescope (JWST) (Gardner et al. 2006) as one of 
the premier facilities for panchromatic observations in 
thermal IR and submillimeter astronomy.  Furthermore, 
SOFIA will be a test bed for new technologies and a 
training ground for a new generation of 
instrumentalists and astronomers.  SOFIA can be 
upgraded continually and can be used to evaluate state-
of-the-art and high-risk technologies that could 

otherwise only be proven in space. SOFIA is  joint project of NASA and the 
Deutsches Zentrum für Luft-und Raumfahrt (DLR). The SOFIA telescope 
design and its evolving instrument complement build upon the successful 
heritage of NASA’s Kuiper Airborne Observatory, a 0.9-meter infrared 
telescope that flew from 1971-1995.   SOFIA will see first light in 2009, and, 
in full operation, will be capable of making more than ~100 8-10 hour 
scientific flights per year. 
The SOFIA Science and Mission Operations Center (SSMOC) is responsible 
for the science productivity of the mission, and is located at NASA Ames 
Research Center in Moffett Field, CA. Flight operations will be conducted 
out of NASA Dryden Flight Research Center’s Aircraft Operations Facility 
(DAOF) in Palmdale, CA. The Universities Space Research Association 
(USRA) and the Deutsches SOFIA Institut (DSI) in Stuttgart, Germany 
manage science operations and mission planning for NASA Ames and DLR, 
while aircraft operations are handled by NASA Dryden.  The SOFIA 
Program will support approximately 50 science teams per year, selected from 
peer-reviewed proposals.  An on-going instrument development program will 
ensure that this easily serviceable facility remains state-of-the-art during its 
lifetime.  The next call for new generation instruments will occur in 2010.  
Science operations will start with a phased approach. Early Science (ES) with 
Faint Object InfraRed Camera for the SOFIA Telescope (FORCAST), a mid-
infrared imager, and German Receiver for Astronomy at Terahertz 

Frequencies (GREAT), a high resolution far-infrared heterodyne spectrometer, will occur in 
winter of 2009 – 2010, in response to proposals solicited during summer of 2008.  The ES 
programs will study the chemistry of warm interstellar gas through spectroscopic observations of 
emission from molecules such as carbon monoxide (CO), and the detailed spatial morphology of 

Fig. 1  The SOFIA 
infrared 
observatory with 
chase plane 
during the first 
series of test 
flights to verify 
the performance 
of the modified 
Boeing 747SP, 
and (right) during 
night-time 
telescope 
characterization 
tests at Palmdale, 
Site-9 in March 
2008. From the 
NASA Dryden 
Flight Research 
Center Photo 
Collection. 
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the hot dust in bright star-forming regions. The first science flights, limited in scope, will be 
predicated on science collaboration of the selected teams with the Principal Investigators (PIs) of 
both FORCAST and GREAT in order to ensure early science productivity. Routine observations 
will begin in 2010 in response to General Observer (GO) science proposals solicited in 2009.  
There will be new science proposal solicitations every 12 months thereafter. About 20 GO 
science flights are planned annually at the start of science operations, with the annual flight rate 
ramping up steadily until the full ~100 annual rate is achieved in 2014.  

 
1.1  SOFIA’s Operational Envelope and Range 

Flying at altitudes up to 45,000 feet (13.72 km) where the typical precipitable atmospheric 
water (H2O) column depth is less than 10 µm (a hundred times lower than at good 
terrestrial sites), SOFIA will observe at wavelengths from 0.3 µm to 1.6 mm with ≥ 80% 
transmission  (see Figure 2). This includes large parts of the electromagnetic spectrum that are 
completely inaccessible from the ground. Although some strong water absorption lines remain, 
their pressure broadening is much reduced so that spectroscopy is possible between them and 
most of the flux makes it through in wide-band photometry. 

The  SOFIA aircraft will ordinarily be staged in Palmdale, California, but will operate from other 
bases when necessary.  Southern hemisphere bases will be used for observations of targets at 
extreme southerly declinations. SOFIA’s deployment flexibility will allow measurements of 
transient events that are visible only at particular locations. 
 
The Telescope and Observatory 
The SOFIA telescope (Figure 3, Table 1), was supplied by DLR as the major part of the German 
contribution to the SOFIA observatory.  It is a bent Cassegrain design with a 2.7m (2.5m 
effective aperture) parabolic primary mirror and a 0.35m diameter hyperbolic secondary mirror. 
The telescope feeds two f/19.6 Nasmyth foci (the IR focus and a visible light focus for guiding), 

about 300 mm behind the instrument 
flange, that are fed by a gold coated 
dichroic and an aluminum coated flat. 
The secondary mirror provides chop 
amplitudes of up to ± 5 arcmin between 
0 and 20 Hz. The visible beam is fed 
into the Focal Plane Imager (FPI) 
which is an optical focal plane guiding 
system. Independent of the FPI there 
are two 
other optical 
imaging and 
guiding 
cameras 
available -- 
a Wide 
Field Imager 
(WFI) and 
Fine Field 
Imager 

Fig. 2. The typical  
atmospheric transmission for 
SOFIA at an altitude of 45,000 
feet as compared to the 
transmission on a good night 
at Mauna Kea (13,800 ft. 
MSL).  From 1 to 1000 µm, 
the average transmission from 
SOFIA is ≥ 80% except in the 
center of absorption lines due 
to mostly telluric  H2O, CO2, 
and O2. Background image: 
IRAC false color image of the 
Sombrero Galaxy, courtesy of 
NASA/JPL-Caltech. 
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(FFI). Both of these cameras are attached to the front ring of the telescope.  
The telescope is mounted in an open cavity in the aft section of the aircraft (Figure 4) and views 
the sky through a port-side doorway.  The telescope is articulated by magnetic torquers around a 
spherical bearing through which the Nasmyth beam is passed.  The telescope has an unvignetted 
elevation range of 20-60 degrees.   Since the cross-elevation travel is only a few degrees, the 
airplane must be steered to provide most of the azimuthal telescope movement required for 
tracking, such that the target list determines the flight plan. The focal plane instruments and the 
observers are on the pressurized side of the 21-foot diameter bulkhead on which the bearing is 
mounted, allowing a shirt-sleeve working environment for the researchers and crew. 

 
Table 1:  SOFIA system characteristics 
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1.3    
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SOFIA’s  First Generation of Instruments 
Nine first generation Science Instruments (SIs) are under development (Table 2). A typical 
SOFIA flight will be based on science with one of these. They cover a much wider range of 
wavelengths and spectral resolutions than those of any other observatory (see Figure 5). These 
include three Facility Class Science Instruments (FSIs): High-resolution Airborne Wideband 
Camera (HAWC), FORCAST, and First Light Infrared Test Experiment CAMera (FLITECAM).  
The US FSIs will be maintained and operated by the science staff of the Science Mission 
Operations (SMO), and their pipeline-reduced and flux-calibrated data will be archived for general access by 
the astronomical community after a one-year proprietary period.  In addition, there are six Principal Investigator 
(PI) class instruments maintained and operated by the PI teams. These instruments are designed to be less general in 
their potential applications than are the FSIs and are more likely to undergo upgrades between flight series, which 
has the advantage of keeping them more state-of-the-art at the expense of not having fixed capabilities. General 
investigators can propose to use these latter instruments in collaboration with the PI team that developed the 
instrument. For the PI class instruments only their raw data will be placed in the SOFIA public data archive, again, 
after a one-year proprietary period.  Two PI –class instruments are being developed in Germany, although the 
German PI instrument Field Imaging Far-Infrared Line Spectrometer (FIFI-LS) will be available to the US science 

Fig 3. The bent Cassegrain-Nasmyth  optical 
configuration of the SOFIA 2.5-meter infrared telescope  

 

Fig 4. A cut-away view of the SOFIA Observatory 
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community as a Facility-like instrument under special arrangement with the FIFI-LS team.  The FIFI-LS data will be 
pipeline reduced and flux-calibrated before it is placed in the data archive. Further information about all the first-
generation instruments, plus a time estimator for their use on SOFIA can be found at: 
http://www.sofia.usra.edu/Science/instruments/index.html.   

  
Fig. 5. SOFIA first generation instruments shown in a plot of log spectral resolution vs. log wavelength.  Black boxes 

are  Spitzer Space Telescope Science Instruments (IRAC, IRS, and MIPS) for comparison. JWST (red box) will 
cover the 0.5 to 28 µm spectral region at resolutions as high as 3000. FORECAST and GREAT are the first-light 
instruments. 
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Table 2 

1.3.1 FORCAST  
FORCAST is a facility class, mid-infrared diffraction-limited camera with selectable filters for 
simultaneous continuum imaging in two bands, within the 4-25 and 25-40 µm spectral regions, 
and also incorporates low-resolution grism spectroscopy in the 4-8, 16-25 and/or 25-40 µm 
regions. The high-sensitivity wide-field imaging uses 256x256 Si:As and Si:Sb detector arrays 
which sample at 0.75 arcsec/pixel giving a 3.2 arcmin x 3.2 arcmin  field-of-view. For small 
objects, chopping can be performed on the array to increase sensitivity.   
1.3.2 GREAT 
GREAT, a 2-channel heterodyne instrument, offers observations in three frequency bands with 
frequency resolution down to 45 kHz.  The lower band, 1.4-1.9 THz, covers fine-structure lines 
of ionized nitrogen and carbon. The middle band is centered on the cosmologically relevant 1-0 
transition of deuterated molecular hydrogen (HD) at 2.6 THz and the rotational ground-state 
transition of OH. A high-frequency band includes the 63 µm transition of OI. The receivers 
employ sensitive superconducting mixer elements, SIS tunnel junctions and hot electron 
bolometers. A polarizing beam splitter allows simultaneous measurements of two lines at the 
same time.  

1.3.3 FIFI LS 
FIFI LS contains two medium resolution (R~1700) grating spectrometers with common 
foreoptics feeding two 16 x 25 pixel Ge:Ga detector arrays. A beamsplitter allows the two 
Littrow spectrometers to simultaneously observe an object in two spectral lines in the 
wavelength ranges 42 - 110 µm, and 110 - 210 µm, in 1st and 2nd order respectively.  An image 
slicer in each spectrometer redistributes 5 x 5 pixel diffraction-limited spatial fields-of-view 
along the 25 entrance slits. FIFI-LS will offer instantaneous coverage at 170 km/s resolution over 
a velocity range of ~ 1500 to 3000 km/s around selected lines for each of the 25 spatial pixels.  

1.3.4 FLITECAM 
FLITECAM will provide seeing-limited imaging from 1-3 µm and diffraction-limited imaging 
from 3 to 5.2 µm. Its objective is to cover near infrared science applications motivated by good 
atmospheric transmission and low thermal background. FLITECAM will also provide moderate 
resolution grism spectroscopy (R~2000).  
1.3.5 HIPO 
HIPO is a special-purpose instrument designed to provide simultaneous high-speed time resolved 
imaging photometry at two optical wavelengths. HIPO makes use of SOFIA's mobility, freedom 
from clouds, and near-absence of scintillation noise to provide data on transient events like 
occultations. HIPO and FLITECAM can be mounted simultaneously to enable data acquisition at 
two optical and one near-IR wavelengths. HIPO has a flexible optical system and numerous 
readout modes, allowing specialized observations.  
1.3.6 HAWC 
HAWC is a far-infrared camera designed to cover the 40-300 µm spectral range at diffraction-
limited resolution.  HAWC utilizes a 12x32 pixel array of bolometer detectors constructed using 
the silicon pop-up detector (SPUD) technology developed at Goddard Space Flight Center. The 
array will be cooled by an adiabatic demagnetization refrigerator and operated at a temperature 
of 0.2 K.  HAWC may eventually be upgraded to perform far infrared polarimetry. 



DRAFT  – SOFIA Planetary Science Vision 

Working Draft 3.3  - 05 Mar 09  7 

1.3.7 CASIMIR 
CASIMIR is a submillimeter and far-infrared heterodyne receiver that uses sensitive 
superconducting mixers, including both tunnel junction semiconductor-insulator-semiconductor 
(SIS) and eventually hot electron bolometers (HEB). The local oscillators are continuously 
tunable. CASIMIR will cover the 500-2100 GHz frequency range in seven bands: SIS mixers in 
four bands up to 1200 GHz, and HEB mixers in three bands covering the rest. Four bands can be 
selected for use on a given flight. The receiver has an intermediate-frequency (IF) bandwidth of 
4 GHz, processed by a high-resolution backend acousto-optic spectrometer with 1 MHz 
resolution and a low resolution (30 MHz) analog correlator. 
1.3.8 EXES 
The Echelon-Cross-Echelle Spectrograph (EXES) operates in three spectroscopic modes (R~105, 
104, and 3000) from 5-28 µm using a 256 x 256 Si:As blocked impurity band (BIB) detector. 
High dispersion is provided by a large echelon grating. This requires an echelle grating to cross-
disperse the spectrum, resulting in continuous wavelength coverage of ~5 cm-1 and a slit length 
of ~10" at R=105.  The echelon can be bypassed so that the echelle or low order grating acts as 
the sole dispersive element. This results in a single order spectrum with slit length of roughly 90" 
and R=104 or 3000, respectively. The low-resolution grating also serves as a slit positioning 
camera when used face on. 

1.3.9 SAFIRE 
SAFIRE is an imaging spectrometer covering the spectral region from 145 to 655 µm with a 
spectral resolving power of about 2000.  The instrument uses a 32 x 40 array of superconducting 
bolometers to provide background limited performance for critical science applications.  The 
nominal field of view is about 5.3 arc-minutes.  
 

1.4  SOFIA’s Performance Specifications with its First Generation Instruments 
SOFIA will observe at wavelengths between 0.3 µm to 1.6 mm and will be capable of high-
resolution spectroscopy (R ≥ 104) at wavelengths between 5 and 600 µm (see Figure 5).  The 
8 arcminute diameter field of view (FOV) allows use of very large format detector arrays.  
Despite the relatively large thermal IR background, the 2.5-meter aperture of the SOFIA 
telescope will enable measurements with about an order of magnitude better photometric 
sensitivity than IRAS and a factor of > 3 better linear spatial resolution than Spitzer and will 
match or be more sensitive than the European Space Agency’s Infrared Space Observatory (ISO) 
(Figure 6, left).  SOFIA’s capability for diffraction-limited imaging beyond 25 µm will 
produce the sharpest images of any current or planned IR telescope operating in the 30 to 
60 µm region (Figure 6, right).  SOFIA’s performance for line flux measurements with various 
first generation instruments is shown in the bottom portion of Figure 6.  
We note that each instrument has an exposure time calculator on the SOFIA website6 to enable 
prospective observers to evaluate the feasibility of the programs they propose to conduct.
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Fig.6. 
SOFIA’s 
photometric 
sensitivity 
will be 
comparable 
to that of ISO 
and other 
missions 
(right). It 
will form 

images three times smaller than those formed by the Spitzer Space Telescope 
(left). Spectral sensitivities are shown below with 10 sigma in 900 seconds.  10 
sigma continuum sensitivity is on a separate page.  
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1. Future Instrumentation 
A major advantage of SOFIA  over space-based missions is its ability to rapidly 
incorporate instrument improvements and to accommodate upgrades to respond to new 
technological developments.  Focal plane technology is still expanding rapidly in the far-IR and 
major advances in detector sensitivity and array size are expected.  Those technologies expected 
to occur during SOFIA’s lifetime were explored at a workshop entitled “SOFIA’s 2020 Vision: 
Scientific and Technological Opportunities,” held at Caltech during December 6-8, 2007. SOFIA 
will continually support a technology development program. The next call for new instruments 
will be in FY 2010 and there will be additional calls every 3 years resulting in one new 
instrument or major upgrade to the observatory instrumentation each year. Suggestions for future 
instrumentation already include: 

• Expanded Heterodyne Wavelength coverage 
• Arrays of Heterodyne Detectors 
• Polarimeters 
• R~2000, 5 to 60 micron Integral Field Unit Spectrometer 
• R~200, 5 to 100 micron Spectrometer 
• R~100,000 Spectrometer 28-100 Microns 
• R~100,000 Spectrometer 1-5 Microns 
• Kinetic Induction Detector (KID) Spectrometer 

Recent evaluations of the scientific case for SOFIA have stressed the importance of imaging 
and spectroscopic polarization measurements for a number of key investigations.  Strong 
consideration is therefore being given to adding a polarimetric capability to the HAWC SI within 
the next few years.  
* The conference website is at http://www.sofia-vision.caltech.edu/;  the conference papers may be 
viewed at:  http://www.sofia-vision.caltech.edu/program.html 

1.6  
Unique Advantages of SOFIA 
The SOFIA Observatory concept embodies a number of key advantages that will make it a 
unique tool for astronomy in the coming decades. 
 
SOFIA is a near-space observatory that comes home after every flight.  One of its great 
strengths is that its scientific instruments exchanged regularly to accommodate changing science 
requirements and new technologies that do not need to be space qualified. Furthermore, large, 
massive, complex and sophisticated instruments with substantial power needs and heat 
dissipation can be flown on SOFIA. Finally, simple repairs can be performed on a 
malfunctioning instrument in flight, thereby increasing SOFIA’s science productivity. 
 
SOFIA has unique capabilities for studying transient events. The observatory can operate 
from airbases worldwide on short notice to respond to new discoveries in both the northern and 
southern hemispheres, and has the flexibility to respond to events such as supernovae and nova 
explosions, comets crashing into Jupiter, comet apparitions, eclipses, occultations, near-Earth 
objects, activity in Active Galactic Nuclei, and activity in luminous variable stars.  
 
SOFIA’s wide range of instruments will facilitate a coordinated program of analysis of 
specific targets and science questions.  No other observatory operating in SOFIA’s wavelength 
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range can provide such a large variety of ready-to-be used instruments and for such a long period 
of time.  A particular advantage for SOFIA is that it will be able to access events unavailable to 
many space observatories because of the viewing constraints imposed by their orbits.  For 
example, SOFIA can observe astrophysical events which occur close to the sun, enabling 
temporal monitoring of super novae, novae, and variable stars throughout the year.  SOFIA will 
be the only infrared mission that will be able to observe objects inside one AU to observe the 
inner planets and comets when they are brightest and most active. 
 

SOFIA’s 20 year operational lifetime will enable long-term temporal studies and follow-up 
of work initiated by SOFIA itself and by other observatories. Many space missions are 
relatively short compared with the critical cycle of observation, analysis, and further observation.  
The Herschel and James Webb Space Telescope (JWST) Observatories will raise scientific 
questions that will benefit from follow-up observations well after their missions have ended.  On 
the basis of present plans, SOFIA will be the only facility operating between 25 and 350 microns 
following Herschel and JWST. SOFIA will keep the community engaged in fundamental science 
research until the next generation of missions is launched. 

 

1.7  Training students and developing technology with SOFIA 
The continuous training of instrumentalists is a high priority for the United States and 
German science community.  SOFIA will facilitate the training of students and faculty in 
instrument hardware and software development. It will present an especially ideal 
atmosphere in which to educate students, where they can participate in hands-on, cutting-edge 
technology developments. The opportunities are not available to students working on satellite 
projects.   
SOFIA will energize the next generation of young experimental astrophysicists and help to 
develop their talents in many different scientific and engineering areas. SOFIA graduate and 
post-doctoral students will form a rich reservoir of talent that will become the next generation of 
Principal Investigators and Instrument Scientists, as has been the legacy of the KAO. 
 

SOFIA will also be an ideal platform for the first or early deployment of new detector and 
instrumentation technology.  Unlike a typical space-borne observatory, by releasing instrument 
AO’s on a regular and frequent (i.e., every 2-3 years) basis SOFIA will always be able to utilize 
the latest state-of-the-art technology in terms of sensitivity, detector response time, observation 
technique, spectral resolution and more.  SOFIA instruments can be much more complex and 
much larger in volume, weight and power consumption.  
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1.8  Synergy and Complementary between SOFIA and other Missions 
The comparative performance of SOFIA with respect to other infrared missions has been noted 
in Section 1.4 above.  SOFIA’s science program will cover a long time period, so SOFIA 
observations will be complemented by data from present facilities such as HST, Chandra, 
Spitzer, SMA, and ASTRO-F and future facilities such as WISE, Herschel, JWST, ALMA, 
SPICA, and SAFIR (see Figure 7). Specific examples of how the SOFIA science results will 
supplement and can be complemented with results from other missions can be found in the 
science examples given in the following sections. 

 
 

Fig. 7.  SOFIA’s flight lifetime and time-frame will make it the premier facility for doing far-IR and submillimeter wave astronomy 
from 2010 until the mid 2030s..  It will be the only facility available for wavelength coverage in the 28-1200 µm spectral region and 
for high resolution spectroscopy during much of that period. The SPICA and SAFIR missions have yet to be formally approved.  The 
length of the SAFIR mission is undetermined at present. 

 

In general, SOFIA will excel at those observations that demand some combination of: good mid 
and/or far-infrared atmospheric transmission, reasonably high spatial resolution, very high 
spectral resolution, and/or the ability to rapidly deploy to a specific location on the Earth.  In 
particular, SOFIA will be a powerful probe to understand the physics and chemistry of a wide 
variety of astronomical objects, ranging from solar system objects out to external galaxies.  
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1.9 S SOFIA’s Education and Public Outreach Program 
Because of its accessibility and ability to carry passengers, SOFIA will include a vigorous, 
highly visible Education and Public Outreach (E&PO) program designed to exploit the 
unique attributes and programmatic excitement of airborne astronomy.  SOFIA is the only 
major research observatory designed to bring non-scientists into intimate contact with scientists 
in a research environment. SOFIA is uniquely capable of giving the nation’s science educators 
(Kindergarten through K-14 teachers and college faculty, science museum personnel, and 
amateur astronomers with outreach programs) familiarity with the processes of scientific inquiry. 
The objectives of the E&PO program are to a) enhance science, technology, engineering and 
math (STEM) education in communities across the U.S. and Germany, b) establish long-term 
relationships between educators, scientific researchers, and NASA and DLR, and, c) 
communicate the value of scientific research to the public. These goals can be achieved 
especially by having educators teamed with SOFIA researchers and engineers, and by having 
educators and journalists participate in the observatory’s research flights.  SOFIA’s E&PO 
objectives are responsive to NASA/DLR’s strategic educational goals of strengthening 
NASA/DLR’s and these nation’s future workforce, attracting and retaining STEM students and 
engaging Americans and Germans in NASA/DLR’s mission.  

1.10 S  
Scope  Scope of this Paper 

This paper describes a number of exciting science programs that might be undertaken with 
SOFIA. These programs have been organized along four themes:  The Galactic Center and 
External Galaxies (Section 2); The Interstellar Medium (Section 3); The Formation of Stars and 
Planets (Section 4); and Planetary Science (Section 5). It is import to recognize the programs 
described in these sections are only representative of the science that SOFIA is capable of 
addressing – they are in no way a comprehensive listing of all of the investigations that might be 
conducted.  Each section concludes with a table listing the scope of the investigations, both in 
terms of the numbers of objects that are needed to obtain the needed data and the amount of 
SOFIA observing time that would be required. 
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5. Planetary Science 
 
Introduction 
 

Our Solar System contains the Sun, the Earth, Earth’s seven sibling planets and the 
planets’ moons, plus several varieties of leftover planet construction material such as comets and 
asteroids that are sometimes referred to as “primitive bodies.” 

A general but incomplete picture has emerged over the past few decades regarding how 
the Earth and the rest of the Solar System formed, bolstered by the discovery of more than 300 
extrasolar planets orbiting other suns.  It is less well known how the planet formation processes 
set the stage for life to develop on Earth and perhaps also on other Solar System bodies. 

SOFIA’s unique capabilities relative to space- or ground-based infrared observatories for 
investigation of Solar System objects include being able to: (a) observe objects closer to the Sun 
than Earth’s orbit, for example, comets in their most active phases, and the planet Venus, (b) 
observe stellar occultations and other transient events from optimum locations anywhere on 
Earth, (c) directly point at bright planets and their inner moons, (d) observe spectral features of 
water and organic molecules at wavelengths blocked by Earth’s atmosphere, and  
(e) monitor seasonal and episodic changes in slow-orbiting outer planets over decade timescales. 

We identify selected topics within which questions of basic importance remain 
unanswered, or for which objects in need of close study are many and diverse. The few 
categories of planetary science described here are representative of high-value investigations that 
are difficult or impossible to do, or to do as well, from any facility other than SOFIA from now 
until the year 2020 at least. 

SOFIA can fill in gaps in our understanding of how Earth, and life on Earth, came 
to exist by select observations of:  (1) primitive bodies containing material little altered since the 
birth of the planets, including water and organic substances like those that may have rained down 
on Earth during and after its formation; (2) the giant planets, whose bulk compositions are most 
like the original raw material from which all the planets formed, and whose properties provide 
local comparisons for interpreting observations of extrasolar giant planets; (3) Venus, similar to 
Earth in size, location, and composition but with radically different surface conditions, including 
evidence (needing confirmation) that Venus boiled away its oceans via a runaway greenhouse 
effect; and (4) Saturn’s moon Titan, a low-temperature organics factory possibly analogous to 
the pre-biological Earth. 
 
Primitive Bodies 
 

Our view of the formation and evolution of the most primitive Solar System objects has 
been radically altered in recent years by five developments: (1) comet flyby, sample return, and 
impact missions; (2) sensitive (microJansky) infrared space-based remote sensing of comets and 
asteroids at moderate spectral resolution (e.g., by Spitzer); (3) high-dispersion spectroscopic 
ground-based studies of parent volatiles in comets; (4) the emergence of a new dynamical model 
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for the Solar System’s early evolution; and (5) Spitzer spectroscopy of debris disks that are 
extrasolar analogs to our Solar System’s remnant planetesimal belts and disks. 

 
Figure 5.1 Schematic diagram of processes affecting 
material in the proto-planetary nebula during 
planetary system formation (from Irvine et al. 2000). 
 
 
 

A Mixed-up Solar System: The “Nice” model of Solar System dynamical evolution (named 
for its city of origin; originally presented by Gomes et al. 2005, reviewed by Morbidelli et al. 
2008) infers an episode of giant planet migration and mutual perturbation 600-800 Myr after the 
Solar System formed that would have destabilized orbits of Kuiper Belt Objects (KBOs) and, 
possibly also, asteroids. Small bodies would have deluged the inner Solar System, resulting in 
the Late Heavy Bombardment (LHB) and potentially bringing significant amounts of volatiles to 
Earth, the other terrestrial planets, and the Moon.  Simulations predict that many of the objects 
scattered inward from the Kuiper Belt joined the outer main Asteroid Belt and Jupiter Trojan 
swarms. If the model is correct, each of today’s planetesimal reservoirs may contain significant 
numbers of bodies that originally formed, and spent most of their first billion years, as members 
of the other groups.  The Nice model further implies that analogs to the LHB event could occur 
in other planetary systems.  During the LHB, widespread collisions and fragmentation of 
remnant planetesimals would have made the Solar System a strong IR emitter, potentially 
explaining prominent debris disk systems detected by Spitzer around some stars with ages of a 
Gyr or more (reviewed by Meyer et al. 2007, but see also Wyatt et al. 2007). 
 
Comets 

 
Until recently, it was thought that most Jupiter-family comets formed in the Kuiper Belt 

(KB) region (> 30 AU) while Oort cloud (OC) comets formed in the giant planet region (5-30 
AU), implying these two populations should have different native volatile compositions. 
However, the “Nice” model described above predicts considerable mixing, compositional diversity, 
and overlap between the nearly-isotropic and ecliptic dynamical populations. SOFIA can provide 
unique tests of early Solar System formation hypotheses by quantifying the diversity 
among these comet populations, connecting the mineralogy, formation temperature, and 
organic content of a large number of comets with their respective dynamical families. 
Combined with modeling of disk clearing, the comet taxonomy can provide key data for 
evaluating the possible contribution of water and prebiotic organic chemicals to early Earth by 
each class of objects.   

  
Comet Mineralogy: The finding hinted by ground and space-based spectroscopy, 

confirmed by Stardust samples from Comet Wild 2, that a significant fraction of comet silicate 
particles are crystalline, is a surprise and puzzle. Possible origins of these crystalline grains 
include direct condensation at high temperature in the inner solar nebula coupled with some 
radial transport mechanism, or annealing in nebular shocks near Jupiter (Figure 5.1).   
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The magnesium-to-iron (Mg:Fe) ratio of crystalline silicates is diagnostic of their 
formation environment. Silicates with a high Mg:Fe ratio would be expected to condense from 
the canonical solar nebula, a relatively high-temperature, low-oxygen, low-water, Fe-reducing 
environment. Fe can be incorporated into condensing silicate grains, however, if the local oxygen 
or water content is high.  The crystalline silicate Mg and Fe contents of three comets have been 
measured so far: the Mg-rich comets Hale-Bopp and Wild 2, and the distributed-Mg and -Fe 
comet Tempel 1 (review by Kelley & Wooden 2009). With FORCAST plus grism, or advanced 
instrumentation, spectra at mid-IR wavelengths (12 to 40 µm) will allow observation of the 
resonant emission peaks of crystalline silicates, and thereby the Fe:Mg value (Figure 5.2).  Note 
that most of the diagnostic differences are at wavelengths impossible to observe from the ground.  

 
 

 
Figure 5.2: Measured mass absorption coefficients (equivalent to thermal emission spectra of small particles) for 
silicates of different Fe/Mg ratio. Top: pure Fe end-member silicate; bottom: pure Mg end-member silicate. Notice 
that most of the diagnostic features are at mid-IR wavelengths inaccessible from Earth. Plot taken from Koike et al. 
(2003).  
 

SOFIA’s ability to observe comets near perihelion when their activity is greatest (< 2 AU), at 
solar elongation angles inaccessible to other facilities, is critical for all comets, but particularly 
so for Jupiter-family comets that are less active than dynamically new comets because of 
many prior solar passages. SOFIA’s high spatial resolution can also play a role in determining 
the degree of heterogeneity of individual comet nuclei, for example via spectral mapping of 
comae using the wide field-of-view FORCAST plus grism, or via long-slit spectroscopy, 
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assessing whether or not the grains in jets arising from isolated active areas differ from those of 
the average coma.  

 
Water in Comets: Water is the principal volatile in comets, so quantifying its abundance 

and other properties is of prime importance to understanding comets. Cometary H2O was first 
detected in emission from Comet Halley using the Kuiper Airborne Observatory (KAO) 
(Mumma et al. 1986).  After the KAO was decommissioned, new methods for measuring water 
from the ground (Mumma et al. 1995) were developed, targeting “hot bands” with lower states 
not significantly populated in Earth’s atmosphere (Dello Russo et al. 2004). However, this is a poor 
substitute for observing the fundamental bands ν3 and ν2  -- observable from SOFIA – as these are stronger 
by a factor of ~100, permitting fainter comets to be observed.  

 
Ortho-to-Para Ratio: The water molecule consists of two distinct nuclear spin species, ortho- and 

para-H2O. The ortho- to para- abundance ratio (dubbed “OPR”) can be related to a nuclear spin temperature 
(Tspin), that measures the water formation temperature (Bonev et al. 2007 and references therein) (Figure 
5.3). There is a wide range of formation temperatures, extending to > 50 K for Comet Wilson, a 
dynamically new comet.  Moderately high values of Tspin (> 40-50 K) are found in both nearly-isotropic and 
ecliptic comet populations. Moderate spectral resolution Spitzer results for comet K4 are shown in Figure 
5.3 (right panel), along with theoretical predictions of narrow actual (unconvolved) spectral line profiles. 
The much higher spectral resolving power of EXES on SOFIA will permit robust measurements of 
individual rotational temperatures for ortho- and para-H2O isomers, and thus derivation of more accurate 
nuclear spin temperatures. Moreover, EXES can extend such measurements to the ortho-para-meta 
spin isomers of CH4 that cannot be sampled from the ground except for comets with (rare) very 
large Doppler shifts. 
 

  
 
Figure 5.3 (Left): Ortho-para ratios for H2O in comets (Bonev et al. 2007) placed on a theoretical curve connecting 
them to the corresponding formation temperature. (Right): The 6.5 µm H2O band in comet K4, both fully resolved 
and also convolved to the resolution of Spitzer (Woodward et al. 2007).  Ortho and para lines are indicated. EXES 
on SOFIA would provide major improvement in the detection limits by resolving lines of each spin isomer, and 
eliminating spectral confusion from interloping lines.    
 

D/H Ratio: The water D/H ratio measured in comets Halley, Hyakutake, and Hale-Bopp 
is enriched by a factor of two relative to terrestrial water, indicating ion-molecule chemistry at 
temperatures below 30 K. That cometary D/H ratio has been used to argue against supply of 
Earth’s oceans by comets of this type, presumably formed in the Kuiper Belt. However, the ratio 
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HDO/H2O should be lower in comets formed at higher temperatures near Jupiter and Saturn, or from 
water diffused or advected outward from the terrestrial planets region, and such bodies could have supplied 
Earth’s water. Measurements of the D/H ratio in future bright comets can test this hypothesis.  HDO has a 
strong fundamental band (ν2 ) near 7.1 µm that is inaccessible from the ground but accessible to EXES on 
SOFIA. Such comets are usually targets-of-opportunity that could require observations by SOFIA from 
remote locations and at small solar elongation.  

 
Oxygen Isotopes:  For many comets, SOFIA’s CASIMIR can access several different lines of 

H2
18O, which is optically thin and provides a measurement of the total water production rate complementary 

to EXES measurements (Bensch & Bergin 2004). Moreover, CASIMIR can observe the ratio of 18OH to 
16OH, providing direct measurements of the 18O/16O ratio in the comet formation region (Bergin et al. 
2008), yielding an independent measure of comet formation temperatures (Yurimoto et al. 2007).  

 
Organics in Comets: Comets are rich in diverse classes of organic species (Bockelée-Morvan et al. 

2004). Based on their parent volatile compositions, three comet groups are emerging: organics-enriched, -
normal, and -depleted. The discovery of organics-enriched comets that also exhibit very low nuclear spin 
temperatures suggests that this organic material formed at very low temperatures, perhaps even from 
remnants of the natal interstellar cloud core. Also, the discovery of a class of comet with drastically depleted 
organic composition (Mumma et al. 2001; Villanueva et al. 2006) argues that icy planetesimals which 
formed in the Jupiter-Saturn feeding zones of the protoplanetary disk represent a distinct population the 
members of which were emplaced in both the Oort Cloud and the Kuiper Belt, as suggested by the Nice 
dynamical model, and which might have D/H ratios closer to Terrestrial values.  

 
For comet observations, SOFIA affords unique advantages over ground-based observatories 

and spacecraft in terms of duration, mobility, and flexibility.  Based on recent experience, we 
expect that comets suitable for characterization will be discovered at a rate of 1-3 per year, 
bringing the total prospects to as many as ~60 comets in SOFIA’s two decades of operation. This 
extended time span maximizes our chances of observing a rare comet “new” to the inner Solar 
System, even if its optimum visibility is in the southern hemisphere. 

 
SOFIA’s ability to observe at small solar elongation angles, and during daytime, is 

particularly important for studies of comets, which are generally brightest when close to 
the Sun.  In contrast, ground-based observations are often limited or impossible when comets are 
at their most productive.   Table 5.1 shows a list of comet apparitions during the first few years 
of SOFIA’s scientific operations.  The “Figure-of-Merit” is an estimate of spectral line 
detectability based on each comet’s volatile production rate and the comet-Earth-Sun geometry 
during the indicated perihelion passage.  Note that we have samples of Comet Wild 2 “in hand” 
from the Stardust probe that should make future remote studies of this object easier to interpret, 
and also that the Deep Impact spacecraft has been retargeted for a visit to Comet Hartley 2 in 
2010. 
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SOFIA offers many advantages over current and future facilities for comet studies, and 
promises to extend the frontiers significantly during the coming two decades.  SOFIA will 
characterize dozens of comets from several different dynamical families, going anywhere 
on Earth to obtain the most favorable geometry. 
 
Trans-Neptunian Objects, Centaurs, and Asteroids 

 
Aside from comets, the tribes of primitive bodies include the asteroids of the inner Solar 

System, plus groups of outer Solar System dynamical families including Centaurs (10-30 AU), 
Kuiper Belt Objects (KBOs; 30-40 AU), and even more remote “scattered disk” objects (SDOs).  
SDOs and KBOs are collectively referred to as Trans-Neptunian Objects or TNOs, and known 
objects now number over 1000. These classes of primitive bodies are notable in their diversity – 
meaning that large samples need to be observed to properly characterize typical properties and 
ranges of properties. SOFIA’s contribution to TNO studies comes mainly from its ability to 
observe stellar occultations.   
 

Atmospheres of TNOs:   
 

As a planetary body with even a very tenuous atmosphere passes in front of a background 
star, refraction in that atmosphere, the presence of aerosols or dust particles, and variation in gas 
temperature with altitude can all be discerned from the light curve.  Measurements of stellar 
occultations by KBOs observed simultaneously with two SOFIA instruments, HIPO and 
FLITECAM, can probe for atmospheres with surface pressure as small as ~0.1 µbar, comparable 
to the atmospheres of Pluto and Triton.   

 
A small object’s occultation shadow rarely crosses the Earth at the location of a large 

ground-based telescope, but SOFIA can be positioned almost anywhere, free from clouds and 
scintillation noise, with a large telescope and optimized high-speed photometers operating in 
several colors to give the maximum achievable spatial resolution. It is estimated that SOFIA can 
capture 30 or more TNO occultations over its lifetime. Moreover, SOFIA can observe occulted 
and occulting objects a few days before the event to precisely determine trajectory parameters 
and be able to guarantee flying in the shadow track center when the moment comes.  

Table 5.1. 2011 – 2013 Known Comet Targets 
 

COMET 
 

 
DATE 

(available dates) 

 
Q1 

1029 s-1 

 
R, 
AU 

  
Δ  ,  
AU 

 
Δ-

dot, 
km/s 

 
Figure-
of-Merit 

 
103P/Hartley 2 Aug '10 - Jan '11 0.25 1.15 0.22 -11 0.70 
45P/H-M-P Sept '11 0.072 0.96 0.70 +38 0.12 
2P/Encke Oct. '13 0.04 0.69 0.54 +21 0.30 
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SOFIA will greatly expand our knowledge of several compositionally diverse populations of 
primitive bodies – determining comet mineralogy, water content, and organic content, and also 
constraining trace atmospheres and densities of dozens of TNOs, Centaurs, and asteroids. 
SOFIAs unique observations will test recent Solar System formation and evolution theories 
that predict substantial radial mixing of these dynamical populations.  
 
Extrasolar Planetary Material and Solar System Primitive Bodies 
 
With high-resolution spectroscopy over a wide wavelength range, SOFIA can build on 
Spitzer’s legacy of mid-infrared spectroscopy of unresolved material around solar-type 
stars, connecting our understanding of the composition of primitive bodies in extrasolar 
systems to our Solar System.  
 
Most, if not all, solar-mass stars are born with circumstellar disks.  These “primordial” disks 
evidently form planetesimals and planets in some cases, and are finally cleared out by photo-
evaporation, radiation pressure, and other effects within a few Myr after their formation (Section 
X of this document). Debris disks, in contrast, are features of older systems in which planet 
formation has finished or nearly finished, but significant amounts of relatively short-lived second 
generation dust are generated by collisions and sublimation of remnant planetesimals (e.g. 
reviews by Backman & Paresce 1993, Meyer et al. 2007). The Solar System’s Kuiper Belt and 
Asteroid Belt can be considered old, low-density remnant debris disks, with 99% or more of their 
original mass lost, continuing to create dust via collisions and comet activity, which in turn are 
the results of planetary perturbations. 
 
SOFIA can target dozens of debris disks discovered photometrically by Spitzer but were 
not studied spectroscopically, covering a broad wavelength range at high spectral 
resolution. 

Figure 5.4a:  KAO photometric measurement of a star occulted by Pluto.  The gradual transitions on 
either side of the occultation indicate the presence of the dwarf planet’s atmosphere (from Eliot et al. 
1989). b: Small irregularities in Pluto’s occultation light curves can be analyzed to provide detailed 
information about atmospheric temperature and pressure profiles (from Sicardy et al. 2003).  
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Figure 5.2 above illustrates the type of spectra SOFIA can be expected to return regarding Solar 
System primitive bodies. Figure 5.5 compares mid-IR spectra of two comets, some terrestrial 
minerals, and various examples of extrasolar circumstellar dust.   
 

 
 
 
Figure 5.5a:  Comparison of dust emission spectra from two Solar System comets and a variety of extrasolar 
protoplanetary or planetary debris disk systems: HD 100546, a Herbig A0V star, a younger version of the Vega 
system; HD 113766, a 12 Myr-old F5 main sequence star; and HD 69830, a nearby mature K0V star, an older 
version of epsilon Eridani. Note the similar emission features at common wavelengths in the spectra, despite the 
highly diverse source environments. b:  Detailed mineralogical analysis of the Spitzer spectrum of one of the 
circumstellar dust disks in panel (a), HD 113766.  The star is encircled by at least a Mars-mass of terrestrial planet 
construction material within its “habitable” (liquid water-temperature) zone, plus two belts at greater radii 
dominated by water ice-laden dust. (Both panels after Lisse et al. 2008.) 
 
 
SOFIA’s EXES instrument can produce spectra with 1-2 orders of magnitude higher resolution 
in the same spectral range as Spitzer IRS; FORCAST plus grism and FIFI-LS can extend high-
resolution spectroscopy to wavelength ranges not covered by Spitzer. 
 
SOFIA will build on Spitzer’s discoveries, adding significantly to the number of 
spectroscopically well-studied debris disks, while extending measurements to longer 
wavelengths. SOFIA’s mid- and far-IR spectroscopic capabilities can support detailed 
mineralogical analyses and comparison of extrasolar debris disks containing dust produced 
by planetesimal collisions and sublimation, with Solar System primitive bodies. 
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Giant Planets 
 

The properties of our Solar System’s giant planets, including cloud formation and 
atmospheric dynamics, serve as ground truth for interpreting necessarily cruder observations of 
the ever-growing number of extrasolar planets.  

 
  Global studies -- Bulk Composition and Dynamics: Observations of outer planet SEDs 
across the far-IR and sub-mm range of their peak thermal emission are key to determining their 
bulk compositions, thermal structures, and internal fluid dynamics.  Just as for stars, the 
departure of a gas planet’s emitted thermal spectrum from a perfect blackbody can be used to 
determine the temperature versus optical depth in the atmosphere. Surprisingly, the giant 
planets’ SEDs remain incompletely determined in spite of multiple spacecraft investigations and 
decades of ground-based observations (Atreya et al. 1999; 2003).  
 
  SOFIA can contribute to the vexing question of the H/He ratio in the giant planets, a 
problem that remains unsettled even after several spacecraft flybys and the Galileo entry probe 
into Jupiter’s atmosphere.  Observations with FIFI-LS (42-210 µm), calibrated by FORCAST 
and HAWC broadband photometry between 5 and 215 µm will give complete SEDs, from 
which temperatures may be deduced from the upper troposphere down to several bars of 
pressure. Complete and consistent coverage of this spectral range allows determination of the 
ortho-para hydrogen ratio and H-He abundance.  
 
Neptune’s SED, and by implication its atmospheric structure, have varied over the last two 
decades, perhaps as a seasonal response (Figure 5.6).  Major episodic changes of Neptune’s 
near-infrared spectrum have also been seen (Joyce et al. 1977). Observations by SOFIA over the 
next two decades could resolve this question. 
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Figure 5.6: Spectrum of Neptune in the difficult and important mid-IR region unique to SOFIA. The locations of 
the emission cores of the broad H2 collision-induced S(0) and S(1) rotational lines are also indicated. Spitzer IRS 
LH spectral data are red crosses, and SH spectra are the blue lines. A model fitting ground-based data from the 
1980s (Orton et al. 1987, diamonds) plus ISO LWS (filled circle) and SWS (filled boxes) data are also shown. 
Spectral ranges covered by SOFIA FORCAST’s 38.0, 30.0, and 24.4 µm broadband filters are shown schematically 
at the upper left.  
 

Atmospheric Chemistry: SOFIA’s high-resolution spectrometers (CASIMIR, GREAT 
and EXES) enable investigation of the global chemical inventory of all the gas giants, with 
especially good spatial resolution for Jupiter and Saturn. SOFIA’s GREAT spectrometer can 
provide far better spectral resolution on all gas giants in the 60-180 µm range than Herschel’s 
PACS, and CASIMIR will provide unique observations of Jupiter and Saturn at 200-600 µm. 
The 120-200 µm range will be covered for Uranus and Neptune only by SOFIA’s FIFI-LS and 
SAFIRE.  While Herschel’s HIFI is able to cover the 200-600 µm region at very high spectral 
resolution, it will be focused on water, so SOFIA observations of other molecular species and 
wavelength ranges will be unique. FORCAST plus grism will provide much higher spectral 
resolution than Herschel through the mid-infrared.  EXES will provide high-spectral resolution 
capabilities over selected spectral regions between 5 and 28 µm, especially regions rich with 
molecular signatures between 14 and 17 µm. SOFIA can thus improve on Herschel’s 
incomplete wavelength and species coverage, providing systematic observation of all four giant 
planets across most of their thermal SEDs at high spectral resolution.  

 
Although we know that complex photochemistry takes place in the atmospheres of the 

giant planets, the relevant wavelengths are mostly inaccessible from Earth. Among the key 
opportunities in SOFIA’s accessible spectral range for investigations of organic chemistry 
would be detection and measurement of spectral lines from species such as benzene (C6H6) and 
propane (C3H8) in Uranus and Neptune which are otherwise buried among acetylene (C2H2) 
lines, and the verification or identification of isotopes of species such as diacetylene (C4H2) and 
methyl acetylene / propyne (C3H4) (see also, discussion of Titan in section 5.4.2).  Lines in the 
50-500 µm range can be detected from known constituents such as H2O, CO, NH3, PH3 and HD, 
together with possible so-far undetected lines of HF, HBr, HI, InBr, AsF3, BgH3, HCP and H2Se 
(Bezard et al. 1986).  Only upper limits to several of these species have been obtained for the 
atmospheres of Jupiter (Fouchet et al. 2004) and Saturn (Teanby et al. 2006). Several of these 
species (phosphorus compounds in particular) have been proposed as potentially important 
opacity sources, perhaps capable of resolving the global spectrum paradoxes mentioned above, 
and others are tracers of non-equilibrium processes, perhaps manifestations of upwelling flows 
or even micrometeoroid bombardment. SOFIA’s spectroscopic sensitivity in the relevant 
wavelength ranges will be better than ISO’s, with which these searches were done originally. 

 
Spatial and temporal variations: Long-term spatially-resolved monitoring of the para- 

vs. ortho-H2 ratio with the help of FORCAST imaging observations at 24.5, 30, and 38 µm 
(Figure 5.7) would enable an assessment of spatial/seasonal variability in atmospheric 
structure, horizontal and vertical winds, and heat flow over the giant planets’ disks. SOFIA’s 
longevity means that variation in atmospheric properties of the outer planets can be observed 
over decades.  This will be particularly useful for Saturn, Uranus, and Neptune which all 
undergo substantial changes in Earth and Sun-facing geometries. Uranus has no measurable 
internal heat escaping, unlike the other three giant planets.  Is that puzzling property a long-term 
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characteristic of the planet, perhaps connected to the catastrophe that turned Uranus on its side, 
or will decade-scale seasonal atmospheric changes “uncork” heat flow?  SOFIA is best suited to 
find out. 

 

  
 
SOFIA will observe all four giant planets across their full bolometric spectrum, giving broad 
SED coverage that can solve outstanding questions regarding atmospheric structure 
(temperature, bulk composition, opacity, vertical upwelling).  Moreover SOFIA’s unparalleled 
spectral coverage and resolution, generally exceeding any other facility, can discover and map 
many key molecules spatially and (via modeling of line profiles) vertically. 
 
SOFIA’s unique capabilities of wavelength coverage, high spatial resolution, and long 
duration will open new windows of understanding of the giant planets through studies of 
their atmospheric compositions and structures, and temporal variability, both seasonal 
and secular. 
.  
 
 
Small Worlds of our Solar System: Venus and Titan 
 
Venus: Earth’s neglected “sibling” 
 

Venus, the planet most similar to Earth in bulk composition and location, has an 
atmosphere with chemistry and dynamics that are poorly understood.  Investigating the current 
characteristics and history of Venus’s atmosphere bears directly on understanding Earth’s 
corresponding properties.  
 

Venus may have initially had as much water as Earth, but atmospheric D/H ratios suggest 
that it subsequently lost its oceans to a fierce runaway greenhouse effect.  The hydrogen was 
probably lost to space, but the fate of the oxygen remains unknown. Understanding Venus’s 
initial conditions, and how this loss occurred, can provide crucial clues for unraveling the 
formation and evolution of Earth and other terrestrial planets.  Insight can also be gained 
regarding the width of the “Continuously Habitable Zone” around Sun-like stars, i.e. at what 
distances from a primary star would an originally Earth-like “water world” remain Earth-like, or 

Figure 5.7: 24.5-µm image of Jupiter from the NASA 
IRTF (2008 Aug. 8), showing variability of thermal 
emission across the disk.  Diffraction-limited resolution for 
FORCAST 30.0 and 38.0 µm images are indicated 
schematically.  These are sufficiently small to resolve 
major banded structure and large features.  Jupiter’s 
diameter viewed from Earth ranges from 35 to 42 arc 
seconds.   
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evolve into a Venus? Furthermore, the hot, dry, acidic atmosphere of Venus may be a good 
analog for the atmospheres of “super-Earth” exoplanets orbiting close to their parent stars. 

 
Venus’s slow rotation leaves it in an unusual atmospheric dynamics regime, including a 

puzzling “super-rotating” mesosphere circling the planet in only 4 Earth days, with substantial 
dayside-nightside energy transport overlain by a symmetric sub-solar to anti-solar flow at high 
altitudes (Figure 5.8).    Chemical models predict that UV insolation should decompose Venus’s 
current predominantly CO2 atmosphere into a mixture with substantial abundances of CO and 
O2, which is not observed.  

 
 
 

Figure 5.8:  Pioneer Venus UV images of Venus’s H2SO4 cloud layers 
were used to reveal temporal and spatial variations, and track wind speeds. 
 

 
 

 
 
 
 
 

 
One area in which observations of Venus have been lacking, in which SOFIA can play 

the discovery-level role of a spacecraft, is in high-resolution spectroscopy. With the failure of the 
high-resolution (1.2 cm-1) mid-infrared Planetary Fourier Spectrometer (PFS) aboard the 
otherwise highly successful Venus Express, the last spectroscopic observations of Venus at 
middle- to far-infrared wavelengths by a spacecraft were by a lower resolution (5 cm-1) 
instrument on Venera-15 in the 1980s.  The last attempts at high-resolution spectroscopy of 
Venus from the KAO (Aumann & Orton 1979; Aumann et al. 1982) did not have sufficiently 
high spectral resolution to detect individual molecular signatures. Venus was not observable by 
ISO and will not be observable by Herschel because of solar elongation limitations.  In contrast, 
Venus can be observed by SOFIA for as much as six months around its maximum eastern and 
western elongations. Hence, SOFIA will become the facility of choice for observations in 
spectral regions unavailable from the Earth at least until another spacecraft with a mid- to far-
infrared high-resolution spectrometer visits Venus – and none is currently approved to do so. 

 
Atmospheric structure: Pioneer Venus and Venus Express mapped the high-level H2SO4 

cloud layer in the UV, using stable spatial variations in the clouds to derive wind speeds and 
constrain the mesospheric super-rotation, many aspects of which are still not understood.  
SOFIA’s EXES spectrometer can follow up by observing the 15 µm CO2 band over a range of 
wavelengths between 11-17 µm, sampling the temperature and wind speed profiles in 5 km 
vertical increments (determined by the spectral resolution) through the entire middle atmosphere 
(50-90 km altitudes).  The 70-90 km portion, which has never been studied, lies between the 
observable cloud tops and the higher altitude regions accessible via observations of CO 
rotational lines at microwave wavelengths. With its good spatial resolution of ~2 arc seconds at 
15 µm, SOFIA can study diurnal latitudinal and longitudinal variations in atmospheric structure 
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and, allowing inference of wind structure. Very high-resolution heterodyne spectroscopy with 
CASIMIR, which provides good altitude resolution, can extend ground-based observations of 
12CO and 13CO to stronger lines which sample higher altitudes and lower abundances. The 90-
100 km altitude range that can be studied in this way is the transition region between Venus’s 
two different atmospheric dynamics regimes, and is also the location of a controversial possible 
temporally variable warm layer (Bertaux et al. 2007; Clancy et al. 2008) that may result from 
localized heating correlated with intense infrared airglow in this altitude range (Crisp et al. 1996; 
Ohtsuki et al. 2005; Bailey et al. 2008).  
 

Chemical and isotopic composition: Key goals for spectroscopy of Venus include a 
number of molecules of interest to atmospheric chemistry analyses that have absorption and 
emission lines throughout the mid- and far-IR spectral regions accessible only to SOFIA. Some 
of these molecules may act as catalysts, controlling chemical pathways, atmospheric evolution, 
and atmospheric escape. Chlorine, for instance, is expected to be an important catalyst. HCl is 
known to be present in Venus’s atmosphere, and modeling suggests a range of chlorine oxides 
should be formed from photo-dissociation of HCl. These chlorine oxides may help answer the 
question of why CO2 appears to be even more stable against ultraviolet photo-dissociation on 
Venus than it is on Mars:  it remains a major puzzle why the major constituent of Venus’s 
atmosphere does not break down under solar UV irradiation into a mixture of mostly CO and O2 
(Mills & Allen 2007).  
 

Isotopic ratios in key species such as H and O can help constrain how Venus’s oceans 
were lost. The most important molecules for atmospheric escape are H2O and HDO, the latter of 
which is hundreds of times more abundant in Venus’s than in Earth’s atmosphere. Deuterated 
species (e.g DCl) readily observable by SOFIA provide diagnostics of atmospheric chemical 
pathways and also an independent measurement of the D/H ratio. DCl is potentially observable 
by Venus Express, but the only DCl lines that it can observe at its wavelengths of observation are 
blended with strong CO2 lines.  

 
SO and SO2 abundances, critical to understanding the cycle which maintains Venus’s 

mesospheric sulfuric acid haze, show diurnal, temporal, and vertical variations in sparse ground-
based 200-300 GHz observations (Sandor et al. 2008). In addition, Venus Express measurements 
show that thermospheric temperatures and SO2 abundances at the cloud tops have changed 
dramatically since Pioneer Venus (Bertaux et al. 2007; 2008).  Venus Express also found large 
abundances of SO2 at 100-110 km altitude (Bertaux et al. 2008) which greatly exceed both 
model predictions and upper limits from ground-based observations (Sandor et al. 2008). Both 
sets of Venus Express observations have led to suggestion of strong vertical mixing; if 
confirmed, such a discovery would be important for understanding the atmospheric sulfur cycles 
that maintain Venus’s clouds. SOFIA (CASIMIR, GREAT) can observe vertical profiles and 
temporal variations of these important molecules, improving on ground-based observations by 
accessing stronger lines of SO and SO2 which provide more sensitive probes.  SOFIA's long 
mission duration is important for continued surveillance of processes that might have decade 
timescales. 
 
By circumstance, Earth’s sister planet has never been thoroughly explored with broadband, high-
resolution spectroscopy, leaving fundamental questions about the atmospheric composition and 
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evolution.  SOFIA can play the role of a Venus-focused spacecraft with the potential for 
discovery-level science regarding atmospheric dynamics and the atmospheric chemical network, 
via its ability to map lateral, vertical and temporal variations in composition, temperature and 
associated wind structure, above, within and below the visible haze layer. 
 
SOFIA observations of Venus will address critical and unsolved questions about the 
planet’s atmospheric structure, dynamics and variable composition, using different 
wavelengths to probe all levels of the atmosphere. 
 
Titan: a pre-biological organic laboratory 
 

Titan has long been a target of central interest from the standpoint of organic chemical 
evolution. Its low abundance of atmospheric H2 (~0.1%) allows chemical pathways to proceed to 
great complexity that cannot be reached in the atmospheres of the gas giant planets. In spite of 
many new results obtained by the Cassini orbiter and Huygens probe, there is a number of 
missing key measurements that only (or optimally) SOFIA can make. SOFIA has several 
advantages over Herschel, Spitzer and ground-based telescopes for Titan studies: SOFIA’s 
wavelength range is broader and captures more molecules, especially at short IR wavelengths 
and outside Terrestrial atmospheric windows (e.g. CO, CH4, C2N2, C4N2, HC3N), it allows for 
the detection of more lines per molecule, and it has a much long mission duration.  

 
During a 20-year span the Saturn system undergoes more than half of a seasonal cycle 

(northern solstice to southern solstice). SOFIA can observe Titan’s full seasonal and latitudinal 
variability, connecting Cassini observations (and Voyager 1980, ISO 1997) with possible future 
missions. Cassini has taught us that the Saturn system is temporally- and seasonally- variable. 
Herschel will observe Titan, but will focus on water, and is limited in wavelength coverage and 
duration.  

 
Atmospheric chemistry: The main novel results that SOFIA can contribute to Titan 

science are breakthroughs in atmospheric composition and chemistry from high-spectral 
resolution far-infrared (GREAT and CASIMIR) and mid-infrared (EXES) spectroscopy. Of 
particular importance in the sub-millimeter spectral range are nitriles and heavy-C hydrocarbons, 
which Cassini’s mass spectrometer INMS has proven to exist in the ionosphere up to its mass 
limit of 6 or 7 carbon atoms. Observations of Titan with ISO spectral resolution of a few times 
103 allowed the first detections of H2O and C6H6 (Coustenis et al.1998; 2003). Benzene has also 
been confirmed in Cassini/CIRS data, albeit with low S/N ratio that doesn’t allow precise 
determination of its abundance (Coustenis et al. 2007). Thus, SOFIA’s ability to achieve R ~ 104 
– 107 at comparable sensitivity can be expected to allow detection of new molecular and isotopic 
species.  

 
Lines of key molecules including CH4, CO, and HCN – the starting links in the organic 

chemical evolution chain – are observable by SOFIA in the sub-millimeter range not covered by 
ISO, and recorded but with poor S/N by Cassini.  SOFIA’s broad wavelength range will allow 
these molecules to be sampled in different resolved lines, e.g. at 191 µm and 239 µm (1569 and 
1256 GHz), constraining the thermal profile and vertical distribution in novel altitude regions. 
Several hours’ integration will be sufficient to assess the rotational lines of CH4 with GREAT 
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and CASIMIR. The outcome of these complementary studies will be the exploration of a rich 
spectral region as yet unexploited at Titan. Also, studies of isotope ratios in C, N, and O, bearing 
on the formation of Saturn, Titan, and the Solar System, can be done uniquely with this high 
spectral resolution and wavelength coverage.  

 
Simulations of the signatures of heavy nitriles (CH3CN, etc.) indicate that they can be 

detected for the first time in the 250-550 µm (1200-550 GHz) range with CASIMIR and hence 
provide information on the maximum degree of complexity achieved in Titan’s organic 
chemistry.   
 
The far-infrared and sub-millimeter wavelength coverage of the SOFIA instruments enable 
the search for and quantitative studies of organic and other molecules in Titan’s rich and 
evolving atmosphere beyond the capabilities of spacecraft and ground-based observatories. 

 
In the mid-IR range, complementing ground-based, 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 5.9) .  

 
 
 
 
 
 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9:  (left) Complex organic chemistry hypothesized to occur in Titan’s atmosphere.  (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. 
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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 wavelength 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 observations, 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 
29-year orbital period. 
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