Ocean Sciences Across the
Solar System

FOREWORD
The 2016 Congressional Commercial Justice Science and Related Agencies appropriations bill tasked NASA
in creating an Ocean Worlds Exploration Program. Their direction for this program was to seek out and discover
extant life in Habitable Worlds within the Solar System.
In order for this to be effectuated, a framework of interdisciplinary experts in both Earth and Planetary
science is needed. In 2019, NASA established a cross divisional research network to coordinate and enhance NASA
funded researchers called the Network for Ocean Worlds (NOW). Ocean Sciences Across the Solar System (OASS) was
cultivated as a result of this effort. OASS is a collaborative effort between Earth and Planetary scientists focusing on
the advancement of research related to Ocean Worlds. The coordinated efforts of scientists that work in both Earth’s
ocean and oceans in other parts of the Solar System will allow knowledge gaps to be filled and opportunities to be
identified for testable ideas based upon existing knowledge of the Earth’s system. Synergistic research questions and
collaborations between Earth and Planetary scientists will be developed to further our understanding of Ocean
Worlds. An ‘ocean world’ can be defined as a body which plausibly can have or is known to have an existing liquid
ocean. Several of these potential candidates have been identified in our own solar system, including Europa,
Enceladus and Titan. However, the current trajectory requires considerable time to crystallize the data necessary for
in depth assessments. Therefore, it’s imperative that we utilize our own ocean world, Earth, as an analog. Bringing
together Earth and Planetary science communities will allow for a comprehensive investigation and analysis. The two
communities began as one, and this initiative will bring the two communities back together for a unified focus.
The overarching questions and topics included in this white paper were identified in a workshop held in late
2019 at NASA Ames Research Center, and five key areas of interest emerged as necessary in order to better
understand and improve our knowledge of Ocean Worlds. These are:
I.

Ocean Worlds as an Integrated System

II.

Leveraging hydrosphere and cryosphere science to search for life in ocean worlds

III.

Understanding the Properties of Environmental Change in Ocean Worlds

IV.

Characterizing Habitable Environments in Ocean World Systems

V.

Research in Analog Environments to Study of Ocean Worlds

VI.

Necessary Broad Reaching Technology Requirements for in-situ and Remote Sensing exploration of Ocean
Worlds

Research on Ocean Worlds will enhance scientific collaborations across disciplines and catapult our understanding of
Earth’s ocean and life in our Solar System forward. It will lead to new technologies and bold ideas to guide the
exploration and sustainable use of our own planet, and augment and expand existing approaches and efforts to study
Ocean Worlds as complete systems.
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SUMMARY
The discovery that there are major oceans beyond Earth is exciting for Earth oceanographers and planetary scientists
alike. As life on Earth began in the ocean, these other worlds offer tantalizing possibilities of finding life beyond our
own planet. They also offer the possibility of learning about conditions, including physical and chemical processes,
that may be different from Earth, and that affect the ocean’s surfaces and interiors and regulate how those systems
function. The innate connection that exists between Earth’s ocean and ocean worlds beyond Earth offers many
possibilities, and demands the action, of strong research collaborations between Earth ocean scientists and
extraterrestrial ocean scientists. This white paper summarizes six areas of priority where the study of Oceans Across
the Solar System would benefit from a close collaboration between Earth and extraterrestrial oceanographers.
Ocean world research requires the study and understanding of Earth’s ocean. The different sections herein outline
some of the priority areas for ocean research across the solar system, identify existing gaps, and provide ideas for
developing testable ideas based on the Earth System. It is important to acknowledge that there are no perfect
analogs; however, the different sections highlight the strengths and weaknesses of using analogs for different types
of research, such as improved understanding of ocean world processes, habitability, and where to search for life
beyond Earth. For example, by identifying analogs for specific processes, rather than specific conditions, it may be
possible to develop a mechanistic understanding that enables an extrapolation beyond Earthly points of
reference. Observation and hypothesis testing in Terrestrial environments that most closely approximate the physical
and chemical conditions thought to exist in ice covered oceans can refine our understanding of those in ice-covered
oceans and within the ice, though the numerous differences between Earth and other ocean worlds will significantly
impact the nature, abundance, and quality of evidence for any life that may exist, relative to what we observe on
Earth. On Earth, life and biogenic materials are heterogeneously distributed according to the availability of resources,
strength of stressors, and various physical transport processes; understanding the balance of factors that underlie
such heterogeneity, and projecting that understanding into the context of environments beyond Earth, can maximize
the potential of detecting biosignatures.
As the search for life in ocean worlds continues, technologies to detect such signatures will be critical, as will our
understanding of the potential distribution of life in icy worlds. Large-scale synoptic views of ocean worlds can be
afforded by active and passive remote sensing methods. Imaging spectrometers, spanning ultraviolet to infrared
wavelengths, can assess the composition of inorganic and organic matter in the water or within snow and ice on the
surface of an icy body. Active remote sensing technologies, such as radar and lidar, can measure backscattered light
off of ocean particles, subsurface observation of ice, and provide information on the surface of worlds that have thick
or obscuring atmospheres. In situ technologies for ocean worlds span systems and instruments that operate above,
on, under, or within ice, slush, and fluids. These include technologies to determine biological, chemical, and physical
properties, including biosignature detection methods.
There is much to be gained between a close collaboration between Earth and extraterrestrial ocean scientists for the
study of Oceans Across the Solar System. The knowledge, tools, and different perspectives of the same discipline,
applied across our solar system, provide complementary knowledge that will serve to advance the understanding of
ocean world workings; this is critical for understanding Earth’s oceans past and it’s possible future under climate

change scenarios, and how life began on our planet. This will in turn further the search for life elsewhere and help us
understand habitability beyond our Blue Marble.
Lastly, with the advent of space exploration, the protection of Earth’s environment and other solar system bodies
from harmful contamination have become an important principle of high priority. Consequently, the exploration of
ocean worlds thought to be capable of harboring life (extinct or extant), or processes relevant to prebiotic chemistry,
are of relevance to planetary protection initiatives. Both Earth and Planetary science communities, working together,
can significantly contribute to the development of policies, procedures, and techniques to meet planetary protection
requirements.

Fig.1 Ocean Worlds of the Solar System shown to scale. Jupiter’s moons Europa, Callisto and Ganymede have all been confirmed
to host large-volume salt-water oceans as have Saturn’s moons Enceladus and Titan: all beneath thick ice-shells. Further out in
the solar system, other candidate ocean worlds await further investigation, including Neptune’s moon Triton. Image credit:
K.P.Hand, NASA-JPL.
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1. Introduction
The Ocean Sciences Across the Solar System initiative considers how Ocean and Planetary Researchers can
best collaborate to accelerate our understanding of how Ocean Worlds function, including on our own home
planet, Earth. Elsewhere in this volume, topics explored include studying life in Earth’s hydrobiosphere
(Hoehler et al, 2022), what constitutes habitability in an ocean world environment (Glass et al., 2022), the
technologies required to advance ocean world exploration (Chirayath et al., 2022) and the selection of
suitable analog environments on Earth relevant to the predicted physics, chemistry and potential biology of
other ocean worlds (Arrigo et al., 2022). Here, we consider how our understanding of processes in Earth’s
oceanic environments can be coupled with what sparse data are available to make meaningful theoretical
predictions about other ocean worlds. Specifically, we advocate for an approach in which predictive
modelling is constrained by laboratory experimentations as well as direct observations of Earth’s oceans,
helping to guide the development and application of the innovative technologies that will be required for
future space missions. Our approach is integrative, spanning multiple inter-related sub-disciplines that
range from processes active in the subseafloor to those associated with ocean-ice feedbacks. In brief, we
advocate for applying ocean systems science to the future investigation of ocean worlds beyond Earth.
A major motivation for this work is to consider whether newly discovered ocean worlds in our outer solar
system can host life and, if so, how we might be able to detect it. Not all life on Earth relies on

photosynthesis that is fueled by energy from the Sun. Part of our biosphere is driven by chemosynthesis
involving microbes that harness energy from reaction of simple chemical species produced via fluid-rock
interactions – for example at submarine hot-springs on Earth’s deep ocean floor. Wherever a rocky seafloor
and a saltwater ocean interact beyond Earth, therefore, it is conceivable that habitable conditions – and
perhaps life – might exist. Not all ocean worlds have liquid water in contact with a rocky seafloor – some
have water sandwiched between two different forms of ice (one low-pressure and one high pressure:
Nimmo and Papallardo, 2016). But in the case of two already confirmed ocean worlds, Jupiter’s moon Europa
and Saturn’s moon Enceladus, these foundational conditions for habitability are met (Hand et al., 2020). Numerous
additional candidate ocean worlds have also been identified in our outer solar system (Hendrix et al., 2019) and a
high proportion of extra-solar planets are now also predicted to be ocean worlds (Quick et al., 2020). Together with
the recognition that chemosynthesis has long been present as a life-sustaining process on Earth, and its supports
expansive biological communities in Earth’s ocean, as revealed over the past few decades, our concept of habitability
(and biological potential) of the Universe has expanded vastly beyond just the canonical “goldilocks” zone where
proximity to a parent star allows liquid water to exist at the surface of a planet.

The search for chemosynthetic life on Ocean Worlds, as in Earth’s oceans, is neither a purely biological nor
multidisciplinary problem, but truly interdisciplinary. Geophysical and geochemical processes determine whether the
right conditions can arise on a given planet or moon to render it habitable and to constrain how much chemical
energy is bio-available (i.e. what is the nature of those chemical species and at what rate are they available) for life.
We refer to this, henceforth, as Biological Potential. Transport by physical oceanographic processes coupled with
(bio)geochemical cycling within the oceans of any ocean world will then dictate where any (potentially diagnostic)
tracers of a body’s habitability and/or any life it may host are dispersed. These factors also help to determine
whether these signatures of habitability and/or life might be expressed outward as far as an ocean world’s icy
exterior, or whether they would be trapped within. We refer to this second concept as an ocean world’s Biosignature
Potential.
Applying an ocean systems science approach can help us address these fascinating problems. In the remainder of
this paper, we discuss approaches to investigating the concepts of Biological Potential and Biosignature Potential.
Fig.1 presents an artist’s impression of the physical processes that we discuss from the interior of a planetary body
outward. We focus specifically upon conditions that extend from the planetary surface, through the ocean, and into
the rocky interior. Given the expertise of this group, the cryosphere is not considered in detail, but should be
integrated more holistically with ocean-based studies in the future.

Fig.1 Artist’s impression of physical processes pertinent to an ocean system science
approach to investigating processes beneath the ice-shell of an active ocean world.

2. Biological Potential
For an ocean world to host life, there must be chemical energy sources that can act as electron donors and acceptors.
For the geological conditions to arise to provide that chemical energy, however, there must be ongoing or recent
release of thermal energy. One source of such heating might come from geophysical processes within the planet’s
interior – for example, from the latent heat of cooling of magmatic fluids within the body’s rocky interior, exothermic
reactions, or from decay of K, U, and Th and other shorter-lived radiogenic isotopes trapped within the body’s interior
at the time of formation. Another important source of heating identified for both Enceladus and Europa is
tidal/frictional heating related to the orbital interactions of each with their sibling moons and host planets. Those
areas of ocean world research fall more centrally within the domain of planetary scientists than oceanographers (see,
e.g. Nimmo and Pappalardo, 2016). Earth’s ocean scientists, however, have a wealth of expertise in understanding
how geophysical processes within a planet’s interior can influence both heat flux and the possibility of lateral
variability in the character of an ocean world’s seafloor. The material properties of this rocky component of an ocean
world will also be important in controlling the hydrogeology of any fluids that are able to circulate through, extract
heat from, and react chemically in the subseafloor environment. Importantly, even in a planet that has become
relatively geologically inactive, residual topography in a submarine environment can impart lateral differences in
pressure or heat-flow at the seafloor that could be sufficient to support sub-seafloor fluid circulation. Conversely,
sediment deposition at the seafloor – whether from mechanical degradation of topography, (bio)geochemical
precipitation from the ocean or particles from exogenic sources transmitted through ice into the ocean might have a
counter-balancing impact, inhibiting convection wherever ocean currents might distribute them to, across the
seafloor.
The physical regime of an ocean world will determine the reaction conditions at which ocean derived fluids and the
rocks that those fluids cycle through interact; pressure, temperature and flow-rate are all important in dictating the
products generated from any set of reactants. Of course, on other ocean worlds, we have less direct knowledge of
what the interior rock or ocean compositions might be. On Earth, which has undergone internal differentiation, the
dominant rock type at the seafloor is basaltic in composition, but submarine vent fluids also interact with more
silicic calc-alkaline rocks and ultramafic rocks in a variety of geological settings. Mafic and ultramafic submarine
hydrothermal systems may be the most likely to be encountered on other ocean worlds whether or not their rocky
interiors undergone any form of internal differentiation, assuming the starting material for that body’s rocky interior
was similar to that of chondritic meteorites in bulk composition. Key variables that influence the composition of
ocean fluids circulating through the rocky interior of any ocean world, and their potential to yield chemical energy
include the total salt content of the ocean, the dominant ionic species present, and the balance of chemically
oxidized and reduced species present in the ocean. Combining the spectrum of possible reactant compositions with
the pressure, temperature and flow-rate for subseafloor fluid flow allows a wide array of possible chemical reactions
to be anticipated that can generate varying concentrations and fluxes of reaction products that can be released back
to the overlying ocean.
On Earth, seafloor vent-fluids that have circulated through the subseafloor can be compositionally distinct from the
downwelling ocean water, leading to chemical disequilibria and a multitude of diverse reduction-oxidation reactions

at and across the rocky interior / ocean boundary. This, in turn, can drive a variety of different chemical reactions to
be exploited metabolically by microbes that form the base of chemosynthetically-fueled food-chains and underpin
lush, oasis-like seafloor ecosystems. Theoretical modelling can be used to predict what the cumulative outputs of
such chemical reactions might be, together with their potential energy yield. Importantly, however, such predictions
hinge upon what happens when chemical reactions proceed to chemical equilibrium. This is where the importance of
laboratory results can come to the fore by identifying kinetic barriers that play a fundamental role in regulating fluid
compositions. For example, at conditions where the energetics to support life are predicted to be particularly
favorable, laboratory experiments to simulate the same reactions can be conducted to both test the model
predictions and to investigate how kinetically controlled processes allow for the formation of environments
characterized by an abundance of potential chemical energy that can support life. Such studies can help us better
imagine the bioenergetic opportunities and challenges that living organisms might face on another ocean world.
Of course, on other ocean worlds the chemosynthetic processes we are most familiar with on Earth need not arise at
the ocean/rocky interior interface. In an ocean that is more chemically reducing than Earth’s, for example, the entire
ocean could be relatively reducing and the release of chemical energy might be focused at the overlying ice-ocean
interface. In the Arctic Ocean, similar life-sustaining processes have been observed at this interface (Arrigo et al.,
2012; German et al., 2019). There, the flux of incident light penetrating through the thin outer shell of sea-ice is
sufficient to drive the growth of photosynthetic algae attached to the underside of ice which, in turn, fuel their own
local food-chains. Beneath the thick ice-shells of outer solar system ocean worlds, no such source of light for
photosynthesis is to be expected. But in the case of Europa, where the ice-shell is known to be continuously recycled,
oxygen generated from radiation-induced spallation of water molecules may be transported to depth where life could
potentially exploit chemical energy generated as that oxygen (or other oxidized products) is delivered to an
underlying chemically reduced ocean (Russell et al., 2017).
Extending this discussion further, it is also possible that such interfaces on an ocean world could be completely
decoupled from any liquid-solid interface. Examples of intra-water column redox interfaces that are both
biogeochemically and microbially active within Earth’s oceans are well known, ranging from the permanently anoxic
deep waters of the Black Sea to the surface waters of hyper-saline brine basins in the Eastern Mediterranean and
Gulf of Mexico. Moreover, vast tracts of oxygen deficient zones (ODZs) arise within the mid-water of the Arabian Sea
and throughout much of the eastern Pacific Ocean from the northwest coast of the United States in the north to at
least the northern margins of Chile (Helly & Levin, 2004). It is important to note in this context that interior
chemical gradients are closely linked to density stratification. On Earth, the top-to-bottom density range is set by
heat and fresh-water fluxes at the sea surface, with turbulent mixing throughout the water column, driven primarily
by tides and winds, replenishing the energy lost during the formation of deep and bottom waters (e.g. Munk and
Wunsch, 1998). In the case of oceans covered by ice shells, the expected range of water densities is much reduced,
and it is far from clear whether such oceans will be stably stratified in density.
What is critical, however, regardless of where the chemical energy originates to promote the habitability of an ocean
world, is of the continuous formation of redox disequilibrium. Such disequilibria have already been shown to be the
case in at least one instance with the identification of both H2 and CO2 co-existing in plumes ejected from the oceans
of Enceladus (Waite et al., 2017).

3. Biosignature Potential
The second key consideration when preparing to investigate ocean worlds – at least from an astrobiological
perspective – is where any evidence of habitability (± any life that it supports) might be distributed to and preserved,
allowing it to be detected. In the case of an ocean world with habitable environments at the upper boundary of the
ocean, at its ice-ocean interface, the potential to detect biosignatures may represent less of a challenge. Jets of
ocean-derived material ejected into space from the south pole of Enceladus have already been directly sampled by
the Cassini Mission and similar jets ejected from Europa have provisionally been detected using the Hubble
Telescope. These jets might tap directly into the uppermost ocean and, thus, include habitable/inhabited waters from
the ice-ocean interface. But further complications might arise. For example, liquid water injected upward into the icy
crust might not immediately reach the outer surface. Just like magmatic injection into Earth’s ocean-crust, ocean
water (with or without biosignatures) might first pond in sills perched within the solid icy shell. It is important to
consider what other important processes might then come into play. For example, could progressive freezing and
brine exclusion lead to a concentration of key ingredients forming a microcosm/incubator of residual fluid – a
cryospheric equivalent of Darwin’s warm little ponds? Or, could the increase of salinity render that pocket of fluid
sterile?
Whatever might occur within the ice-shell of an ocean world, it is most likely that the source of chemical energy
required to support life on that ocean world originate from seafloor-ocean interactions. To be detectable at the
surface of that ocean world, within its cryosphere, or at the base of the ice-shell (in the case of a future cryobotenabled shell-penetrating space mission), any geochemical ingredients required to render an ocean world habitable
or biologically-derived products indicative of life must be transported from the water-rock interface. Here, again, an
ocean systems science approach comes to the fore. Ocean circulation on other ocean worlds is unlikely to occur in
ways that are observed on Earth. For example, on other ocean worlds, there is no expectation that a liquid surface will
exist in contact with an overlying atmosphere (with the obvious exception of the shallow hydrocarbon lakes at the
exterior of Titan). Hence, there will be no wind and wave action driving processes at the ocean surface. Also, without
a free surface, tidal currents of the kind that are important in generating the internal waves that drive the global
overturning circulation on Earth (e.g. Munk and Wunsch, 1998), will be small or absent. Additionally, the temperature
at any ice-ocean interface is necessarily equal to the freezing temperature of the water present (which can be
perturbed significantly if there are other “antifreeze” constituents also present, for example dissolved ammonia).
While the freezing temperature of water is also pressure dependent (hance, it varies with ice topography), the
temperature range is small compared to the differential effects of solar radiation on Earth, for example. Wherever ice
topography arises at the underside of an ocean world’s ice-shell, there is fresh water forcing associated with freezing
(where the ice is thick) and melting (where the ice is thin) and this will increase the range of water densities. Again,
however, this forcing effect is anticipated to probably be small when compared to the fresh water forcing of an ocean
that is exposed to an atmosphere. With a small range of densities aross the oceans of an ocean world, any density
stratification must necessarily be small. Stratification affects fluid dynamics via buoyancy, which is proportional to
the magnitude of the local acceleration due to gravity (g). Of particular importance on other ocean worlds will be the
relative magnitude of buoyancy and rotation effects, with the former dominating almost everywhere in the ocean on
Earth. On small, rapidly rotating icy moons, by contrast, rotational effects are likely to dominate, precluding the

existence of an overturning circulation similar to the one on Earth. While these considerations suggest that oceans on
icy moons likely behave very differently than the ocean on Earth, general principles of geophysical fluid dynamics
must still be obeyed even on planets that experience different rotation rates, different sizes and density distributions,
and different forms and distributions of topography – both at the seafloor and at the ice-ocean interface.
Superimposed upon the complex, four-dimensional physical framework, we must also recognize that products (or
reactants) generated at the floor (or ceiling) of any given ocean will not act as completely inert passive tracers as
they are dispersed throughout an ocean. Rather, we should also anticipate the (bio)geochemical and/or mineralogical
evolution of those products should continue to evolve as they disperse, whether or not life plays a role. On Earth, one
of the most surprising discoveries made in the past decade has been the recognition that chemicals released from
deep seafloor vents can be transported across entire ocean basins laterally, and from bottom to top vertically – to
the extent that fertilization of surface waters by hydrothermally-sourced iron could be responsible for up to 30% of
the draw-down of CO2 from the atmosphere in the Southern Ocean. Given that such unexpected, but paradigmchallenging processes can be revealed on this ocean world, after more than 150 years of study (Thomson, 1873) we
should remain open minded concerning both the trajectories and timescales over which trace materials could be
transported on other ocean worlds.
One concept that could be particularly informative to deciphering other ocean systems, informed by our studies on
Earth, is the role that dissolved-particulate interactions can play in marine (bio)geochemical cycles. On Earth,
phytodetritus that originates in sunlit upper oceans sinks through the ocean midwater and fuels both water column
and seafloor communities. Another example, particularly relevant to ice-covered ocean words, are the mineralorganic aggregates that disperse via hydrothermal plumes away from submarine vents. Detailed analyses of
suspended and sinking marine particles (Fig.2) can record intriguing insights into their complex histories that can
include their mineralogical and/or bio-inorganic origins, the formation of their own mobile redox-active microenvironments, and their capacity to adsorb inorganic tracers diagnostic of the oceans they pass through as well as
organic matter ± life.

4. Concluding Remarks
Imagine the capture of such a complex solid phase sample derived from an interior ocean by some future NASAfunded mission to an ocean world (Fig.1, Fig.2). For mission concepts currently under consideration, such samples
might be acquired from fly-through of jets of icy material expressed into space, from the fall-out of such material as
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compelling challenge that we advocate for the application of an ocean systems science approach to support of the
exploration of ocean worlds.
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Abstract:
Exploration of the solar system has revealed multiple worlds with extensive liquid water oceans, which
stand as potential targets in a search of evidence of life beyond Earth. Our understanding of the physics,
chemistry, and geology of Earth’s hydrosphere has provided essential interpretive context for the initial
observations made of these other ocean worlds. As further exploration turns increasingly toward life
detection, we can find similar context in our understanding of the biology of Earth’s oceans and leverage
the technologies and observing strategies that underlie it.

Introduction: Ocean World Observations from Remote to In Situ
Planetary exploration takes place through campaigns of targeted observations and missions, each of which
builds upon previous findings. The methods of data acquisition, and often the scales of observation, evolve
through successive campaigns as enabling technologies and the understanding of the target environment
advance. For example, the exploration of Mars has evolved from the hand-drawn telescope images of
Schiaparelli, through increasingly powerful telescopic observations and spacecraft-based remote sensing,
to landers and rovers performing in situ imaging and analysis at landscape to microscopic scales. These
observations will, in turn, inform the careful selection and return to Earth of samples that can then be
prepared and analyzed with a broad range of methods that are not presently viable to conduct in situ. This
progression, from remote to in situ, and from telescopic to microscopic scales of analysis, reflects an
opportunity inherent in any exploration strategy: to optimize the potential for scientific advancement by
leveraging observations made at one scale to formulate new objectives, drive new enabling technology, and
inform the targeting, implementation, and measurement strategies that are deployed in successive
observing campaigns. Such optimization will be essential as we begin to pursue the bold objective of
detecting evidence of life beyond Earth.
The early characterization of the outer solar system through remote sensing methods has revealed a range
of ocean worlds with intriguing potential to host extant life. As the objectives for further characterizing

these worlds begin to focus on habitability and life detection, the mode of study is shifting in parallel, to
orbital/flyby and landed in situ observing campaigns. For technological reasons, the first generation of
missions to explore the surfaces of contemporary ocean worlds will likely not be mobile (see, e.g., Hand et
al., 2017), and sample acquisition systems may be limited to depths of about tens of centimeters. These
constraints will require that we optimize our potential to detect evidence of life through well-informed
selection of a few-square-meter-sized patch on which to land, and well-informed choices of how best to
select, acquire, and analyze samples. Prior observations made at these worlds inform our understanding of
physical and chemical processes at planetary to regional scales. To leverage this information in choosing
where to land, how to sample, and what observations to make, we must combine it with an understanding of
how the distribution of life and its products relates to underlying physical and chemical controls across a
range of scales.
Our understanding of Earth’s biosphere – in particular, its hydrobiosphere -- is an invaluable resource to
inform the search for life on ocean worlds. We understand the distribution of life on Earth as a systemlevel phenomenon – one governed by interacting physical and chemical processes – across scales ranging
from microscopic to global. We have been able to study all hydrosphere surface environments using the
full range of methods that could be applied in the search for life on ocean worlds, from remote
hyperspectral satellite imaging and radar sounding to in situ chemical analysis and
microscopy. Complementary numerical modeling and laboratory analyses have informed us as to the
possibilities for life’s origin on Earth, how certain environments became and remain habitable, and how
surface features reflect underlying processes that influence not only the physical and chemical landscape,
but also the distribution of life across it. “Ground truth” datasets, which correlate remote, space- or aerialbased data with chemical and biological characterization of surface materials, are especially
critical. Leveraging these datasets, the methodology developed to obtain them, and the understanding built
upon them will help to place spacecraft observations within an interpretive framework that links biological
processes to physical and chemical ones. Doing so will inform the selection of landing sites based upon
remote observation and also help to identify optimal sampling and measurement strategies. Here, we
explore the synergies between ocean system science on Earth and the pursuit of life detection objectives on
other ocean worlds.

The Distribution of Biology and Biogenic Materials on Earth
On Earth, life and biogenic materials are heterogeneously distributed according to the availability of
resources, strength of stressors, and various physical transport processes. A useful framework for
understanding the distribution of potential biomass in any ecosystem is the balance between metabolic
opportunities and environmental stressors. Higher stress incurs an increasing cost on cellular physiology,
which can only be met if there is sufficient free energy in the system. The excess energy that remains after
basic cellular maintenance is met (i.e. repairing damage caused by environmental stress) is available for

growth. The availability of nutrients and carbon substrates (organic for heterotrophic life, inorganic for
autotrophic life) further controls biomass, as does grazing. The varying balance of these factors results in a
heterogeneous distribution of life and biogenic materials at multiple spatial scales (Fig. 2).
The distribution of biology in sea ice, which is frequently referenced as a proxy for certain ice types on icecovered ocean worlds, exemplifies the influence of physical and chemical processes on biological
heterogeneity across scales (Fig. 2 D-F). Although sea ice differs from these environments in the basal
energy source for life (sunlight), how life is organized in that system is not fundamentally different from
any ice environment with an exogenous energy source. Within the sea ice system, life is partitioned at submillimeter scales into brine pockets that form as salt and particles are excluded from ice crystals during
sea ice growth (Krembs et al, 2002). A microscale evaluation of a mature sea ice crystal would report a
feature nearly devoid of life, while a similar evaluation of an adjacent brine channel would find a rich
microbial habitat. Even within the brine channels, life is distributed non-uniformly over both vertical and
horizontal scales. Further toward the ice surface, for example, the temperature is colder, the in situ salinity
is higher, stressors, such as ultraviolet light, are more severe, and connectivity with the external
environment is reduced. As a result, despite a considerably greater supply of energy (sunlight), there is no
accumulation of biomass. The importance of physical transport is exemplified in the exclusion of brine as
ice crystals form, and its subsequent deposition on the ice surface. The moisture evaporates and quickly
super-saturates in a cold atmosphere, freezing out on available nucleation sites. Once a crystal is
nucleated, it encourages further nucleation, leading to patches of fragile ice features known as frost
flowers. Through a process still not fully understood, these features accumulate additional salt and
bacteria, leading to a several-fold accumulation of biomass over nearby ice surfaces (Bowman and Deming,
2010).
The distribution of life in sea ice serves to exemplify the myriad ways in which physical processes can
create heterogeneity across multiple spatial scales. Understanding the balance of factors that underlie
such heterogeneity, and projecting that understanding into the context of environments beyond Earth, can
serve to minimize the chance of a false negative results – i.e. failure to detect evidence of life that is
actually present. Heterogeneity at meter and larger scales determines where a lander should be placed. At
smaller scales, it determines the dilution of signal that occurs when a scoop, rasp, saw, or other collection
device integrates over the volume of a sample.
It’s important to recognize that the distribution of biological materials may differ from the distribution of
biomass. Again, Earth’s ocean provides useful examples of how biological molecules - including biomarkers
- are organized. Biological molecules are not distributed homogeneously and are at their highest
concentration near their source (this is what drives the distribution of heterotrophic biomass in Fig. 2A).
This principle accounts for the phycosphere, or zone of chemical influence, around autotrophic cells in
aqueous environments (Amin et al., 2012). To the extent that these molecules are more persistent in the

environment than the organisms that created them, and more easily transported, they are more uniformly
spread. This represents both a challenge and an opportunity for life detection efforts: biological molecules
are more dilute than biomass, but also more widely distributed.

Fig. 2. Distributions of biomass at different spatial scales in ocean ecosystems. A) Gradients of carbon around autotrophic cells
create strong spatial patterns among heterotrophic bacteria (https://ki-galleries.mit.edu/2015/diatom). B) Langmuir circulation
creates zones of high and low biomass on the surface (https://www.ldeo.columbia.edu/~ant/Langmuir.html). C) Nutrient
concentrations lead to strong gradients in biomass between onshore and offshore locations
(https://oceancolor.gsfc.nasa.gov/gallery/658/). Panels D, E, F illustrate the distribution of biomass within the sea ice system at
different scales. Zones of high biomass (red circles) can be found adjacent to zones of low biomass (blue circles). D) Single ice
algal cells are partitioned into brine pockets within sea ice, leaving the ice crystals with relatively low biomass (Krembs et al.,
2002). E) Frost flowers are nearly ubiquitous on the surface of newly forming sea ice and contain an order of magnitude more
bacteria than adjacent sea ice surfaces (Bowman and Deming, 2010). F) In a classic example of the stress vs. resource trade-off,
sea ice algae concentrate at the base of sea ice cores collected from McMurdo.

Key Differences between Earth and the Ice-Covered Ocean Worlds
Understanding the balance of factors that underlie the heterogeneous distribution of life and its products
across Earth’s hydrosphere provides a conceptual framework to guide the search for evidence of life on
other ocean worlds. At the same time, it is important to acknowledge that Earth differs from these other

worlds in ways that significantly impact this balance, and therefore the nature and abundance of evidence
for life that our world presents to the observer.
a. Resource availability. Synthesis of new biomass (productivity) can be limited by availability of
energy, nutrients or, in the case of autotrophs, the reducing power needed to ‘fix’ inorganic carbon
into organic compounds, while maintenance of existing biomass depends on energy availability. On
Earth, the flux of light directly into liquid water habitats provides such an abundant energy source
that the oceanic biosphere overall is limited by nutrient fluxes rather than energy. As an oceanwide average, only about 7% of incident, biologically usable light energy is harnessed into
photosynthesis (Field et al., 1998). Deeply ice-covered ocean worlds would lack this large flux of
energy, and any life therein would depend instead on chemical energy fluxes supplied by
geochemical and/or radiolytic processes. Estimates of such flux for Europa and Enceladus (e.g.,
Vance et al., 2016), per unit volume of their respective oceans, are at least seven orders of
magnitude lower than the flux of solar energy entrained into photosynthesis per unit volume of
Earth’s oceans (Hand et al., 2017). Beyond energy, vigorous continental weathering on Earth drives
riverine and aeolian fluxes of limiting nutrients, such as phosphorus and iron, that may also be
orders of magnitude higher than could occur on ice-covered ocean worlds (Lingham and Loeb,
2018). The implication of these potentially large differences in resource fluxes is that, on a global
basis, both the magnitude of productivity and the standing biomass that can be supported may be
greatly diminished on the other ocean worlds relative to that on Earth. It is essential that our
measurement strategies factor in this diminished potential.
b. Stressors and attrition. Because organisms and their biochemical remains are, themselves, sources
of energy and nutrients for other organisms, biological consumption of these resources is a key
control on the abundance and distribution of life and organic compounds in Earth’s oceans. For
example, while the net productivity (rate of new biomass synthesis) of land-based and oceanic
photosynthesis is approximately equal (Field et al., 1998), the standing photosynthetic biomass in
the oceans is estimated to be about 500-fold smaller than that on land (Bar-on et al., 2018) - a
difference attributable primarily to rapid grazing in the oceanic case. One consequence of rapid
biological cycling (production/consumption) is that associated biomass and dissolved biomolecules
have short lifetimes. For example, the residence time (Box 1) of both phytoplankton (Field et al.,
1998; Falkowski and Raven, 2007) and biologically produced compounds such as amino-acids
(Moran et al., 2016) can be as short as hours to days in the productive regions of Earth’s
oceans. Systems characterized by orders-of-magnitude lower productivity, as is likely the case for
ice-covered ocean worlds, will differ markedly. There, lower productivity would necessarily
translate to correspondingly longer residence times or lower concentrations of
biomass/biomolecules, or a combination of the two (see Box 1). The implication of much longer

residence times is that abiotic degradation and transport processes that are negligible in an
Earthly context may be more important as controls on the nature and abundance of evidence for
life on other ocean worlds. For example, racemization – the abiotic interconversion of the D and L
forms of amino acids, occurs over timescales of tens to hundreds of thousands of years at
temperatures characteristic of
Earth’s oceans. Such a process is
inconsequential in affecting the ratio
of D and L forms, a potential
indicator of life, when the residence
time of amino acids is in the range of
centuries or less but would severely
degrade such evidence when
residence times are orders of
magnitude longer.
c. Physical transport. Earth’s
oceans are potentially subject to
more vigorous transport and mixing
than might occur on ice-covered
ocean worlds. Wind-driven circulation in the surface ocean can occur with velocities up to the
meter per second range (e.g., in the Gulf Stream and Kuroshio currents) and associated turbulence
serves to mix these surface waters both laterally and vertically on relatively short time
scales. Moreover, evaporation and/or cooling of surface fluids leads to density-driven
(thermohaline) circulation that serves to cycle water through the deep oceans on a time scale of
about 1500-2000 years. These processes exert an important control on the flux of resources to life
in Earth’s oceans. For example, wind-driven circulation causes upwelling of nutrient rich deep
waters that sustain the high levels of productivity and abundant biomass observed in Earth’s
richest fisheries (Fig 2c). Ice-covered worlds lack the potential for wind driven circulation and,
while crystallization/melting of ice and hydrothermal flow can impart density differences, the
much lower gravity of these worlds will lead to correspondingly lower density-driven flow
rates. Our sampling and analysis strategies should be informed by improved understanding of the
potential for physical processes to both (re)distribute resources and transport evidence of life from
sites of production to sites of sampling.
These and numerous other differences will significantly impact the nature, abundance, and quality of
evidence for any life that may exist on other ocean worlds, relative to what we observe in the world around

us. It is critical to be mindful of these important differences as we develop strategies to seek evidence of
life beyond Earth.

Leveraging the Science and Technology of Ocean System Research
The exploration of ocean worlds elsewhere in our solar system can leverage not only our understanding of
Earth’s ocean system, but also the methodology used to develop that understanding, and the diversity of
environments and processes from which it derives.
Earth’s hydrosphere comprises a range of environments that can serve as natural laboratories to inform the
search for life on other ocean worlds. Models developed for worlds such as Enceladus and Europa can focus
our attention on the Terrestrial environments that most closely approximate the physical and chemical
conditions thought to exist in ice covered oceans. Observation and hypothesis testing in these Terrestrial
environments can, in turn, refine our understanding of those in ice-covered oceans and within the ice,
including the factors that govern biological processes. For example, the exploration of Terrestrial lakes
beneath thousands of meters of glacial ice guides our understanding of sub-ice oceans and perched water
bodies theorized to form in the outer solar system (e.g. Michaut and Manga, 2014; Dombard et al., 2013),
and the objectives and measurement approaches that may be used to study them. Recent exploration of
two lakes beneath roughly a kilometer of ice in West Antarctica reveals inhabited environments that differ
greatly in their geochemistry, including dissolved oxygen levels (Skidmore et al., 2019; Davis et al., 2019).
Understanding how organisms ‘make a living’ under these differing conditions can inform what we search
for in prospective low oxygen oceans (perhaps Enceladus (Glein et al., 2015)) and higher oxygen oceans
(perhaps Europa (Hand et al., 2007; Russell et al., 2017)) in the outer solar system. More broadly, the ~400
known subglacial lakes beneath several kilometers of ice in East Antarctica provide a diverse array of
natural laboratories, with various geochemical and geothermal inputs, for investigating the diverse ways
that life may function in cold, non-photosynthetic, but variously oxygenated environments (Siegert et al.,
2016).
Even as we seek Terrestrial environments that approximate the conditions of icy ocean worlds, it is
important to acknowledge that there are no perfect analogs. In using these environments as observational
points of reference, we must also recognize key differences and account for how they may propagate
through multiple levels of the system. For example, the development of models to understand fracturing
and fluid transport within the ice shells of the ocean worlds can build on observations of ice dynamics in
Terrestrial settings (e.g. Craft et al., 2016; Walker and Schmidt, 2015), but must also account for the
differing dynamics of colder and potentially much thicker ice. Similarly, we must recognize and account for

differences at the physical or chemical level that, as described above, may propagate into the abundance
and distribution of life. For example, the habitable niches observed at the ocean-ice interface on Earth
receive trace amounts of sunlight that fuel the biology there, and the physical and chemical dynamics that
drive distinctive patterns in the distribution of life play out in specific regimes of temperature and
pressure. We must expect and account for differences that may arise when the fluid-ice interface lacks the
input of light energy, or when ice crystals form dissimilarly under the differing physical and chemical
conditions that are likely present in ocean world ice shells. Even here, Terrestrial environments can provide
an important resource. By identifying analogs for specific processes, rather than specific conditions, we
can develop a mechanistic understanding that, potentially, enables an extrapolation beyond Earthly points
of reference. For example, accessing deep ocean sediments
enables us to study the dynamics of biological populations
supported by extremely low fluxes of chemical energy (Hoehler
and Jørgensen, 2013), such as may prevail on ice covered ocean
worlds, rather than the orders-of-magnitude greater energy that
drives the distribution of biology in many other environments of
our hydrosphere. Our exploration of ocean worlds will benefit
most extensively when it leverages such process analogs in
addition to the range of physical analogs that Earth offers.

Fig 2. Artist concept for a cryobot probe
Fig. 3. Artist concept for a cryobot probe
to an ocean world (Oleson et al., 2019)
to an ocean world (Oleson et al., 2019)

The methods and technology that have been developed to
explore Earth’s hydrosphere also serve as a valuable design
reference point for the exploration of worlds beyond Earth (Fig.
3). For example, the development of technology for exploring
subglacial lakes and under ice shelves currently informs, and
provides crucial test opportunities for, high technological
readiness level (TRL) systems that can access and sample
oceans in the outer solar system. The WISSARD drill team that
sampled West Antarctic lakes has pioneered rigorous, quantified
control of forward contamination (Rack, 2016), which can now
inform planetary protection approaches for ice-penetrating
systems. The NASA Concepts for Ocean worlds Life Detection
Technology (COLDTech) and Scientific Exploration Subsurface
Access Mechanism for Europa (SESAME) programs have
supported the adaptation of terrestrial ice-drilling and melt
probe technologies to potential ocean world applications, the
development of communication technologies and navigation

systems, and modeling of tectonic hazards and ice shell characteristics to reduce risks in flight hardware
development. Similarly, the Planetary Science and Technology from Analog Research (PSTAR) program
sponsored adaptation of deep-UV fluorescence and Raman-scattering methods to organic detection and
characterization, as
demonstrated on the Greenland ice sheet (Malaska et al., 2020). Beyond technology development, PSTAR
also supports studies that develop mission “concept of operations” (ConOps) and explore specific observing
strategies. As an example, the SUBSEA (Systematic Underwater Biogeochemical Science and Exploration
Analog) PSTAR project (D. Lim, PI) brought together ocean and space scientists and operations experts in
an effort to assess the best ways to conduct a remote science mission in an underwater ocean world
environment.

Summary
The ocean worlds of our solar system offer the intriguing potential to host extant life that, if present, would
almost certainly have emerged independently of life on Earth. Advancement in exploration and
measurement technologies leave us poised, as never before, to search for evidence of life on these
worlds. Relative to Earth, the potential scarcity of resources implies that such evidence may be overall less
abundant, but we also know that the distribution of life and its products may vary by orders of magnitude
across the landscape -- leading to concentrations far above the global average. To optimize our chances of
detecting evidence of life on ocean worlds thus requires careful selection of targets, landing sites, sampling
and measurement strategies. This selection should be informed not only by existing observations of these
worlds but also by an understanding of the processes that govern the distribution of life and its products
across a landscape. Our understanding of Earth’s hydrosphere, and the methods by which that
understanding was built, offer an invaluable resource in this regard. We understand life on Earth as part of
a broader system of processes that play out on a range of spatial and temporal scales. This system is
amenable to characterization at scales ranging from microscopic to global, with methods that encompass
and combine modeling, in situ analysis, and remote sensing. The result is not just a concrete point of
reference, but an intellectual framework that can be applied to existing spacecraft observations in
understanding where and how to search for evidence of life on the ocean worlds of our solar system.

Understanding the properties of environmental change in ocean worlds
Lead: Jacqueline Grebmeier1
Contributors: Kate Craft2, Dale Winebrenner3, Jeff Bowman4, Peter Willis5
Chesapeake Biological Laboratory, University of Maryland Center for Environmental Science, Solomons, MA 20688

1

Introduction and Overview
The polar regions on Earth are undergoing rapid change, with declining sea ice cover, ice shelf breakup,
warming seawater and changing ecosystem dynamics (Thorman et al. 2020). In the search for biological
life in icy worlds, both on earth and in planetary scope, there are key properties of environmental change on
Earth that might provide a better understanding of key processes and mechanisms for future exploration. In
this white paper we evaluate questions of climate change through the use of earth’s polar and deep ocean
systems as analogs to understand key processes in icy ocean worlds. The need to access and explore
subsurface oceans is essential for the search for life in the solar system. There are strong synergies
between icy moon exploration and the studies of polar oceans and sea ice conditions on Earth that can
expand our capabilities for investigating and understanding such environments throughout the Solar
System. Antarctica is an important site for such studies due to its existing support infrastructure,
specifically at sites which provide access to a subglacial lakes that are overlain by multiple kilometers of
ice. However, there is also an opportunity to access other polar ice shelves underlain by a sub-surface
ocean, specifically to study sea-ice interface conditions in polar oceans that have key processes that may
be active even at extreme depths in off Earth ice ocean worlds. Hydrothermal vents are also key areas for
cross-linked Earth and Planetary studies relevant to deep oceans dynamics as the biological components
use reduced compounds as energy sources at vent systems by microbes that are then consumed by
multicellular life forms (e.g., tube works and clams).
At present, the oceans of Europa (moon of Jupiter), Enceladus and Titan (moons of Saturn) are key targets in
the planetary search for biological life forms in the solar system, with Titan having too thick an icy shell for
robotic exploration. However, the icy outer shells of Europa and Enceladus, with a few to tens of kilometers
thickness, provide potentially explorable environments. Enceladus, and likely Europa, have deep global
oceans in direct contact with rocky interiors at their deepest depth, thus providing the potential for waterrock reactions for chemical exchange that could provide the chemicals (e.g., silica) to support life as occurs
in reducing deep sea environments, such as hydrothermal vents (Van Dover and Trask 2000). Notably there
is ongoing geologic activity, including gravitational interactions with their host planets, that could allow for
surface-interior material transports within the fluid ocean with the potential to produce chemical
components at both the ice-ocean and rock-ocean interfaces. Such situations occur in Earth oceans, and it

is the connection of oceanographic and planetary scientist that could find common ground for enhanced
collaboration within the context of climate change studies on Earth.
The subsurface conditions of Ocean Worlds (Enceladus, Calisto, Ganymede, Triton, Titan, Europa) vary
significantly. As one example of an icy world for investigation Europa provides a strong potential of liquid
water, with an ice shell potentially ranging from 10 to 40 kilometers thick, overlying an ocean up to 130
kilometers in depth, and covering a rocky core. The ice shell (and potentially the rocky interior) tidally
flexes in response to the gravitational interactions with Jupiter, thus generating heat (Thomson and Delaney
2001) to support the mechanisms necessary for the producing a liquid ocean with chemical components
and facilitating variable mechanisms for circulation.
In December 2019 NASA held a workshop in California, with a goal to develop collaborative topics for joint
Earth and Planetary science investigations. Three questions related to climate change and summary
statements are highlighted below:

1. How can studies focused on climate change on Earth provide a better understanding of the
evolution of an ocean world?
Climate change has planet-wide impacts to large-scale world climate and regional weather patterns, ocean
dynamics, and geological history as well as understanding external planetary system dynamics. Ocean world
ice shells are composed of cold, near-surface ice, that sustains fracturing and faulting, and warm interior
ice that relaxes to prevent fracturing and may be convecting, thus providing a mechanism for variable iceocean conditions at their interface. The Earth and other ocean worlds can be evaluated for past, current and
future understanding of climate change impacts that may enable forecasting of future system change.
Earth system scientists (e.g., oceanography, geology, volcanology) can provide past earth history and
current process understanding of key climate physical forcing factors on the earth system relevant to
better understanding of other planetary worlds, especially those having an ice cover over liquid water as
occurs in polar regions of Earth. Looking at both temporal and spatial environmental impacts are important
to this topic. Support for research activities that provide cross-fertilization opportunities of earth and
planetary science initiatives relevant to better understanding of ocean worlds, including planet earth, are
recommended. A key question is how conditions at Earth’s ice-ocean interface might compare to those
beneath the ice shells of ocean worlds (specifically related to pressure, temperature, and composition),
thus looking at earth’s analogs may hold the key. Future work by the planetary and sea-ice communities
should include understanding the terrestrial processes that can be extrapolated to icy worlds. Since
temperature at the ice-ocean interface is governed by pressure, it is the mechanisms at interfaces of iceocean and ocean-rock that hold the best potential for evaluating change at variable time scales on Earth
and other ocean worlds.

2. How can remote sensing and in situ measurements inform our understanding of planetary
change, especially via polar systems and in the deep sea?
On planet Earth autonomous remote sensing by satellites and other sensors as well as in situ sensing
platform are necessary for studies of the under-ice environment, liquid water (oceans, deep lakes), and
sediment/geological interface (bottom oceans, hydrothermal vent systems). Earth system scientists can
provide past and current day earth measurements (oceans, land) from Polar Systems (Arctic, Antarctic,
Greenland) and deep ocean systems relevant to planetary exploration in ocean worlds. Similarly, planetary
science requires autonomous capabilities for investigations into extreme environments (low and high
temperature, ice cover/liquid subsurface systems, high pressure) that have technological development that
would benefit current earth system analyses on earth (see section VI-technology section of this white paper
for further details).

3. How does environmental change impact biological processes and what are the feedbacks?
Human populations depend on biological processes for our oxygen environment and food production, thus
environmental security and food security are key components to human existence. The search for biological
life beyond earth is one of goals of human interest in planetary science and understanding our own roll in
the overall planetary system. Thus, understanding impacts on biological processes, from organic molecular
development to single and multi-cellular growth (and destruction), is an important goal for earth and
planetary scientists. Both earth and planetary scientists can benefit from interactions relevant to
understanding key drivers and environmental change impacts on biological processes relevant to planetary
life over multiple scales.
Earth’s frozen regions, specifically in Earth polar regions that are most relevant to planetary topics, are
undergoing rapid change under a warming climate that has a direct impact on the Earth’s climate and
biological growth and destruction. Processes at the ice-ocean interface during sea ice production and melt
influence large-scale ocean circulation patterns and connection to the climate system. Melting freshwater
glaciers and ice sheets under climate change can provide chemical components and organic material to the
ocean that are then available for biological life.

Analogs on Earth to Icy Worlds that are Influenced by Climate Change
Terrestrial environments on Earth are key analogs to the physical and chemical conditions thought to exist
in ice covered oceans of planetary bodies as mentioned in the habitability chapter. Such terrestrial lakes
found beneath thousands of meters of glacial ice in Antarctica and ice covered regions around Greenland in

the Arctic are relevant to investigating mechanisms for influencing deep circulation patterns and
associated processes that could influence chemical and biological components in icy world oceans. Studies
of subglacial lakes under kilometers of ice in West Antarctica indicates subsurface systems that have
variable geochemistry, including oxygen and biological life (Murray et al. 2016, Skidmore et al., 2019; Davis
et al., 2019). These investigates are pertinent to icy world oceans that may include deep low oxygen oceans,
such as on Enceladus (Glein et al., 2015) to deep, higher oxygen oceans on Europa (Russell et al., 2017). The
many subglacial lakes in Eastern Antarctica under km thick ice cover have both variable geochemical, heat
components, and life forms not supported by photosynthesic carbon (Siegert et al., 2016).
In addition, polynyas (open areas in ice covered seas), especially those that form in winter, could provide an
analog of ice-ocean interactions and frazil ice development that may be useful for joint studies to evaluate
key processes at this important interface. Ito et al. (2019) found favorable conditions in winter during brine
formation and rejection of salt into the ocean that allowed the resuspension and freeze up of sediment
components within frazil ice, a mechanism that could entrain chemical and molecular components at the
ice-ocean interface or produce a subsurface pool of material (chemical and heat components) in the upper
ocean region and allow for potential sites for chemosynthetic life.
By comparison, mineral rich water at depth in both the high Arctic and around Antarctica, specifically at
the ice-ocean interface either near the surface or under floating ice shelves, along with deep-sea
environments, provide sites for the processes that influence the development of microbial life and
multicellular organisms. Variable temperature and pressure regimes influence single and multi-cellular
forms of life under low or no light conditions. The processes influencing this variability are key components
to investigate to find analogs for life away from Earth. Climate change is influencing the declining sea ice
in polar regions, especially the Arctic (Perovich et al. 2020) and warming seawater temperatures
(Timmermans 2020, Timmermans and Labe 2020), such that sea ice-ocean processes can be a valuable
analog for joint earth-planetary studies, both through field studies and technological advancements for
both science fields. Deep ocean sediments and hydrothermal vents on Earth maintain life through variable
fluxes of chemical energy to support life (Hoehler and Jørgensen 2013, van Dover and Task 2000). The
fundamental properties of the ocean water (temperature, pressure, pH, reduction potential, salinity), key
nutrient elements (C, N, P, S, Fe, etc.), and the availability of chemical energy are all processes in this
analog environment worthy of study. Colored dissolved organic matter (CDOM), humic substances, and
clathrate deposits in polar regions are all important for microbial life and are susceptible to climate
change.
Recent laboratory studies of organic molecules released from destructive stress to extremophile bacteria
at high temperatures resulted in small fragments of carbohydrates, proteins, and lipids, potentially

providing insight on the origin of organic matter in icy planets. Salter et al. (2020). This study undertook
pyrolysis of organic material to simulate organic molecules from planetary plumes as occur from the icy
shells of Saturn’s moon Enceladus and Jupiter’s moon Europa after collision with a spacecraft. It would be
valuable to actually investigate analogs of this process at earth systems under high temperature and
pressure, such as hydrothermal vents in the deep sea spreading centers. Specific studies of mantle-heatocean interactions in relation to organic molecule production is important to study. Investigations into the
plumes being ejected from some icy planets from subsurface liquid pools of water or the internal oceans
themselves are candidates for NASA missions, but testing the process of organic matter fragmentation
under extreme stress on Earth, both in the lab and field, could provide valuable information for planetary
studies. Studies of basic molecular organic structure of organism living in high radiation environments on
earth may also be worth investigating on earth.

Conclusion
The consensus of the participants at a NASA workshop in late 2019 was the need to develop synergistic
research questions and collaborations between Planetary scientists and Earth’s terrestrial and ocean
sciences community to move forward research related to studies off Earth ocean worlds, especially with icy
shells that could harbor subsurface oceans and potentially biological components indicative of life. A
recommendation from that workshop was the need to initiate a coordinated joint working group of
scientists from both communities that would facilitate discussion of joint knowledge of status and gaps of
understanding related to key processes pertinent to life, identify opportunities for testable ideas based on
the Earth System for planetary studies, and to allow development of a strategy to advance our knowledge of
Ocean Words in our solar system.
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Habitability is broadly defined as an environmental state with liquid water, chemical disequilibria,
and the molecules (elemental and organic) needed for life as we know it. In addition to having the basic
ingredients for life, habitable environments must also exist within the pressure, temperature, pH, and water
activity boundaries that allow cells to persist (Dartnell 2011). Could life as we know it survive in liquid water
environments that exist elsewhere in the solar system? A practical strategy to assess habitability
quantitatively is to determine the physiochemical conditions that would drive the operation of possible life
on extraterrestrial ocean worlds. These conditions include fundamental properties of the water (temperature,
pressure, pH, reduction potential, salinity), the forms and abundances of key nutrient elements (C, N, P, S, Fe,
etc.), and the availability of energy that could be used by life. In most cases, these properties are completely
unconstrained by present observational data because it is difficult to access subsurface liquid water
environments beyond Earth. However, as exploration of icy ocean worlds matures from initial reconnaissance
to more in-depth characterization, opportunities will arise to obtain some of the critical information. The
near-term opportunities can involve serendipity, such as plume eruptions from the ocean of Enceladus, or
less direct sources of information that may be contained in the compositions of planetary surfaces or
atmospheres (see Glein and Zolotov (2020) for an overview).

What do we know about ocean habitability of the “Three E’s”: Earth, Europa, and Enceladus?
I.

Earth: Every drop of water in the Earth’s ocean is habitable and inhabited by a diverse array of life,
and – of course – Earth is the only planetary body in the universe that we know for certain is
inhabited. Earth’s oceans are habitable due to multiple factors: recycling of critical nutrients through
ocean circulation, pH buffering by the Earth’s carbonate system, and maintenance of clement
temperatures and pressures largely due to Earth’s atmosphere, to name a few. Ocean circulation is
a fundamental control on Earth’s ocean habitability at a variety of spatial scales and is critical for
transferring heat and dissolved gases throughout the ocean, as well as nutrients needed for life.
Ultimately, habitability of Earth’s ocean also depends on large and long-scale tectonics and the

weathering and release of critical nutrients like phosphorus that would otherwise limit growth of
marine life. Ocean circulation is a fundamental control on Earth’s ocean habitability at a variety of
spatial scales and is critical for transferring heat and dissolved gases throughout the ocean.
Ultimately, habitability of Earth’s ocean also depends on large and long-scale tectonics, which brings
fresh rock above sea level, which is subsequently weathered, releasing critical nutrients like
phosphorus that would otherwise limit growth of marine life.
II.

Europa: The availability of chemical disequilibria for energy sources for a putative biosphere on icecapped ocean worlds with limited sunlight is likely dependent on movement of reduced chemicals
upward from the silicate interior to the ocean via water-rock reactions at the seafloor (Vance et al.
2016), and movement of oxidants (e.g. H2O2; Carlson et al. 1999) downward via the ice shell into
the liquid ocean from the irradiated surface (see Schmidt 2020 for a review). On Europa, this
exchange is highly likely and could provide energy to support a dark biosphere (Chyba 2000; Chyba
and Phillips 2001; Hand et al. 2009). Russell et al. (2017) argue that areas of relatively high oxidant
fluxes at the lid of a Europan ocean should be expected to be highly biologically productive. The
details of how this occurs are currently unknown, but evidence for global tectonism (Doggett et al.
2009; Kattenhorn and Prockter 2014; Pappalardo et al. 1998) and recent activity (Jia et al. 2018;
Roth et al. 2014; Schmidt et al. 2011; Sparks et al. 2017) suggests that current ice-ocean exchange
is possible via ice shell processes on Europa. With tidal activity over at least the last two billion years
providing global energy to Europa, it is possible that the conditions to support life have existed on
Europa over the history of the solar system. Exchange processes may work differently on other ocean
worlds with less active ice shells.

III.

Enceladus: Exploration of Enceladus by the Cassini mission provided important lessons on how we
can investigate the habitability of an extraterrestrial ocean world. As an example, Cassini found
hydrogen gas (H2) in the plume, likely sourced from water-rock reactions below Enceladus’ seafloor
(Waite et al. 2017). Using a combination of mass spectrometry measurements in the plume and
geochemical modeling of carbonate equilibria, researchers were able to constrain the pH of
Enceladus’ ocean to ~9 (Glein et al. 2015; Glein and Waite 2020). Enceladus also taught us that
hydrothermal processes (Hsu et al. 2015) can be a critical component of energy generation on ocean
worlds beyond Earth (Choblet et al. 2017). The abundance of H2 was found to be sufficiently high so
that methanogenesis is energetically feasible (Taubner et al. 2018; Waite et al. 2017).

To what extent can Earth’s ecosystems serve as analogs for other ocean worlds?
Unlike all other ocean worlds in our solar system today, most of Earth’s surface ocean is in direct contact
with the atmosphere and bathed in light from the sun. Although some organisms live off the heat and reduced

chemicals of oceanic hydrothermal vents, Earth’s ocean productivity is largely driven by photosynthesis in
the surface layer, the euphotic zone, where sunlight penetrates. On ice-capped ocean worlds, sunlight may
not penetrate to the liquid ocean and wind-driven ocean mixing would be absent. More relevant Earth analogs
for habitable environments on other ocean worlds are interfaces, such as ice-water and seafloor-water
boundaries (e.g. hydrothermal systems). Other analogs include habitats inside of ice and gas clathrates.
Interfaces. Some of the most productive and diverse aquatic habitats on Earth are found along
boundaries and interfaces where biomass is concentrated. Examples include the seabed (whether
sedimentary or igneous) and the underside of floating ice. Large-scale ocean processes deliver energy,
chemicals, and organisms to these boundaries, which obstruct further transport, thereby concentrating life
and life’s necessities, and enabling biology to proceed more vigorously than in more dilute seawater.
Elemental cycles are often controlled by interactions at the interfaces that control atmospheric deposition,
exchanges across the coastal zone, and ice dynamics. On Earth, these interfaces are areas where marked
changes in the physical, chemical, or geological structure of marine, brackish, and freshwater environments
take place continuously. Growth rates of organisms in these habitats often change rapidly, from day to day,
and over these short distances.
Some of the most relevant Earth analogs to other ocean worlds are the unique habitats formed at
the boundary between ice and water. Sea ice plays a dual role in the control of high-latitude phytoplankton
blooms by influencing both light shading and stratification (Arrigo et al. 2012; Kauko et al. 2017). Melting ice
in the spring can stabilize the water column, supporting large phytoplankton blooms. The timing, size, and
type of ice edge algal blooms can define the success of a growth season and control food web dynamics
(Ducklow et al. 2013). New research has shown that phytoplankton blooms can occur with limited light under
several meter-thick layers of ice and snow (Boles et al. 2020). but limits to growth of phytoplankton under
thicker ice layers are not well known. Certainly heterotrophic microbial life can also be important along
boundary habitats given nutrient availability in the form of dissolved organic matter. Even without penetration
of sunlight directly, physiological adaptations of microorganisms to the ocean/ice dynamics could serve as
analogs to adaptations of both autotrophic and heterotrophic life in other icy ocean worlds. The undersides
of floating Antarctic ice shelves vividly illustrate the importance and roles of interfaces. Murray et al. (2016)
discovered a vibrant, diverse ecosystem, including abundant sea anemones, at the undersurface of the
floating Ross Ice Shelf. A similar community observed under Thwaites Glacier (Schmidt 2020) shows the
possibility for dense, complex, and energy-intensive biological activity in an unexpected and astrobiologically
highly relevant location. Since the icy shells of these bodies also form and evolve from cyclic freezing and
melting, analogous processes to ocean-derived ices on Earth are helping to constrain the active cycles within
the ice and at its interfaces (Buffo et al. 2018; Buffo et al. 2019) as well as cycles of water within the ice
shell (Chivers et al. in review; Kalousová et al. 2014).

Life is abundant at the seafloor-ocean interface where unusual microbial and invertebrate
populations exist on organic material from CO2 reduction by chemotrophic bacteria that oxidize inorganic
compounds released by hydrothermal vents (Van Dover and Trask 2000). This interface is also where
photosynthesis is postulated to have begun under low-intensity, long-wavelength geothermal light (Martin et
al. 2018). Anaerobic green sulfur bacteria, for example, are capable of photosynthetic growth at extremely
low light intensities. Temporally variable light has also been observed in visible wavelengths (400–600 nm)
at deep-sea vents that is orders of magnitude greater than predicted for a thermal source likely caused by
mechanisms associated with turbulence, mixing and precipitation, such as vapor bubble luminescence,
chemiluminescence, crystalloluminescence and triboluminescence (White et al. 2002). Studies on marine
microalgae in the polar night can also contribute to our understanding of low light photosynthesis and serve
as an analog to the light climate of the deep sea (Cohen et al. 2020; Johnsen et al. 2020) and potentially icy
ocean worlds.
Earth analogs for habitable regions on ocean worlds may also exist on land, particularly at Earth’s
polar regions. One fascinating example is found at the upper interfaces, or “lids”, of Antarctic subglacial
lakes, where overlying glacial ice meets subglacial lake waters. Molecular oxygen is supplied to the lids of
some subglacial lakes during melting of air-clathrate-bearing ice. Air is trapped by progressive burial under
new snow at ice sheet surfaces. At depth, the air is forced into cage-like structures in the ice crystal lattice
under high pressure; the ice flow then carries such clathrates over subglacial lakes. Although oxygen in this
case is photosynthetically derived, it would seem likely to play a similar role in dark, chemosynthetic
environments to subducted oxidants in the Europan ice shell (Hand et al. 2006). Spatial variation in oxygen
delivery (Winebrenner et al. 2019) may provide a natural laboratory for investigating analogous geobiological
processes on ocean worlds. While important cycling within some lakes provides a habitable niche based
primarily on the rock cycle (Mikucki et al. 2016; Mikucki et al. 2009), the ice accreting above these lakes is
also among the lowest energy niches on Earth, which provides an important lower limit on both energy
required to sustain and technology needed to detect life in ocean worlds (Hand 2017).
Life inside ice. On Earth, there are active habitats within ice, as well as at its outer boundaries. It
is presumably the case that a habitable ocean world would also have habitable niches within the ice shell. On
Earth, this means that research into the processes that occur within ocean-formed ice—marine and sea
ice—and the cycling and processes that define their ecology, are relevant to ocean worlds and their processes
as well (Buffo et al. 2018; Buffo et al. 2019; Schmidt 2020). On the biological side, snow packs serve as
habitats and nutrient reservoirs for microbes across the global cryosphere on all continents (Hodson et al.
2017; Lutz et al. 2016). Snow or glacial algae survive in a liquid water film between melting snow and ice
crystal and may color snow green, golden-brown, red, pink, orange, or purple-grey (Hoham and Remias
2020). Formation of snow algae blooms is related to light availability, liquid water content, and temperature
(Hoham and Remias 2020). Algal pigments can be photoprotective and shield snow algae from harsh light
conditions (Bidigare et al. 1993) and they can also play a functional role in melting snow and ice creating

more liquid water required for their growth (Dial et al. 2018). With some exceptions, snow algae are usually
found in snow with acidic pH. Snow and ice algae can be ephemeral, on the order of weeks during spring and
summer when air temperatures remain above freezing, and on small spatial scales often bordering ice and
land margins. Nutrient cycling can be locally diverse and include volcanic sources, leaching from underlying
rock, marine fauna (e.g., penguin and seal excreta), as well as intense cycling within glacial microbial
communities.
Also known as clathrates, gas hydrates may be the most accessible habitats on which to find life on
other planetary bodies in our solar system. Gas clathrates are cages of (typically) methane gas molecules
trapped inside solid water cages. Under Earth’s continental margin seafloor, methane clathrates host unique
microbial assemblages (Inagaki et al. 2006). Gas hydrates are likely present on other planetary bodies in our
solar system (Mousis et al. 2015) and may play a role in creating and sustaining liquid oceans, especially on
ocean worlds without actively maintained sources of tidal heat (Kamata et al. 2019; Tobie et al. 2006). At
the Martian poles, methane clathrates could be as shallow as only half of a meter deep, and extend down
several dozen kilometers (Gloesener et al. 2020). These habitats have the potential for serving as pockets of
liquid water for microbial refugia in the deep subsurface and may be accessible to future drilling missions.
On the seafloor above gas hydrates, methane escaping from the seafloor serves as an energy source for
extensive communities of microbes and the tubeworms and clams that feed on them at cold seeps (Levin et
al. 2016).

What technology and integrative scientific approaches can enable us to probe the habitability
of currently inaccessible oceans?
Below we describe some key future directions in this field.
I.

Organics: The next addition to our toolbox for quantifying habitability may be organic
molecules. Conventionally, organic molecules are targeted as potential biosignatures (Neveu
et al. 2018) or precursors to life. However, observations of outer solar system bodies suggest
that abiotic organic compounds may be abundant planetary materials, possibly of
comparable importance to water and rocks (Néri et al. 2020). This means that organic
compounds could have major involvement in planetary evolutionary processes, such as
hydrothermal alteration. Geochemical experiments show that many groups of organic
compounds behave predictably in hydrothermal systems, where the abundances of organic
compounds are driven toward states of metastable equilibrium, which are defined by the
physiochemical conditions of the system (Robinson et al. 2020; Seewald 1994; Shock et al.
2019). These relationships provide the potential to derive properties (e.g., temperature,
oxidation state, pH) of the host hydrothermal system from measurements of organic
compounds. However, fully realizing the power of this approach and understanding its
limitations will require (1) improvements in our ability to quantify the thermodynamic

properties of organic compounds at high temperatures and pressures, (2) additional
experiments to determine the mechanisms and corresponding rates of organic reactions
under icy ocean world conditions, (3) development of models that track the coupled evolution
of diverse water-rock-organic compositions during hydrothermal circulation and other
transport processes, and (4) ground-truth field tests of the prevalence of metastable
equilibria among different compound classes at organic-rich hydrothermal systems such as
Guaymas Basin.
II.

Interfaces: Interfaces are critical areas where physical, chemical, and biological processes
act on a variety of spatial and temporal scales. Intense biological activity, accumulation of
organic and inorganic substances, unique interactions that deviate from general conditions
occur at these locations and can form an environment that may be unique for life.
Understanding exchange and movement at interfaces of nutrients, gases, heat, and redox
potential and quantifying light production and availability in low light environments such as
deep-sea vents and the polar night are essential to quantifying habitability of oceans and to
guiding searches toward the most habitable environments. Environmental processes along
interfaces typically have shorter time scales (hourly) and space scales (meters to
kilometers) and often require different methods to assess change compared to other ocean
habitats.
Ice-ocean interactions is an expanding area in the research into ocean worlds, which is
growing in fidelity. Fundamental controls on the circulation of oceans under the ice is an
area of active research in the climate and polar community from which the ocean world
community can benefit and interact (Dinniman et al. 2016; Holland and Jenkins 1999;
Holland et al. 2020). Such understanding hinges on ocean modeling on large- and mesoscales, as well as coordinated, focused observations of fluxes and processes near the
interfaces. Already, some modeling of ocean world circulation exists (see Soderlund et al.
2020 for a review). However, the details of salinity, nutrient, and putative biomass
distribution by ocean circulation is currently not included, since fundamental processes are
still being resolved, such as overturning circulation, ice pumping, or double diffusion.
Laboratory research in cyclic freezing and melting should also be expanded, to study the
effects of freezing as a means of changing the composition of reservoirs and the ice, as well
as to understand the fundamental sources of chemical energy possible in these
environments.
Technology development is essential both for accessing interfaces in challenging places
(e.g., on the deep seafloor, beneath ice shelves, or at the lids of subglacial lakes) and for
measurements to diagnose poorly known processes going on there (e.g., heat, salt, light, and

nutrient fluxes beneath ice shelves). New in-water autonomous platforms with a variety of
sensors are being deployed to investigate the biodiversity and phenology of under-ice
blooms. This is especially important to understand the dynamics of life associated with the
underside of ice during winter and spring, which is challenging to assess with many remote
sensing techniques. New technology (Rack et al. 2012), can motivate a variety of new
scientific questions, e.g., on interface processes, as well as further technology development
to explore this habitat more extensively. Synergy between Earth’s ocean-ice interactions
(with important implications for geochemical cycling and climate response of ice shelves)
with those that likely also operate on ocean worlds means that exploring these physical
processes on Earth also provides feed-forward context for exploring other ocean worlds.
Exploring these regions with ice penetrating radar, seismic and underwater vehicles is often
(but not always) technologically synergistic with needed developments for exploring ocean
worlds. The upcoming Europa Clipper mission will provide in situ measurements of the
geochemical nature and detailed local context of ice-ocean exchange processes, which was
not possible with earlier missions. How these types of interactions operate on bodies like
Enceladus with more regional scale geologic processes is an area of active work (Běhounková
et al. 2017; Kang and Flierl 2020; Nimmo et al. 2018; Walker and Schmidt 2015; Weller et
al. 2019).
III.

Modeling: Resolving the phenology of diverse life forms is crucial for understanding
responses to environmental perturbations and is impossible to capture with a single
snapshot. Investigations require careful time series of measurements and modeling across
relevant time scales. To achieve this, it will be critical to measure and model the patterns
and dynamics (spatial and temporal) of ice and oceans. It will be necessary to determine the
essential model parameters necessary to improve ocean, ice and crustal models, and
evaluate new and existing technologies and models relevant to studying ocean, ice, and
crustal dynamics.
Biogeochemical and ecosystem models are advancing our ability to characterize the
complexity of life in Earth’s ocean world. For example, marine biogeochemical and ecosystem
models include parameters for the physical environment (temperature, light, salinity, and
circulation of the ocean), the cycling of inorganic and detrital matter (biogeochemistry), and
the explicit representation of some portion of the living component of the ocean (e.g.,
phytoplankton, zooplankton) (IOCCG 2020). Such integrated modeling tools could be
adapted for assessing the parameters and potential for life in other ocean worlds. Advances
are being made in measuring and modeling mesoscale and sub-mesoscale circulation

patterns (e.g., eddies, streamers, and fronts) and their roles in transporting heat and
nutrients into and out of the euphotic zone (McGillicuddy Jr 2016).
The general approach of using modeling to help fill in the gaps where data are incomplete
provides a tool for extracting maximal information on extraterrestrial ocean properties. This
type of tool was not developed until late in the Cassini mission. Future ocean worlds missions
should plan integrative approaches from the start, during the development/testing of
instruments and planning of mission operations, and these integrative approaches should
include full traceability that links primary mission data to ocean properties for a broad range
of models. More generally, a key science lesson is that ocean habitability involves other parts
of the planetary body dynamically interacting with the ocean. This echoes our understanding
of the Earth system and suggests that coordinated geophysical and geochemical studies are
needed to better understand how exchange processes can create habitable conditions on
ocean worlds. Modeling seawater chemistry and water-rock interactions based on analogous
processes on Earth, extended to hypersaline lakes and deep anoxic hypersaline basins with
more exotic chemistries (Brown et al. 2020), would benefit both the Earth and astrobiology
communities.
To better understand the habitability of gas hydrates, it will be necessary to measure and
model the patterns and dynamics (spatial and temporal) of methane clathrates, determine
the essential model parameters necessary to improve gas hydrate models, evaluate new and
existing technologies and models relevant to studying hydrate dynamics, and pursue more
microbiological characterization of microbes in their native hydrate habitats on Earth.
IV.

Interdisciplinary efforts: Coordination between the Earth/ocean sciences and planetary
science communities will be critical for next generation studies of ocean world habitability,
and – ultimately – life detection. Earth/ocean scientists have a deep base of experience on
how life can be linked to environmental conditions and processes, while planetary scientists
are able to translate the underlying concepts to alien environments and indirect spacecraft
measurements. Synergy between thinking about how the various layers of the planet affect
our observations is important, because the ice shell and atmosphere are the window through
which we will, for now observe ocean world systems. How does the ice reflect or hide the
ocean? How does seafloor heating and rotation drive ocean currents, and how do these
distribute biosignatures, heat, salt, and other components? Is the ice-ocean interface the
first habitable niche, or are there locations in the ice or along the seafloor to search?
Synergy between studies of ice, ocean and geothermal processes on Earth, in targeted ways,
and models of how these processes may manifest on ocean worlds benefits both
communities. Moreover, the technological needs for exploring, especially at the poles, is

often synergistic. Terrestrial and extraterrestrial ocean scientists must work collaboratively
to measure and model spatial and temporal dynamics, determine essential parameters that
govern interface processes, and evaluate new and existing technologies to access and study
dynamics of habitable worlds.
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Are there Earth analog environments that capture the physics, chemistry and biology of
ocean words?
Interest in the physics, chemistry, and potential for life on other planets has been widespread among the
general scientific community and this interest has been increasing in recent years. A number of missions
have either been completed (e.g. Galileo, Voyager, Cassini-Huygens) or are in the planning phases (e.g.,
Europa Clipper, Europa Lander) to characterize the conditions of some of the outer planets and their moons
and determine whether they harbor conditions that could be suitable for life. The most promising of these
are ocean worlds within our own solar system, such as the moons of Saturn (Enceladus and Titan) and
Jupiter (Europa), that are covered in liquid water beneath a thick layer of ice. Internal heat sources prevent
this liquid water on the lunar surfaces from freezing, possibly providing the conditions necessary for the
evolution and sustenance of microbial life (Lobo et al., 2021).
However, the cost and longtime horizons needed to plan and mount missions to study these ocean worlds
means that very few such missions are possible. To maximize the probability of detecting life on these
ocean worlds, it is therefore necessary to first understand the suite of conditions required to support life on
Earth and use this information to search for similar or analogous habitats on other ocean worlds. To do so,
scientists seek out extreme environments on Earth where the physical and chemical conditions may result
in an environment that is a reasonably close analog to habitats on other worlds. The most likely analog
environments are found either near the poles, where kilometers thick ice sheets, isolated saline lakes, and
seasonally forming sea ice provide unique but extreme habitats for microbial communities here on Earth
(Garcia-Lopez and Cid 2017), or in the deep sea where tectonic activity produces energy-rich hydrothermal
plumes that support and entirely chemosynthetic food web (Michalski et al. 2018).
These analog environments on Earth enable scientists to begin to answer research questions about
extraterrestrial ocean worlds that would be otherwise inaccessible to them. In addition, because of their
relative ease of sampling and much closer proximity to research facilities (compared to lunar landing
missions), utilization of analog environments allows scientists to undertake many investigations for the cost
of a single planetary mission. This ability for rapid testing of sampling techniques and experimentation on
analog environments would provide an effective test bed for the kind of operations required for future
ocean world missions and increase the likelihood of mission success. For example, before we can drill

through and sample the ocean beneath the icy moon Europa, we need to demonstrate an ability to remotely
drill through the ice sheets of Antarctica or Greenland.
The study of analog environments on Earth requires collaboration among different scientific communities,
each with their own specific disciplinary expertise. Members of the planetary science community need to
identify those physical, chemical, and biological processes on extraterrestrial ocean worlds that remain
poorly understood and require further study. For example, the thickness of the ice shells on moon such as
Europa and Enceladus and the composition of the water below are not well known and require the
identification of technologies and approaches that would be most efficacious for their accurate
characterization. Using what information is available for specific ocean worlds, members of the earth
science community would then be well positioned to identify analogous environments on Earth where these
technologies and approaches can be rigorously tested at a reasonably low investment of time and money.
These analog environments would also provide technologists with the requisite information needed to
develop suitable sensors and sampling platforms that would allow the measurement and observation of the
identified physical, chemical, and biological processes.
The essential first step in developing plans and processes for sampling remote ocean worlds, using analog
environments on Earth as a test bed, is to form a number of disciplinary working groups consisting of
scientists and technologists. These working groups would essentially be “fact-finders” tasked with
compiling the latest data on specific issues related to the study of ocean worlds. For example, a series of
three working groups could focus on physical, chemical, and potential biological processes on other planets
or moons that need to be understood in order to frame and answer relevant ocean world questions. Other
sets of working groups could help identify specific tractable analog environments on Earth and the
resources required to conduct research in those environments. The information gathered by these working
groups would then be used as a framework for developing the sampling strategies and the technologies
required to study each of the identified analog environments on Earth.

How can we use models to inform scalability, sampling and operations for analog
environments?
In addition to direct in situ sampling, different modeling approaches can be useful and cost-effective tools
both for determining whether a moon or planet is indeed a suitable Earth analog and for designing
strategies to sample extraterrestrial analog environments. While even the most sophisticated earth system
models are gross oversimplifications of reality, they can still provide useful information. For example,
reconfigured earth system models like ROCKE-3-D that runs on NASA’s Discover supercomputer (Aleinov et
al. 2019) can be used to determine if conditions on other ocean worlds are suitable to support life.
Additionally, the Virtual Planetary Laboratory at the University of Washington develops and combines a

variety of scientific models from many disciplines and with varying degrees of complexity to constrain
habitability for newly discovered worlds. These models could be used to study exoplanets or other ocean
worlds within our own solar system.
Slightly more complex hierarchical modeling frameworks allow the user to model a planetary system at
different levels of complexity, based on the underlying knowledge of the system under investigation. One
such model (Isca) has been used to model planets such as Earth, Mars, and Jupiter at different resolutions
and with a different suite of processes (Thomson and Vallis 2019). More targeted models, such as the Titan
Community Atmosphere Model (CAM), have been used to better understand highly specific processes such
as the dune-forming wind fields on this large moon and how they are impacted by topography and torque
(Larsen 2019).
Once models provide sufficient support that a particular ocean world has conditions suitable to support life,
they can be used to test our understanding of the underlying physics, which will allow us to design better
sampling strategies for analog environments, both here on Earth and on extraterrestrial ocean worlds. For
example, ice sheet models (Farinotti et al. 2021) developed for Greenland and Antarctica can help target
the most suitable location for drilling and subsequent sampling. All ice sheets flow, albeit slowly - and in
some instances very slowly, and this motion together with any associated horizontal shear, needs to be
accounted for when designing a sampling strategy, particularly for portions of the ice sheet that has not yet
reached the ocean. Ice sheet models can provide valuable information about vertical stress gradients (due
to differences in horizontal flow speeds at different depths within the ice) as well as temperature gradients
(which control ice deformation) for an ice sheet of interest, aiding in the determination of appropriate
sampling sites.
Models can also be used to scale field observations and site-specific measurements to those spatial scales
that most are relevant for the space-based explorations that rely on either satellite-based or lander-based
measurements (Schinder et al. 2011). In situ sampling of extreme environments on Earth is often a
logistically difficult and expensive endeavor, resulting in collection of relatively few samples over fairly
restricted time horizons. The use of 3D models allows us to synthesize these measurements into an
appropriate geophysical framework, and to scale them up with respect to both space and time, so that we
can gain a broader perspective of the analog environment of interest. Using models in this way allows us to
convert static point measurements into time-dependent processes in multiple physical dimensions,
resulting in a fuller understanding of the underlying physical processes.
Both earth and planetary scientists are critical to the development of appropriate analog models. Planetary
models of chemistry and physics are based on models developed first for use in simulating processes on the
Earth. Models of atmospheric dynamics, hydrothermal vent systems, ice sheet dynamics and
thermodynamics, and sub-ice ocean interiors developed by earth scientists are being used by planetary
scientists as a basis for developing analogous models for extraterrestrial ocean worlds. This is possible

because many of the equations governing the fundamental physical and chemical processes here on Earth
are the same as, or very similar to, those on other ocean worlds, so the models often only require simple
adjustments to a few key parameters. For example, general circulation models (GCM) developed to describe
atmospheric dynamics on Earth have been modified for use on other bodies in the solar system such as
Mars (Wilson and Hamilton 1996, Forget et al. 1999, Rafkin et al. 2001, Richardson et al. 2007), Venus
(Richardson et al. 2007), and Titan (Richardson et al. 2007, Lora et al. 2019). One such model that has
proven especially useful for this purpose is the Weather Research and Forecasting (WRF) model, which was
developed collaboratively by National Center for Atmospheric Research, the National Oceanographic and
Atmospheric Administration, the US Department of Defense, and a number of research universities
(Michalakes et al. 2004, Skamarock et al. 2005). This model, and others like it, can be run in 1, 2, or 3
dimensions and at resolutions ranging from meters to kilometers. Thus, earth scientists have an important
role to play in providing many of the basic model frameworks for describing processes such as ocean and
ice thermodynamics, fluid flow, and key chemical processes that can be modified for use on other ocean
worlds. Earth scientists will also be required to identify those analog environments on Earth that are
amenable to modeling and where lessons learned there can provide critical information and insights for
developing analogous models for extraterrestrial ocean worlds.
In turn, the planetary science community can contribute the theoretical frameworks needed to translate
earth system models to models of extraterrestrial ocean worlds, as well as critical observational data from
missions such as Cassini-Huygens to constrain those models (Tokano 2009, 2013, 2019). Atmospheric
dynamics such as cloud formation and precipitation can be detected using the suite of sensors like those on
Cassini-Huygens (Turtle et al. 2018), as can surface topography (e.g., mountains, canyons, lake beds,
channels, and dunes). This greater data quantity and quality from Titan has inspired planetary scientists to
develop numerous GCMs of the Titan's climate system. These models allow planetary scientists to infer
atmospheric processes such superrotation, circulation and chemistry of the middle atmosphere,
tropospheric methane cycling, interactions of surface and atmosphere, and even Titan's paleoclimate (Lora
et al. 2019). Because many of these modeling studies are largely independent, the planetary modeling
community has increasingly relied on multi-model results and model intercomparison projects (Lora et al.
2019) to understand and account for potential model biases and structural differences to ensure that
results are not model-dependent.
Utilizing analog environments on Earth can be an effective way to further conceptualize, develop, and
parameterize models that may be suitable for extraterrestrial ocean worlds. The first step will be for earth
and planetary scientists to agree on which environments on our planet represent suitable analogs for
extraterrestrial environments. Once that decision is made, models of those environments can either be
developed, or if possible, existing models refined, to simulate the critical processes driving that
environment. Initial development and testing of these models for earth environments is necessary because

if models are unable to simulate the critical processes driving analog environments here on Earth, they are
unlikely to be effective tools to understand other ocean worlds. Once a model works well for a particular
earth environment, the next step would be for earth and planetary scientists to determine what
modifications need to be made to the model to make it suitable for simulation of other ocean worlds. After
these modifications have been implemented and the model rigorously tested against available observational
data from an extraterrestrial ocean world, the model can be used to for a variety of purposes on other
ocean worlds, including testing our understanding of critical processes, identifying appropriate sampling
strategies and locations, and determining which geophysical parameters may be the most important to
design sensors to measure.

How can work at analog environments inform planetary protection strategies/needs?
The advent of space exploration has made the protection of Earth’s environment and other solar system
bodies from harmful contamination an important principle of high priority. Consequently, the development
and implementation of planetary protection policies has taken place at both the national and international
levels. Scientific advances have permitted the targeting of these policies to those few bodies thought to be
capable of harboring life (extinct or extant), or processes relevant to prebiotic chemistry. This trend in
increasingly targeted planetary protection is expected to continue as the exploration of ocean worlds of the
outer solar system progresses, which is important given that planetary protection accounts for
approximately 10% of the cost of a typical mission (Bearden and Mahr 2017).
Generally speaking, planetary protection policies address robotic missions to and from all types of solar
system bodies (planets, moons, comets, and asteroids) and places these bodies into categories based on
mission type, the likelihood of that body harboring life, and the probability that either organisms brought
from Earth would survive on that body (forward contamination) or that material returned to Earth would
pose a risk here (back contamination). However, based on existing knowledge and capabilities, only three
objects are currently of serious planetary protection concerns: Mars, Europa, and Enceladus (National
Academies 2018). Of course this may change as we learn more about the moons of the outer planets in our
solar system.
Recent biological discoveries in analog environments on Earth related to extremophiles, biofilms, prions,
and genomics are likely to be relevant to planetary protection science. Metagenomic analyses of organisms
living in extreme environments on Earth (e.g., dry polar or desert environments, ice sheets, hydrothermal
vents, frozen oceans) generate lists of archaeal and bacterial species and specific genes that are necessary
to thrive in environments that are the closest analogues to other ocean worlds in our solar system. This
type or research will facilitate a more targeted approach to planetary protection. Rather than treating all
microbial species as a potential pathogen for extraterrestrial ocean worlds, it might be possible to target
those microbes that are found in analog Earth environments that are most like the landing sites on icy

ocean worlds, and to survey spacecraft assembly rooms for those organisms (Shtarkman et al. 2013, Abreu
et al. 2016). In this way, information about the abundances of specific microbes with known environmental
tolerances would increase our ability to implement a probabilistic approach to planetary protection for
missions to the outer planets and their icy moons (DiNicola et al. 2018).
Currently, the icy body contamination requirement is that the probability of inadvertent contamination of
an ocean or other liquid water body must be less than 1 x 10−4 per mission (NRC 2000, 2011, Sherwood et
al. 2017, Lamy et al. 2018). Icy body contamination is defined as “the introduction of a single viable
terrestrial microorganism into a liquid-water environment.” The instruments to be used on robotic missions
to ocean worlds are decontaminated using a variety of methods (Meltzer 2011), including treatment by
radiation (e.g., gamma radiation), chemicals (e.g., hydrogen peroxide), high temperature sterilization (e.g.,
autoclaving and dry heat), and lower temperature sterilization (e.g., hydrogen peroxide plasma). It must be
noted, however, that these methods may not be completely effective. For example, hydrogen peroxide vapor
sterilization does not impact organisms within enclosed volumes on spacecraft or enclosed within other
materials. In addition, some extremophiles have been shown to exhibit radiation hardiness to the levels
used for decontamination (5.5 Mrad) (National Academies 2018). Thus, the study of organisms from analog
environments on Earth could provide for more robust testing of decontamination procedures, thereby
increasing their effectiveness.
The development of planetary protection policy in the US is based on the Outer Space Treaty (OST), which
states that all parties “shall pursue studies of outer space, including the Moon and other celestial bodies,
and conduct exploration of them so as to avoid their harmful contamination, and also adverse changes in
the environment of the Earth resulting from the introduction of extraterrestrial matter.” As of 2018, the
OST had been ratified by 105 countries (and signed by 25 others), including all of the spacefaring nations.
Technical aspects of planetary protection have been developed internationally by the Committee on Space
Research (COSPAR), which is part of the International Council for Science (ICSU) that consults with the
United Nations. COSPAR is a scientific organization whose purpose is to “provide the world scientific
community with the means whereby it may exploit the possibilities of satellites and space probes of all
kinds for scientific purposes, and exchange the resulting data on a co-operative basis.” It has been an
effective forum for the development of international consensus on planetary protection guidance for
science exploration missions (National Academies 2018).
Government organizations such as NASA formulate and implement planetary protection policies and
procedures to be consistent with COSPAR planetary protection policy. To do so, NASA gathers scientific
input from the Space Studies Board (SSB) of the National Academies of Sciences, Engineering, and
Medicine, internal agency advisory groups, and consultants to the Office of Planetary Protection (OPP). To
date, rules for planetary protection do not apply to the private sector. Given the increasing activity of the
private sector in developing and launching space missions in recent years, it will be necessary to find ways

to regulate and monitor their plans for implementing effective planetary protection protocols (National
Academies 2018).
Planetary protection depends on identification of the thresholds for the survivability of microbes and
development of methodologies to eliminate them. Therefore, both space science and earth science
communities can contribute to the development of policies, procedures, and techniques to meet planetary
protection requirements, and both communities can contribute to testing possible solutions in analog field
sites.
In recent years, NASA’s planetary exploration priorities have evolved in two directions: to place special
emphasis on robotic exploration of ocean worlds (relevant to ocean worlds), and to develop a plan for
sample return missions classified as “restricted Earth return” (not relevant to ocean worlds),
notwithstanding the human exploration of Mars. In light of these priorities, modern biology, specifically the
ability to sequence the genomes of hundreds of thousands of organisms, offers a scientific pathway to the
future for development of planetary protection policy that would benefit from the participation of both
earth and planetary scientists.
Unfortunately, to date, scientists affiliated with the NASA Astrobiology Institute, which have been active in
studies relating to extremophile microbes on Earth and what sorts of biochemistry they use and on origin of
life, have not been substantially involved in the planetary protection process. Hopefully, this will change
after the recent recommendations by National Academies that studies, workshops, and brainstorming
sessions that are organized by NASA and other space agencies (e.g., ESA and JAXA), as well as the SSB and
COSPAR, and are intended to advise planetary protection policy makers, need to include a sufficiently broad
range of microbiologists (National Academies 2018). This will require the development and implementation
of mechanisms for creating partnerships between earth scientists and planetary scientists to test planetary
protection solutions at field analog sites.
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Exploration of Ocean Worlds across the solar system will be enabled by technological developments
across a range of sensing methodologies. We review some of the state-of-the-art techniques from
oceanography and planetary science that may inform sensing of the biological, geophysical, and chemical
properties of Ocean Worlds (Fig. 4). This summary encompasses both large-scale synoptic views afforded by
active and passive remote sensing to in situ autonomous sampling and biosignature detection methods, but
is by no means exhaustive.

Orbital Technologies
Passive Optical Remote Sensing
Next-generation remote sensing instruments require advances in both passive and active sensing
technologies to compare to some of the most sensitive oceanographic sensors that already exist (Tyack 2000;
Madsen et al. 2005). These remote sensing techniques from air and space primarily use passive broadspectrum illumination provided by the Sun coupled with sensitive push broom-style line array photodetectors
fitted with narrowband filters to produce multispectral images (Irons et al. 2012). Hyperspectral remote
sensing extends this concept further by using photodetectors and scanning spectrometers to resolve

hundreds or even thousands of spectral bands (Eismann 2012). However, atmospheric conditions and the
Sun’s radiation distribution limit the frequencies of light and attainable signal-to-noise ratios (SNR) for
multispectral imaging on Earth and other planets within our solar system.
Airborne and spaceborne sensor technology have advanced rapidly in the last few decades to include
imaging spectrometers spanning ultraviolet to infrared wavelengths. Since water surfaces absorb more than
land and sea ice, the light emerging from the water is dwarfed by Earth’s atmosphere. Dedicated sensors with
large dynamic ranges and longer integration times are often required to achieve the sensitivity needed for
aquatic applications (Mouroulis et al. 2008; Muller-Karger et al. 2018). However, such considerations and
corrections for atmospheric distortion of the remotely sensed signal may be different on other worlds
depending on the media and distance through which the sensing occurs. Recently, NASA developed the
FluidCam instrument and fluid lensing technology for robust imaging of underwater objects through refractive
distortions from surface waves by exploiting surface waves as magnifying optical lensing elements, or fluid
lensing lenslets, to enhance the effective spatial resolution and signal-to-noise properties of remotely sensed
images (Chirayath & Li 2019; Chirayath & Instrella 2019; Chirayath 2018; Chirayath & Earle 2016). Fluid
lensing has applications to remote sensing of Ocean Worlds with varying fluid interfaces. Miniaturized
hyperspectral imaging spectrometers have been successfully developed to assess the broad range of spectral
requirements for remote sensing of both snow/ice and water (Bender et al. 2018).
Hyperspectral imagery contains a “spectral fingerprint” that can assess the composition of inorganic
and organic matter in the water or within snow and ice. Extensive hyperspectral algorithms have been
developed to characterize properties of snow including grain size and radiative forcing by impurities (Bender
et al. 2018). Hyperspectral data can also be used to detect different types of light-absorbing compounds like
ancillary pigments in microalgae and different types of colored dissolved organic matter (e.g., humic
materials) that are associated with algal life on snow or ice and in the ocean (Bracher et al. 2017). For
example, major groups of phytoplankton can be differentiated in the global ocean (cyanobacteria,
diatoms/dinoflagellates, haptophytes, and green algae) by diagnostic biomarker pigments that absorb
different parts of the visible spectrum (Oranelli et al. 2017; Kramer & Siegel 2019). Methods have also been
developed to quantify red and green snow algae using subtle shifts in spectral properties (Khan et al. 2020).
In addition, hyperspectral reflectance contains information about the amount of scattering related to particle
concentration and fluorescence of different types of pigments, such as chlorophyll a (Behrenfeld et al. 2009),
among others (Dierssen et al. 2015). Underwater hyperspectral imaging has also been used to assess benthic
flora and fauna on the seafloor from an autonomous vehicles with artificial lights (Johnsen et al. 2013; Dumke
et al. 2018). Classification techniques from hyperspectral imagery are diverse and range from neural
networks (Chirayath & Li 2019) to semi-analytical inversion models.

Active Optical Remote Sensing
In passive optical remote sensing, atmospheric conditions and the Sun’s radiation distribution drive
limitations on multispectral imaging on Earth. In aquatic systems, further bounds are introduced as only UV
and visible bands of light penetrate the photic zone, or the first 100m of the clearest waters, the photic zone.
As such, current passive multispectral/hyperspectral imagers are limited by ambient conditions along the
optical path, ambient illumination spectrum, optical aperture, photodetector SNR and, consequently,
relatively long integration times.
Active sensors produce and sense their own stream of light (e.g. Radio and Light Detection and Ranging
(RADAR/LiDAR) and are generally flown on aircraft, although several space-based lidars have been launched.
Lidar uses the round-trip travel time of a pulse of light to estimate distance to the seafloor (Dierssen &
Theberge 2012) or to particle fields in the ocean (Hostetler & Skakuna et al. 2017). Aircraft-mounted lasers
pulse a narrow, high frequency laser beam toward the earth and are capable of recording elevation
measurements at rates of hundreds to thousands of pulses per second. Since they do not rely upon sunlight,
Lidar systems can be operated at night. Lidars have long been successfully used to assess the vertical
structure of aerosols and thin clouds (Winker et al. 2003). Space-based green lidars are commonly used to
assess the temporal and spatial characteristics of ice sheet elevation changes. The most advanced active
sensor in space presently is the Advanced Topographic Laser Altimeter System (ATLAS) on ICESat-2, a sixbeam, photon-counting lidar operating at 10kHz providing high spatial resolution measurements of altimetry
with applications spanning sea ice thickness, vegetation canopy changes and shallow water bathymetry
(Markus et al., 2017).
Lidars can be used to measure backscattered light off of ocean particles (Behrenfeld et al. 2013), as well
as fluorescence from chlorophyll and colored dissolved organic matter (CDOM) (Hoge et al. 2005). Although
elastic backscatter lidar is effective at retrieving vertical profiles of particle concentration, it does not
provide information about the particle composition (mineral or organic) (Hostetler & Skakuna et al. 2017).
Applications of airborne lidar that also involve the use of fluorescence techniques with chlorophyll and CDOM
provide more diagnostic information about particle content (Hoge et al. 2005). A significant leap in retrieval
accuracy and particle information is also achieved with a high-spectral-resolution lidar (HSRL) which can
provide an estimate of spectral light attenuation in the water column Hostetler & Skakuna et al. 2017).
Spectral light attenuation has long been used in oceanographic studies to estimate absorption properties of
pigments and other organic matter in ocean waters (Smith & Baker 1978). New research in subsea lidar
systems from ships that couple backscattering measurements with linear depolarization also has relevance
to detecting the vertical distribution and optical properties of suspended ocean particles, including optical
measurements related to absorption and the index of refraction of particles (Zimmerman, Sukenik & Hill
2013; Collister et al. 2018).
Active remote sensing technologies such as radar and lidar are largely independent of ambient
illumination conditions, provided sufficient transmitter irradiance over background, and advantageously

contend with attenuation along the optical path by exploiting phase information using heterodyne receivers.
Thus, hardware requirements for receiver sensitivity, aperture and SNR can effectively be relaxed given
increased transmitter power (up to MW of power in the case of radar). Recent advances in lidar have also
enabled multiple wavelengths of laser diodes to be used simultaneously in green and two infrared bands to
achieve a ‘color’ lidar point cloud (Briese et al. 2013; Briese et al. 2012). MiDAR, a recently-patented NASA
active multispectral remote sensing and optical communications instrument technology, is also helping to
create a new generation of multi/hyperspectral active remote sensing systems (Chirayath & Li 2019;
Chirayath 2018; McGillivary, Chirayath & Baghdady 2018; Chirayath 2018). MiDAR is also designed with fluid
lensing compatibility, helping to extend the depth range of the passive NASA FluidCam instrument to be used
in underwater applications for entirely light-limited environments (Chirayath & Li 2019).
Synthetic Aperture Radar (SAR) is an active radar instrument application where a series of radar signals
are sent from an observing platform (spacecraft, airplane), they bounce off the surface, and then are received
by an antenna to build up an image that is viewed at radar wavelengths (Henderson & Lewis 1998). The
returned signal is referred to as backscatter, and an SAR image shows the various amounts of backscatter.
The amount of radar backscatter is sensitive to the grain-size roughness of materials at the scale of the radar
wavelength, angular faces that reflect radar energy back (or away) from the receiver, volume scattering,
dielectric constant of the material, and the presence of dielectric constant changes (layering). Due to its
dependence on roughness and physical parameters, radar backscatter provides complementary information
than regular visible or infrared spectroscopy. Radar wavelengths are also longer than visible and infrared
wavelengths (usually radar is on the order of cm to 10s of cm), and thus interrogate deeper into the surface
than visible spectroscopy, on the order of 10s of cm, with the exception of liquid water.
Planetary SAR has been useful on worlds that have thick or obscuring atmospheres that make shorterwavelength imaging not practical, such as Venus and Titan (Ford, J.P. L. & States 1993; Elachi et al. 2005;
Elachi et al. 2006; Elachi et al. 2004). At Titan, SAR by the Cassini spacecraft was used extensively to examine
the surface of Saturn’s haze shrouded moon Titan (Lopes et al. 2019). SAR was able to interrogate surface
morphologies and determine structures such as dunes, dissected plateaus, craters, lakes, and channels at
high resolution. The SAR data was used to define Titan’s terrain unit classification system and enabled a
global geological map to be constructed (Malaska et al. 2016; Lopes et al. 2020).
Other instrument techniques include microwave emissivity, which is a passive technique where
microwave (radar) energy is detected by an antenna. This technique can also be performed during SAR
acquisition, when signals are not being actively received, or at larger distances where SAR is not practical.
Microwave emissivity uses natural radio emission to determine brightness of a terrain. When coupled with
an understanding of the physical temperatures, it can provide information on grain size, volume scattering,
and material properties (Janssen et al. 2009; Janssen et al. 2016; Le Gall et al. 2016). For Titan, many of the
terrains had a characteristic microwave emissivity that allowed differentiation between terrain units and
classification between organic terrains and icy terrains (Malaska et al. 2016; Malaska et al. 2020).

Ice & Ground Penetrating Radars
Ice penetrating radar sounding is a primary geophysical method for the subsurface observation of
terrestrial ice sheets and ice shelves (Schroeder et al. 2020). It has also played a leading role in the
subsurface exploration of Martian (Seu et al. 2007; Jordan et al. 2009) and Cometary (Kofman et al. 2015)
cryospheres and is included in the payloads of planned missions to the Ocean Worlds of Ganymede (Bruzzone
et al. 2011) and Europa (Blankenship & Young 2018). Recent advances in radar sounder data analysis have
enabled improved characterization of subglacial (Carter et al. 2007; Jordan et al. 2018) and englacial (Chu,
Schroeder & Siegfried 2018) water systems as well as ice shelves (Peters et al. 2007; Grima et al. 2019) and
grounding zones (Christianson et al. 2016) which can be adapted to the exploration of Ocean Worlds ice shells
for detection and characterization of extant liquid subsurface water (Culha et al. 2020; Michaelides &
Schroeder 2019). Similarly new approaches to constrain the attenuation (Hills et al. 2020), temperature
structure (Macgregor et al. 2015), and advection/melt-rates of (Winebrenner, Kintner & MacGregor 2019) of
terrestrial ice sheets stand to constrain the thermophysical structure of ocean-world ice shells (Kalousová,
Schroeder & Soderlund 2017). Finally, stationary active (Nicholls et al 2015; Kendrick et al. 2018) and/or
passive (Peters et al. 2018) radar sounders offer the ability to create time-series observations of subsurface
conditions (Romero-Wolf et al. 2016) from an ocean-world lander. Adapting and expanding this rich array of
terrestrial radio glaciological techniques to the exploration of Ocean Worlds stand to dramatically increase
the subsurface geophysical capabilities of both scientific communities.

Plume sampling
For sampling plumes at actively venting worlds, such as Enceladus or possibly Europa, a plume fly-through
mission while at orbital speeds is a potential option. Mass spectrometry (MS) using impact-induced ionization
is an effective means of detecting inorganic and organic molecules entrained within ice grains, though care
must be taken when selecting sampling speeds. Cassini spacecraft instruments sampled the Enceladus plume
gases and grains at hypervelocity (7-17km/s) during multiple flyby encounters, and detected H2, NH3, CH4, Ar,
silica nanograins, salts, and simple and complex organic molecules (Waite et al. 2006; Waite et al. 2009;
Postberg et al. 2008; Postberg et al. 2009; Postberg et al. 2011; Hsu et al. 2015; Sekine et al. 2015; Postberg
et al. 2018). Recent developments have focused on developing advanced instrumentation to determine biotic
and abiotic distributions (Klenner et al. 2020) and predicting optimal encounter velocities, which are thought
to be 3-6km/s for amino and fatty acids (Klenner et al. 2020). The SUrface Dust Analyzer (SUDA) and the
MAss Spectrometer for Planetary Exploration /Europa (MASPEX) aboard the Europa Clipper will analyze dust
sputtered from the moon’s surface (Srama et al. 2004; Waite et al. 2019). A return mission to Enceladus to
analyze the plume with particular focus on biosignature detection and quantification (Reh et al. 2016) and a
mission to Triton (Frazier et al. 2020) to determine if it hosts a subsurface ocean and to characterize its
plumes are in the concept stages.

Plume fly-through sampling and analysis tools are under development and testing in terrestrial
settings. For example, LACROSS (Life Analysis, Capture, and Retention on an Orbiting Saturn Spacecraft ) is
a Raman instrument concept designed to minimize sample alteration and maximize signal-to-noise for
analysis of plume ices in Ocean Worlds (Sobron et al. 2018). Plates have been designed to capture plume
material (New et al. 2020; Mathies et al. 2017) and are shown to be capable of collecting particles containing
organics at velocities of up to 1-2km/s. Organic molecule capture efficiencies at these velocities range from
10-50% for more than a quarter of the particle impacts on the plate. A funnel collector could be positioned
on an external surface of the spacecraft to collect plume material at Enceladus or other planetary body
exuding icy material (Eigenbrode et al. 2018; MacKenzie et al. 2020). The material would flow to a collection
system at the base of the funnel where it would be captured and transferred to an internal sample handling
system for delivery to internal instrumentation for sample preparation and analyses. One such funnel, the
EFun collector (Adams et al. 2018), is in development to capture ice particles.

In Situ Technologies
In situ technologies for Ocean Worlds spans systems and instruments that operate above, on, under, or

within ice, slush, and fluids. Terrestrial oceanographic measurements and sensing technologies focus on
determining biological, chemical, and physical properties from a variety of sensing techniques. Measurements
and sensing technologies relevant to Ocean Worlds are summarized here.

Robotic Platforms, Access & Sampling Technologies
Significant progress has been made in the past decade with underwater remotely operated or
autonomous underwater vehicles (ROVs and AUVs) (Roberts, Shedd & Hunt Jr. 2006), unmanned surface
vehicles (USVs) (Mordy et al. 2017), profiling floats (Roemmich & Gilson 2009), and unmanned aerial vehicles
(UAVs) to characterize the seafloor, ocean surface, and ocean column over large geographic areas. Threedimensional photogrammetry, active acoustical methods, and in situ water column measurements have been
used with remarkable effectiveness on such platforms to narrow the gap in observational capacity between
terrestrial and aquatic systems, revealing mesophotic and deep sea habitats with unexpected biodiversity
and ecological complexity (Pizarro, Eustice & Singh 2004; Bodenmann, Thornton & Ura 2013).
Sub-ice-shelf instrumentation and ROVs have been deployed through hundreds of meters of ice using
hot-water and electro-mechanical drilling methods. For example, the IceFin vehicle was deployed, most
recently in 2019-2020 beneath approximately 600m of ice using hot-water drilling technology similar to
that described by Makinson and Anker (Makinson & Anker 2014). Fiber-optic instrumentation for ice and
ocean temperature measurement was deployed through 193m of ice using an electro-mechanical drilling
method (Tyler et al. 2013). However, logistical costs for these methods increase rapidly with increasing ice
thickness and decreasing ice temperature. This has spurred development of ice melt probe technology, in
which modern materials and methods are used to make melt probes far more reliable than the first such

probes (which were developed in the 1960s and 70s) (Cwik et al. 2019; Winebrenner et al. 2016; Oleson et
al. 2019). Melt probe technology is thus now among the candidates for outer solar system flight hardware
(Howell et al 2020).
A number of subsurface access technologies have flown on previous missions and are in development in
terrestrial settings. Underwater sampling tools include flow-through systems developed for terrestrial oceans
including McLane Remote Access Sampler (RAS), AquaLAB (Dodd et al. 2006), and MBARI 3G-ESPG. Drills
used to explore shallow subsurface environments have been flown to Mars, e.g. Phoenix & InSight, and the
TRIDENT drill is a 1m class shallow drill in development for lunar access. For deeper access, drills currently
in development for Moon and Mars missions in the 2020’s aim to access 10m and deeper and can inform OW
technology developments (Dachwald et al. 2020). Other technologies currently being developed for Ocean
World access feature NASA’s Scientific Exploration Subsurface Access Mechanism for Europa (SESAME)
program include hot water jet drilling (e.g. VALKYRIE (Stone et al. 2018)), mechanical and hybrid thermomechanical drills (e.g. SLUSH (Zacny et al. 2018), an ice melt probe (Cwik et al. 2019; Winebrenner et al.
2016), and a cryobot combining these methods (Cwik, Zimmerman & Smith 2019) and through-the-ice
communication (e.g. Europa STI (McCarthy et al. 2019)). Significant work has been done to understand
realistic concepts for operation of a planetary cryobot and the corresponding system requirements, including
the NASA Compass study into a Europa Tunnelbot (Oleson et al. 2019), the Jet Propulsion Laboratory’s Probe
Using Radioisotopes for Icy Moons Exploration (PRIME) architecture study (Fleurial et al. 2019).
Ice and soil sample collection technologies have been developed for landed technologies for Mars
missions and for Europa, mostly consisting of surface disruption or cutting tools and scoops (Scoops: Phoenix
mission, Honeybee; Europa Lander scoop, JPL; Rasps (Badescu et al. 2019), JPL; Pneumatic transfer: Zachny,
Honeybee), and also plume flythrough collection devices including funnels and impact plates (e.g. Adams, JHU
APL). Milli- and micro-fluidic systems are in development to bring in and process ice to liquid samples. NASA
ICEE2 grants are particularly focused on sample processing and analyses for a Europa Lander type in situ
mission to search for biosignatures. Other instrument development grants (PICASSO, MatISSE, COLDTech)
also focus on Ocean World in situ technologies.
Planetary seismology provides a direct probe of interiors. Europa is thought to have a global subsurface
ocean in contact with a mineral-rich silicate interior—one of the Ocean Worlds in the outer solar system
with the greatest potential for hosting life. Investigations of Europa’s liquid water have focused on
determining the thickness of the ice crust and corresponding depth of the subsurface ocean—with estimates
ranging from 5 to 50 km (Pappalardo et al. 1998, Greenberg et al. 1999; Nimmo, Giese & Pappalardo 2003;
Tobie, Choblet & Sotin 2003; Showman & Han 2004; Bray et al. 2014). Additional habitable environments
may be smaller, transient subsurface lakes within Europa’s ice shell (Schmidt et al. 2011) that would be a
very different niche for life. Understanding the size and location of such perched environments would inform
their habitability and accessibility. Knowledge of ice/water layer interfaces is also important as undulations
in the basal ice or ‘slush’ layer could suggest diapirs (O’Brien, Geissler & Greenberg 2002; Goodman et al.

2004) that indicate the location of hydrothermal vents on the ocean floor (Collins et al. 2000; Thomson &
Delaney 2001). Determining the ice depth to a subsurface ocean and any intermediate water deposits is a
priority for NASA’s Europa Lander concept—to assess habitability and help prioritize areas of future
exploration (Hand et al. 2017).
In the terrestrial cryosphere, seismic methods are an established way to determine ice thickness and
discriminate between sub-ice materials (Clarke & Echelmeyer 1996; Blankenship et al. 1987). On Europa,
long period (<1 Hz) seismic data can help constrain the depth of the ice crust, ocean, and global structure
(Kovach & Chyba 2001; Panning et al. 2006; Stähler et al. 2018), while high-frequency events (>1 Hz) will
aid investigations of local structure and identify nearby deposits of liquid water (Lee et al. 2003). Seismic
measurements may also provide constraints on the salinity of the ocean (Vance et al. 2018).
Similar science investigations might be usefully deployed on Saturn’s moon Enceladus, which also has a
global ocean and signs of hydrothermal activity (Choblet et al. 2017). In addition, a seismic experiment could
help in determining the plumbing the eruptive jets around the south-polar Tiger Stripe features (Vance et al.
2018). On Saturn’s moon Titan, the seismic experiment on NASA’s planned DragonFly mission can help to
determine the structure and composition of near-surface organics and underlying ice and may be able to
determine the thickness of the underlying liquid water ocean (Lorenz et al. 2019). It may also be capable of
detecting wind-driven waves on Titan’s northern seas (Stähler et al. 2018).

Biological and Physical Sensing Technologies
Oceanographic sampling technologies include automated water samplers for marine chemistry (Enochs
et al. 2020), oceanographic time series (van der Merwe et al. 2019), deep sea microbial sampling (Peoples
et al. 2019), and for automated eDNA sampling (Nguyen et al. 2019; Yamahara et al. 2019). Sampling
technologies also include biodiversity sampling systems relying on settlement plates such as the autonomous
reef monitoring structures (ARMS) that can reveal marine biodiversity, cryptic biodiversity, community
structure, and microbial community diversity when using high-throughput DNA sequencing methods (Leray
& Knowlton 2015; Pavloudi et al. 2019; Pearman et al. 2019).
Autonomous sensor technology is well established for assessing water quality across Earth’s aquatic
ecosystems (Greb, Dekker & Binding 2019). including measurements of the optical properties of different
dissolved and particulate matter in the aquatic habitats (Werdell et al. 2018) and radiative transfer models
to interpret the mixtures of these materials (Mobley 1995; Elsevier 2017; Twardowski & Tonizzo 2018). The
color of light reflected from or within a water body is related to the absorption and scattering properties of
different types of dissolved and particulate matter, as well as inelastic processes like Raman scattering and
fluorescence. Absorption of light by dissolved humic substances and nonhumic substances such as pigmentlike components, amino acid or protein-like components and small colloids, known as colored dissolved
organic matter (CDOM) or gelbstoff, has a distinct spectral shape and can be measured optically both from
space and in the field. Measurements of particulate absorption can be used to assess living phytoplankton of

a wide range of sizes and shapes, as well as larger detritus from living cells, suspended minerals and sediment.
In addition, in situ laser diffraction measurements that can be relevant to finding the size distribution related
to resuspended plumes of sediment and algal blooms in water (Andrew, Nover & Schladow 2010; Buonassissi
& Dierssen 2010), volume scattering measurements which can help deduce the index of refraction of particles
(Sullivan et al. 2005; Zhang, Twardowski & Lewis 2011), and subsea lidar systems (Collister et al. 2018).
When seeking life on other Ocean Worlds, such optical measurements can provide direct evidence of the
types of organic and inorganic matter found within the ocean world.
To perform in situ detections of biosignatures at planetary environments, several instruments are in
development including the Enceladus Organic Analyzer for detecting amino acids (Mathies et al. 2017), Search
for Extra-Terrestrial Genomes (SETG) instrument for nucleic acid detections (Bhattaru et al. 2019), Europan
Molecular Indicators of Life Investigation (EMILI) for detecting molecular biosignatures (Brickerhoff et al.
2018) and others. Novel, small, low-mass and low-power nanopore devices have been developed commercially
that can detect, and in some cases, characterize Lipidic Cubic Phases (LCPs) including DNA, RNA and proteins
as they pass through the pore (e.g. MinION (Jain et al. 2016). This technology has been demonstrated on the
International Space Station (Castro-Wallace et al. 2017), but uses biologic protein pores which are
susceptible to degradation over long space missions and in high radiation environments. Synthetic nanopore
devices are in development (Xue et al. 2020) that would be more robust to these conditions and can form
pores of various sizes to assist with detections, but have the challenge of increased flow-through speeds that
reduces sensing resolution.
In situ instrumentation for remote locations has been developed that allows emplacement and monitoring
while being embedded in ice. On Earth, these instruments can be used to measure the electrochemical
parameters of meltwater and reveal the residence time and likely chemical weathering history of percolating
meltwater, as well as determining links between sub-ice pressure and ice dynamics.
Raman Spectroscopy is an excellent tool to analyze biosignatures. Raman can be used to detect and
(semi)quantitate minerals and organic compounds, and it is particularly sensitive to potential biominerals
such as silica, carbonates, sulfates, magnetite, and metal oxides. Raman can also be used to detect salts (e.g.
chlorides; sulfates), silicates, metals, metal (oxy)hydroxides, volatiles (e.g. CH4; COx) and radiation products
(e.g. H2O2 O2) (Nakamoto 2008). This ability for broad chemical characterization greatly increases confidence
in interpretation of the origin of minerals and organics. Many of these compounds also help constrain
habitability parameters, such as the extent and style of water-rock interactions in the ocean; ocean pH,
salinity, and redox state; the presence of bioessential elements (CHNOPS); and the availability of red-ox
couples that life can use as an energy source. Raman instruments are flying in two upcoming missions to
Mars (SHERLOC and SuperCam on NASA’s Mars 2020 rover); and RLS on ESA’s ExoMars rover; and are
considered for flight in the Europa Lander Mission. Currently, instruments in development, such as the in situ
Spectroscopic Europa Explorer (iSEE), will further increase Raman sensitivity for biosignature detection
purposes (Sobron et al. 2018; Bar-Cohen & Zacny 2020).

Fluorescence and Raman spectroscopy can reveal information about the electronic and rovibrational
states of a molecule. Molecules that fluoresce include aromatic amino acids such as tryptophan, tyrosine,
and phenylalanine as well as aromatic molecules such as benzene, naphthalene, and other polyaromatic
hydrocarbon species (Bhartia et al. 2008). Fluorescence also has the advantage of being very sensitive with
low limits of detection and quantitation. Raman spectroscopy determines rovibrational states based on
functional group atom-atom vibrations, rotations, and stretching. In general, Raman is less sensitive when
compared with fluorescence spectroscopy; this can be enhanced by using excitation wavelengths that are
preferentially absorbed by the molecule, a technique is referred to as fluorescence-enhanced Raman
(Sappers et al. 2019). The use of Deep UV excitation allows absorption of UV photons by aromatic molecules,
which provides both fluorescence and fluorescence-enhanced Raman signals (Bhartia et al. 2008).
The current state-of-the-art instrument for planetary applications is the Mars Perseverance SHERLOC
instrument, currently on its way to Mars (Beegle et al. 2015). The SHERLOC instrument is able to map a 7x7
cm surface with a 50ìm spot laser and acquire both fluorescence and Raman spectra. A companion
instrument (WATSON) attached to the planetary deep drill has been demonstrated in the Greenland Ice sheet
for down-borehole applications in ice and rock and uses a similar strategy, but the optical path and
component have been reconfigured to fit into a tube (Eshelman et al. 2019; Malaska et al. 2020). While the
SHERLOC instrument is designed for surface reflectance interrogation, the transparent nature of ice and
evaporite deposits (gypsum, halite) allows the WATSON instrument to examine into the interior of the matrix
(Eshelman et al. 2019; Carrier et al 2019).

Communications
Relaying data from underwater instruments to and through the surface at bandwidths common to
airborne and spaceborne platforms has remained a significant obstacle to sustained deep sea mapping on
Earth (McGillivary, Chirayath & Baghdady 2018). Robotic explorers on Ocean Worlds will need to
communicate with one another and/or an orbital platform from challenging environments on a dynamic icy
surface, under ice, and submerged in fluid or slush.
Recent developments have allowed wireless radio frequency sensor platforms to return data from the
bed to the ice surface. ‘Cryoegg’ is a spherical, very high frequency subglacial probe that has been proven
through 1.4km of Greenland ice (Prior-Jones et al. 2020). Its 15cm diameter allows deployment via standard
ice core boreholes, followed by free-roaming in subglacial meltwater channels. It has been tested in moulins
(Bagshaw et al. 2014) and deep boreholes (Prior-Jones et al. 2020) in Greenland, with data returned in real
time from a depth of 1.4km. The current Cryoegg instrument measures simple electrochemical parameters
(temperature, pressure, electrical conductivity), but the sensor suite is interchangeable and more complex
biogeochemical sensors may be incorporated into the platform (for example, pH or dissolved oxygen).
Two other wireless systems have been tested in subglacial environments: The WiSe (Wireless Subglacial
Sensing) system (Smeets et al. 2012) could return a signal through 2.5km of ice in Greenland. The Glacsweb

system was also borehole-deployable, with a lozenge-shaped probe designed to lodge in subglacial till.
Planetary applications of these systems would allow emplacement and sensing in the deep ice crusts of Ocean
Worlds for long duration monitoring of changing chemical conditions, for example, during crustal flexure due
to tidal cycle.
Finally, NASA’s recently developed MiDAR instrument (Chirayath & Li 2019; Chirayath 2018), an active
multispectral/hyperspectral system, is capable of imaging targets with high-intensity narrowband structured
optical radiation to measure an object’s spectral reflectance, image through fluid interfaces, such as ocean
waves, and demonstrated simultaneously transmission of high-bandwidth data optically through an air-ocean
interface and underwater (McGillivary, Chirayath &Baghdady 2018).
Looking forward, NASA has recently selected five through-ice communications technology teams for
planetary exploration for further funding within the 2020 Concepts for Ocean worlds Life Detection
Technology (COLDTech) program. These include both standalone and hybrid devices that consider fiberoptic
tethers and free space technologies. This comprises investments in radio-frequency, acoustic, and magnetoinductive transceivers.

Fig. 4: Sample technologies for remote sensing and in situ exploration of Ocean Worlds. 1) Tethered robotic exploration; 2)
Satellite based active and passive optical remote sensing; 3) Plume sampling; 4) Communications; 5) Planetary drilling; 6)
ROVs and AUVs; 7) UAVs; 8) In situ ice emplacement and tunneling.

Oceans Across the Solar System- What's Next?
This compendium of short papers seeks to spark cross-divisional conversations between scientists studying
our ocean on Earth and oceans in other parts of the Solar System, and to identify areas of collaboration and
mutual interest. Expanding collaborations between Earth ocean scientists and extraterrestrial ocean
scientists can provide access to the many years of research that have been accomplished on the Earth and
apply that to other Ocean Worlds. Ocean World research, including our own ocean world, requires a shared
vision among and across disciplines, and we can leverage from the knowledge, and perspectives, each has.
It is clear that comparative oceanography, or using our planet as an analog for understanding ocean worlds,
is fundamental to advance our understanding of oceans in other parts of our solar system and beyond, but it
is also true that seeing Earth through the lens of ocean world exploration may help us better understand
our ocean, where life on Earth began, and where it is going. The development of technologies to map and
explore the depths of our ocean, and understand our ocean using satellites, can all be directly applied to
the study of oceans across our solar system, and similarly, technologies designed for extraterrestrial ocean
worlds may turn out to be useful for our Earth.
To complement this collection of manuscripts, the Ocean Carbon and Biogeochemistry Program held an
Ocean Worlds session during their 2021 Summer Workshop. The session plenaries and panel discussions
centered around five topics, which largely mirrored, but also went beyond, the themes addressed by these
manuscripts:
1. Ocean World Workings- what do we know about Earth’s Ocean, and how does that translate to
other planetary systems?
2. Biogeochemistry of Ocean Worlds- the physics, chemistry, and biology of ocean worlds.
3. Analogs- how are we using our earth as an analog for ocean worlds, based on our understanding of
Earth’s Ocean system processes? How is this advancing our own understanding of Earth?
4. Technology- what are we currently using to look at ocean worlds? What have we done on Earth
that could translate to other moons?
5. Life Detection on Ocean Worlds- How can we detect bio signatures on other worlds? What have
we learned about life in extreme environments on Earth? How does this help us understand the
origin of life on Earth?
From the workshop discussions, pressing questions and tantalizing challenges that call for cross-divisional
work emerged, which are briefly listed below. Many of these challenges and questions were also touched
upon in the different sections of this white paper and provide fertile ground for the community to engage in

collaborations between Earth ocean scientists and extraterrestrial ocean scientists to build together the
basic knowledge that will advance this field.
Interfaces and gradients:
In ocean worlds, including our own Earth, important biogeochemical cycles occur at interfaces; on Earth,
processes occurring at Critical Zones – dynamic interfaces between the solid Earth, water, soil, and air significantly influence and control chemical cycling, energy flows, and the availability of resources that are
necessary for life1. Processes in critical zones are nonlinear and take place across a range of temporal and
spatial scales. In particular, Critical Aquatic Zones2, boundaries with steep gradients of abiotic and bioticderived dissolved and particulate constituents, are areas where rapid biogeochemical and biological change
can occur and are known to significantly influence systematic function of aquatic biological systems.
Simply put, critical zones are critical for life. Yet, because of the challenges that exists in capturing the
wide range of processes and drivers that occur at Critical Zones, these areas remain poorly described, even
on Earth. For example, there still remains a wide range of rates of transformation, and biogeochemical and
biological constituents and processes at interfaces, including phytoplankton and microbes, that have not
been adequately characterized on Earth. In addition, models that can capture interface workings are
important; however, many challenges remain for models focused on interfaces on Earth and on Ocean
Worlds; smaller scale processes are not adequately captured, and interfaces are largely treated as distinct
entities, rather than parameterizing these as matter that changes phase (e.g. same matter but in a
different state, such as ice in contact with water).
Characterizing Critical Zones in ocean worlds will require a multidisciplinary framework and an
interdisciplinary approach that draws on multiple fields of expertise. It will require the development of
process studies and models that capture the broad range of scales in question, and links the different
processes together, from physical transport processes to metabolic pathways.
Thought provoking questions and topics include:
1. How well are we capturing the processes in the ice/ocean interface on Earth?
2. On Earth, biological and biogeochemical latitudinal gradients are influenced by ocean circulation –
what might this look like on other ocean worlds? For instance, how are currents on moons different
from those on planets? This may influence how communities may organize.
3. Considering the lack of light, what kind of gradients may we expect on ocean worlds? Gradients
may be more vertical (heat from the bottom), and nutrient sources also may vary, which would
impact food distribution and influence biological zonation. Could this create a situation where
there is competition for an already limited substrate?
National Research Council. 2001. Basic Research Opportunities in Earth Science. Washington, DC: The National Academies Press.
https://doi.org/10.17226/9981.
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Analogs:
Most of our understanding of how ocean worlds function is based on what we know about our own planet.
The planetary and astrobiology communities have relied on studying ‘Ocean World analog’ sites on Earth to
build models and inferences of ocean world workings. However, a lot of this work is carried out
independently from Earth-focused oceanographers, which has generated separate lines of thought and
research focusing on very similar questions.
While Earth scientists have been studying our ocean world for a longer period of time, planetary scientists
can give a different perspective on common questions, and provide outside-the-box thinking on how oceans,
and life, may evolve and work. Sharing data and models and leveraging know-how and resources between
extraterrestrial and Earth scientists has the potential to expand the understanding of ocean worlds across
the solar system and address important climate and evolutionary questions that are of interest to both
communities. For example, studying processes between ice shelves and sea floors can be informative on
how material is entrained into the ice, a topic of interest to Earth oceanographers as they seek to better
understand biology and biodiversity in the ocean, and also applicable to Europa where overturning
processes might lead ocean material upward and through the ice to the upper interface. Other worlds can
provide unique glimpses into early biological processes that may have led to the development of life on
Earth. In addition, the challenges of exploring Earth’s deep ocean and oceans across the solar system push
technological advances that could benefit both communities; satellite remote sensing and in situ sampling
technologies together are necessary to understand and constrain a system.
Earth is the only planet that we know of that harbors life, and thus all of our research and understanding
hinges on Earth’s biosignatures. On Earth, life is studied directly, but also indirectly through biological
byproducts (chemical and physical). Understanding how life on Earth is impacting Earth’s physical
environment, and how organic molecules are produced and how long they persist in the environment can
inform what we look for in other worlds. However, when we explore ocean worlds, defining evidence of life –
either a signature or actual life – can get tricky. The former gives us more clues into how life evolves and
originates. The latter might open the possibility to more questions. Life as we know it depends on energy.
Energy sources on other ocean worlds are different and much weaker than those on Earth. With less energy,
life on other ocean worlds will likely have lower growth and speciation rates, slower mutation, less
diversity, and slower evolution. In addition, with fewer resources, life on other ocean worlds will likely be
small, and biosignatures produced may be miniscule, maybe even undetectable.
Thought provoking questions and topics include:
1. Have cryospheric analogues on Earth been identified that are truly representative of conditions on
icy moons?

2. Is it sufficient to study the ocean under the currently melting Arctic ice (sea ice and glacial ice), or
should the research focus more on processes during the snowball Earth period of history?
3. Do we have the necessary tools to hindcast what processes and organisms persisted through the
snowball Earth period, and if not, what are the barriers?
4. How can we use information about other ocean worlds workings to inform processes that govern
Earth’s cryosphere and ocean world?
5. Considering that Earth is a planet replete with resources and that life elsewhere may be much
sparser, where and how should we look for biosignatures in ocean worlds? How should we
characterize them?
6. Do we know the conditions necessary for the emergence and support of life?
7. How do we observe things under the ice from the top of the ice? What kind of technological
advances would be needed?
8. How do we test theoretical models of ocean world compositions?
9. How will we measure the parameters of the other ocean worlds and compare it with ours?
10. If life isn’t discovered in the other oceans of our solar system, what can that tell us about life
(biochemistry, etc.)? Why did it develop on Earth and not elsewhere? What might be the
intermediate steps between life and non-life?

REFERENCES
[1] Abreu, F., A. Carolina, V. Araujo, P. Leão, K.T. Silva, F.M. Carvalho, O.L. Cunha, et al. (2016) Culture-independent
characterization of novel psychrophilic magnetotactic cocci from Antarctic marine sediments. Environmental
Microbiology 18, 4426-4441.
[2] Adams, E. et al. EFun: the Plume Sampling System for Enceladus. cosp 42, B5--3 (2018).
[3] Aleinov, I., M. J. Way, C. Harman, K. Tsigaridis, E. T. Wolf, G. Gronoff (2019) Modeling a transient secondary
paleolunar atmosphere: 3-D simulations and analysis. Geophys. Res. Lett., 46(10), 5107-5116,
doi:10.1029/2019GL082494.
[4] Amin, SA, MS Parker, and EV Armbrust (2012) Interactions between diatoms and bacteria. Microbiology and
Molecular Biology Reviews, 76(3), 667-684.
[5] Andrews, S., Nover, D. & Schladow, S. G. Using laser diffraction data to obtain accurate particle size
distributions: The role of particle composition. Limnol. Oceanogr. Methods 8, 507–526 (2010).
[6] Arrigo K. R., Lowry K. E., and van Dijken G. L. (2012) Annual changes in sea ice and phytoplankton in polynyas of
the Amundsen Sea, Antarctica. Deep Sea Research Part II: Topical Studies in Oceanography, 71: 5-15.
[7] Badescu, M. et al. Sampling Tool Concepts for Enceladus Lander In-Situ Analysis. in 2019 IEEE Aerospace
Conference 1–12 (2019).
[8] Bagshaw, E. A. et al. Novel wireless sensors for in situ measurement of sub-ice hydrologic systems. Ann. Glaciol.
55, 41–50 (2014).
[9] Banke,J. (2017). Technology readiness levels demystified. Retrieved online at:
https://www.nasa.gov/topics/aeronautics/features/trl_demystified.html
[10] Bar-Cohen, Y. & Zacny, K. Advances in Terrestrial and Extraterrestrial Drilling. (CRC Press, 2020).
[11] Bar-on, YM, R Phillips, and R Milo (2018) The biomass distribution on Earth. Proceedings of the National
Academy of Sciences, 115 (25), 6506-6511. DOI: 10.1073/pnas.1711842115
[12] Bearden, D. and E. Mahr (2017) Cost of Planetary Protection Implementation, presentation to the Committee to
Review the Planetary Protection Development Processes, June 28, 2017,
http://sites.nationalacademies.org/cs/groups/ssbsite/documents/webpage/ssb_180771.pdf.
[13] Beegle, L. et al. SHERLOC: Scanning habitable environments with Raman luminescence for organics chemicals.
in 2015 IEEE Aerospace Conference 1–11 (2015). doi:10.1109/AERO.2015.7119105
[14] Běhounková M., Souček O., Hron J., and Čadek O. (2017) Plume activity and tidal deformation on Enceladus
influenced by faults and variable ice shell thickness. Astrobiology, 17: 941-954.
[15] Behrenfeld, M. J. et al. Satellite-detected fluorescence reveals global physiology of ocean phytoplankton.
Biogeosciences 6, 779–794 (2009).
[16] Behrenfeld, M. J. et al. Space-based lidar measurements of global ocean carbon stocks. Geophys. Res. Lett. 40,
4355–4360 (2013).
[17] Bender, H. A. et al. Snow and Water Imaging Spectrometer: mission and instrument concepts for earth-orbiting
CubeSats. J. Appl. Remote Sens. 12, 1 (2018).

[18] Bhartia, R. et al. Classification of organic and biological materials with deep ultraviolet excitation. Appl.
Spectrosc. 62, 1070–1077 (2008).
[19] Bhattaru, S. A. et al. Development of a Nucleic Acid-Based Life Detection Instrument Testbed. in IEEE Aerospace
Conference Proceedings (2019). doi:10.1109/AERO.2019.8742193
[20] Bidigare R. R., Ondrusek M. E., Kennicutt M. C., Iturriaga R., Harvey H. R., Hoham R. W., and Macko S. A. (1993)
Evidence a photoprotective for secondary carotenoids of snow algae 1. Journal of Phycology, 29: 427-434.
[21] Blankenship, D. D. & Young, D. A. An ensemble approach for science verification and validation of REASON radar
studies of Europa. AGUFM 2018, P51G–2954 (2018).
[22] Blankenship, D. D., Bentley, C. R., Rooney, S. T. & Alley, R. B. Till beneath Ice Stream B: I - Properties derived
from seismic travel times. II - Structure and continuity. III - Till deformation - Evidence and implications. IV - A
coupled ice-till flow model. J. Geophys. Res. (1987). doi:10.1029/JB092iB09p08903
[23] Bodenmann, A., Thornton, B. & Ura, T. Development of long range color imaging for wide area 3D
reconstructions of the seafloor. in Underwater Technology Symposium (UT), 2013 IEEE International 1–5 (2013).
[24] Boles E., Provost C., Garçon V., Bertosio C., Athanase M., Koenig Z., and Sennéchael N. (2020) Under-Ice
Phytoplankton Blooms in the Central Arctic Ocean: Insights From the First Biogeochemical IAOOS Platform Drift
in 2017. Journal of Geophysical Research: Oceans, 125: e2019JC015608.
[25] Bowman JS and JW Deming (2010) Elevated bacterial abundance and exopolymers in saline frost flowers and
implications for atmospheric chemistry and microbial dispersal. Journal of Geophysical Research, 37,
L13501. DOI: 10.1029/2010GL043020
[26] Bowman, J.S., J.W. Deming (2010) Elevated bacterial abundance and exopolymers in saline frost flowers and
implications for atmospheric chemistry and microbial dispersal. Journal of Geophysical Research, 37,
L13501. DOI: 10.1029/2010GL043020
[27] Bracher, A. et al. Obtaining phytoplankton diversity from ocean color: A scientific roadmap for future
development. Front. Mar. Sci. 4, 1–15 (2017).
[28] Bray, V. J., Collins, G. S., Morgan, J. V., Melosh, H. J. & Schenk, P. M. Hydrocode simulation of ganymede and
europa cratering trends - how thick is europa’s crust? Icarus (2014). doi:10.1016/j.icarus.2013.12.009
[29] Briese, C. et al. Radiometric calibration of multi-wavelength airborne laser scanning data. ISPRS Ann.
Photogramm. Remote Sens. Spat. Inf. Sci 1, 335–340 (2012).
[30] Briese, C., Pfennigbauer, M., Ullrich, A. & Doneus, M. Multi-wavelength airborne laser scanning for
archaeological prospection. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci 40, 119–124 (2013).
[31] Brinckerhoff, W. B. et al. EMILI: Europan molecular indicators of life investigation. in Earth and Space 2018:
Engineering for Extreme Environments - Proceedings of the 16th Biennial International Conference on
Engineering, Science, Construction, and Operations in Challenging Environments (2018).
doi:10.1061/9780784481899.050
[32] Brown E., Buffo J., Grantham M., Pontefract A., Glass J., Ingall E., Doran P., Toubes-Rodrigo M., Dion-Kirschner H.,
and Carr C. (2020) Trapped in the Ice: An Analysis of Brines in British Columbia's Hypersaline Lakes. LPI: 2218.
[33] Bruzzone, L. et al. Subsurface radar sounding of the jovian moon ganymede. in Proceedings of the IEEE 99, 837–
857 (Institute of Electrical and Electronics Engineers Inc., 2011).

[34] Buffo J., Schmidt B. E., Huber C., and Walker C. C. (2019) Entrainment and dynamics of ocean-derived impurities
within Europa’s ice shell. Journal of Geophysical Research: Planets: e2020JE006394.
[35] Buffo J., Schmidt B., and Huber C. (2018) Multiphase reactive transport and platelet ice accretion in the sea ice
of McMurdo sound, Antarctica. Journal of Geophysical Research: Oceans, 123: 324-345.
[36] Buonassissi, C. J. & Dierssen, H. M. A regional comparison of particle size distributions and the power law
approximation in oceanic and estuarine surface waters. J. Geophys. Res. Ocean. 115, 1–12 (2010).
[37] Carlson R., Anderson M., Johnson R., Smythe W., Hendrix A., Barth C., Soderblom L., Hansen G., McCord T., and
Dalton J. (1999) Hydrogen peroxide on the surface of Europa. Science, 283: 2062-2064.
[38] Carrier, B. L., Abbey, W. J., Beegle, L. W., Bhartia, R. & Liu, Y. Attenuation of Ultraviolet Radiation in Rocks and
Minerals: Implications for Mars Science. J. Geophys. Res. Planets 124, 2599–2612 (2019).
[39] Carter, S. P. et al. Radar-based subglacial lake classification in Antarctica. Geochemistry, Geophys. Geosystems
8, (2007).
[40] Castro-Wallace, S. L. et al. Nanopore DNA Sequencing and Genome Assembly on the International Space Station.
Sci. Rep. (2017). doi:10.1038/s41598-017-18364-0
[41] Chirayath, V. & Earle, S. A. Drones that see through waves – preliminary results from airborne fluid lensing for
centimetre-scale aquatic conservation. Aquat. Conserv. Mar. Freshw. Ecosyst. (2016). doi:10.1002/aqc.2654
[42] Chirayath, V. & Instrella, R. Fluid lensing and machine learning for centimeter-resolution airborne assessment
of coral reefs in American Samoa. Remote Sens. Environ. (2019). doi:10.1016/j.rse.2019.111475
[43] Chirayath, V. & Li, A. Next-Generation Optical Sensing Technologies for Exploring Ocean Worlds—NASA
FluidCam, MiDAR, and NeMO-Net. Front. Mar. Sci. 6, (2019).
[44] Chirayath, V. System and Method for Imaging Underwater Environments Using Fluid Lensing. (United States
Patent and Trade Office, 62/634,803, 2018).
[45] Chivers C. J., Buffo J. J., and Schmidt B. E. (in review) Thermal and chemical evolution of small, shallow water
bodies in Europa’s ice shell. Journal of Geophysical Research: Planets.
[46] Choblet G., Tobie G., Sotin C., Běhounková M., Čadek O., Postberg F., and Souček O. (2017) Powering prolonged
hydrothermal activity inside Enceladus. Nature Astronomy, 1: 841-847.
[47] Chris Hostetler & Sergii Skakuna, Eric Vermoteb, Jean-Claude Rogera, B. F. Spaceborne Lidar in the Study of
Marine Systems. AIMS Geosci. 3, 163–186 (2017).
[48] Christianson, K. et al. Basal conditions at the grounding zone of Whillans Ice Stream, West Antarctica, from icepenetrating radar. J. Geophys. Res. Earth Surf. 121, 1954–1983 (2016).
[49] Chu, W., Schroeder, D. M. & Siegfried, M. R. Retrieval of Englacial Firn Aquifer Thickness From Ice-Penetrating
Radar Sounding in Southeastern Greenland. Geophys. Res. Lett. 45, 11,711-770,778 (2018).
[50] Chyba C. F. (2000) Energy for microbial life on Europa. Nature, 403: 381-382.
[51] Chyba C. F., and Phillips C. B. (2001) Possible ecosystems and the search for life on Europa. Proceedings of the
National Academy of Sciences, 98: 801-804.
[52] Clarke, T. S. & Echelmeyer, K. Seismic-reflection evidence for a deep subglacial trough beneath Jakobshavns
Isbræ, West Greenland. J. Glaciol. (1996). doi:10.3189/s0022143000004081
[53] Cohen J. H., Berge J., Moline M. A., Johnsen G., and Zolich A. P. (2020) Light in the Polar Night. In: POLAR NIGHT
Marine Ecology, Springer, pp 37-66.

[54] Collins, G. C., Head, J. W., Pappalardo, R. T. & Spaun, N. A. Evaluation of models for the formation of chaotic
terrain on Europa. J. Geophys. Res. E Planets (2000). doi:10.1029/1999JE001143
[55] Collister, B. L., Zimmerman, R. C., Sukenik, C. I., Hill, V. J. & Balch, W. M. Remote sensing of optical
characteristics and particle distributions of the upper ocean using shipboard lidar. Remote Sens. Environ. 215,
85–96 (2018).
[56] Corliss, J.B., Dymond, J., Gordon, L.I., Edmond, J.M., von Herzen, R.P., Ballard, R.D., Green, K., Williams, D.,
Bainbridge, A., Crane, K. & van Andel, T.H. (1979). Submarine thermal springs on the Galapagos Rift. Science
203, 1073-1083.
[57] Craft, KL, GW Patterson, RP Lowell, and L Germanovich (2016), Fracturing and flow: Investigations on the
formation of shallow water sills on Europa, Icarus, 274, 297-313.
[58] Culha, C., Schroeder, D. M., Jordan, T. M. & Haynes, M. S. Assessing the detectability of Europa’s eutectic zone
using radar sounding. Icarus 339, (2020).
[59] Cwik, T. A., Smith, M. W., Fleurial, J.-P., Zacny, K. & Winebrenner, D. P. A Cryobot for Melting, Cutting and Waterjetting through the Icy Crust of Ocean Worlds. In: Nuclear and Emerging Technologies for Space, AGUFM 2019,
P51B--07 (2019).
[60] Dachwald, B. et al. Key technologies and instrumentation for subsurface exploration of ocean worlds. Space Sci.
Rev. 216, 1–45 (2020).
[61] Dartnell L. (2011) Biological constraints on habitability. Astronomy & Geophysics, 52: 1.25-1.28.
[62] Davis, C, W Li, T Vick-Majors, JD Barker, A B Michaud, J E Dore, M Siegfried, M Tranter, M L Skidmore, C B
Gardner, R Venturelli, T Campbell, M O Patterson, A Leventer, D M Harwood, B E Rosenheim, J C Priscu and B C
Christner (2019) Life Below an Ice Sheet: Mercer Subglacial Lake, West Antarctica, Abscicon 2019, Seattle,
Abstract #316-1.
[63] Davis, C, W Li, T. Vick-Majors, J.D. Barker, A.B. Michaud, J.E Dore, M. Siegfried, M. Tranter, M.L. Skidmore, C.B
Gardner, R. Venturelli, T. Campbell, M.O. Patterson, A. Leventer, D.M. Harwood, B.E. Rosenheim, J.C. Priscu and
B.C. Christner (2019) Life Below an Ice Sheet: Mercer Subglacial Lake, West Antarctica, Abscicon 2019, Seattle,
Abstract #316-1
[64] Dial R. J., Ganey G. Q., and Skiles S. M. (2018) What color should glacier algae be? An ecological role for red
carbon in the cryosphere. FEMS microbiology ecology, 94: fiy007.
[65] Dierssen, H. et al. Space station image captures a red tide ciliate bloom at high spectral and spatial resolution.
Proc. Natl. Acad. Sci. U. S. A. 112, 14783–14787 (2015).
[66] Dierssen, H. M. & Theberge, A. E. Bathymetry: Assessment. Encycl. Nat. Resour. Water 629–636 (2012).
doi:10.1081/e-enrw-120048588
[67] DiNicola, M., K. McCoy, C. Everline, K. Reinholtz, and E. Post (2018) A Mathematical Model for Assessing the
Probability of Contaminating Europa, 978-1-5386-2014-4/18/, IEEE Aerospace Conference.
[68] Dinniman M. S., Asay-Davis X. S., Galton-Fenzi B. K., Holland P. R., Jenkins A., and Timmermann R. (2016)
Modeling ice shelf/ocean interaction in Antarctica: A review. Oceanography, 29: 144-153.
[69] Dodd, P. A., Price, M. R., Heywood, K. J. & Pebody, M. Collection of Water Samples from an Autonomous
Underwater Vehicle for Tracer Analysis. J. Atmos. Ocean. Technol. 23, 1759–1767 (2006).

[70] Doggett T., Greeley R., Figueredo P., and Tanaka K. (2009) Geologic stratigraphy and evolution of Europa’s
surface. In: Europa, University of Arizona Press Tucson, AZ, pp 137-160.
[71] Dombard, AJ, GW Patterson, AP Lederer and LM Prockter (2013) Flanking fractures and the formation of double
ridges on Europa, Icarus, 223, 74-81.
[72] Ducklow H. W., Fraser W. R., Meredith M. P., Stammerjohn S. E., Doney S. C., Martinson D. G., Sailley S. F.,
Schofield O. M., Steinberg D. K., and Venables H. J. (2013) West Antarctic Peninsula: an ice-dependent coastal
marine ecosystem in transition. Oceanography, 26: 190-203.
[73] Dumke, I. et al. Underwater hyperspectral imaging as an in situ taxonomic tool for deep-sea megafauna. Sci.
Rep. 8, 1–11 (2018).
[74] Eigenbrode, J., Gold, R. E., McKay, C. P., Hurford, T. & Davila, A. Searching for Life in an Ocean World: The
Enceladus Life Signatures and Habitability (ELSAH) mission concept. cosp 42, F3--6 (2018).
[75] Eismann, M. T. Hyperspectral remote sensing. (SPIE Press Bellingham, 2012).
[76] Elachi, C. et al. Cassini Radar Views the Surface of Titan. Science (80-. ). 308, 970–974 (2005).
[77] Elachi, C. et al. RADAR: The Cassini Titan Radar Mapper. Space Sci. Rev. 115, 71–110 (2004).
[78] Elachi, C. et al. Titan Radar Mapper observations from Cassini’s T3 fly-by. Nature 441, 709–713 (2006).
[79] Enochs, I. et al. Subsurface automated samplers (SAS) for ocean acidification research. Bull. Mar. Sci. 96,
(2020).
[80] Eshelman, E. J. et al. WATSON: In Situ Organic Detection in Subsurface Ice Using Deep-UV Fluorescence
Spectroscopy. Astrobiology 19, 771–784 (2019).
[81] Falkowski, PG and JA Raven (2007) Aquatic photosynthesis. Princeton University Press, Princeton, USA.
[82] Farinotti, D., D. J. Brinkerhoff, J. J. Fürst, P. Gantayat, F. Gillet-Chaulet, M. Huss, P. W. Leclercq, H. Maurer, M.
Morlighem, A. Pandit, A. Rabatel, R. Ramsankaran, T. J. Reerink, E. Robo, E. Rouges, E. Tamre, W. J. J.
[83] Field, CB, MJ Behrenfeld, JT Randerson, and P Falkowski (1998) Primary production of the biosphere: Integrating
terrestrial and oceanic components. Science, 281, 237-240. DOI: 10.1126/science.281.5374.237
[84] Fleurial, J.-P. et al. Notional Concept of Operations and System Capability Definition for Enabling Scientific
Ocean Access Missions on Icy Worlds. in EPSC-DPS Joint Meeting 2019 2019, EPSC-DPS2019-1268 (2019).
[85] Ford, J. P., (U.S.), J. P. L. & States., U. Guide to Magellan image interpretation. vii, 148 p. (1993).
[86] Forget, F., F. Hourdin, R. Fournier, C. Hourdin, O. Talagrand, M. Collins, S. R. Lewis, P. L. Read, and J. P. Huot
(1999), Improved general circulation models of the Martian atmosphere from the surface to above 80 km. J.
Geophys. Res., 104(E10), 24,155– 24,175.
[87] Frazier, W. et al. Trident: The Path to Triton on a Discovery Budget. in IEEE Aerospace Conference Proceedings
(2020). doi:10.1109/AERO47225.2020.9172502
[88] Garcia-Lopez, E and C. Cid. Glaciers and Ice Sheets As Analog Environments of Potentially Habitable Icy Worlds.
Front. Microbiol., 2017 | https://doi.org/10.3389/fmicb.2017.01407
[89] Gege, P. Chapter 2 - Radiative Transfer Theory for Inland Waters. in Bio-optical Modeling and Remote Sensing
of Inland Waters (eds. Mishra, D. R., Ogashawara, I. & Gitelson, A. A.) 25–67 (Elsevier, 2017).
doi:https://doi.org/10.1016/B978-0-12-804644-9.00002-1
[90] German, C.R. and Seyfried, W.R. Jr. (2014). Hydrothermal Processes. In Treatise on Geochemistry: Second
Edition. Elsevier Inc. pp. 191-233.

[91] German, C.R., E.Z.Ramirez-Llodra, M.C.Baker, P.A.Tyler & the ChEss Scientific Steering Committee (2011). Deepwater Chemosynthetic Ecosystem Research during the Census of Marine Life decade and beyond: A proposed
deep-ocean road map. PLoS One 6, e23259.
[92] German,C.R., S.Petersen & M.Hannington (2016). Hydrothermal exploration of Mid-Ocean Ridges: where might
the largest sulfide deposits be forming? Chem. Geol. 420, 114-126.
[93] Glein C. R., and Waite J. H. (2020) The carbonate geochemistry of Enceladus' ocean. Geophysical Research
Letters, 47: e2019GL085885.
[94] Glein C. R., and Zolotov M. Y. (2020) Hydrogen, hydrocarbons, and habitability across the solar system.
Elements: An International Magazine of Mineralogy, Geochemistry, and Petrology, 16: 47-52.
[95] Glein, C.R., J.A. Baross, and J.H. Waite Jr. (2015) The pH of Enceladus’ ocean, Geochimica et Cosmochimica Acta,
162, 202-219.Greely R, R. Sullivan, M.D. Coon, P.E. Geissler, B.R. Tufts, J.W. Head III, R.T. Pappalardo, and J.M
(1998) Terrestrial sea ice morophology: consideration for Europ. Icarus 135 (1) 25-40.
[96] Glein, CR, JA Baross, and JH Waite Jr (2015) The pH of Enceladus’ ocean, Geochimica et Cosmochimica Acta,
162, 202-219.
[97] Gloesener E., Karatekinb Ö., and Dehant V. (2020) Stability and composition of CH4-rich clathrate hydrates in
the present martian subsurface. Icarus: 114099.
[98] Goodman, J. C., Collins, G. C., Marshall, J. & Pierrehumbert, R. T. Hydrothermal plume dynamics on Europa:
Implications for chaos formation. J. Geophys. Res. E Planets (2004). doi:10.1029/2003je002073
[99] Greb, S., Dekker, A. & Binding, C. Earth Observations in Support of Global Water Quality Monitoring.
(International Ocean Colour Coordinating Group, 2018).
[100] Greenberg, R. et al. Chaos on Europa. Icarus (1999). doi:10.1006/icar.1999.6187
[101] Grima, C. et al. Surface and basal boundary conditions at the Southern McMurdo and Ross Ice Shelves,
Antarctica. J. Glaciol. 65, 675–688 (2019).
[102]Hand K. P. (2017) Report of the Europa Lander science definition team. National Aeronautics and Space
Administration.
[103]Hand K. P., Chyba C. F., Carlson R. W., and Cooper J. F. (2006) Clathrate hydrates of oxidants in the ice shell of
Europa. Astrobiology, 6: 463-482.
[104] Hand K. P., Chyba C. F., Priscu J. C., Carlson R. W., and Nealson K. H. (2009) Astrobiology and the potential
for life on Europa. Europa: 589-629.
[105]Hand, K. P., Murray, A. E., Garvin, J. B., Brinckerhoff, W. B. & Christner, B. C. Europa Lander Study 2016 report:
Europa Lander mission. (2017).
[106] Hand, KP, RW Carlson, and CF Chyba (2007) Energy, chemical disequilibrium, and geological constraints on
Europa, Astrobiology, 7(6), 1006-1022.
[107] Henderson, F. M. & Lewis, A. J. Principles and applications of imaging radar. Manual of remote sensing: Third
edition, Volume 2.
[108] Hendrix, A.R., T.A.Hurford, L.M.Barge, M.T.Bland, J.S.Bowman, W.Brinkerhoff, B.J.Buratti, M.Cable, J.CastilloRogez, G.Collins, S.Diniega, C.R.German, A.G.Hayes, T.Hoehler, S.Hosseini, C.Howett, A.McEwen, C.Neish,
M.Neveu, T.A.Nordheim, G.W.Patterson, D.A.Patthoff, A.Rhoden, B.Schmidt, K.Singer, J.Soderblom & S.D.Vance
(2019). Roadmap to Ocean Worlds. Astrobiology 19, doi: 10.1089/ast.2018.1955.

[109] Hills, B. H., Hills, B. H., Christianson, K., Holschuh, N. & Holschuh, N. A framework for attenuation method
selection evaluated with ice-penetrating radar data at South Pole Lake. Ann. Glaciol. (2020).
doi:10.1017/aog.2020.32
[110] Hodson A., Nowak A., Cook J., Sabacka M., Wharfe E., Pearce D., Convey P., and Vieira G. (2017) Microbes
influence the biogeochemical and optical properties of maritime Antarctic snow. Journal of Geophysical
Research: Biogeosciences, 122: 1456-1470.
[111] Hoehler, T.M. and B.B. Jørgensen (2013) Microbial life under extreme energy limitation, Nature Reviews
Microbiology, 11, 83-94. DOI: 10.1038/nrmicro2939
[112] Hoge, F. E., Lyon, P. E., Wright, C. W., Swift, R. N. & Yungel, J. K. Chlorophyll biomass in the global oceans:
airborne lidar retrieval using fluorescence of both chlorophyll and chromophoric dissolved organic matter. Appl.
Opt. 44, 2857–2862 (2005).
[113] Hoham R. W., and Remias D. (2020) Snow and Glacial Algae: A Review1. Journal of Phycology, 56: 264-282.
[114] Holland D. M., and Jenkins A. (1999) Modeling thermodynamic ice–ocean interactions at the base of an ice
shelf. Journal of Physical Oceanography, 29: 1787-1800.
[115] Holland D. M., Nicholls K. W., and Basinski A. (2020) The Southern Ocean and its interaction with the Antarctic
Ice Sheet. Science, 367: 1326-1330.
[116] Howell, S. M. et al. Ocean Worlds Exploration and the Search for Life. arXiv (2020).
[117] Howell, S.M. & Papallardo, R.P. (2020). NASA’s Europa Clipper – a mission to a potentially habitable ocean
world. Nat. Comms. doi: 10.1038/s41467-020-15160-9.
[118] Hsu H.-W., Postberg F., Sekine Y., Shibuya T., Kempf S., Horányi M., Juhász A., Altobelli N., Suzuki K., and Masaki
Y. (2015) Ongoing hydrothermal activities within Enceladus. Nature, 519: 207-210.
[119] Inagaki F., Nunoura T., Nakagawa S., Teske A., Lever M., Lauer A., Suzuki M., Takai K., Delwiche M., and Colwell F.
S. (2006) Biogeographical distribution and diversity of microbes in methane hydrate-bearing deep marine
sediments on the Pacific Ocean Margin. Proceedings of the National Academy of Sciences, 103: 2815-2820.
[120]IOCCG. (2020) Synergy between Ocean Colour and Biogeochemical/Ecosystem Models. In: IOCCG Report Series.
edited by S Dutkiewiczs, International Ocean Colour Coordinating Group, Dartmouth, Canada.
[121] Irons, J. R., Dwyer, J. L. & Barsi, J. A. The next Landsat satellite: The Landsat Data Continuity Mission. Remote
Sens. Environ. 122, 11–21 (2012).
[122] Ito, M., K.I.Ohshima, Y. Fukamachi, D. Hirano, A.R. Mahoney, J. Jones, et al. (2019) Favorable conditions for
suspension freezing in an Arctic coastal polynya. Journal of Geophysical Research: Oceans, 124,
https://doi.org/10.1029/2019JC015536
[123] Jain, M., Olsen, H. E., Paten, B. & Akeson, M. The Oxford Nanopore MinION: Delivery of nanopore sequencing to
the genomics community. Genome Biol. (2016). doi:10.1186/s13059-016-1103-0l
[124] Janssen, M. A. et al. Titan’s surface at 2.18-cm wavelength imaged by the Cassini RADAR radiometer: Results
and interpretations through the first ten years of observation. Icarus 270, 443–459 (2016).
[125] Janssen, M. A. et al. Titan’s surface at 2.2-cm wavelength imaged by the Cassini RADAR radiometer: Calibration
and first results. Icarus 200, 222–239 (2009).
[126]Jia X., Kivelson M. G., Khurana K. K., and Kurth W. S. (2018) Evidence of a plume on Europa from Galileo
magnetic and plasma wave signatures. Nature Astronomy, 2: 459-464.

[127] Johnsen G., Leu E., and Gradinger R. (2020) Marine Micro-and Macroalgae in the Polar Night. In: POLAR NIGHT
Marine Ecology, Springer, pp 67-112.
[128]Johnsen, G. et al. Underwater hyperspectral imagery to create biogeochemical maps of seafloor properties.
Subsea Optics and Imaging (2013). doi:10.1533/9780857093523.3.508
[129]Jordan, R. et al. The Mars express MARSIS sounder instrument. Planetary and Space Science 57, 1975–1986
(2009).
[130]Jordan, T. M. et al. A constraint upon the basal water distribution and basal thermal state of the Greenland Ice
Sheet from radar bed-echoes. Cryosph. Discuss. 1–39 (2018). doi:10.5194/tc-2018-53
[131] Kalousová K., Souček O., Tobie G., Choblet G., and Čadek O. (2014) Ice melting and downward transport of
meltwater by two-phase flow in Europa's ice shell. Journal of Geophysical Research: Planets, 119: 532-549.
[132] Kalousová, K., Schroeder, D. M. & Soderlund, K. M. Radar attenuation in Europa’s ice shell: Obstacles and
opportunities for constraining the shell thickness and its thermal structure. J. Geophys. Res. Planets 122, 524–
545 (2017).
[133] Kamata S., Nimmo F., Sekine Y., Kuramoto K., Noguchi N., Kimura J., and Tani A. (2019) Pluto’s ocean is capped
and insulated by gas hydrates. Nature Geoscience, 12: 407-410.
[134] Kang W., and Flierl G. (2020) Spontaneous formation of geysers at only one pole on Enceladus’s ice shell.
Proceedings of the National Academy of Sciences, 117: 14764-14768.
[135] Kattenhorn S. A., and Prockter L. M. (2014) Evidence for subduction in the ice shell of Europa. Nature
Geoscience, 7: 762-767.
[136]Kauko H. M., Taskjelle T., Assmy P., Pavlov A. K., Mundy C., Duarte P., Fernández-Méndez M., Olsen L. M., Hudson
S. R., and Johnsen G. (2017) Windows in Arctic sea ice: Light transmission and ice algae in a refrozen lead.
Journal of Geophysical Research: Biogeosciences, 122: 1486-1505.
[137] Kendrick, A. K. et al. Surface Meltwater Impounded by Seasonal Englacial Storage in West Greenland. Geophys.
Res. Lett. 45, 10,410-474,481 (2018).
[138]Khan, A., Dierssen, H., Scambos, T., Höfer, J. & Cordero, R. Spectral Characterization, Radiative Forcing, and
Pigment Content of Coastal Antarctic Snow Algae: Approaches to Spectrally Discriminate Red and Green
Communities and Their Impact on Snowmelt. Cryosph. Discuss. 2, 1–27 (2020).
[139]Kivelson, M.G., Khurana K.K., Russell, C.T., Volwerk, M., Walker, R.J. & Zommer, C. (2000). Galileo magnetometer
measurements: a stronger case for a subsurface ocean at Europa. Science 289, 1340-1343.
[140] Klenner, F. et al. Analog Experiments for the Identification of Trace Biosignatures in Ice Grains from
Extraterrestrial Ocean Worlds. Astrobiology 20, 179–189 (2020).
[141] Klenner, F. et al. Discriminating Abiotic and Biotic Fingerprints of Amino Acids and Fatty Acids in Ice Grains
Relevant to Ocean Worlds. Astrobiology 20, 1168–1184 (2020).
[142] Kofman, W. et al. Properties of the 67P/Churyumov-Gerasimenko interior revealed by CONSERT radar.
[143] Kovach, R. L. & Chyba, C. F. Seismic Detectability of a Subsurface Ocean on Europa. Icarus (2001).
doi:10.1006/icar.2000.6577
[144] Kramer, S. J. & Siegel, D. A. How Can Phytoplankton Pigments Be Best Used to Characterize Surface Ocean
Phytoplankton Groups for Ocean Color Remote Sensing Algorithms? J. Geophys. Res. Ocean. 124, 7557–7574
(2019).

[145] Krembs, C, H Eiken, K Junge, and JW Deming (2002) High concentrations of exopolymeric substances in Arctic
winter sea ice: implications for the polar ocean carbon cycle and cryoprotection of diatoms. Deep Sea Research
Part I: Oceanographic Research Papers, 49(12) 2163-2181. DOI: 10.1016/S0967-0637(02)0122-X
[146]Krembs, C., H. Eiken, K. Junge, and J.W. Deming (2002) High concentrations of exopolymeric substances in
Arctic winter sea ice: implications for the polar ocean carbon cycle and cryoprotection of diatoms. Deep Sea
Research Part I: Oceanographic Research Papers, 49(12) 2163-2181. DOI: 10.1016/S0967-0637(02)0122-X
[147] Lamy, T., B.B. Buffington, S. Campagnolay, C. Scott, and M. Ozimek (2018) A Robust Mission Tour for NASA’s
Planned Europa Clipper Mission, 2018 Space Flight Mechanics Meeting, doi:10.2514/6.2018-0202, p. 6.
[148]Larson, E. J. L. (2019) Topographic Effects on Titan’s Dune-Forming Winds. Atmosphere, 10(10), 600;
https://doi.org/10.3390/atmos10100600.
[149]Le Gall, A. et al. Composition, seasonal change, and bathymetry of Ligeia Mare, Titan, derived from its
microwave thermal emission. J. Geophys. Res. Planets 121, 233–251 (2016).
[150]Lee, S., Zanolin, M., Thode, A. M., Pappalardo, R. T. & Makris, N. C. Probing Europa’s interior with natural sound
sources. Icarus (2003). doi:10.1016/S0019-1035(03)00150-7
[151] Leray, M. & Knowlton, N. DNA barcoding and metabarcoding of standardized samples reveal patterns of marine
benthic diversity. Proc. Natl. Acad. Sci. 112, 2076–2081 (2015).
[152] Levin L. A., Baco A. R., Bowden D. A., Colaco A., Cordes E. E., Cunha M. R., Demopoulos A. W., Gobin J., Grupe B.
M., and Le J. (2016) Hydrothermal vents and methane seeps: rethinking the sphere of influence. Frontiers in
Marine Science, 3: 72.
[153] Lingham, M, and A Loeb (2018) Is extraterrestrial life suppressed on subsurface ocean worlds due to the paucity
of bioessential elements? The Astronomical Journal, 156: 151, DOI: 10.3847/1538-3881/aada02
[154] Lobo, A.H., Thompson, A.F., Vance, S.D. et al. A pole-to-equator ocean overturning circulation on Enceladus. Nat.
Geosci., 2021 DOI: 10.1038/s41561-021-00706-3
[155] Lopes, R. M. C. et al. A global geomorphologic map of Saturn’s moon Titan. Nat. Astron. 4, 228–233 (2020).
[156]Lopes, R. M. C. et al. Titan as Revealed by the Cassini Radar. Space Sci. Rev. 215, 33 (2019).
[157] Lora, J. M., T. Tokano, J. V. d’Ollone, S. Lebonnois, R. D. Lorenz (2019) A model intercomparison of Titan's climate
and low-latitude environment. Icarus, 333, 113-126.
[158]Lorenz, R. D. et al. Titan Seismology with Dragonfly: Probing the Internal Structure of the Most Accessible Ocean
World. 50th Lunar Planet. Sci. Conf. (2019).
[159]Lutz S., Anesio A. M., Raiswell R., Edwards A., Newton R. J., Gill F., and Benning L. G. (2016) The biogeography of
red snow microbiomes and their role in melting arctic glaciers. Nature communications, 7: 1-9.
[160] Macgregor, J. A. et al. Radar attenuation and temperature within the Greenland Ice Sheet. J. Geophys. Res. F
Earth Surf. 120, 983–1008 (2015).
[161] MacKenzie, S. M. et al. Enceladus Orbilander. LPI Contrib. 2547, 6034 (2020).
[162]Madsen, P. T., Johnson, M., de Soto, N. A., Zimmer, W. M. X. & Tyack, P. Biosonar performance of foraging beaked
whales (Mesoplodon densirostris). J. Exp. Biol. 208, 181–94 (2005).
[163]Makinson, K. & Anker, P. G. D. The BAS ice-shelf hot-water drill: design, methods and tools. Ann. Glaciol. 55, 44–
52 (2014).

[164]Malaska, M. J. et al. Geomorphological map of the Afekan Crater region, Titan: Terrain relationships in the
equatorial and mid-latitude regions. Icarus 270, 130–161 (2016).
[165]Malaska, M. J. et al. Labyrinth terrain on Titan. Icarus 344, 113764 (2020).
[166] Malaska, M. J. et al. Subsurface In Situ Detection of Microbes and Diverse Organic Matter Hotspots in the
Greenland Ice Sheet. Astrobiology 20, 1185–1211 (2020).
[167] Malaska, MJ, R Bhartia, KS Manatt, JC Priscu, WJ Abbey, B Mellerowicz, J Palmowski, [168] GL Paulsen, K Zacny,
EJ Eshelman and J D'Andrilli (2020), Subsurface In Situ Detection of Microbes and Diverse Organic Matter
Hotspots in the Greenland Ice Sheet. Astrobiology, 20(10), 1185-1211.
[168] Markus, T. + 24 others, 2017, The Ice, Cloud, and land Elevation Satellite-2 (ICESat-2): Science requirements,
concept, and implementation, Rem. Sens. Env, 190, 2021, https://doi.org/10.1016/j.rse.2016.12.029
[169] Martin W. F., Bryant D. A., and Beatty J. T. (2018) A physiological perspective on the origin and evolution of
photosynthesis. FEMS microbiology reviews, 42: 205-231.
[170] Mathies, R. A. et al. Feasibility of detecting bioorganic compounds in Enceladus plumes with the Enceladus
Organic Analyzer. Astrobiology 17, 902–912 (2017).
[171] McCarthy, C. et al. Europa STI: Exploring Communication Techniques and Strategies for Sending Signals Through
the Ice (STI) for an Ice-Ocean Probe. in Ocean Worlds 4 2168, 6023 (2019).
[172] McDermott, J.M., Seewald, J.S., German, C.R., and Sylva, S.P. (2015). Pathways for abiotic organic synthesis at
submarine hydrothermal fields. Proceedings of the National Academy of Sciences USA. 112, 7668-7672.
[173] McGillicuddy Jr D. J. (2016) Mechanisms of physical-biological-biogeochemical interaction at the oceanic
mesoscale. Annual Review of Marine Science 8: 125-129.
[174] McGillivary, P. A., Chirayath, V. & Baghdady, J. Use of Multi-Spectral High Repetition Rate LED Systems for High
Bandwidth Underwater Optical Communications, and Communications to Surface and Aerial Systems. in 2018
Fourth Underwater Communications and Networking Conference (UComms) 1–5 (2018).
[175] Meltzer, M (2011) When Biospheres Collide: A History of NASA’s Planetary Protection Programs, NASA SP-20114234, U.S. Government Printing Office, Washington, D.C., p. 98.
[176] Michaelides, R. J. & Schroeder, D. Doppler-based discrimination of radar sounder target scattering properties: A
case study of subsurface water geometry in Europa’s ice shell. Icarus 326, 29–36 (2019).
[177] Michalakes, J., J. Dudhia, D. Gill, T. Henderson, J. Klemp, W. Skamarock, W. Wang (2004) The Weather Research
and Forecast Model: Software architecture and performance, in Proceedings of the 11th ECMWF Workshop on
the Use of High Performance Computing In Meteorology, edited by G. Mozdzynski, pp. 156– 168, Eur. Cent. for
Medium-Range Weather Forecasts, Reading, U.K.
[178] Michalski, J. L, E. Z. Noe Dobrea, P. B. Niles, and J. Cuadros. 2018. Ancient hydrothermal seafloor deposits in
Eridania basin on Mars. Nature Communications volume 8, Article number: 15978.
[179] Michaut, C and M Manga (2014) Domes, pits and small chaos on Europa produced by water sills, J. Geophs. Res.
Planets, 119, 550-573, doi:10.1002/2013JE004558.
[180] Mikucki J. A., Lee P., Ghosh D., Purcell A., Mitchell A. C., Mankoff K., Fisher A., Tulaczyk S., Carter S., and
Siegfried M. R. (2016) Subglacial Lake Whillans microbial biogeochemistry: a synthesis of current knowledge.
Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 374:
20140290.

[181] Mikucki J. A., Pearson A., Johnston D. T., Turchyn A. V., Farquhar J., Schrag D. P., Anbar A. D., Priscu J. C., and Lee
P. A. (2009) A contemporary microbially maintained subglacial ferrous" ocean". Science, 324: 397-400.
[182]Mobley, C. D. Light and water : radiative transfer in natural waters. (Academic Press, 1994).
[183]Moran, MA, EB Kujawinski, A Stubbins, R Fatland, L Aluwihare, A Buchan, BC Crump, PC Dorrestein, ST Dyhrman,
NJ Hess, B Howe, K Longnecker, PM Medeiros, J Niggemann, I Obernoster, DJ Repeta, and JR Waldbauer (2016)
Deciphering ocean carbon in a changing world. Proceedings of the National Academy of Sciences, 113, 31433151. DOI: 10.1073/pnas.1514645113
[184]Mordy, C. W. et al. Advances in Ecosystem Research: Saildrone Surveys of Oceanography, Fish, and Marine
Mammals in the Bering Sea. Oceanography 30, 113–115 (2017).Nakamoto, K. Infrared and Raman Spectra of
Inorganic and Coordination Compounds: Part A: Theory and Applications in Inorganic Chemistry: Sixth Edition.
Infrared Raman Spectra Inorg. Coord. Compd. Part A Theory Appl. Inorg. Chem. Sixth Ed. 1–419 (2008).
doi:10.1002/9780470405840
[185]Mouroulis, P., Green, R. O. & Wilson, D. W. Optical design of a coastal ocean imaging spectrometer. Opt. Express
16, 9087 (2008).
[186] Mousis O., Chassefiere E., Holm N. G., Bouquet A., Waite J. H., Geppert W. D., Picaud S., Aikawa Y., Ali-Dib M.,
and Charlou J.-L. (2015) Methane clathrates in the solar system. Astrobiology, 15: 308-326.
[187] Muller-Karger, F. E. et al. Satellite sensor requirements for monitoring essential biodiversity variables of coastal
ecosystems. Ecol. Appl. 28, 749–760 (2018).
[188]Murray A. E., Rack F. R., Zook R., Williams M. J., Higham M. L., Broe M., Kaufmann R. S., and Daly M. (2016)
Microbiome composition and diversity of the ice-dwelling sea anemone, Edwardsiella andrillae. Integrative and
Comparative Biology, 56: 542-555.
[189] National Academies of Sciences, Engineering, and Medicine (2018) Review and Assessment of Planetary
Protection Policy Development Processes. Washington, DC: The National Academies Press.
https://doi.org/10.17226/25172.
[190] Néri A., Guyot F., Reynard B., and Sotin C. (2020) A carbonaceous chondrite and cometary origin for icy
moons of Jupiter and Saturn. Earth and Planetary Science Letters, 530: 115920.
[191] Neveu M., Hays L. E., Voytek M. A., New M. H., and Schulte M. D. (2018) The ladder of life detection. Astrobiology,
18: 1375-1402.
[192]New, J. S. et al. Feasibility of Enceladus plume biosignature analysis: Successful capture of organic ice particles
in hypervelocity impacts. Meteorit. Planet. Sci. 55, (2020).
[193]Nguyen, B. et al. PolyWAG (Water Acquired Genomics) System: A Field Programmable and Customizable Autosampler for eDNA. in AGU Fall Meeting Abstracts 2019, H53S-2076 (2019).
[194]Nicholls, K. W. et al. Instruments and methods: A ground-based radar for measuring vertical strain rates and
time-varying basal melt rates in ice sheets and shelves. J. Glaciol. 61, 1079–1087 (2015).
[195]Nimmo F., Barr A. C., Behounková M., and McKinnon W. B. (2018) The thermal and orbital evolution of
Enceladus: observational constraints and models. Enceladus and the Icy Moons of Saturn, 475: 79-94.
[196] Nimmo, F. & Pappalardo, R.T. (2016). Ocean worlds in the outer solar system. Journal of Geophysical
Research- Planets. 121, doi:10.1002/2016JE005081.

[197] Nimmo, F., Giese, B. & Pappalardo, R. T. Estimates of Europa’s ice shell thickness from elastically-supported
topography. Geophys. Res. Lett. (2003). doi:10.1029/2002gl016660
[198] NRC (2000) Preventing the Forward Contamination of Europa, National Academy Press, Washington, D.C.,
pp. 2 and 22-23.
[199] NRC (2011) Vision and Voyages for Planetary Science in the Decade 2013-2022, The National Academies
Press, Washington, D.C.
[200] O’Brien, D. P., Geissler, P. & Greenberg, R. A melt-through model for chaos formation on Europa. Icarus
(2002). doi:10.1006/icar.2001.6777
[201]Oleson, S. et al. Compass Final Report: Europa Tunnelbot. (2019).
[202] Organelli, E. et al. On the discrimination of multiple phytoplankton groups from light absorption spectra of
assemblages with mixed taxonomic composition and variable light conditions. Appl. Opt. 56, 3952 (2017).
[203] Panning, M., Lekic, V., Manga, M., Cammarano, F. & Romanowicz, B. Long-period seismology on Europa: 2.
Predicted seismic response. J. Geophys. Res. E Planets (2006). doi:10.1029/2006JE002712
[204] Pappalardo R., Head J., Greeley R., Sullivan R., Pilcher C., Schubert G., Moore W., Carr M., Moore J., and
Belton M. (1998) Geological evidence for solid-state convection in Europa's ice shell. Nature, 391: 365-368.
[205] Pavloudi, C. et al. Artificial Reef Monitoring Structures ( ARMS ) providing insights on the marine
biodiversity and community structure. 5017160 (2019).
[206] Pearman, J. K. et al. Disentangling the complex microbial community of coral reefs using standardized
Autonomous Reef Monitoring Structures (ARMS). Mol. Ecol. 28, 3496–3507 (2019).
[207]Peoples, L. M. et al. A full-ocean-depth rated modular lander and pressure-retaining sampler capable of
collecting hadal-endemic microbes under in situ conditions. Deep Sea Res. Part I Oceanogr. Res. Pap. 143, 50–
57 (2019).
[208] Perovich, D., W. Meier, M. Tschudi, S. Hendricks, D. Devine et al (2020) Sea Ice. In: Arctic Report Card 2020,
pp. 59-67. DOI: 10.25923/n170-9h57
[209] Peters, M. E., Blankenship, D. D., Smith, D. E., Holt, J. W. & Kempf, S. D. The distribution and classification of
bottom crevasses from radar sounding of a large tabular iceberg. IEEE Geosci. Remote Sens. Lett. 4, 142–146
(2007).
[210]Peters, S. T., Schroeder, D. M., Castelletti, D., Haynes, M. & Romero-Wolf, A. In situ demonstration of a passive
radio sounding approach using the sun for echo detection. IEEE Trans. Geosci. Remote Sens. 56, 7338–7349
(2018).
[211] Pizarro, O., Eustice, R. & Singh, H. Large area 3D reconstructions from underwater surveys. in MTS/IEEE OCEANS
Conference and Exhibition 678–687 (2004).
[212] Postberg, F. et al. Macromolecular organic compounds from the depths of Enceladus. Nature 558, 564–568
(2018).
[213] Postberg, F. et al. Sodium salts in E-ring ice grains from an ocean below the surface of Enceladus. Nature 459,
1098–1101 (2009).
[214] Postberg, F. et al. The E-ring in the vicinity of Enceladus: II. Probing the moon’s interior—The composition of Ering particles. Icarus 193, 438–454 (2008).

[215] Postberg, F., Schmidt, J., Hillier, J., Kempf, S. & Srama, R. A salt-water reservoir as the source of a
compositionally stratified plume on Enceladus. Nature 474, 620–622 (2011).
[216]Prior-Jones, M. et al. Cryoegg: development and field trials of a wireless subglacial probe for deep, fast-moving
ice. (2020). doi:10.31223/osf.io/btphy
[217] Rack F. R., Zook R., Levy R. H., Limeburner R., Stewart C., Williams M. J., Luyendyk B., and Team A. C. H. P. S. S.
(2012) What lies beneath? Interdisciplinary outcomes of the ANDRILL Coulman High Project site surveys on the
Ross Ice Shelf. Oceanography, 25: 84-89.
[218]Rack FR (2016) Enabling clean access into Subglacial LakeWhillans: development and use of the WISSARD hot
water drill system, Phil. Trans. R. Soc. A 374: 20140305. http://dx.doi.org/10.1098/rsta.2014.0305
[219]Rafkin, S. C. R., R. M. Haberle, T. I. Michaels (2001) The Mars regional atmospheric modeling system: Model
description and selected simulations. Icarus, 151(2), 228– 256.
[220] Reh, K. et al. Enceladus Life Finder: The search for life in a habitable Moon. in 2016 IEEE Aerospace
Conference 1–8 (2016). doi:10.1109/AERO.2016.7500813
[221] Richardson, M. I., A. D. Toigo, C. E. Newman (2007) PlanetWRF: A general purpose, local to global numerical
model for planetary atmospheric and climate dynamics. J. Geophys. Res., 112, E09001,
doi:10.1029/2006JE002825.
[222] Roberts, H. H., Shedd, W. & Hunt Jr, J. Dive site geology: DSV ALVIN (2006) and ROV JASON II (2007) dives
to the middle-lower continental slope, northern Gulf of Mexico. Deep Sea Res. Part II Top. Stud. Oceanogr. 57,
1837–1858 (2010).
[223] Robinson K. J., Fecteau K. M., Gould I. R., Hartnett H. E., Williams L. B., and Shock E. L. (2020) Metastable
equilibrium of substitution reactions among oxygen-and nitrogen-bearing organic compounds at hydrothermal
conditions. Geochimica et Cosmochimica Acta, 272: 93-104.
[224] Roemmich, D. & Gilson, J. The 2004--2008 mean and annual cycle of temperature, salinity, and steric height
in the global ocean from the Argo Program. Prog. Oceanogr. 82, 81–100 (2009).
[225] Romero-Wolf, A. et al. Prospects of passive radio detection of a subsurface ocean on Europa with a lander.
Planet. Space Sci. 129, 118–121 (2016).
[226] Roth L., Saur J., Retherford K. D., Strobel D. F., Feldman P. D., McGrath M. A., and Nimmo F. (2014) Transient
water vapor at Europa’s south pole. Science, 343: 171-174.
[227] Russell M. J., Murray A. E., and Hand K. P. (2017) The possible emergence of life and differentiation of a shallow
biosphere on irradiated icy worlds: the example of Europa. Astrobiology, 17: 1265-1273.
[228] Salter, T., H. Wait, and M.A Sephton (2020) Mass Spectrometric Fingerprints of Archaea and Bacteria for
Life Detection on Icy Moons. AGU Fall Meeting 2020, Abstract # P001-03
[229] Sapers, H. M. et al. The Cell and the Sum of Its Parts: Patterns of Complexity in Biosignatures as Revealed by
Deep UV Raman Spectroscopy. Front. Microbiol. 10, 679 (2019).
[230] Schinder, P.J., F.M. Flasar, E.A. Marouf, R.G. French, C.A. McGhee, A.J. Kliore, N.J. Rappaport, E. Barbinis, D.
Fleischman, A. Anabtawi (2011) The structure of Titan's atmosphere from Cassini radio occultations. Icarus 215,
460–474.
[231] Schmidt B. (2020) The Astrobiology of Europa and the Jovian System. Planetary Astrobiology: 185.

[232] Schmidt B., Blankenship D., Patterson G., and Schenk P. (2011) Active formation of ‘chaos terrain’over
shallow subsurface water on Europa. Nature, 479: 502-505.
[233] Schroeder, D. M. et al. Five decades of radioglaciology. Ann. Glaciol. (2020). doi:10.1017/aog.2020.11
[234] Seewald J. S. (1994) Evidence for metastable equilibrium between hydrocarbons under hydrothermal
conditions. Nature, 370: 285-287.
[235] Sekine, Y. et al. High-temperature water–rock interactions and hydrothermal environments in the chondritelike core of Enceladus. Nat. Commun. 6, 8604 (2015).
[236] Seu, R. et al. SHARAD sounding radar on the Mars Reconnaissance Orbiter. J. Geophys. Res. E Planets 112,
(2007).
[237] Sherwood, B., A. Ponce, and M. Waltemathe (2017) Forward Contamination of Oceans Worlds: A Stakeholder
Conversation, conference paper IAC-17.A1.6.1x40187, 68th International Astronautical Congress, Adelaide,
Australia.
[238] Shock E., Bockisch C., Estrada C., Fecteau K., Gould I., Hartnett H., Johnson K., Robinson K., Shipp J., and
Williams L. (2019) Earth as Organic Chemist. In: Deep Carbon: Past to Present. edited by B Orcutt, I Daniel and
R Dasguptas, Cambridge University Press, Cambridge, pp 415-446.
[239] Shock, E.L. a& Schulte, M.D. (1998). Organic synthesis during fluid mixing in hydrothermal systems. Journal
of Geophysical Research. 103, 28513-28527.
[240] Showman, A. P. & Han, L. Numerical simulations of convection in Europa’s ice shell: Implications for surface
features. J. Geophys. Res. E Planets (2004). doi:10.1029/2003je002103
[241] Shtarkman, Y.M., Z.A. Koçer, R. Edgar, R.S. Veerapaneni, T. D’Elia P.F. Morris, and S.O. Rogers (2013) Subglacial
Lake Vostok (Antarctica) accretion ice contains a diverse set of sequences from aquatic, marine and sedimentinhabiting bacteria and eukarya. PLoS ONE, 8(7), e67221. https://doi.org/10.1371/journal.pone.0067221.
[242] Siegert MJ, JC Priscu, IA Alekhina, JL Wadham, WB Lyons (2016) Antarctic subglacial lake exploration: first
results and future plans, Phil. Trans. R. Soc. A 374: 20140466. DOI:10.1098/rsta.2014.0466
[243] Siegert, M.J., J.C. Priscu, I.A. Alekhina, J.L. Wadham, and W.B. Lyons (2016) Antarctic subglacial lake
exploration: first results and future plans, Phil. Trans. R. Soc. A 374: 20140466. DOI:10.1098/rsta.2014.0466
[244] Skamarock, W. C., J. B. Klemp, J. Dudhia, D. O. Gill, D. M. Barker, W. Wang, and J. G. Powers (2005) A
description of the Advanced Research WRF Version 2, NCAR Tech. Note 468+STR, Natl. Cent. for Atmos. Res.,
Boulder, Colo.
[245] Skidmore, M.L., C.B. Gardner, A. Steigmeyer, M. Siegfried, J.D. Barker, J.E. Dore, B. Gill Olivas, J. Hawkings,
W.B. Lyons, M. Tranter, and J.C. Priscu (2019) A tale of two lakes - contrasting weathering regimes in proximal
subglacial Antarctic systems, AGU Fall Meeting 2019, Abstract #C51A-06.
[246] Smeets, C. J. P. P. et al. A wireless subglacial probe for deep ice applications. J. Glaciol. 58, 841–848 (2012).
[247] Smith, R. C. & Baker, K. S. The bio-optical state of ocean waters and remote sensing. Limnol. Oceanogr. 23,
247–259 (1978).
[248] Sobron, P., Davila, A., Wilhem, M. B. & Sanz, A. SERS analysis of Enceladus analogue ocean samples. in Sereal
Untuk 51, 51 (2018).

[249] Soderlund K. M., Kalousová K., Buffo J. J., Glein C. R., Goodman J. C., Mitri G., Patterson G. W., Postberg F.,
Rovira-Navarro M., and Rückriemen T. (2020) Ice-Ocean Exchange Processes in the Jovian and Saturnian
Satellites. Space Science Reviews, 216: 1-57.
[250] Sparks W. B., Schmidt B. E., McGrath M. A., Hand K. P., Spencer J. R., Cracraft M., and Deustua S. E. (2017)
Active cryovolcanism on Europa? The Astrophysical Journal Letters, 839: L18.
[251] Srama, R. et al. The Cassini Cosmic Dust Analyzer. Space Sci. Rev. 114, 465–518 (2004).
[252] Stähler, S. C. et al. Seismic Wave Propagation in Icy Ocean Worlds. J. Geophys. Res. Planets (2018).
doi:10.1002/2017JE005338
[253] Stone, W. et al. Project VALKYRIE: Laser-Powered Cryobots and Other Methods for Penetrating Deep Ice on
Ocean Worlds. in Outer Solar System: Prospective Energy and Material Resources (Springer Berlin Heidelberg,
2018).
[254] Sullivan, J. M., Twardowski, M. S., Donaghay, P. L. & Freeman, S. A. Use of optical scattering to discriminate
particle types in coastal waters. Appl. Opt. 44, 1667–1680 (2005).
[255] Taubner R.-S., Pappenreiter P., Zwicker J., Smrzka D., Pruckner C., Kolar P., Bernacchi S., Seifert A. H.,
Krajete A., and Bach W. (2018) Biological methane production under putative Enceladus-like conditions. Nature
communications, 9: 1-11.
[256] Thomson, R.E., and J.R. Delaney (2001) Evidence for a weakly stratified Europan ocean sustained by seafloor
heat flux. J. Geophys. Res. E Planets. doi:10.1029/2000je001332
[257] Thomson, S. I., G. K. Vallis (2019) Hierarchical Modeling of Solar System Planets with Isca. Atmosphere, 10(12),
803, https://doi.org/10.3390/atmos10120803.
[258] Thorman, R.L, J. Richter-Menge, and M.L. Druckenmiller, Eds. (2020): Arctic Report Card 2020; DOI:
10.25923/vOfs-m920.
[259] Timmermans M.-L., Z. Labe, and C. Ladd (2020) Sea surface temperature. In: “State of the Climate in 2019”.
Bull. Amer. Meteor. Soc. 101(8), S249-S251.
[260] Timmermans M.L. 2020, Labe Z. 2020. Sea surface temperature. In: Arctic Report Card 2020, pp. 59-67.
DOI: 10.25923/n170-9h57.
[261]Tobie G., Lunine J. I., and Sotin C. (2006) Episodic outgassing as the origin of atmospheric methane on Titan.
Nature, 440: 61-64.
[262] Tobie, G., Choblet, G. & Sotin, C. Tidally heated convection: Constraints on Europa’s ice shell thickness. J.
Geophys. Res. E Planets (2003). doi:10.1029/2003je002099
[263] Tokano, T., 2009. Impact of seas/lakes on polar meteorology of Titan: simulation by a coupled GCM-Sea
model. Icarus 204, 619–636.
[264] Tokano, T., 2013. Wind-induced equatorial bulge in Venus and Titan general circulation models: implications
for the simulation of superrotation. Geophys. Res. Lett. 40, 4538–4543.
[265] Tokano, T., 2019. Orbitally and geographically caused seasonal asymmetry in Titan's tropospheric climate
and its implications for the lake distribution. Icarus 317, 337–353.
[266] Turtle, E.P., J.E. Perry, J.M. Barbara, A.D. Del Genio, S. Rodriguez, C. Sotin, J. M. Lora, S. Faulk, P. Corlies, J.
Kelland, S.M. MacKenzie, R.A. West, A. McEwen, J. I. Lunine, J. Pitesky, T. L. Ray, M. Roy (2018) Titan's

meteorology over the Cassini mission: evidence for extensive subsurface methane reservoirs. Geophys. Res.
Lett. 45, 5320–5328.
[267]Twardowski, M. & Tonizzo, A. Ocean color analytical model explicitly dependent on the volume scattering
function. Appl. Sci. 8, (2018).
[268] Tyack, P. L. Functional aspects of cetacean communication. (2000).
[269] Tyler, P.A. C.R.German, E.Ramirez-Llodra & C.L.Van Dover (2002). ChEss: Understanding the biogeography of
chemsynthetic ecosystems. Oceanol. Acta. 25, 227-241, 2002.
[270]Tyler, S. W. et al. Using distributed temperature sensors to monitor an Antarctic ice shelf and sub-ice-shelf
cavity. J. Glaciol. 59, 583–591 (2013).
[271] van der Merwe, P., Trull, T. W., Goodwin, T., Jansen, P. & Bowie, A. The autonomous clean environmental (ACE)
sampler: A trace-metal clean seawater sampler suitable for open-ocean time-series applications. Limnol.
Oceanogr. Methods 17, 490–504 (2019).
[272] Van Dover C. L., and J.L. Trask (2000) Diversity at deep-sea hydrothermal vent and intertidal mussel beds.
Marine Ecology Progress Series, 195: 169-178.
[273] Van Dover C. L., and Trask J. L. (2000) Diversity at deep-sea hydrothermal vent and intertidal mussel beds.
Marine Ecology Progress Series, 195: 169-178.
[274] Van Dover, C.L., C.R.German, K.G.Speer, L.M.Parson & R.C.Vrijenhoek (2002). Evolution and Biogeography of
Deep-Sea Vent and Seep Invertebrates. Science 295, 1253-1257.
[275] van Pelt, M. A. Werder, M. F. Azam, H. Li, L. M. Andreassen (2021) Results from the Ice Thickness Models
Intercomparison eXperiment Phase 2 (ITMIX2). Front. Earth Sci. 8. https://doi.org/10.3389/feart.2020.571923
[276]Vance, S. D. et al. Geophysical Investigations of Habitability in Ice-Covered Ocean Worlds. J. Geophys. Res.
Planets (2018). doi:10.1002/2017JE005341
[277] Vance, S. D. et al. Vital Signs: Seismology of Icy Ocean Worlds. Astrobiology (2018). doi:10.1089/ast.2016.1612
[278] Vance, SD, KP Hand, and RT Pappalardo (2016) Geophysical controls of chemical disequilibrium in Europa.
Geophysical Research Letters, 43, 4871–4879, DOI: 10.1002/2016GL068547
[279]Waite J. H., Glein C. R., Perryman R. S., Teolis B. D., Magee B. A., Miller G., Grimes J., Perry M. E., Miller K. E., and
Bouquet A. (2017) Cassini finds molecular hydrogen in the Enceladus plume: evidence for hydrothermal
processes. Science, 356: 155-159.
[280] Waite Jr, J. H. et al. Liquid water on Enceladus from observations of ammonia and 40Ar in the plume. Nature
460, 487–490 (2009).
[281]Waite, J. H. et al. MASPEX-Europa aboard Clipper: A mass spectrometer for investigating the habitability of
Europa. in EPSC-DPS Joint Meeting 2019 2019, EPSC-DPS2019-559 (2019).
[282] Waite, J. H. J. et al. Cassini ion and neutral mass spectrometer: Enceladus plume composition and structure.
Science 311, 1419–1422 (2006).
[283] Walker, CC and BE Schmidt (2015), Ice collapse over trapped water bodies on Enceladus and Europa,
Geophysical Research Letters, 42(3), 712-719.
[284] Weller M. B., Fuchs L., Becker T. W., and Soderlund K. M. (2019) Convection in thin shells of icy satellites:
Effects of latitudinal surface temperature variations. Journal of Geophysical Research: Planets, 124: 20292053.

[285] Werdell, P. J. et al. An overview of approaches and challenges for retrieving marine inherent optical
properties from ocean color remote sensing. Prog. Oceanogr. 160, 186–212 (2018).
[286] White S. N., Chave A. D., and Reynolds G. T. (2002) Investigations of ambient light emission at deep-sea
hydrothermal vents. Journal of Geophysical Research: Solid Earth, 107: EPM 1-1-EPM 1-13.
[287] Wilson, R. J., and K. Hamilton (1996), Comprehensive model simulation of thermal tides in the Martian
atmosphere, J. Atmos. Sci., 53(9), 1290–1326.
[288] Winebrenner D. P., Kintner P. M., and MacGregor J. A. (2019) New estimates of ice and oxygen fluxes across
the entire lid of Lake Vostok from observations of englacial radio wave attenuation. Journal of Geophysical
Research: Earth Surface, 124: 795-811.
[289] Winebrenner, D. P., Elam, W. T., Kintner, P. M. S., Tyler, S. & Selker, J. S. Clean, logistically light access to
explore the closest places on Earth to Europa and Enceladus. in AGU Fall Meeting Abstracts 2016, C51E--08
(2016).
[290] Winebrenner, D. P., Kintner, P. M. S. & MacGregor, J. A. New Estimates of Ice and Oxygen Fluxes Across the
Entire Lid of Lake Vostok From Observations of Englacial Radio Wave Attenuation. J. Geophys. Res. Earth Surf.
124, 795–811 (2019).
[291]Winker, D. M., Pelon, J. R. & McCormick, M. P. CALIPSO mission: spaceborne lidar for observation of aerosols
and clouds. in Proc.SPIE 4893, (2003).
[292] Xue, L. et al. Solid-state nanopore sensors. Nature Reviews Materials (2020). doi:10.1038/s41578-0200229-6
[293] Yamahara, K. M. et al. In situ Autonomous Acquisition and Preservation of Marine Environmental DNA Using
an Autonomous Underwater Vehicle . Frontiers in Marine Science 6, 373 (2019).
[294] Zacny, K. et al. SLUSH: Europa hybrid deep drill. in IEEE Aerospace Conference Proceedings (2018).
doi:10.1109/AERO.2018.8396596
[295] Zhang, X., Twardowski, M. & Lewis, M. Retrieving composition and sizes of oceanic particle subpopulations
from the volume scattering function. Appl. Opt. 50, 1240–1259 (2011).
[296] Zimmerman, R. C., Sukenik, C. I. & Hill, V. J. 18 - Subsea LIDAR systems. in Subsea Optics and Imaging (eds.
Watson, J. & Zielinski, O.) 471-- 488e (Woodhead Publishing, 2013).
doi:https://doi.org/10.1533/9780857093523.3.471

