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1. Introduction

Astronomical observations from ground-based and Earth-orbiting platforms have provided support for spacecraft missions to the outer solar system for several decades.  Contributions from these observations range from establishing context and defining important investigations to fundamentally enabling the success of mission experiments.   The physical characteristics of planetary targets and the nature of planetary phenomena define the types of ground-based support that may be useful to augment and advance future missions to the outer solar system: in particular, critical timing requirements and time variability on all scales; global (low spatial resolution) as well as localized (fine spatial resolution) events; daylight observations sometimes needed; and broad wavelength coverage.  We propose continued support for the NASA Infrared Telescope Facility – in particular plans for upgrading to tip-tilt or full adaptive-optics image stabilization, establishment of a low-cost network of CCD imaging telescopes to support continuous visible-light observational campaigns, partial investment in a large (8-meter or better) telescope with mid-IR camera/spectrometer facilities and adaptive optics, and investment/cooperation with giant (~30-meter) telescopes for high spatial-resolution characterization of small targets and planetary features.  This paper includes many elements presented by Orton (2009), including “case studies” from his own experience.

2. History
Ground-based observations have provided essential support for spacecraft.  For example, the failure of the Galileo spacecraft high-gain antenna to deploy fully forced the use of a low-gain antenna. With the imaging experiment too data-limited to track positions of atmospheric targets, Jupiter was observed in the near-IR from NASA’s Infrared Telescope Facility (IRTF), allowing access to the planet throughout much of the year. 

Other observations provide information critical to the interpretation of the spacecraft observations.  Measurement of the properties of the atmosphere into which the Galileo in-situ probe entered could not be made by the Galileo orbiter instruments because of problems with the tape recorder system.  Ground-based observations were made with the NASA IRTF, showing that the probe entered an anomalously dry and cloudless 5-μm “hot spot” (Orton et al, 1996, 1998; de Pater et al. 2001), explaining why the Galileo probe results were unrepresentative of mean planetary conditions.  This motivated one of the goals of the Juno mission: mapping Jupiter’s global water distribution.

Other ground-based observations have enabled individual experiments.   For example, the first missions to the outer solar system, Pioneers 10 and 11, contained an Imaging Photo-Polarimeter (IPP) experiment.  Although the relative observations of the IPP were trustworthy, ground-based observations provided absolute calibration, using spatially resolved spectroscopy of Jupiter (Orton 1975) and Saturn (Bergstralh et al. 1981).  

Some ground-based observations have motivated spacecraft sequences to be reprogrammed as a result. Saturn was imaged with the Keck Telescope’s mid-infrared Long-Wavelength Spectrometer (LWS) by Orton and Yanamandra-Fisher (2005), resolving for the first time (i) the sharp boundary of a warm region southward of ~70°S latitude and (ii) a compact region of even higher temperatures within 2° latitude of the pole itself. The availability of many CIRS spectra of polar regions analyzed by Dyudina et al (2007) and Fletcher et al. (2008) is partly due to re-programming of the re-pointing of several regional maps by CIRS after recognizing the importance of these features.

Another potential role for ground-based observations is to fill in spectral coverage missing from mission experiment payloads as a result of mass, power or budget constraints.  NASA’s New Horizons mission encountered Jupiter in 2007 on its way to Pluto. Its payload included no instruments measuring at wavelengths greater than 2.5 µm.  Ground-based observations returned information on the temperature field (from 13-25 μm imaging), and the distribution of deep clouds (from 5-μm imaging) and of ammonia gas (from 10-μm imaging) around Jupiter’s Great Red Spot (GRS) and a smaller vortex known as Oval BA, both targets of New Horizons remote sensing (Baines et al. 2007, Cheng et al. 2008).  Knowledge of the 3-dimensional temperature system allowed the upward extrapolation of the horizontal wind field measured at the cloud-top level. 


Ground-based observations which provide regular, continued surveillance support spacecraft experiment data which are limited in their spatial or temporal coverage, establishing the context for intensive studies of narrow spatial regions and filling in gaps in time.  Near-simultaneous ground-based observations at 5 μm facilitated the interpretation by Galileo’s Near-Infrared Mapping Spectrometer (NIMS) team of its very heterogeneous spectra (Carlson et al. 1996). Continued observations of Saturn taken before and during the Cassini nominal mission verify the ephemeral nature of zonal temperature waves measured by the CIRS experiment. 

Surveillance over relatively long periods of time preceding a spacecraft mission provides contextual information on slower variability.  For example, long-term observations of Saturn’s temperature structure tracked both its seasonal and non-seasonal variability, revealing low-latitude wave structure (Orton et al. 2008), whose spatial manifestation was mapped in considerable detail over a much narrower time frame from limb-sensing CIRS spectra (Fouchet et al. 2008). The CIRS observations also showed that the oscillation’s vertical structure is similar to two wave-driven stratospheric oscillation on Earth, namely, quasi-biennial oscillation (QBO) and the seasonally modulated semi-annual oscillation (SAO).  Ground-based observations of Saturn determined that its stratospheric oscillation has a periodicity of 14.8 ± 1.2 years, one half of Saturn’s year, implying that the oscillation is directly modulated by seasons or that the wave-forcing tunes the oscillation period to half a Saturnian year.

3. Mission Support in 2013-2023
The nominal Cassini mission ended in mid 2008 and will continue through 2010.  A proposal has been made to extend the mission through Saturn’s and Titan’s northern solstice in 2017 (see the White Paper by Spilker et al.).  This mission extension will provide opportunities for temporal and spatial sampling of the atmosphere, but at a rate that is unlikely to be as frequent or extensive as the primary or first extended mission.  We suggest that both be supplemented by appropriate ground-based studies.  These include surveying the morphology and evolution of deep atmospheric clouds by imaging Saturn’s 5-µm thermal emission.  At the present, only the IRTF’s NSFCam2 near-IR
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camera can discriminate the thermal emission component of deep atmospheric radiation, using a circular-variable filter position at 5.1 µm, sufficient to minimize the level of solar reflected radiation to only ~20% of the total detected radiance. It is also the only facility in which frequent observations of Saturn’s atmosphere are likely to be scheduled.  With good seeing, less than 0.5”, the major zonal banding and major features can be resolved (i.e. spatial scales less than about 2500-3000 km), conditions met about half of observing nights.  Higher spatial resolution can be obtained using either tip-tilt or full adaptive optics corrections.  This would provide resolutions of ~0.2” or better and immediate access to a wider array of atmospheric features (Fig. 1).  It would also allow tracking of smaller-scale features at shorter wavelengths, but only with resolutions better than 0.4”.   

Ground-based observations of Saturn in the mid-infrared can provide a continuous tracking of the ephemeral amplitudes of zonal thermal waves, verify Saturn’s stratospheric oscillations for consistency with a 14.8-year semi-annual period, and examine closely the rise of temperatures in the north polar region and the simultaneous drop of temperatures in the south polar region to examine consistency with the behavior of polar vortex phenomena and seasonal forcing.  Zonal thermal waves can be tracked at the diffraction-limited spatial resolution available at the IRTF, but the other phenomena require higher spatial resolution and thus larger-diameter telescopes.  NASA has vested time in the Keck I and II Telescopes, but their mid-infrared facility instrument was decommissioned several years ago.  Currently, meeting these objectives can only be done with non-NASA supported telescopes (Subaru’s COMICS and the Very Large Telescope’s VISIR instruments are the only ones with a full set of relevant imaging filters in the 17-20 µm region which provides the basis for temperature sounding in Saturn’s upper troposphere.), and time on these telescopes can be made neither on the basis of what is perceived to be routine monitoring nor on the basis of mission support.  We recommend NASA investment in a mid-infrared instrument that can be provided as a “permanent guest” instrument at Keck.  Both Subaru and the VLT are operated by non-US institutions (Japan and ESO, respectively), and the mid-IR instruments on the Gemini/North and South telescopes have no spare filter positions available for a set of temperature-sounding filters in the 17-20 µm region.

Juno is scheduled to launch in 2011 and begin orbiting Jupiter five years later.  Juno’s science objectives include determining the O/H ratio through the abundance of H2O in the deep atmosphere and constraining its core mass. Doppler tracking of Juno’s high-gain antenna carrier signal will map Jupiter’s gravity field and its in-situ particle and field experiments will constrain Jupiter internal dynamics, by providing simultaneous mapping of its gravity and magnetic fields.  These in-situ experiments, coupled with tracking of Jupiter’s UV and near-IR aurora through spectral imaging, will characterize and explore the 3-dimensional structure of Jupiter’s polar magnetosphere and auroras. Its MicroWave Radiometer (MWR) and Jupiter InfraRed Auroral Mapper (JIRAM) will map variations in atmospheric composition, temperature, cloud opacity and dynamics to depths greater than 100 bars at all latitudes.  However, JUNO will make 31 highly eccentric orbits of 11 days each, only the first few of which are dedicated to remote sensing. Furthermore, the atmosphere will be mapped only in narrow longitude swaths by the spin-stabilized spacecraft.   During Juno orbits ground based IR observations will provide information

about the auroral atmosphere that the spacecraft cannot provide. Spectroscopic observations of densities and temperatures (both column integrated and vertical profiles from limb observations) and flows of auroral H3+  (via measurements of Doppler shifts in H3+  line emissions) will measure the physical conditions in the auroral ionosphere while

Juno measures the magnetospheric conditions over the polar region. In order to understand the magnetosphere-ionosphere coupling, it will be important to have simultaneous measurements from the spacecraft (magnetospheric) and from ground-based telescopes (ionospheric). The JIRAM instrument will make IR images of the aurora but due to viewing geometries there will not be continuous coverage of the entire auroral

morphology during the science orbits. Although JIRAM will collect H3+ spectra they will be too low resolution to measure ion winds via Doppler shifting of emission lines; these are important because they contribute more than 100 times the energy of the solar EUV into the upper atmosphere. Measurements such as those by the new iSHELL spectrometer being built for IRTF will measure Doppler-shifted H3+ ionospheric emission to the unprecedented accuracy of ~100 m/s, completing the gap in our knowledge of the total upper atmosphere energy balance, simultaneously with JUNO UV measurements.

The viewing geometries available to the JIRAM will also limit the ionospheric conditions that can be measured.  For example, both imaging and spectroscopic auroral monitoring during Juno’s approach period when it is monitoring solar wind measurements will provide major clues to the investigation of solar-wind control of the aurora.

Juno’s instrumentation includes no mid-IR instruments, and there will be no information returned on the response of the neutral atmosphere to heating by the auroral related charged particles which is normally tracked via the emission of neutral CH4 at 7 µm and other hydrocarbons at longer wavelengths.  Nor does it have a narrow-angle camera capable of tracking winds using high-resolution images of Jupiter’s cloud field, although it does have a low-cost CCD imager directed at opportunities for Education and Public Outreach.  In addition to expanding the wavelength range, ground-based support observations should effectively expand coverage in the near-infrared for global context, as well as providing a longer baseline for characterization of atmospheric properties. Near-infrared imaging and spectroscopy should provide sensitivity to particulate reflection from clouds at a variety of altitudes in Jupiter, as well as signatures of NH3 gas and ice, supporting the JIRAM investigation.  Near-infrared observations, which resolve features across the entire Earth-facing disk of Jupiter at scales as small as 500 km (0.14 arcsec), and mid-infrared  observations would provide the global context for JIRAM (and MWR) investigations, as well as providing a long-term baseline of observations.  These extensions of the wavelength grasp of JUNO instruments would provide a fundamental characterization of the atmospheric meteorology in order to aid the interpretation of JIRAM and MWR results for clouds and constituents in the deep atmosphere.  Just as for the studies cited for support of the Cassini extended mission, ground-based observations to support JUNO would benefit from NASA support for tip-tilt or adaptive optics image stabilization at the IRTF, and investment in a NASA-accessible mid-IR camera/spectrometer at a large telescope for mission support.

Currently NASA and ESA are considering a combined mission pair to the outer solar system, the Jupiter Europa System Misison (EJSM), composed of the NASA Jupiter Europa Orbiter (JEO) and the ESA  Jupiter Ganymede Orbiter (JEO)  (see the white paper by Pappalardo et al.).  A mission to the Jovian system would include a great deal of atmospheric-intensive remote-sensing investigations.  Surveillance of the atmosphere in the long hiatus between missions to Jupiter, particularly in the mid infrared, would be important to track long-term changes to the atmosphere which would not be detected by the spacecraft during its nominal operations.  Whether an intensive ground-based surveillance would be useful would depend on the extent to which the mission itself would make regular observations of the atmosphere.  

New-Frontiers-class missions are proposed to Uranus and Neptune, the “icy giants” of our solar system (see, for example, white papers by Hofstadter et al.). The 98° obliquity of Uranus provides an opportunity to study the reaction of the atmosphere to extremes of seasonally dependent solar irradiance.  Current observations from the VLT/VISIR and Subaru/COMICS imply, for example, that there is a several-degree decrease in tropospheric temperatures in the northern hemisphere with respect to the measurements made in the mid-1980’s by the Voyager IRIS experiment (Conrath et al. 1998).   A variety of observations attests to the strength of Neptune’s dynamical system compared with that of Uranus.  Seasonal forcing is even more important on Neptune than on Saturn, even though their obliquities are similar, because seasonally-driven south polar temperatures in Neptune are warm enough to provide a “leak” in an otherwise efficient tropospheric cold trap for methane and into the stratosphere (Orton et al. 2007).   Long-term observations of both planets in the visible and near-infrared for cloud variability using near-Earth space borne and ground-based adaptive-optics facilities together with large-aperture telescopes which minimize diffraction-limited angular resolution in the mid infrared are capable of mitigating uncertainties regarding the length of atmospheric phenomena observed by future flyby or orbiting spacecraft at either planet.

Routine surveillance of the solar system, including outer planets (see the white paper by Wesley et al.) would provide self-consistent characterizations of atmospheric conditions in Jupiter and Saturn, with insight into Uranus and Neptune possible.  The proposed network of telescopes would supplement the current set of increasingly frequent but not self-consistent set of images by the amateur community.  The proposed network or reliance on the amateur community is the only means for “capturing” dramatic changes in planetary atmospheres, e.g. the detection of an impact into Jupiter in 2009
. 

Extremely large telescopes, 30 meters and larger, could play a significant role in the exploration of the outer planets.  One advantage of such telescopes is in the mid-infrared and longer wavelengths, where even 8- to 10-meter telescopes are still diffraction limited in their spatial resolution.  For example, the spatial resolution of the IRTF in mapping Jupiter’s stratospheric temperature field at 7.8 μm is diffraction-limited to no better than 2500 km and Jupiter’s tropospheric temperature field at 18 μm no better than 5700 km, length scales that are larger than the length scale over which vortex interaction takes place – the radius of deformation.  For the VLT and other ~8-meter telescopes, these values become 920 km in the stratosphere and 2100 in the troposphere, commensurate with the radius of deformation.  For a 30-meter telescope, these values shrink to 250 km in the stratosphere and 570 km in the troposphere, small enough to detect structure even within small vrotices, and to characterize the thermal and compositional properties of small-scale, short-lived storms across the planet, as are currently resolved by Hubble Space Telescope imaging instruments and wide-angle imaging of orbiting spacecraft.  This resolution is competitive with the expected spatial resolutions of notional infrared instruments on future missions.   For Saturn, similar resolution improvements, down to 550 km in the stratosphere and 1260 km in the troposphere, would allow resolution of the temperature and compositional fields within Saturn’s polar hot spots (Dyudina et al 2008, Fletcher et al. 2008) and possibly associated with storms which have been detected in the visible and near-infrared in reflected sunlight but not in the thermal.  For some instances, then, such ground-based observations might well improve spacecraft-instrument spatial resolution, although only for Earth-facing geometries.


For the small and thermally faint disks of Uranus and Neptune, improvements in both the elements of spatial resolution and sensitivity are possible with giant-telescope observations. The IRTF cannot resolve either planet in the mid-infrared.  Diffraction-limited resolution is 0.3 arcsec at 7.8 μm and 0.6 arcsec at 18 μm for an 8-meter telescope vs. 0.07 arcsec and 0.16 arcsec, respectively, for a 30-meter telescope.  The former are nominally sufficient to resolve the 3.8-arcsec disk of Uranus and the 2.4-arcsec disk of Neptune (e.g. Orton et al. 2007), but with few resolution elements.  Observations using a 30-meter telescope, on the other hand, could resolve thermal emission from Neptune with about the same resolution as the 3-meter IRTF can resolve it in Saturn at the same wavelength, or emission from Uranus with the same resolution as an 8-meter telescope could resolve it in Saturn.  This would provide a breakthrough in discriminating between radiative and dynamical phenomena observed at the poles of Saturn, for example.  In general, it would determine the extent of similarities or differences between meteorological phenomena among the entire range of outer planets, providing a testbed for models of a range of extrasolar planetary atmospheres.   It is important to note that descriptions of temperature for the dynamically active tropospheres of Jupiter, Saturn and Neptune rely on observations of the planet in the 17-25 μm region where opacity is dominated by well-mixed H2 (for Uranus, H2 opacity alone is also the dominant opacity at 9-11 μm).  Thus it is important to devise means for operating effectively in the Q-band region for observations of the tropospheric emission from these planets.   Improvements in sensitivity, particularly for Uranus toward the shorter wavelengths, would be important in order to begin understanding the structure of clouds in the deeper atmosphere, and to differentiate between reflected sunlight and non-thermal emission, such as H3+.  In addition to the improvement of mid-infrared angular resolution, such a telescope would also possess greatly enhanced sensitivity for detection of faint features, such as searching for trace species in the 5-μm spectral window in Uranus and Neptune, or for H3+ emission in Uranus.  For Titan, a 30-meter telescope could detect weak spectral lines in the mid-infrared with spatial resolution, as well as vastly improved sensitivity to both the horizontal and vertical distribution of clouds across Titan’s disk.

4. Summary

Outer-planet missions would benefit from extensions of their spatial, spectral and temporal coverage using both directed and survey observations from ground-based platforms.  The science return from an extended Cassini mission, the Juno mission, the EJSM mission, and proposed New-Frontiers-class missions to Uranus and Neptune would benefit immensely from directed ground-based studies.  We recommend further:

1. That the NASA IRTF implement tip-tilt or full adaptive-optics image stabilization. 

2. Ultimately, refurbishment/replacement of the IRTF as a facility with an ≥8-meter aperture is desired, but less costly would be an investment in mid-IR instrument capabilities at existing large telescopes with a full range of medium- to narrow-band filters for radiometric imaging in the 8-14 and 17-24 µm range for mission support.  

3.  That NASA support or co-support a network of a low-cost network of CCD imaging telescopes capable of  tracking rapid changes in outer-planet atmospheres

4. That NASA invest in or cooperate with planning and implementation of giant (~30-meter) telescopes.
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 Figure 1. (left) VIMS 5-μm image of Saturn (2006 February), showing the detailed heterogeneity of


 ~1-4 bar cloud structure (Baines et al. 2005). 


(right) IRTF NSFCam2 image of Saturn at 5.1 µm from 2008 Jan. 16, tracking the largest of these deep cloud features (~2500-3000 km). 
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� You may also refer here or perhaps eve above in the History section on the Titan storm observations by Emily Schaller et al. recently published in Nature.





