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Abstract: The solar system’s satellites constitute many worlds, each with its own thermal
history, atmospheric dynamics, and surface composition. Ocean worlds like Enceladus, Europa,
and Titan have high astrobiological potential. Whether subsurface oceans on these worlds are
conducive to life depends in part on how well oxidants produced on the surface diffuse
downwards through the ice shell, a strong function of the subsurface temperature gradient.
Wavelengths of a millimeter and shorter are sensitive only to the shallow subsurface, where
diurnal temperature variations dominate the thermal profile. Accessing the thermal profile in the
deeper and less processed regions of satellite subsurfaces requires the sensitivity and spatial
resolution in the 1-100 GHz range that only the ngVLA will provide. These frequencies are also
sensitive to molecules in the atmospheres of these bodies, providing information on active
geological processes such as (cryo-)volcanic plumes as well as complex prebiotic chemistry on
Titan that cannot be accessed in any other wavelength regime but complement the information
available from mm observations. There are currently several planned and potential spacecraft
missions to these worlds that would orbit and/or land on their surfaces. The ngVLA will be the
only facility equipped to provide an estimate of roughness at the length scales relevant to a landed
spacecraft, which is obtained from spatially-resolved polarization measurements at thermal
wavelengths.

1



1 Introduction
The outer solar system’s major satellites all host rocky and/or icy surfaces that preserve

evidence of their thermal histories and active geological processes, with atmospheres that range
from the dense (∼ 1.5 bar), chemically-complex atmosphere of Titan to the tenuous,
surface/interior-derived atmospheres of Io, Europa, and Enceladus. Continuum thermal emission
arising from the satellites’ 35-150 K surfaces and subsurfaces dominates their signal at radio
frequencies, while rotational emission lines provide a fingerprint of molecular species in their
atmospheres. These objects present a range of diverse conditions for the study of fundamental
processes, including the thermal evolution of rocky/icy worlds, the creation and loss of tenuous
atmospheres in different particle/radiative environments, and the astrobiological potential of
subsurface oceans. The ngVLA will enable valuable investigations into these and many other
questions; we highlight just a few of the most critical and timely areas of discovery.

2 Atmospheres and Plumes

2.1 Titan
Within the solar system, Titan possesses the atmosphere most comparable to Earth’s. The

atmosphere is dominated by N2, with CH4 at a few % level. Like Earth, it has a well-defined
troposphere and stratosphere (e.g. Fulchignoni et al. (2005)). By mass, ∼90% of the atmosphere
lies below the tropopause. While Cassini made extensive observations of Titan’s stratosphere and
above, the troposphere and surface are difficult to sense due to hazes and molecular absorption
(N2-N2 collision-induced absorption (CIA) being the most important). These regions can only be
probed at a few specific infrared wavelengths (away from CH4 absorption bands) and at radio
wavelengths. Yet the troposphere and surface are regions of high interest; surface conditions
(pressure, temperature) are near the triple point of methane, like water on Earth, allowing liquid,
solid and gaseous methane to co-exist. Cassini Ku-band RADAR revealed lakes and seas (Stofan
et al., 2007) confirming persistent, large-scale liquid at the surface. The surface is also shaped by
aeolian and fluvial processes, and methane rain is strongly suspected from rapid equatorial (Turtle
et al., 2011) and polar (Dhingra et al., 2019) changes.

The tropopause is an ineffective cold trap for CH4, and the upward diffusion of methane
(Niemann et al., 2010) contributes to photochemistry and haze production. Since the troposphere
contains the bulk of Titan’s methane, the stability of the methane cycle requires replacement over
geologic time (Hörst, 2017). The methane cycle is tightly tied to the temperature of the lower
atmosphere, which has only been measured via Voyager 1 (Lindal et al., 1983) and Cassini radio
occultations (Schinder et al., 2012), and during the Huygens probe descent (Fulchignoni et al.,
2005). The lower atmosphere is poorly measured, despite holding most of the atmospheric mass.
Broad latitudinal temperature seasonal variability, at the level of several K, is seen at the
tropopause (Anderson et al., 2014) and the surface (Jennings et al., 2016; Le Gall et al., 2016), but
within the troposphere is not well sampled; this information is crucial for climate models
(Tokano, 2014).

Broadband observations of Titan at cm, mm, and submm wavelengths are affected
primarily by CIA from N2-N2 and N2-CH4, scaling roughly as ν2. Thermal emission at
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frequencies below ∼ 45 GHz mostly originates from the (sub)surface (see Section 3), while
higher frequencies are sensitive to the atmosphere. Sensitive broadband observations spanning the
cm-mm bands allow for sounding the troposphere from the (sub)surface to near the tropopause,
providing a thermal characterization of the troposphere and surface. At the higher frequencies
(sensitive to the atmosphere), the spatial and noise gains of the ngVLA over the current VLA will
allow detection of latitudinal and/or regional variations in tropospheric temperature, and
potentially methane abundance. In the 3mm band the stratosphere can be probed via observations
of several nitriles (e.g., HCN, HC5N, HC7N), sensitive to stratospheric chemistry and dynamics.

2.2 Io & the Icy Satellites
The tenuous atmospheres of the outer Solar System’s other satellites are sourced by

thermal processes and sputtering of surface ices, along with contributions from geological activity
for volcanic or cryovolcanic systems. These processes generate atmospheres that vary spatially,
dictated by the distribution of surface frost, solar insolation (including modulation by moving
through eclipses as on jovian moons), pattern of particle bombardment, and/or locations of gas
plumes. Orbital and seasonal changes in particle environment and solar illumination drive
variability on a range of timescales. Investigations into the nature and variability of thin satellite
atmospheres inform our understanding of the creation and evolution of surface conditions on these
worlds, and shed light on their potential habitability. However, the composition and dynamics of
these atmospheres remain poorly understood due to the difficulty of detecting tenuous
atmospheric signatures above the bright surface reflectance at UV through NIR wavelengths.

Radio frequencies probe rotational transitions of molecular species and can have a much
greater line-to-continuum ratio over other wavelength regimes. Io’s sulfur-based atmosphere is
the densest (∼nbar) and best-studied of the tenuous (excluding Titan and Triton) satellite
atmospheres. A variety of gas species have been detected and mapped in Io’s bulk atmosphere at
millimeter wavelengths, including SO2, 34SO2, and SO (Moullet et al., 2010, 2013), and the SO2

emissions have been used to map wind speeds (Nowling & Moullet, 2015). The ngVLA will
extend the high sensitivity and spatial resolution of ALMA down to lower frequencies, enabling
searches for new species and mapping of a wider range of lines for known species, many of which
have rotational transitions in the 10-100 GHz range (e.g. H2O, SO, SO2). The latter of these is
critical for interpreting data at millimeter wavelengths; with the limited range of excitations
observed currently, there is significant degeneracy between assumed gas temperature profile and
species abundance. Extension into the ngVLA bands will cover a wider excitation range helping
to break the degeneracy. The unmatched sensitivity of the ngVLA will also allow high-SNR
detections on some species in short on-source times, permitting studies of diurnal atmospheric
cycles, which is a largely unexplored arena. Data at high spatial resolution will reveal spatial
correlations with surface properties, constraining atmospheric source terms, and will provide a
window into atmospheric dynamics through the mapping of line-of-sight wind speeds from
Doppler shift measurements.

On satellites with volcanic or cryovolcanic activity, radio observations may detect plumes
and determine their molecular make-up, providing direct information on geophysical processes
driving activity and the properties of source reservoirs (water or magma). Using ALMA, Moullet
et al. (2015) mapped alkali gases in Io’s volcanic plumes (see Figure 1); the data resolve the
distribution of these gases into distinct localized areas. Localized plumes are also present on
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Figure 1: Spatial inhomogeneities in gas species are easily seen in observations that resolve a satel-
lite, as demonstrated in these spatially-resolved ALMA maps of alkalis in Io’s volcanic plumes.
The data were taken in June 2015, at a spatial resolution of 0.25”×0.4”. (Moullet)

Enceladus and perhaps Europa. Enceladus’ plume is dominated by water, but molecules such as
ammonia, methanol, formaldehyde, and even more complex organics have been detected
(Postberg et al., 2018). With the end of the Cassini mission, in-system observations have ceased,
hindering efforts to determine the dependence of plume strength on Enceladus’ long-period
(multi-year) orbital evolution (Ingersoll & Ewald, 2017). Radio frequencies are uniquely sensitive
to many species seen in the plumes, and spectral line observations present a potential avenue for
continuing to track the plume’s variability, and for detecting and measuring molecular
abundances. While Enceladus is a primary target, other satellites may have ongoing plume
activity such as Triton and Europa. The signatures of these plumes require the high spatial
resolutions (to isolate plume regions of ∼100 km, i.e. <50 mas) and sensitivities that would be
achieved with the ngVLA but do not exist with the current VLA.

3 Geology and (sub)-surface structure
In the 1-100 GHz range, continuum thermal emission from satellites arises from the upper

few cm down to meters within the subsurface and provides quantitative information on
temperature and material properties at these depths. With sufficiently high spatial resolution (at
least 5-10 elements across the object), the polarization of this emission as a function of emission
angle provides an estimate of the bulk dielectric constant of the surface material(s), enabling a
more robust conversion from brightness temperature to physical temperature and providing
information on surface roughness at the scale of a wavelength. This feature is of particular
interest for the solar system satellites where landed missions are being considered.

Observations at 1-100 GHz with a spatial resolution of ∼100 km or better will begin to
resolve distinct geological terrains and will provide insight into the material properties of these
regions. For example, Cassini’s 13.8 GHz (Ku-band) RADAR and radiometry data show that
Titan’s surface displays large scale variations in brightness, due in part to variations in surface
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Figure 2: ALMA continuum images of Ganymede and Europa at 230 GHz before and after model
subtraction. The Ganymede model is a simple disk; the residual image demonstrates surface tem-
perature variations up to∼10 K, largely correlated with surface albedo (de Kleer et al., 2018). The
Europa observations were made at higher spatial resolution, and a thermal model was used for the
model image. The residual image shows that models can account for much but not all mapped
variations (Trumbo et al., 2017). While ALMA frequencies are sensitive to the ∼cm subsurface,
ngVLA observations of these satellites would probe deeper regions.

roughness (enhancing scattering) and in absorptivity (dielectric constant) of the surface materials.
The reflectivity of Xanadu, an extended and peculiar low latitude region, is anomalously high,
indicative of coherent scattering on scales of a few wavelengths. In contrast, the dunes and plains
which cover most of Titan are radar-dark, with an effective (low) dielectric constant that is
indicative of a cover of organic material precipitated from the atmosphere.

On active ocean worlds, sites where relatively warm subsurface material is transported to
the near-surface could manifest as ‘hot spots’ detectable in thermal emission. Spatially-resolved
observations with the IRAM interferometer and ALMA have provided brightness temperature
maps of the galilean satellite subsurfaces at millimeter wavelengths, some of which are shown in
Figure 2 (Moullet et al., 2008; Trumbo et al., 2017; de Kleer et al., 2018). In particular, ALMA
has been used to make the first complete map of Europa’s thermal emission at spatial resolutions
relevant to geologic and compositional units (∼50 mas), allowing for a detailed investigation of
Europa’s surface thermal structure (Trumbo et al., 2017, 2018). These data, obtained at 233 GHz
(1.3 mm), revealed a region of high thermal inertia surrounding Pwyll crater, previously
interpreted from Galileo data to imply a potential geologic hot spot, a mysterious cold spot on the
leading hemisphere, and a multitude of other anomalies. These may indicate spatial variation in
surface thermal inertia, millimeter emissivity, or subsurface heat flow.

The ngVLA will have the potential to help determine the sources of such anomalies on
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Europa and other solar system satellites through observations of similarly high quality but at
significantly lower frequencies than can be observed by ALMA, giving a more complete picture
of the thermal profile with depth, meters into the subsurface. Disentangling the causes of these
anomalies is vital to our understanding of the endogenic heat flow of tidally-heated satellites, as
well as the relationships between its surface thermal properties and external processes, such as
particle irradiation, sputtering, and diurnal sublimation cycling. In addition, extending subsurface
thermal maps to meter depths will provide insight into the possibility of diffusion of materials
between a subsurface ocean and the surface, which is a major outstanding question in the
potential habitability of Europa. These insights require accessing the greater subsurface depths
probed at centimeter wavelengths, at the spatial resolution that only the ngVLA will provide.

Combining sensitivity and linear resolution gains of order 10 over the current VLA, the
ngVLA will allow high precision surface brightness temperature maps for exploration of surface
limb darkening, localized emissivity, and latitudinal temperature gradients, with sensitivity in a
few hours to under 0.3K in a 35 mas beam at Ka band (225 km on Titan, the size of moderate
geologic regions). At Ku band the sensitivity is superb, allowing comparison of the brightness
temperatures of the leading and trailing hemispheres, and a direct, high resolution comparison to
the Cassini 13.8 GHz RADAR and radiometry data. Since the end of the Galileo and Cassini
missions, continuum observations using ground-based radio arrays present our only means of
making well-resolved thermal observations of active satellites in the jovian and saturnian systems,
and of extending Cassini’s rich scientific legacy of Titan atmospheric studies by continuing
observation through a full Titan year.

4 Summary & Requirements
The solar system’s satellites span a wide range of properties and thermal histories; a subset

of these worlds host geological activity, subsurface oceans, and atmospheric chemistry and are of
great interest from both geophysical and astrobiological perspectives. Radio frequencies are
uniquely sensitive to molecular species and thermal emission from cold satellite surface
environments. Complementing ALMA, the ngVLA will probe deeper into satellite subsurfaces,
linking surface properties to interior processes, and will deepen our understanding of atmospheric
composition through sensitivity to a greater excitation range of molecular transitions.

Observing solar system satellites requires non-sidereal tracking at a minimum rate of
1”/s, as well as the logistical ability to schedule with fine time precision to e.g. follow a satellite
in an eclipse (30-60 minute window), and ToO capabilities to follow up on a transient event
detection such as a volcanic eruption or water plume outburst. In terms of achieving the science
objectives described above, higher angular resolution directly translates into the ability to
distinguish smaller surface or atmospheric features (e.g. localized geological terrains or plume
emissions), which range in size from ∼ 0.1” to well below 0.01”. Lower frequencies probe deeper
in a satellite’s surface, and broad frequency coverage (. 1–116 GHz) is needed to determine the
subsurface thermal profile as well as to access the greatest excitation range for spectral line
studies. Finally, measurements of all 4 Stokes parameters are required to determine the
dielectric constant of the surface, which is a key component in translating from brightness
temperatures to physical temperatures, and provides information on the surface roughness at
length scales of interest for future landed spacecraft missions.
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