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INTRODUCTION
Interest in the physics, chemistry, and 
potential for life on other planets has 
been widespread among the general sci-
entific community, and this interest has 
been increasing in recent years. A num-
ber of missions have either been com-
pleted (e.g.,  Galileo, Voyager, Cassini-
Huygens) or are in the planning phases 
(e.g.,  Europa Clipper, Europa Lander, 

Dragonfly) to characterize the condi-
tions of some of the outer planets and 
their moons and to 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), Jupiter (Europa), and 
Neptune (Triton) that are covered in liq-
uid water beneath a thick layer of ice. 
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Jupiter’s icy moon Europa looms large 
in this view made from images taken by 
NASA’s Galileo spacecraft. Image credit: 
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ABSTRACT. Analog environments on Earth enable scientists to answer research ques-
tions about extraterrestrial ocean worlds that would be otherwise inaccessible. Because 
of their relative ease of sampling and close proximity to research facilities, utilization of 
analog environments allows scientists to undertake many investigations for the cost of 
a single planetary mission. In addition to direct in situ sampling, modeling approaches 
can be useful as can cost-effective tools both for determining whether a moon or planet 
is a suitable Earth analog and for designing strategies to sample extraterrestrial ana-
log environments. Reconfigured Earth system models can help determine if condi-
tions on other ocean worlds are suitable to support life. Finally, space exploration has 
made the protection of Earth’s environment and other solar system bodies from harm-
ful contamination a high priority at both the national and international levels. Because 
NASA’s planetary exploration priorities emphasize robotic exploration, the US National 
Academies recently recommended that studies, workshops, and brainstorming sessions 
organized by NASA and other space agencies need to include a sufficiently broad range 
of microbiologists to ensure planetary protection. 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.

Internal heat sources prevent this liquid 
water on the lunar surfaces from freezing, 
possibly providing the conditions neces-
sary for the evolution and sustenance of 
microbial life (Lobo et al., 2021).

The cost and long time horizons needed 
to plan and mount missions to study these 
ocean worlds means that very few mis-
sions are possible. To maximize the prob-
ability of detecting life on ocean worlds, it 
is 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, researchers seek 
out extreme environments on Earth 
where the physical and chemical condi-
tions may result in an environment that 
is a reasonably close analog to habitats on 
other worlds. The most likely analog envi-
ronments 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 
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support an entirely chemosynthetic food 
web (Michalski et al., 2017) (Figure 1).

Analog environments on Earth enable 
us to begin to answer research ques-
tions about extraterrestrial ocean worlds 
that would be otherwise inaccessible. 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 under-
take 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 exam-
ple, before we can drill through and sam-
ple the ocean beneath the moon Europa, 
where the ice is much colder than gla-
cial ice on Earth, we need to demonstrate 

an ability to remotely drill through the 
ice sheets of Antarctica or Greenland. 
To this end, it may be useful to consider 
how the ice and underlying water interact 
in areas such as the under-ice shelf envi-
ronment or double-diffusive convection 
beneath sea ice. 

HOW CAN WE USE MODELS 
TO INFORM SCALABILITY, 
SAMPLING, AND OPERATIONS 
FOR ANALOG ENVIRONMENTS? 
In addition to direct in situ sampling, dif-
ferent modeling approaches can be useful 
and cost-effective tools both for determin-
ing whether another planet or its moon 
is indeed a suitable Earth analog and 
for designing strategies to sample extra-
terrestrial analog environments. While 
even the most sophisticated Earth system 
models are gross oversimplifications of 
reality, they can still provide useful infor-
mation. For example, reconfigured Earth 

system models like ROCKE-3D that 
runs on NASA’s Discover supercomputer 
(Aleinov et al., 2019) can be used to deter-
mine 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 hab-
itability for newly discovered worlds. 
These models could be used to study exo-
planets or other ocean worlds within our 
own solar system.

Slightly more complex hierarchi-
cal modeling frameworks allow users 
to model a planetary system at differ-
ent levels of complexity, based on the 
underlying characteristics of the system 
under investigation. One such model 
(Isca) has been used to model planets 
such as Earth, Mars, and Jupiter at dif-
ferent resolutions and with a different 

FIGURE 1. Representative idealized cross section of Earth’s crust showing the diversity of extreme environments where microbes have been found and 
their approximate location. Figure modified from Merino et al. (2019)
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suite of processes (Thomson and Vallis, 
2019). More targeted models, such as the 
Titan Community Atmosphere Model 
(CAM), have been used to better under-
stand highly specific processes such as 
the dune-forming wind fields on this 
large moon and how they are impacted 
by topography and torque (Larson, 2019).

Once models show that a particular 
ocean world has conditions suitable to 
support life, they can be used to test our 
understanding of the underlying phys-
ics, which will allow us to design better 
sampling strategies for analog environ-
ments, both here on Earth and on extra-
terrestrial ocean worlds. For example, 
ice sheet models (Farinotti et  al., 2021) 
developed for Greenland and Antarctica 
can help target the most suitable locations 
for drilling and subsequent sampling. 
All ice sheets flow, albeit slowly—and 
in some instances very slowly—and this 
motion together with any associated hor-
izontal shear needs to be accounted for 
when designing a sampling strategy, par-
ticularly for portions of the ice sheet that 
have not yet reached the ocean. Ice sheet 
models can provide valuable information 
about vertical stress gradients (due to dif-
ferences in horizontal flow speeds at dif-
ferent depths within the ice) as well as 
temperature gradients (which control ice 
deformation) for an ice sheet of interest, 
aiding in the determination of appropri-
ate sampling sites.

Models can also be used to scale field 
observations and site-specific measure-
ments to those spatial scales that are rele-
vant for the space-based explorations that 
rely on either satellite-based or lander-​
based measurements (Schinder et  al., 
2011). In situ sampling of extreme envi-
ronments on Earth is often a logistically 
difficult and expensive endeavor, result-
ing in collection of relatively few samples 
over fairly restricted time horizons. The 
use of three-dimensional models allows 
us to synthesize these measurements 
into an appropriate geophysical frame-
work, 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 pro-
cesses 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 appro-
priate analog models. Planetary mod-
els of chemistry and physics are based 
on models developed first for use in sim-
ulating processes on the Earth. Models 
of atmospheric dynamics, hydrother-
mal 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 models for extra-
terrestrial 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 param-
eters. For example, general circulation 
models (GCMs) 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 pur-
pose is the Weather Research and Fore-
casting (WRF) model, which was devel-
oped collaboratively by National Center 
for Atmospheric Research, the National 
Oceanographic and Atmospheric Admin-
istration, 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 one, two, or three 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 then be mod-
ified for use on other ocean worlds. Earth 
scientists will also be required to iden-
tify those analog environments on Earth 
that are amenable to modeling and where 
lessons learned there can provide criti-
cal information and insights for develop-
ing analogous models for extraterrestrial 
ocean worlds. 

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 precipita-
tion can be detected using the suite of 
sensors like those on Cassini-Huygens 
(Turtle et al., 2018), as can surface topog-
raphy (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 Titan’s climate sys-
tem. These models allow planetary scien-
tists 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 paleo-
climate (Lora et al., 2019). Because many 
of these modeling studies are largely inde-
pendent, the planetary modeling com-
munity 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.

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 harm-
ful contamination an important princi-
ple of high priority. From 1958 onward, 
the development and implementation of 
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planetary protection policies has taken 
place at both the national and interna-
tional levels. Scientific advances have per-
mitted the targeting of these policies to 
those few bodies thought to be capable of 
harboring life (extinct or extant), or pro-
cesses 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; this is import-
ant given that, by one estimate, planetary 
protection accounts for approximately 1% 
(for lander missions not carrying instru-
ments for the investigation of extant life) 
to 5% (for lander missions designed to 
investigate extant life) of the cost of a typi-
cal mission (Bearden and Mahr, 2017).

Generally speaking, planetary pro-
tection policies address all missions to 
and from all types of solar system bodies 
(planets, moons, comets, and asteroids) 
and places those missions into categories 
based on mission type, the likelihood of 
that target harboring life, and the proba-
bility that either organisms brought from 
Earth could survive on that body (for-
ward contamination) or that material 
returned to Earth would pose a risk here 
(back contamination). However, based 
on existing knowledge and capabilities, 
only three bodies are currently of signifi-
cant planetary protection concern: Mars, 
Europa, and Enceladus (NASEM, 2018). 
Of course, this may change as we learn 
more about the moons of the outer plan-
ets in our solar system.

Recent biological discoveries in analog 
environments on Earth related to extrem-
ophiles, biofilms, prions, and genomics 
are likely to be relevant to planetary pro-
tection science. Metagenomic analyses 
of organisms living in extreme environ-
ments on Earth (e.g., dry polar or desert 
environments, ice sheets, hydrothermal 
vents, oceans, anoxic zones) generate lists 
of archaeal and bacterial species and spe-
cific genes that are necessary to thrive in 
environments that are the closest ana-
logues of other ocean worlds in our solar 
system. This type of research facilitates 
a more targeted approach to planetary 

protection. Rather than treating all 
microbial species as potential contam-
inants of extraterrestrial ocean worlds, 
it might be possible to target contami-
nation controls on just those microbes 
that are found in analog Earth environ-
ments that are most like the landing sites 
on icy ocean worlds, and to survey space-
craft assembly rooms for those organ-
isms (Shtarkman et al., 2013; Abreu et al., 
2016). In this way, information about the 
abundances of specific microbes with 
known environmental tolerances could 
increase our ability to implement a prob-
abilistic approach to planetary protection 
for missions to the outer planets and their 
icy moons (DiNicola et al., 2018).

Currently, the icy body contamina-
tion requirement is that the probability of 
inadvertent contamination of an ocean or 
other liquid water body must be less than 
1 × 10−4 per mission (NRC, 2000, 2011; 
Sherwood et al., 2017; Lamy et al., 2018; 
COSPAR, 2020). Biological contamina-
tion is defined as “unwanted presence of 
biologically produced molecules carried 
by spacecraft hardware, including instru-
ments and experiments, that compromise 
understanding of extraterrestrial environ-
ments” (NASA Procedural Requirement 
[NPR] 8715.24). The instruments to 
be used on robotic missions to ocean 
worlds are decontaminated using a vari-
ety of methods (Meltzer, 2011), includ-
ing treatment by radiation (e.g.,  gamma 
radiation), chemicals (e.g.,  hydrogen 
peroxide), high temperature steriliza-
tion (e.g.,  autoclaving and dry heat), 
and lower temperature sterilization 
(e.g., hydrogen peroxide plasma). It must 
be noted, however, that the application 
of these methods may not be completely 
effective. For example, hydrogen perox-
ide vapor sterilization does not impact 
organisms within enclosed volumes on 
spacecraft or enclosed within other mate-
rials. In addition, some extremophiles 
have been shown to exhibit radiation 
hardiness to the levels used for decon-
tamination (5.5 Mrad) (NASEM, 2018). 
Thus, the study of organisms from ana-
log environments on Earth could provide 

for more robust testing of decontami-
nation procedures, thereby increasing 
their effectiveness.

The development of planetary protec-
tion policy in the United States and inter-
nationally preceded the 1967 adoption of 
the Outer Space Treaty (OST). Article IX 
in the OST states that all parties “shall 
pursue studies of outer space, includ-
ing the Moon and other celestial bod-
ies, and conduct exploration of them so 
as to avoid their harmful contamination, 
and also adverse changes in the envi-
ronment 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 pro-
tection have been developed interna-
tionally by the Committee on Space 
Research (COSPAR), which is part of the 
International Council for Science (ICSU) 
and is consultative with the United 
Nations Committee on the Peaceful Uses 
of Outer Space (COPUOS). COSPAR 
is a scientific organization whose pur-
pose 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 scien-
tific purposes and exchange the result-
ing data on a co-operative basis.” As per 
COPUOS, it has been an effective forum 
for the development of international 
consensus on planetary protection guid-
ance for science exploration missions 
(NASEM, 2018). 

To achieve this consensus, government 
organizations such as NASA may for-
mulate and implement planetary protec-
tion policies and procedures to be consis-
tent with COSPAR’s 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, agency advi-
sory groups, and consultants to the Office 
of Planetary Protection (OPP). US law 
lacks a clear regulatory pathway to apply 
the OST to private-sector spaceflight 
activities beyond launch, landing, and 
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communications approvals, although in 
Article VI of the OST, it is clear that non-
governmental activities fall within that 
scope, for example, “States Parties to the 
Treaty shall bear international respon-
sibility for national activities in outer 
space, including the moon and other 
celestial bodies, whether such activities 
are carried on by governmental agencies 
or by non-governmental entities.” Article 
IX, which establishes the need for plan-
etary protection, requires international 

consultations for activities by a signatory 
state “or its nationals in outer space” that 
would potentially interfere with other 
activities. 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 reg-
ulate and monitor their plans for imple-
menting effective planetary protection 
protocols (NASEM, 2018).

It can be said that effective plane-
tary protection implementation depends 
on identification of the thresholds for 
the survivability of microbes and devel-
opment of methodologies to eliminate 
them. Therefore, both the space science 
and Earth science communities can con-
tribute to the development of policies, 
procedures, and techniques to meet plan-
etary protection requirements, and both 
communities can contribute to testing 
possible solutions in analog field sites.

In recent years, NASA’s planetary ex- 
ploration priorities have evolved in three 
directions: (1) placing special emphasis 
on robotic exploration of ocean worlds 
(relevant to ocean worlds), (2) develop-
ing an effective plan for sample return 
missions classified as “restricted Earth 

return” (which may become relevant to 
ocean worlds, especially Enceladus), and 
(3) developing protocols to enable the 
human exploration of Mars. In light of 
these priorities, modern biology, specifi-
cally the ability to sequence the genomes 
of hundreds of thousands of organisms, 
offers a scientific pathway to future devel-
opment of planetary protection policy 
that would benefit from the participation 
of both Earth and planetary scientists. 

To make use of their expertise and 

experience, scientists affiliated with the 
NASA Astrobiology Institute, who have 
been active in studies relating to extrem-
ophile microbes on Earth, what sorts of 
biochemistry they use, and the origin of 
life, should become more substantively 
and directly involved in the planetary 
protection process. This participation 
should be reflective of the recent recom-
mendations by the National Academies 
that studies, workshops, and brain-
storming sessions organized by NASA 
and other space agencies (e.g.,  ESA and 
JAXA), as well as the SSB and COSPAR, 
should include a sufficiently broad range 
of microbiologists (NASEM, 2018) to 
enable the development and implemen-
tation of more effective partnerships 
among Earth scientists and planetary sci-
entists capable of testing planetary pro-
tection solutions at field sites. 

CONCLUSION
The study of analog environments on 
Earth requires collaboration among dif-
ferent scientific communities, each with 
their own specific disciplinary exper-
tise. Members of the planetary sci-
ence community need to identify those 

physical, chemical, and biological pro-
cesses on extraterrestrial ocean worlds 
that remain poorly understood and 
require further study. For example, the 
thickness of the ice shells on moons such 
as Europa and Enceladus and the com-
position of the water below are not well 
known and require the identification of 
technologies and approaches efficacious 
for narrowing the range of important 
parameters (e.g.,  salinity, temperature, 
chemical makeup). Using what informa-

tion 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 (which 
may also prove useful in terrestrial envi-
ronments on Earth). These analog envi-
ronments would also provide technol-
ogists with the requisite information 
needed to develop suitable sensors and 
sampling platforms for measuring and 
observing the identified physical, chem-
ical, and biological processes.

Utilizing analog environments on 
Earth can be an effective way to further 
conceptualize, develop, and parameterize 
models that may be suitable for extrater-
restrial ocean worlds. The first step will be 
for Earth and planetary scientists to agree 
on which environments on our planet 
represent suitable analogs for extraterres-
trial environments. Once those decisions 
are made, models of the analog environ-
ments can either be developed or, if pos-
sible, existing models can be refined, to 
simulate the critical processes driving 
them. Initial development and testing of 

 “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.”
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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 under-
stand other ocean worlds. Once a model 
works well for a particular Earth environ-
ment, 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 simu-
lation 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 for a variety of purposes on 
other ocean worlds, including testing our 
understanding of critical processes, iden-
tifying appropriate sampling strategies 
and locations, and determining which 
parameters may be the most important 
for designing appropriate sensors. 
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