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Abstract Despite the tremendous progress that has been made since the publication of the
Venus II book in 1997, many fundamental questions remain concerning Venus’ history, evo-
Iution and current geologic and atmospheric processes. The international science community
has taken several approaches to prioritizing these questions, either through formal processes
like the Planetary Decadal Survey in the United States and the Cosmic Vision in Europe,
or informally through science definition teams utilized by Japan, Russia, and India. These
questions are left to future investigators to address through a broad range of research ap-
proaches that include Earth-based observations, laboratory and modeling studies that are
based on existing data, and new space flight missions. Many of the highest priority ques-
tions for Venus can be answered with new measurements acquired by orbiting or in situ
missions that use current technologies, and several plausible implementation concepts have
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been studied and proposed for flight. However, observations needed to address some science
questions pose substantial technological challenges, for example, long term survival on the
surface of Venus and missions that require surface or controlled aerial mobility. Missions
enabled by investments in these technologies will open the door to completely new ways
of exploring Venus to provide unique insights into Venus’s past and the processes at work
today.

Keywords Venus - Exploration - Space missions - Technology development

Abbreviations

ALMA: Atacama Large millimeter/submillimeter Array;

APXS: Alpha-Particle X-ray Spectrometer;

CNES: Centre National d’Etudes Spatiales;

COSPAR: Committee on Space Research;

CUVE: Cubesat UV Experiment;

DAVINCI: Deep Atmosphere Venus Investigation of Noble gases, Chemistry, and
Imaging;

ESA: European Space Agency;

ESPaDOnS: Echelle SpectroPolarimetric Device for the Observation of Stars;

EVE: European Venus Explorer;

GC-MS: Gas Chromatograph-Mass Spectrometer;

GCM: General Circulation Model;

HIPWAC: Heterodyne Instrument for Planetary Wind and Composition;

HOT Tech: Hot Operating Temperature Technologys;

JMARS: Java Mission-planning and Analysis for Remote Sensing

InSAR: Interferometric Synthetic Aperture Radar;

IR: Infrared;

ISRO: Indian Space Research Organization;

IVEWG: International Venus Exploration Working Group;

JAXA: Japanese Aerospace Exploration Agency;

JCMT: James Clerk Maxwell Telescope;

JMARS: Java Mission-planning and Analysis for Remote Sensing;

JSDT: Joint Science Definition Team;

LAC: Lightning and Airglow Camera;

LIBS: Laser Induced Breakdown Spectroscopy;

LIR: Longwave Infrared Camera;

MARSIS: Mars Advanced Radar for Subsurface and Ionosphere Sounding;

MESSENGER: Mercury Surface, Space Environment, Geochemistry, and Ranging;
MM: Millimeter;
MMRTG: Multi-Mission Radioisotope Thermoelectric Generator;

MOM: Mangalyaan Orbiter Mission to Mars;

MTLas: Multichannel Tunable Laser;

NASA: National Aeronautics and Space Administration;

NIR: Near Infrared;

NOEMA: Northern Extended Millimeter Array;

NRC: National Research Council;

OME: Orbital Maneuver Engine;

OSIRIS-REx:  Origins-Spectral Interpretation-Resource Identification-Security-Regolith
Explorer;

@ Springer



Future of Venus Research and Exploration Page 3 0of 37 89

RCS: Reaction Control System;

RFSP: Russian Federal Space Program;

RS: Radio Science;

SAGE: Surface and Atmosphere Geochemical Explorer;
SAR: Synthetic Aperture Radar;

SHARAD: Shallow Radar;

SIMPLEXx: Small Innovative Missions for Planetary Exploration;
THIS: Tuneable Heterodyne Infrared Spectrometer;

TIR: Thermal Infrared;

US: United States;

uVv: Ultraviolet;

UVL Ultraviolet Imager;

VALOR: Venus Aerostatic-Lift Observatories for in-situ Research;
VAMP: Venus Atmospheric Maneuverable Platform;

VCM: Venus Climate Mission;

Venera-D: Venera-Dolgozhivushaya;

VEx: Venus Express;

VERITAS: Venus Emissivity, Radio Science, InSAR, Topography, and Spectroscopy;
VEXAG: Venus Exploration Analysis Group;

VIRTIS: Visible and Infrared Thermal Imaging Spectrometer;
VISE: Venus In Situ Explorer;

VITaL: Venus Intrepid Tessera Lander;

VME: Venus Mobile Explorer;

1 Outstanding Science Questions

Despite the emphasis on Venus of early space exploration (Mariner, Venera, Vega, & Pi-
oneer), and the more recent Magellan, Venus Express, and Akatsuki Missions, Venus re-
mains a mystery. Sitting in our own back yard, Venus represents an unusual example
of terrestrial planet formation and evolution that differs substantially from Earth and the
other solid planets of the inner solar system. Many fundamental questions remain unan-
swered. For example (see Sect. 2 for more detailed discussion), what was the original
composition of the Venus atmosphere, did Venus have oceans, how has that atmosphere
evolved over time, and when and why did the runaway greenhouse begin (Taylor et al.
2017, this issue)? How does Venus lose its heat, how volcanically and tectonically ac-
tive has Venus been over the last billion years, and has Venus always had a “stagnant-
lid”, or was a plate tectonics regime ever present earlier in her history (Sotin et al. 2017,
this issue)? What is the composition of the highland tessera terrain, are these regions
the oldest rocks exposed on the Venus surface, and do these surfaces retain evidence of
an earlier time when water was more prevalent (Gilmore et al. 2017, this issue)? What
are the thermal structure and circulation of the deep atmosphere (Limaye et al. 2017;
Sanchez-Lavega et al. 2017, this issue)? What drives the atmospheric super-rotation ob-
served in the upper cloud layer (Sanchez-Lavega et al. 2017, this issue)? What is the com-
position of the atmosphere above the cloud layers and what chemical cycles drive the vari-
ability observed in some species at these altitudes in particular sulfur species (Marcq et al.
2018, this issue)? What are the chemical cycles operating below the clouds and to what ex-
tent do surface-atmosphere exchange or possible active volcanism play a role (Marcq et al.
2018, this issue)? What are the unknown chemical species that absorb incident ultraviolet
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(UV) radiation near the cloud tops (Titov et al. 2018, this issue)? What is the impact of solar
wind and space weather “storms” on ion escape processes and rates (Futaana et al. 2017,
this issue)? What are the sources of the variability observed in air glow emissions on the
night side (Gerard et al. 2017, this issue).

Several international science communities have assessed these questions and placed pri-
orities for future research and exploration efforts. The European Space Agency’s (ESA’s)
Cosmic Vision is the result of discussions between scientific advisory committees, working
groups, and members of the scientific community. “Cosmic Vision 2015-2025” (Bignami
et al. 2005; Clavel 2009) was designed to address four main questions that are high on the
agenda of research across Europe concerning the Universe and our place in it:

. What are the conditions for planet formation and the emergence of life?
. How does the Solar System work?

. What are the fundamental physical laws of the Universe?

. How did the Universe originate and what is it made of?

AW N~

The most recent United States (US) National Research Council (NRC) Planetary Decadal
Survey, “Visions and Voyages for Planetary Science in the Decade 2013-2022” (Squyres
2011), identifies ten priority science questions to be addressed by the National Aeronautics
and Space Administration (NASA) in the decade 2013-2022. Understanding the formation
and evolution of the inner planets within our solar system is critical to understanding how
and why Earth evolved the way it did and for interpreting information about newly dis-
covered exo-solar planets. Specifically, the 2013 Planetary Decadal Survey identifies three
scientific goals for exploration of the inner planets:

1. Understand the origin and diversity of terrestrial planets,

2. Understand how the evolution of terrestrial planets enables and limits the origin and
evolution of life, and

3. Understand the processes that control climate on Earth-like planets.

Venus is a key example within our family of terrestrial planets required to fully address
these goals.

Building on the scientific goals established by the NRC Planetary Decadal Surveys of
the last two decades, the Venus Exploration Analysis Group (VEXAG) has developed and
maintained a priority listing of Goals, Objectives, and Investigations that are specific to
Venus exploration. This document represents a community-based consensus on science pri-
orities, and is periodically updated and maintained by VEXAG. As of this writing, the doc-
ument was most recently updated in May 2014, with minor modifications in August 2016
(VEXAG 2016). In this document, VEXAG has identified three top level Goals that are
of equal priority: (1) Understand atmospheric formation, evolution, and climate history on
Venus, (2) Determine the evolution of the surface and interior of Venus, and (3) Understand
the nature of interior-surface-atmosphere interactions over time, including whether liquid
water was ever present. Within each of these goals, VEXAG has defined two to three pri-
oritized science objectives, as well as several prioritized investigations that are needed to
address each objective. The highest priority science investigations within each goal are to
measure the noble gas abundances and their isotopic ratios within the atmosphere, assess
the evolution of volcanism, tectonism, and other geologic processes that construct and mod-
ify the crust, and measure the D/H ratio within the atmosphere to place constraints on the
history of water.
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Table 1 VEXAG Roadmap for Venus Exploration

Near term Mid term Far-term

Orbiter with Active Remote Deep atmosphere multi-probes Surface (or near surface)
Sensing (Radar, Altimetry, platform with regional
emissivity, gravity) mobility

Sustained Aerial Platform Short Duration tessera lander Long lived lander network

for seismic studies
Deep atmosphere probe Long-lived geophysical lander Venus surface sample return
Multiple probes/dropsondes

Passive remote sensing orbiter or
multiple fly-bys

VEXAG also developed a roadmap and a technology plan that augment the Goals, Ob-
jectives, and Investigations for future exploration. The “Roadmap for Venus Exploration”
adopted by VEXAG in May 2014 lays out a framework for investigating the planet’s at-
mosphere, surface, and interior (VEXAG 2014a). The Roadmap recognizes that a much-
improved understanding of Venus is possible only by a combination of small, medium and
large missions and deployment of optimum observing platforms that are either available
or can be developed and flown at affordable costs. The key areas for exploration are At-
mospheric Composition, Surface Composition and Morphology, Atmospheric Structure and
Circulation, and Interior Structure and Dynamics. For each theme, missions can be devel-
oped and implemented in a logical sequence based on engineering capability and affordabil-
ity, while realizing maximum science return. The relative priority of missions is guided by
the science priorities in each theme. The roadmap document provides a nominal choice of
near term, mid-term and long-term (decadal scale) exploration of Venus shown Table 1.

The “Venus Technology Plan” (VEXAG 2014b), also adopted by VEXAG in May 2014,
assesses the technologies required to implement the Near, Mid, and Far-term missions iden-
tified in the VEXAG Roadmap for Venus Exploration. The document indicates that there
are several scientifically important missions that can be accomplished by using currently
existing technology. However, missions that are enabled by extended operations in the near-
surface or surface environments still require substantial technology investments. Key areas
identified as benefiting from technology development are (1) thermal protection systems
for missions that require atmospheric entry, (2) high-temperature subsystems and compo-
nents for surface operations beyond a few hours, (3) guided aerial platforms (e.g., airplanes
or dirigibles) with carrying capacities greater than balloons and lifetimes beyond 30 days,
(4) instrumentation specifically designed to operate and possibly withstand the surface en-
vironment, (5) deep space optical communication systems that can enhance science return
from missions requiring transmission of large data volumes, (6) advanced power and cooling
technologies for long-duration (> 24 hour) on the Venus surface, and (7) advanced descent
and landing systems that would improve targeting and precision landing (e.g., hazard avoid-
ance) in rough terrains such as the highland tesserae.

It should be pointed out that although the VEXAG documents are directed toward NASA
investigations, they represent a consensus of the larger international community of Venus
scientists that have participated regularly in the VEXAG deliberations since its inception in
2005. Further, the roadmap implicitly assumes and encourages international collaboration,
participation and coordination of efforts by the interested space agencies (see Sect. 3).
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2 Venus Research Focus Areas

Improved understanding of Venus is essential to better appreciate the full range of terrestrial
planet origin and evolution present in our own solar system and to interpret observations of
new earth-sized planets being discovered around other stars. The prior articles in this issue
have each identified key open issues as well as the measurements or approaches that are
needed to resolve them. These approaches can be broadly categorized as (1) earth-based
observations, (2) laboratory studies, (3) modeling studies, or (4) new spaceflight missions.

2.1 Earth-Based Observations

Venus is our closest neighbor and is very well suited to observation from Earth (or from near-
Earth observatories in space). These observations are complementary to Venus spacecraft
observations in a number of fields, from geology to atmospheric composition and dynamics
(Fig. 1).

For atmospheric composition, ground-based observatories can provide a broad range of
spectral coverage: including regions of the spectrum for which instrumentation has not yet
flown on Venus orbital missions. For example, ground-based observations by Allen and
Crawford (1984) provided the discovery of near-infrared spectral windows at 1-2.5 pm,
which allowed mapping of tropospheric gases on the night-side of Venus; it was then over
20 years before an orbital instrument observing in this spectral range reached Venus. The
best spectral resolutions reachable in ground-based facilities are also highly complementary
to those achievable in Venus orbit; for example, tropospheric HF (Bézard et al. 1990) and
mesospheric ClO (Sander and Clancy 2018) have been measured from the ground but not
from orbit. Further atmospheric species may be detected as new facilities become available,
thus providing important drivers to develop new orbital instrumentation capabilities.

Spatial mapping from ground-based observations provides viewing geometries different,
and complementary, to those achieved from Venus spacecraft. Encrenaz et al. (2012, 2016)
has mapped HDO and SO, abundances across the full disk of Venus, and has tracked their
variation on timescales ranging from minutes to years. The full disk measurements of hori-
zontal distribution are complementary to the point measurements and vertical profiles mea-
sured from Venus Express (Marcq et al. 2018, this issue).

Ground-based observatories can also provide monitoring over long periods of time, par-
ticularly times when no spacecraft are at Venus. The stand-out example of this is long-term
monitoring of mesospheric sulphur dioxide; in addition to measurements by Pioneer Venus
(1978-1992), Venera 15 (1983-1984), and Venus Express (2006-2014), mesospheric SO,
was monitored in the UV from sounding rockets and from the Hubble space telescope (Es-
posito et al. 1997); it has also been measured in the thermal infrared (IR), as discussed above,
and now also in sub-mm ranges from observatories such as JCMT and ALMA. Continuing
these observations in the coming decade, when no Venus missions are planned, will help
constrain SO, (and, by extension, perhaps volcanic activity) in this period.

High spectral resolution also allows direct measurement of winds through Doppler ve-
locimetry, and detection of trace chemicals. To be scientifically valuable, Doppler velocime-
try must achieve accuracies on the order of 10 m/s or better, which requires spectral reso-
lutions of A/dA > 3 x 107 or higher, depending on viewing geometry. This is now achiev-
able in a range of earth-based telescopes, from sub-millimetre (ALMA, NOEMA, JCMT)
to visible-near-IR (HIPWAC, THIS, ESPaDOnS)—all of these have been used to measure
winds, at altitudes ranging from 60-110 km, depending on the spectral feature observed
(Sanchez-Lavega et al. 2017, this issue). Of particular interest is the 90-120 km altitude re-
gion, which marks a transition from the retrograde zonal circulation in the mesosphere to a
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Fig. 1 Earth-based observations
are useful for increasing our
understanding of Venus in a wide
range of scientific areas.

(A) Global average lower cloud
cover as determined by Tavenner
et al. (2008) using Earth-based
observations from the IRTF.

(B) Polarized radar image of
Hyndla Regio and Zirka Tessera
can be used to identify the extent
of fine-grained deposits
(Campbell et al. 2015)
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subsolar-to-antisolar circulation in the thermosphere—there are scarcely any clouds in this
rarefied portion of the atmosphere, so the only wind velocities measured in this highly vari-
able region come from ground-based Doppler velocimetry. Further observation campaigns,
from observatories offering ever more spatial and spectral resolution, will help to understand

this variability.

Wind fields at cloud level can also be measured from Earth using feature tracking. Single-
station observations have tracked meridional profiles of zonal winds, using observation se-
quences a few hours long; longer durations can be obtained either by co-ordinating observa-
tories distributed in longitude, or by using observatories at polar latitudes. Of particular note
is the possibility of telescopes carried by stratospheric balloons; at 35 km altitude these are
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above most atmospheric turbulence and water vapor, offering observing conditions interme-
diate in spatial resolution and temporal duration between ground-based and Venus satellite
observations (Young et al. 2008), providing a unique dataset to study large-scale atmospheric
variability on day- to week-long timescales.

While the above observations all discuss the atmosphere, the surface of Venus can be ob-
served from Earth, too. The highest resolution ground-based radar images of Venus, from the
Arecibo observatory, reach spatial resolutions of 1-2 km; while this is an order of magnitude
poorer than Magellan radar images, the long temporal baseline offered by decades of obser-
vation allows a search for temporal changes on these timescales. In addition, ground-based
images include polarimetric information not captured by Magellan allowing constraints on
surface properties. For example, polarimetric information has been effectively used to map
impact crater ejecta that mantle tessera terrain. This information is important for selecting
potential landing sites that are not covered by materials derived from other surface locations
(Campbell et al. 2015). Polarimetric information has also been demonstrated to be helpful
for identifying deposits of granular material (few cm in diameter) that have been interpreted
as pyroclastic material from explosive volcanic eruptions (Campbell et al. 2017). Future
ground-based radars, such as the Square Kilometer Array (SKA) could provide an increase
in collecting area of two orders of magnitude compared to current radio telescopes (e.g.,
Carilli and Rawlings 2004) and may be useful for mapping Venus surface properties and
for identifying any changes due to volcanism or tectonism. The SKA is expected to begin
preliminary science observations as early as 2020 using a partial array.

Earth-based radar can also be used for monitoring of Venus’ spin. Previous measure-
ments of Venus’ spin rate from ground- and space-based radar have varied by around 1 part
in 10°, equivalent to uncertainties of about three minutes in Venus’ sidereal day. Some vari-
ation in the spin rate is expected as a result of momentum exchange between the planet and
its massive atmosphere, as well as due to solar tidal forcing and possible mantle-core inter-
actions (Cottereau et al. 2011; Navarro et al. 2018); measuring variations in the spin state
therefore would help constrain these parameters. Radio signals reflected from the surface
of Venus exhibit spatial inhomogeneities, or speckles; a cross-correlation between observa-
tions of these speckle patterns from different observatories on Earth allows measurement
of the instantaneous spin rate of Venus. The accuracy achievable in this spin rate measure-
ment is estimated to be AA/A ~ 107° for a single-frequency measurement using two receiv-
ing stations on Earth, or AL/A ~ 10~® using multiple frequencies and arrays of receivers
(Karatekin and Holin 2016). These measurements are logistically demanding, due to the
use of multiple observatories, but may lead to valuable constraints on interior structure not
achievable from an orbiter.

“Amateur” astronomical observations—i.e. those outside academic or research institu-
tions—have shown their worth in other fields of planetary observation, most spectacularly
in the observation and even video recording of impacts on Jupiter (Sanchez-Lavega et al.
2010): could they be similarly useful at Venus? Amateur observers typically collect im-
ages in visible, UV or near-IR wavelengths with telescopes of < 0.5 m primary aperture
(Barentsen and Koschny 2008). At these wavelengths, almost all light is from the dayside
and any contrasts observed at Venus tend to be associated with large-scale cloud features.
Imaging of nightside IR emission has been demonstrated using occulting masks to block
out light from the dayside of Venus (Mousis et al. 2014). Although this is an impressive
achievement with amateur equipment, such maps have poor spatial resolution and have not
yet proved useful for scientific analysis. Video capture of the nightside of Venus is novel,
well-aligned with the observing equipment used by many amateurs, and potentially scientif-
ically rewarding, as these observations could reveal lightning flashes and/or meteor impacts.
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However, such emissions are likely to be very faint and difficult to observe in such proximity
to the extremely bright dayside of Venus and may be beyond the reach of amateur observing
equipment in the near future. On the other hand, participation by non-professional scientists
(sometimes called “citizen scientists”) in the analysis of datasets obtained by Venus space-
craft is feasible. Enthusiastic participation in Mars spacecraft missions, with tools such as
JMARS and Midnight Planets, has shown the public appetite for engaging in planetary sci-
entific data analysis. Such public engagement should be harnessed in future Venus missions,
particularly those such as high-resolution radar orbiters that will generate vast amounts of
high resolution imagery.

2.2 Laboratory Studies

Laboratory work is absolutely fundamental to our ability to interpret observational and mod-
eling results. There are still many areas where new lab work is needed in support of both
studies of the rocky surface as well as of the atmosphere. In particular, recent results from
Venus Express indicating possible emissivity anomalies in highland regions (Gilmore et al.
2017, this issue) have driven the need for new laboratory work to fully characterize complex
temperature effects on the spectra of minerals and rocks in the near infrared wavelength
range. Laboratory studies are also needed to better understand the unusual origin of sur-
face features that may have formed through limited subduction driven by mantle plumes
(Davaille et al. 2017). In addition, much is still unknown about the weathering environment
at the Venus surface. To better constrain observations, it is important to calibrate the oxida-
tion rate of basaltic glass that results in a thick (10 um) coating of hematite. Assumptions
that it would take less than 1 million years to form a weathered coating have led to the in-
ferences that unweathered lava flows observed by VIRTIS (as high emissivity anomalies)
are “young”. Additional laboratory work is also needed to determine reaction rates that can
form sulfates in the Venus surface environment in order to better understand the interactions
of the atmosphere with the surface. Finally, changes in radar emissivity as a function of
altitude that were observed by Magellan remain unexplained. Additional laboratory work
is still needed to identify plausible semiconductor and ferroelectric substances that could
cause this effect.

In terms of better understanding chemical reactions and rates within the atmosphere,
there is a strong need for laboratory studies that can place better constraints on chemical re-
actions occurring at a range of altitudes as well as to characterize the physical and chemical
properties of the aerosols that make up the thick cloud layer. For example, because sulfur
species play such an important role in Venus’ atmospheric chemistry, rate coefficients are
needed for all expected sulfur reactions to constrain photochemical modeling efforts. Labo-
ratory studies of cross sections of sulfur species are also required to constrain models and to
assess their potential as candidates for the unknown UV absorber (Marcq et al. 2018, this is-
sue). In addition, for cloud layer and lightning studies, assessment of mechanisms for faster
production H,SO, is needed as well as laboratory studies of reactions involving C30,, S,O
and negative ions. Finally, laboratory studies of aerosol chemistry and characterization of
optical properties of particulate products are also needed. In particular, laboratory studies of
sulfuric acid aerosols at high concentrations, including phase behavior, are required to better
constrain the microphysical properties of the aerosols under Venus conditions (Titov et al.
2018, this issue).

In support of future remote sensing observations, laboratory measurements are needed
to improve understanding of high-temperature, high-pressure spectra at near-infrared wave-
lengths of H,O, HDO, and CO, (Marcq et al. 2018, this issue). Laboratory studies are also
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needed to understand the mechanisms that convert SO; and OCS to CO, CO, and SO, the
rate coefficients for these reactions, and to identify appropriate wavelengths for observation.
In addition, although it is known that both CO, and N, are each individually critical fluids
at Venus surface temperature and pressures, the critical conditions for the mixture have not
yet been identified either theoretically or experimentally (Limaye et al. 2017, this issue).

2.3 Modeling Studies

Similar to laboratory work, there is a very broad range of modeling work that needs to
be completed to aid in interpretation of existing observational data and for planning future
observations. The recent VEx and Akatsuki missions have provided important observational
data that have driven a surge of progress in atmospheric modeling. Key areas that are very
well suited to advancement through modeling work are radiative transfer models to better
understand the greenhouse effect (e.g., Lee and Richardson 2011; Lebonnois et al. 2015),
chemical kinetics models to better under atmospheric chemistry (e.g., Zhang et al. 2012;
Krasnopolsky 2012), cloud micro-physics (e.g., McGouldrick and Toon 2007), and general
circulation models (e.g., Lebonnois et al. 2016). In addition, a great deal of progress has
been made in recent years in the development of models to better understand planetary
interior dynamics and the conditions under which mantle plumes can form (Smrekar and
Sotin 2012).

There are several radiative transfer modeling advances needed that will improve under-
standing of energy balance in Venus’ atmosphere and its influence on global circulation and
climate (Limaye et al. 2017, this issue). In particular, the role of large-scale dynamics, chem-
ical reactions, and cloud processes on the Venusian entropy budget still needs to be studied.
The influence of clouds and cloud formation processes in climate models needs develop-
ment and one of the most important open issues is the effect of variability of atmospheric
properties such as the abundance of radiatively active gases, cloud microphysical and opti-
cal properties and total opacity. In addition, it is critical to understand how the distribution
of sources and sinks of radiative energy drive the atmospheric dynamics and new studies
are needed to understand the processes that most strongly influence Venus’ climate. Finally,
better understanding of radiative processes will provide insights into the role of radiation in
Venus’ atmospheric evolution, including the onset of greenhouse conditions and the loss of
water.

An area where numerical modeling can be particularly effective is atmospheric dynam-
ics (Sanchez-Lavega et al. 2017, this issue). Recent General Circulation Model (GCM) ad-
vances (e.g., Lebonnois et al. 2016) are capable of reproducing important features such as
temperature structure, static stability and zonal winds. However, work is needed to under-
stand the dynamics of key features (e.g., cold collar, large stationary gravity waves) and how
they couple or not to the super-rotation. In addition, the role of eddy processes is crucial, but
likely involves the complex interaction of a variety of different types of eddy, either forced
directly by radiative heating and mechanical interactions with the surface or through various
forms of instability. There is also a need for improved numerical models that are capable
of spatially resolving the polar vortex morphology and accurately reproducing its dynam-
ics, and the role of subgrid-scale processes in the angular momentum budget, especially
small-scale gravity waves. Finally, the robustness of existing GCMs should be confirmed
through inter-comparison between several models, with particular focus on the conservation
of angular momentum.

Photochemical studies can also benefit greatly from new modeling work (Marcq et al.
2018, this issue). Detailed dynamical and photochemical studies of the Venus middle atmo-
sphere (~ 70-110 km) can be used to understand the photochemistry, dynamics, heating,
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and microphysics that drive the atmosphere at these altitudes. Existing validated models
with updated photochemical schemes can be used for this type of study. Models can also
be used to address major questions regarding dynamical exchange between the lower and
upper atmosphere. Understanding of aerosols can be improved through new microphysical
models of sulfuric acid aerosol formation, growth and decomposition (Titov et al. 2018, this
issue). In addition, such studies need to be expanded to other species (e.g., elemental sulfur)
that may be consistent with observations of unknown absorbers in the UV and other wave-
lengths. Incorporation of new microphysical models into regional scale and global scale
circulation models can then be used to study feedbacks between microphysics, chemistry,
and the momentum and energy balance.

2.4 New In Situ Observations

Although much can be learned from Earth-based observations, laboratory studies and mod-
eling, there are many unanswered questions that can only be answered by new observations
acquired by a space flight mission. Measurements made in situ, within the Venus atmosphere
or from the surface, are critical for understanding Venus’ evolution and for placing Venus
into context with Earth and Mars. The last in sifu Venus mission was Vega in 1985. The
Vega balloons, combined with the earlier Pioneer Venus probes (flown in 1978), have stimu-
lated numerous unresolved questions about the composition and structure of the atmosphere.
Likewise, although the Venera and Vega landers measured bulk chemistry of the surface in
several locations, surface mineralogy has never been measured, leaving many unanswered
questions regarding the origin and evolution of the surface. Many of these questions cannot
be fully addressed through remote sensing observations from orbit.

One of the fundamental measurements that is needed is the bulk elemental composition
and mineralogy of the surface from key locations, especially tesserae (Gilmore et al. 2017,
this issue). Tesserae are thought to be older than the regional plains, and as such may retain
evidence of an earlier epoch prior to volcanic resurfacing, including evidence of different
climate and weathering regimes. Even the regional volcanic plains that are typical of ~ 40%
of the Venus surface appear to exhibit significant variability as observed by multiple Soviet
landers. Although Venera and Vega chemical analysis indicate overall basaltic composition
(Fegley et al. 1997), details of the mineralogy can be used to understand the petrologic origin
of the magmas and possibly even address hypotheses related to rates of volcanic resurfacing.
There is also a need to characterize the oxidation state in the deepest atmosphere that inter-
acts with the surface. Combined with measurements of surface mineralogy, knowledge of
the oxidation state can constrain what minerals are stable at the surface. Likewise, the sulfur
chemistry cycle (Zhang et al. 2012) needs to be constrained through measurements of rock
mineralogy and atmosphere composition. Seismic measurements would be invaluable for
studying tectonic and volcanic activity, and for constraining internal structure. A compre-
hensive seismological survey will require technically demanding long-lived surface stations,
but precursor studies could be carried out using short-lived landers, infrasonic detectors from
balloons or airglow imaging from orbital platforms (Stevenson et al. 2015; Lorenz and Pan-
ning 2018).

Substantially more data are needed on the thermal structure of the deep atmosphere (be-
low 40 km). Very limited data exist for this important region (Limaye et al. 2017, this issue),
which contains more than 75% of Venus’ atmospheric mass. Only the Vega 2 lander made
any reliable measurements of temperature in this region and those data are too sparse to re-
solve important structural characteristics, such as the extent of the planetary boundary layer.
It is vital that the adiabatic lapse rate for the Venus atmosphere be measured accurately for
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the conditions found from the Venusian surface to the minimum temperature region, found
at about 125 km altitude. In situ platforms are required to secure data on thermal structure
below about 35 km. Prior missions have also introduced questions that require new mea-
surements to resolve, such as a possible unexplained gradient in N, reported by Oyama
et al. (1979) and the as yet unidentified species that is absorbing UV in the upper clouds
(58—65 km). Again, to constrain dynamics models, one of the most important open issues
in this field is the abundance and variability of radiatively active gases as well as radiative
heat fluxes. There is also a need to characterize the aerosol population (Titov et al. 2018,
this issue), including number density, particle size distribution and optical properties as well
as their chemical origin, in order to constrain micro-physical models of Venus’ clouds.

Numerical models of atmospheric dynamics have achieved significant success (Sanchez-
Lavega et al. 2017, this issue) but many uncertainties remain, especially in the deep atmo-
sphere. Precise wind field retrieval below the upper clouds (surface to 60 km) as a function
of location (long/lat) and local time is an essential ingredient required to derive the vertical
distribution of the angular momentum, momentum transfer and super-rotation origin. In ad-
dition, observations of waves (e.g., gravity, Kelvin, Rossby and tidal) below the clouds are
needed to better understand their role in the inertial forces caused by super-rotation. While
in situ measurements are generally the most direct approach to measuring these parame-
ters, they are limited by short lifetimes (hours to days) and small spatial coverage inherent
to current in situ approaches. As remote sensing techniques are improved and in situ life-
times are extended, there is ultimately a need for more detailed observations of the deep
atmosphere that can match the coverage obtained by missions such as Venus Express in the
middle atmosphere.

There are also many questions concerning the composition of the atmosphere that are
needed to constrain models of chemical cycles, photochemistry, and radiative transfer
(Marcq et al. 2018, this issue). In situ measurements are needed of trace gas species in
the cloud region extending from 48-65 km. More importantly, measurements of trace gas
abundances and possible gradients are sorely needed below the clouds, where only limited
observations are available. Abundances and isotopic ratios of noble gases are of significant
scientific interest in regard to Venus’ atmospheric evolution in comparison with Earth and
Mars. These gases are unique because they are inert. As such, they are fossil indicators of
the earliest process that formed and modified the original atmosphere. The heaviest noble
gases, krypton and xenon, are least susceptible to atmospheric escape and are particularly
important. Pioneer Venus and Venera measurements of krypton are discrepant by a factor
of four and xenon has never been quantified (Baines et al. 2013). However, because these
species lack detectable spectral features, they can only be measured in situ. Measurements
of D/H are also needed in order to quantify the volume of water in Venus’ past as well as the
timing and processes for water loss. Deep atmospheric measurements of D/H are needed for
the bulk atmospheric value as well as to understand vertical profile uncertainties. Improved
measurements of other important isotopic ratios, such as '3C/'2C and N/™N, provide
insights into how Venus’ evolutionary history has been similar to or different from Earth.
To better understand the coupling of the surface and atmosphere, and the degree to which
buffering reactions produce trace gas species in the atmosphere, there is a need to measure
trace species in the lowermost scale heights.

2.5 New Orbital Observations
There are many important new observations that are attainable using remote sensing tech-

niques from Venus orbit. The two most recent Venus missions (VEx and Akatsuki) were pri-
marily focused on understanding atmospheric chemistry and dynamics, and a new mission
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focused on geologic and geophysical questions is needed. The only historic Venus mission
that addressed questions of global surface and interior process was Magellan (1990-1994),
with its 1970’s era synthetic aperture radar which collected data in one sense of polarization.
While Magellan revealed many interesting geologic features on the surface, numerous mys-
teries remain that require modern instrumentation to bring Venus up to the level of under-
standing of Mars. For example, Magellan imaging resolutions (100-200 m) are analogous to
Viking images of Mars and Magellan altimetry with ~ 10 km posting is of insufficient preci-
sion to constrain models at geologic process scales. In addition, models of surface emissivity
using near infrared remote sensing data (Gilmore et al. 2017, this issue) require surface to-
pography with much better spatial and vertical resolution than possible using Magellan data,
particularly in regions of substantial topographic variability (e.g., tesserae). To more fully
understand the story of tessera formation and evolution, higher resolution imaging and com-
plete coverage of the surface in the near infrared is also needed. To improve knowledge of
temporal changes in atmospheric circulation, there is a need to establish the average albedo
of Venus more accurately as well as to detect changes over annual and longer time scales
(Limaye et al. 2017, this issue). More precise observations of zonal and meridional winds
(Sanchez-Lavega et al. 2017, this issue) are needed to answer questions about polar vortex
dynamics, the extent of the Hadley cell, and to reduce wind divergence uncertainty in order
to better constrain cloud top sources and sinks.

Synoptic imaging spectroscopy with sufficient spectral, spatial, and temporal resolution
and sufficient duration to track variations in SO, and SO at the cloud tops across the few
hours to few weeks time scales would be invaluable for sorting the relative contributions
of photochemistry, dynamics and microphysics (Marcq et al. 2018, this issue). Longer term
temporal variations in SO, abundance at the cloud tops that extend observations made by
Pioneer Venus (Esposito 1984), Venera 15 (Zasova et al. 1993), and Venus Express (Marcq
et al. 2012), combined with observations of SO, variability in the deeper atmosphere, would
provide insights into possible mechanisms (e.g., active volcanism, climate variability, or
other mechanisms) that drive observed variations. Optical, radio wave, and electric field
monitoring are needed to characterize Venus lightning (Titov et al. 2018, this issue).

Orbiting remote sensing platforms are ideally suited to study the upper atmosphere.
A dedicated aeronomy and solar wind interaction mission that can provide coverage of the
north and south poles, noon and midnight sectors, and terminator regions, during the full
solar cycle, would provide necessary data and allow comparisons with Earth and Mars (Fu-
taana et al. 2017, this issue). Precise measurement of the magnetic field and currents in the
ionosphere can provide insights into mantle conductivity, which has implications for crustal
water content. In addition to dedicated missions, observations by fly-by spacecraft equipped
with plasma and field instrumentation can also provide valuable new data (Coradini et al.
2015). Finally, sustained time-series observations of near-infrared molecular emissions in
the mesosphere would increase understanding of observed spectral and spatial variability in
airglow on the night side (Gerard et al. 2017, this issue).

3 International Collaboration for Venus Exploration

Thanks to the efforts of individual scientists and dialog between space agencies, exploration
of Venus has become an international effort. To foster close collaborations, partnerships
and coordination of missions, a grassroots International Venus Exploration Working Group
(IVEWG) was formed under COSPAR in 2012. COSPAR has fostered international dialog
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and collaboration in space exploration since the beginning, even during less friendly rela-
tions between nations.

One very valuable and fruitful method for international collaboration has been through
Participating Scientist Programs, originating through bi-lateral dialog between agencies. By
mutual agreement, NASA and ESA selected individual scientists to formally work with the
Venus Express science team. Japanese scientists have also worked similarly with NASA.
Because the Venus Express and Akatsuki science is so complementary, the Japanese Akat-
suki team has also established good relationships with the European Venus Express sci-
entists. Although neither ESA nor JAXA had hardware roles on the other’s missions, the
science communities worked together to plan several workshops, including Venus sessions
at COSPAR. In addition, Venus Express included one Japanese interdisciplinary scientist.

NASA and JAXA have also established a US Participating Scientist Program for Akat-
suki. Six American scientists were selected by NASA Announcement of Opportunity with
rights to access Akatsuki data just after the data acquisition as well as Japanese Venus sci-
entists prior to the database being opened to the public (18 month after the data acquisition).
Two of the six American scientists remained in residence in Japan after orbit insertion. Such
cooperation should be more and more important in future international space development.
These examples of international cooperation indicate a strong science community that is
eager to work together to advance science through collaboration.

3.1 JAXA’s Akatsuki

Akatsuki is currently the only active mission at Venus. Japanese interest in exploring Venus
has been high for nearly two decades. Competing against other solar system targets, Venus’
turn came up when the Planet-C mission was approved in 2001 (Nakamura et al. 2007). The
mission was eventually named Akatsuki (“Morning Star”) at the time of its launch in May
2010.

Akatsuki was designed to observe the atmospheric dynamics of Venus (Fig. 2), which
is totally different from Earth. One of the most fundamental differences between the two
planets is expressed by the extremely rapid wind speeds (more than 100 m/s) that have
been observed at the Venus cloud tops, 70 km above the surface. The primary objective
of the Akatsuki mission is to better understand this atmospheric super-rotation, where the
planet is slowly rotating westward while its atmosphere is rotating around the planet 60
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Fig.3 Venus images acquired
by the LIR, IR1, and UVI
instruments two days after the
failed orbit insertion. Images
were taken looking back at Venus
from 600,000 km away from the
planet. All three cameras
performed as expected, with the
LIR image revealing
characteristic features in Venus’
night-side cloud-top temperature

times faster. To address the dynamics of the Venusian atmosphere Akatsuki has five cam-
eras (Infrared 1 pm camera (IR1), Infrared 2 pm camera (IR2), Ultraviolet Imager (UVI),
Longwave Infrared Camera (LIR), and Lightning and Airglow Camera (LAC)), which detect
the atmospheric motion at different altitudes. Radio occultation (Radio Science: RS) studies
the temperature, and the H,SO, vapor component between 35 km and 100 km altitude. The
original orbit design was optimized to maximize scientific results with a thirty-hour orbital
period and 80,000 km periapsis. Such an orbit results in spacecraft motion that is synchro-
nized with the super-rotation of the Venusian atmosphere for 20 hours, i.e., 10 hours prior
and 10 hours after the periapsis.

Akatsuki reached Venus six months after launch on 7 December 2010. Unfortunately,
the spacecraft suffered a technical failure of the main engine during the orbital insertion
burn. Fortunately, the spacecraft computer shut down the burn, saving precious fuel, and
putting the spacecraft in a solar orbit with a period slightly smaller than the orbital period
of Venus. After investigation, it was learned that, in the propulsion system, salt was formed
at the check valve on the fuel tank side that blocked the He gas pressure applied to the fuel
tank (Nakamura et al. 2014). The burning condition at the Orbital Maneuver Engine (OME)
became oxidizer rich, which caused higher temperatures in the engine and destroyed it.
Other parts of the spacecraft, however, turned out to be in good shape and Venus was imaged
with three cameras two days after the failed orbit insertion (Fig. 3).

Akatsuki successfully entered Venus orbit on the second attempt on 7 December 2015,
using the reaction control system (RCS) thrusters (Nakamura et al. 2016). Akatsuki is cur-
rently in a highly elliptical, near equatorial orbit around Venus (orbit inclination is ~ 166°
relative to the Venus equator). The periapsis achieved by the RCS thrusters (that are weaker
than the OME) is 360,000 km. The spacecraft has survived severe thermal conditions that
occurred at every perihelion during the five years of heliocentric orbit, about 1000 W/m?
more solar flux than the spacecraft was designed for, and the temperature of several parts
of the spacecraft have survived higher than the designed permission range. At present the
spacecraft and most of the instruments are in good health and performing well. An orbital
maneuver, to avoid a long umbra, is expected in December 2018.

In the first two years of orbital operations, Akatsuki has already provided many sig-
nificant scientific results (e.g., Sanchez-Lavega et al. 2017, this issue). One of the most
compelling results to come from Akatsuki to date is the discovery of large scale stationary
gravity waves in the atmosphere (Fukuhara et al. 2017). These waves span thousands of kilo-
meters and appear in the afternoon (local times) over high standing surface topography. The
presence of such waves at the cloud tops indicates a strong coupling between the air masses
flowing over the mountainous terrain and super-rotating clouds. It is possible that the cou-
pling between the surface and the atmosphere is strong enough to change the rotation rate
of the solid planet (Navarro et al. 2018).
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3.2 What’s Next in Venus Exploration?

There are currently no firm commitments to future Venus missions by any international
space agency beyond Akatsuki. However, several international space agencies are consider-
ing future plans for Venus exploration. VEx and Akatsuki revealed many secrets of Venus’
atmosphere, but have also left many questions unanswered (Table 2). Questions regarding
the surface and interior have been left unresolved since Venera, Vega, and Magellan. Venus
mission concepts developed in recent years have built on existing capabilities and can be
grouped into several common themes: orbiters, atmospheric balloons and probes, and lan-
ders (Fig. 4). Orbiter missions can be further subdivided into two fundamental types, those
that are focused on chemical and dynamic atmospheric processes, and those that are focused
on surface geology and geophysics. Orbiter missions focused on atmospheric processes gen-
erally include remote sensing payloads to address key questions about the current state of
the atmosphere and climate. Orbiter missions focused on geology and geophysics generally
include some type of radar system to characterize the surface morphology, topography, and
gravity to address key questions about the interior structure and surface evolution. Atmo-
spheric balloons and probes are generally designed to carry instrumentation capable of in
situ measurements of noble and trace gases to address fundamental question of atmospheric
origin and evolution, history of water, and chemical cycles below, within and above the
clouds. Probes are capable of measuring chemical composition and atmospheric dynamics
in the region where the surface interacts with the atmosphere, whereas current balloon de-
signs generally are designed to float at about 55 km altitude and are capable of measuring
the composition and dynamics within the cloud layer over several days. Landers are gener-
ally focused on surface chemistry and mineralogy to address key questions about the origin
and evolution of the crust. Much larger Venus mission concepts have been considered by
ESA, NASA and Russia that generally combine these various flight elements to achieve
more comprehensive science objectives. For example, the Venus Flagship Design Reference
Mission (Bullock et al. 2009) included an orbiter with a capable radar and instrumentation
for atmospheric observations, as well as two balloons and two landers.

With the success of small-sats and cube-sats for Earth observations, there has been a
surge of interest in possible planetary applications through competitive programs such as
the NASA Small Innovative Missions for Planetary Exploration (SIMPLEX) program (Daou
2017). These small (typically < 100 kg), secondary payloads that can share a launch vehicle
with a larger mission are becoming increasingly capable and can include a range of mission
architectures including orbiters, probes, and small landers. Numerous small Venus mission
concepts are under study. For example, the Cubesat UV Experiment (CUVE) is a small
orbiter that could carry instrumentation to characterize the UV absorption (Cottini et al.
2017). Other concepts under development include small payloads to remotely detect seismic
activity on Venus from orbit (Komjathy et al. 2018), long-lived surface landers to directly
measure seismic activity (Kremic et al. 2018), and small probes to sample noble gases in the
upper atmosphere (Sotin et al. 2018). With the increased interest in these small missions,
there is an increase in the number of opportunities to deploy such missions at Venus as
stand-alone missions, secondary payload elements on a larger Venus mission, or as a payload
that can be deployed by other spacecraft performing Venus gravity assist flybys (Coradini
et al. 2015). Because there is limited public information available about these concepts at
the present time and due to the dynamic nature of evolving capabilities in this field, these
concepts are not reviewed in detail in this paper.

The science community and general public have become accustomed to the presence of
long-term landers and rovers on other planetary surfaces. In particular, rovers such as Sou-
journer, Spirit, Opportunity, and Curiosity seem routine for Mars exploration. However, it is
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Table 2 Examples of top level science questions identified in Section 1 can be addressed individually or
in combination in an effort to more fully understand the differences in Earth’s and Venus’ evolution. This
table shows the primary types of measurements that are required to address these questions and the types
of observation platforms that provide an appropriate vantage point for those measurements. Very small and
focused missions (e.g., single small instrument), can be flown as a cubesat or a smallsat, riding along with
other larger missions that are not necessarily bound for Venus. Slightly larger missions with focused science
objectives addressed by a small suite of instruments on a single platform (either in situ or orbital) fit well
within a Discovery class mission. Individual components can be combined to form more synergistic missions
of larger scope that can range from M-Class and New Frontiers to L-Class and Flagship. All of the mission
architectures described are technically ready to fly in the near-term with the exception of the long-lived lander,

which still requires some development

Science question

Primary measurement

Mission element

Surface & How does Venus lose its Surface geology, Geophysical orbiter
Interior heat? topography, and gravity
How volcanically and Surface geology, Geophysical orbiter
tectonically active has Venus topography, and gravity
been over the last billion Seismicity Long-lived Lander
years
Has Venus always been in a Surface geology, Geophysical orbiter
stagnant lid regime or was a topography, and gravity
plate tectonics regime
present in the past?
What is the composition of Surface bulk chemistry Lander, remotely from
the highland tessera terrain? and mineralogy obiter, aerial platform
Do the tessera retain Surface bulk chemistry Lander, geophysical
evidence of a time prior to and mineralogy orbiter
volcanic plains emplacement
when water was more
prevalent?
Atmosphere What are the thermal Temperature, pressure, In situ (e.g., probe,

structure and circulation of
the deep atmosphere?

What drives the atmospheric
super-rotation observed in
the upper cloud layer?

What chemical cycles drive
the variability observed in
some species above the
cloud layers, in particular
sulfur species?

What are the chemical cycles
operating below the clouds
and to what extent do
surface-atmosphere

and winds from within
the atmosphere

Composition of cloud
layer gases and aerosols
from within the
atmosphere

Global time dependent
measurements of
composition above the
clouds

Relative abundances and
gradients of reactive
gases below the clouds
from within the

aerial platform, lander)
remotely from orbiter
In situ (e.g., aerial
platform, long-lived
lander) orbiter

Atmospheric
composition orbiter

In situ (e.g., probe,
deep-atmosphere aerial
platform, lander)

exchange or possible active atmosphere
volcanism play a role?
What are the unknown Composition In situ (e.g., aerial

absorbers at the cloud tops?

measurements from
within the atmosphere
and remotely (spectra
and distribution)

platform) Remotely
from orbiter
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Table 2 (Continued)

Science question Primary measurement Mission element
Aeronomy & What is the impact of solar Ion & neutral particles, Aeronomy orbiter
Escape wind and space weather magnetic fields

“storms” on ion escape
processes and rates?

What causes the observed Airglows & nightglows Aeronomy orbiter
variability in NO, Oy, and

OH emissions on the night

side? (circulation at

mesopause and

thermosphere)
How much water is Magnetic fields and Aeronomy orbiter
contained in Venus’ crust current in the ionosphere
Evolution/ What was the original Noble gas abundance In situ (e.g., probe,
Geochemistry composition of the Venus and isotopic aerial platform)
atmosphere? measurements from
within the atmosphere
Did Venus have oceans and Isotopic abundances in In situ platform, lander
did life evolve? atmosphere;
Geological history Geophysical orbiter
How has the atmosphere Isotopic abundances in In situ platform;
evolved over time? atmosphere; escape aeronomy orbiter
processes
When and why did the In situ (e.g., probe,
runaway greenhouse begin? aerial platform)

important to keep the Venus environment in mind when planning future mission concepts.
While the Venus environment does place some limitations on the types of missions that can
currently be envisioned, the majority of high priority science objectives can be achieved
with current, existing technology capabilities.

All past Venus orbiter missions have chosen highly elliptical orbits, driven in part by
the large amount of fuel required to circularize the orbit. However, science objectives such
as high-resolution global topography and improved gravity models, benefit greatly from
circular orbits. NASA’s Magellan mission was the first orbiter to effectively demonstrate
aerobraking, where multiple deep dips into the planet’s atmosphere were used to slow the
spacecraft, and effectively circularize the orbit (Doody 1995; Lyons et al. 1995). Since that
time, aerobraking has been used successfully on several NASA Mars missions (Lyons et al.
1999; Smith and Bell 2005; Spencer and Tolson 2007). More recently, ESA also successfully
implemented aerobraking toward the end of the Venus Express mission (Svedhem 2014).
Another option that has been proposed is the use of Solar Electric Propulsion to directly
insert a spacecraft into a circular orbit.

Cloud level balloons are subject to fairly benign temperatures and pressures (at 55 km
altitude, the temperature is 30 °C and atmospheric pressure is 0.5 bar), however, sulphuric
acid aerosol particles are strongly corrosive. Thus, balloon materials and instrument pay-
loads must be resistant to corrosion. In addition, supplying power to an instrument payload
within the cloud layer is a challenge. Because of the dense clouds, solar power is not an effi-
cient option. Many balloon concepts have relied on batteries, but to supply sufficient power
for extended duration can increase the mass of the payload that needs to be carried by the bal-
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Fig. 4 High priority Venus questions can be addressed by a broad range of mission concepts using surface,
aerial, and orbital platforms. While many missions can be implemented in the near-term using existing capa-
bilities, investments in new technologies will enable long term surface science as well as missions that take
advantage of mobility in the surface, near-surface, and atmospheric environments

loon. An alternative to traditional batteries is the use of radioisotope power systems (Balint
and Baines 2008). However, current systems, such as the Multi-Mission Radioisotope Ther-
moelectric Generator (MMRTG) that is carried on the Curiosity rover, are very large and
heavy for balloon applications. In addition, the availability of plutonium needed to power
these systems can be challenging for space agencies to secure. The two Vega balloons that
flew in 1985 each survived approximately two days at an altitude of 54 km altitude. More
recent concepts, such as the Venus Climate Mission study (Grinspoon et al. 2010) include
balloons that are designed to survive for up to three weeks.

Deep atmospheric probes and landers pass through the cloud layer relatively quickly (the
Venera landers and Pioneer Venus probes all completed their atmospheric descents in about
one hour) but must survive the near-surface environment which includes highly-corrosive
supercritical carbon dioxide at average surface temperatures of 462 °C and 92 bar atmo-
spheric pressure. The surface pressure is equivalent to water pressure at depths of about
1 km in the ocean, requiring robust pressure vessels to protect instrumentation. In addition,
the high temperatures require thermal control systems within the pressure vessel to main-
tain an environment required for the instrument payload to function. Passive thermal control
systems, such as the use of phase change materials, can keep a payload cool for a few hours.
However, after all the material has changed phase, temperatures within the pressure vessel
will rise quickly. As with balloons, power supply is also an issue. Again, current designs
for solar power are not an option, and sufficient battery power for long-term operations in-
crease the total payload mass and must be balanced against the mass of the science payload.
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Radioisotope power technology requires future developments to improve efficiency in or-
der to provide Venus surface power. The Venera landers and the Pioneer Venus probes all
carried battery systems to supply power. The Venera 9—14 landers were able to survive on
the surface for a minimum of 53 minutes (Venera 9) and a maximum of 127 minutes (Ven-
era 13). More recent concepts, e.g., the Venus Flagship Design Reference Mission (Bullock
et al. 2009), include lander designs that can survive one hour of descent plus an additional
two-five hours of operation on the surface.

Both ESA and NASA offer periodic competitive opportunities to propose innovative mis-
sions to planetary destinations, including Venus. Within ESA, there are M-class (medium
cost range) and L-class (larger cost) mission opportunities to address high priority science
goals of the Cosmic Vision (Bignami et al. 2005). Within NASA, mission concepts can be
proposed to the Discovery (medium cost range) and New Frontiers (larger cost) programs to
address high priority science within the Planetary Decadal Survey (Squyres 2011). Recent
experience has demonstrated a strong interest by the international Venus science community
in a wide range of mission concepts in each of these competed categories.

3.2.1 ESA

ESA launched the Venus Express orbiter in November 2005 to end a long hiatus in explo-
ration of the planet after the end of the Magellan mission in October 1994. Thus, the arrival
of Venus Express in April 2006 was noteworthy for more than eight years of observations
(see other articles in this issue for key Venus Express results). The large scientific output
has been due to the high level of interest shown by the European and international scientific
community. The mission also enabled training of many young scientists who are eager to
address the new questions raised by Venus Express about the planet. Several Venus mis-
sion (balloon and orbiter) proposals have been considered or submitted to ESA’s Cosmic
Vision M-2, M-3, and M-4 opportunities. However, despite significant interest from the sci-
ence community, none of these concepts has yet been selected for flight. At the time of this
writing, Venus is under consideration for M-5 with launch no earlier than 2029.

European Venus scientists have considered two main Venus mission concepts to follow
after Venus Express: a cloud-level balloon mission and an orbiter mission focusing on geo-
logical activity. These were proposed separately to ESA as M-class missions in 2010 under
the names “European Venus Explorer (EVE)” (Chassefiere et al. 2009; Wilson et al. 2012)
for the balloon mission (Fig. 5), and “EnVision” (Ghail et al. 2012) for the orbiter mission
They were also proposed together as a combined L-class mission in 2013 (Wilson et al.
2013).

France has a long history of scientific ballooning and, crucially, worked with their coun-
terparts in the Soviet Union to develop the two Vega balloons which would eventually be
deployed in the clouds of Venus in 1985 (Kremnev et al. 1986; Sagdeev et al. 1986). The
Vega balloons were helium superpressure balloons; this balloon type provides a nearly con-
stant float altitude and offers the potential of a long lifetime (superpressure balloons on
Earth often achieve lifetimes in excess of 100 days). The Vega balloons were deployed at
an altitude of 55 km, which offers the significant advantage of having ambient tempera-
tures of around 30 °C. The Vega balloons carried only simple meteorological sensors and a
transponder, but a new Venus mission would seek to carry a much more capable scientific
payload.

Proposed to the M-2 and M-3 calls in 2007 and 2010, the EVE balloon mission would
have used, like Vega, a helium superpressure balloon deployed at 55 km altitude (Chasse-
fiere et al. 2009; Wilson et al. 2012). There were two main scientific goals proposed for
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Fig. 5 Artist’s impression of the
European Venus Explorer (EVE)
balloon mission (credit:

T. Balint/EVE team)

this mission. Firstly, it would measure the abundances of noble gas and light element iso-
topes which, as discussed in Crisp et al. (2002), provide constraints on the formation and
evolution of Venus and its volatile history. These abundances would be measured by a mass
spectrometer equipped with chemical and cryogenic traps to concentrate trace gases to allow
more sensitive measurement. A second goal for the balloon mission would be to characterize
chemical, dynamical, and radiative processes at work in the cloud layer. The float altitude of
55 km puts this balloon in the heart of the main convective layer, which the Vega balloons
revealed to have updrafts and downdrafts of typically 1-2 m/s. A cloud-level balloon would
seek to characterize compositional, microphysical and radiative differences between regions
of updrafts, as well as seeing how these parameters vary as a function of local solar time as
the balloon gets carried around the planet. The viability of small balloon-deployed probes,
with masses ranging from 0.1 to 2 kg, was studied as a valuable way of accessing the lower
atmosphere and possibly even the surface from a cloud-level balloon mission (Wilson and
Wells 2007)—but this option was not retained in the final EVE proposals.

The most recent concept developed by European scientists and submitted for consider-
ation to the M-5 opportunity is an orbiter, EnVision. Following the primarily atmospheric
discoveries made by Venus Express and Akatsuki, EnVision focuses on the planetary surface
and interior and their relationship with the atmosphere. Proposed in 2010, 2014, and 2016,
the central goal of the mission is to study the current and past rates and styles of geological
activity (Ghail et al. 2012). In 2018, EnVision was down selected by ESA for an in-depth
concept design study. A search for active volcanism is high on the list of intended investiga-
tions, but a history of volcanic and tectonic activity, as well as establishment of weathering
rates, would all contribute to a better understanding of Venus’ history. The payload com-
prises a state-of-the-art S-band radar, with image spatial resolutions of 1-30 m, 3-band po-
larimetry, and differential interferometry capability to measure cm-scale deformation (Ghail
et al. 2017); this is complemented by subsurface radar, and an IR emission mapper with IR
and UV spectrometers to map volcanic gases, and geodetic investigations through Ka/X-
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Fig. 6 Simulation of data types
to be acquired by VenSAR on
EnVision: (A) simulated image
with Magellan resolution and
single polarization;

(B) VV-VH-HH 30 m
polarimetric image; (C) 30 m
Interferometric Synthetic
Aperture Radar (InSAR) image,
showing subsidence of a 2-year
old lava flow; (D) 60 m stereo
and InSAR-derived topography.
VenSAR will also obtain 6 m
HiRes and 1 m resolution
Spotlight images. All images
derived from ESA/EU Sentinel-1
data of the Askja caldera and
Holuhraun flow, Iceland

band tracking (Fig. 6). Complementary science payloads to study the surface include a
multi-channel Venus Emissivity Mapper to map thermal emission and surface emissivity
at 0.8—1.1 um spectral windows (Helbert et al. 2017), to look for composition variations as
well as thermal anomalies of active volcanic activity. The payload also includes measuring
tropospheric H,O and SO, (using IR nightside spectral windows) and mesospheric SO, (us-
ing dayside UV spectroscopy) to track volcanogenic gases. The subsurface radar sounder,
similar to MARSIS, and SHARAD, will determine the depth of weathering, sediments, and
lava flows on Venus.

The European science community has the necessary expertise to realize both of these
mission types: the balloon mission takes advantage of CNES experience with scientific bal-
looning on Earth and with the Vega Venus balloons, as well as heritage from in sifu in-
strumentation from missions including Huygens, Rosetta and ExoMars. A radar-equipped
orbiter would exploit experience gained from radars including Sentinel-1 and NovaSAR. As
discussed above, the European Venus community have concentrated their efforts on orbiter
and balloon proposals—but probe/lander missions have also been studied, both by ESA (e.g.
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PEP 2010) and by others (e.g. Chassefiere et al. 2002). Recently, there has been a renewed
interest in long-lived surface stations, exploiting developments in high temperature SiC elec-
tronics which might permit uncooled surface stations suitable for seismology (Wilson et al.
2016); though promising, these developments are (at the time of writing) still at a very low
level of technology readiness.

3.2.2 NASA

NASA has not had a mission to Venus since Magellan, which ended in 1994, and currently
has no plan to fly a Venus mission. The 2013 NRC Planetary Decadal Survey (hereafter
referred to as Visions and Voyages, Squyres 2011) clearly recognized the importance of
Venus exploration to comparative planetology by recommending two specific missions to
Venus that address high priority science questions. The two missions include one in the New
Frontiers class and one Flagship-class mission. The New Frontiers program, established in
2003, historically selects missions that cost less than $1B and are led by a scientific Princi-
pal Investigator. New Frontiers missions, e.g., New Horizons, Juno, and OSIRIS-REXx, are
solicited by NASA on a periodic basis (approximately two per decade), with the most recent
New Frontiers competition in 2017. Flagship-class missions are directed to a specific NASA
center for leadership and cost more than $1B. In addition to these mission classes with pre-
scribed science requirements, Visions and Voyages also recommends that NASA continue
the highly successful Discovery Program (e.g., Dawn, MESSENGER, InSight, Lucy, Psy-
che) with a two-year launch cadence. The Discovery Program is a competed category of
NASA Principal Investigator-led missions that are smaller in scope than New Frontiers. Vi-
sions and Voyages suggest that there are multiple Venus missions that can be conducted
within the Discovery Program.

Since its inception in 1992, at least 24 Venus mission concepts have been submitted
to the Discovery program. Of those, six have been awarded Phase A study funding; yet,
none have ultimately been selected for flight. The Venus concepts considered within Dis-
covery have included balloons (e.g., VALOR, Baines et al. 2009), atmospheric-focused
orbiters (e.g., Vesper, Allen and Chin 1998; Chin 2011), surface-focused orbiters (e.g.,
VERITAS, Smrekar et al. 2016), and probes (e.g., DAVINCI, Glaze et al. 2016). VERI-
TAS and DAVINCI, both submitted to the 2014 round of Discovery, accounted for two of
the five concepts selected for Phase A funding in 2015. However, again, neither were se-
lected for flight. These two highly complementary concepts both addressed the major ques-
tion of how and why Venus’ evolution was so different from Earth (Smrekar et al. 2016;
Glaze et al. 2016), one through orbital remote sensing of the surface and the other through
in situ measurements of the atmosphere. VERITAS was focused on providing a global dig-
ital elevation model, high resolution (30 m) imaging, near-infrared emissivity, and gravity.
The VERITAS spacecraft would have carried an X-band SAR, capable of single-pass in-
terferometry and a 6-band near-infrared spectrometer. DAVINCI was focused on measuring
noble gases and deep atmosphere vertical profiles of trace gases and isotopes, including
precise measurements of D/H. DAVINCI would also have characterized atmospheric struc-
ture along the descent path and would have imaged a tessera unit prior to touchdown. The
DAVINCI probe carried a mass spectrometer, a tunable laser spectrometer, an imager, and
an atmospheric structure package.

The New Frontiers-class mission recommended by Visions and Voyages is the Venus
In Situ Explorer (VISE) (Squyres 2011). This mission was also recommended in the
prior Planetary Decadal Survey (“New Frontiers in the Solar System”, Belton et al. 2003;
Beebe et al. 2008). Despite several proposed concepts, including three submitted to the 2017
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Table 3 Venus is one of several targets identified by the Visions and Voyages Planetary Decadal Survey for
NASA’s New Frontiers. The Venus In Situ Explorer (VISE) New Frontiers mission theme has six scientific
objectives prescribed by the Decadal Survey

VISE scientific objectives

Understand the physics and chemistry of Venus’s atmosphere through measurements of its composition,
especially the abundances of sulfur, trace gases, light stable isotopes, and noble gas isotopes

Constrain the coupling of thermochemical, photochemical, and dynamical processes in Venus’s atmosphere
and between the surface and atmosphere to understand radiative balance, climate, dynamics, and chemical
cycles

Understand the physics and chemistry of Venus’s crust

Understand the properties of Venus’s atmosphere down to the surface and improve our understanding of
Venus’s zonal cloud-level winds

Search for evidence of past hydrological cycles, oceans, and life and constraints on the evolution of the
atmosphere of Venus

New Frontiers solicitation (VOX: Venus Origins eXplorer, Smrekar et al. 2018; VICI: Venus
In situ Composition Investigations, Glaze et al. 2017; VISAGE: Venus In Situ Atmospheric
Geochemical Explorer, Esposito et al. 2017), NASA has selected no VISE mission for flight
to date. The overarching goal of the VISE mission is to deliver measurements of the at-
mosphere and surface that cannot be achieved from orbit (Table 3). As noted in Visions
and Voyages, a mission that can fully address all of these objectives would likely fall into
a Flagship-class cost. Thus, a proposed New Frontiers mission must address a preponder-
ance of these objectives. Venus mission concepts have been submitted to the New Frontiers
opportunities in 2004, 2009, and 2017 (at least five proposals across the three calls). Most
of these concepts have utilized a lander that could make in situ measurements of the at-
mosphere during descent as well as measurements of rock composition at the landing site.
The Surface and Atmosphere Geochemical Explorer (SAGE) concept, selected for Phase A
funding from the 2009 call (Esposito 2011), was a lander proposed to land on the flanks
of a volcano. Over a period of at least three hours, the lander would take photographs and
measure the chemistry and mineralogy of the surface.

Visions and Voyages also recommended the Venus Climate Mission (VCM) as a pos-
sible Flagship-class (>$1B) mission (Grinspoon et al. 2010). Although the VCM concept
is substantially less costly than other Flagship-class missions, three recommended flagship
missions (Mars, Europa or Uranus) have higher priority than VCM. Thus, the likelihood
of NASA commitment to fly VCM during the 2013-2022 Decadal period is very low. The
VCM builds on the Venus Flagship Design Reference Mission (Bullock et al. 2009), which
is a comprehensive mission that addresses a broad range of Venus science objectives that can
be either shared by international partners, or split into multiple smaller missions. The VCM
focuses on understanding the current climate of Venus and includes an orbiter, a balloon,
a mini-probe, and two dropsonde observational platforms (Table 4).

In addition to the VISE and VCM mission concepts described in Visions and Voyages,
the Inner Planets Panel of the Planetary Decadal Survey also explored two additional con-
cepts, both of which build on the six science objectives for VISE (Table 3). The Venus
Mobile Explorer (VME) (Glaze et al. 2009) includes an additional requirement for surface
chemistry and mineralogy measurements at a second location (Fig. 7), as well as optical
surface images along a linear transect between the two surface measurement locations. The
VME implements a metallic balloon concept that lifts the lander from the initial landing site
location and then enables the balloon to float ~ 5 km above the surface for a distance of
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Table 4 The key to the science objectives for VCM is that all measurements are acquired synergistically

VCM scientific objectives

Characterize the strong carbon dioxide greenhouse atmosphere of Venus, including variability over
longitude, solar zenith angle, altitude and time of the radiative balance, cloud properties, and dynamics and
chemistry of Venus’ atmosphere

Characterize the nature and variability of Venus’ super-rotating atmospheric dynamics, to improve the ability
of terrestrial general circulation models to accurately predict climate change due to changing atmospheric
composition and clouds

Constrain surface/atmosphere chemical exchange in the lower atmosphere
Determine the origin of Venus’ atmosphere
Search for atmospheric evidence of recent climate change on Venus

Understand implications of Venus’ climate evolution for the long-term fate of Earth’s climate, including if
and why Venus went through radical climate change from a more Earth-like climate in the distant past, and
when Earth might go through a similar transition

Fig.7 Venus Mobile Explorer studied by NASA’s Planetary Decadal Survey uses a metallic bellows concept
to float between two landing locations separated by ~ 8 km (Glaze et al. 2009)

~ 8 km. The total lifetime of the VME lander, including science data collection and relay is
5 hours.

The Inner Planets Panel also explored the Venus Intrepid Tessera Lander (VITaL) con-
cept (Gilmore et al. 2010). Again, the science objectives for VITaL are identical to those
defined for VISE, but with the additional requirement that chemistry and mineralogy mea-
surements must be made within a tessera region. Tesserae have been hypothesized to be the
most ancient parts of the surface, where information about the epoch before global volcanic
resurfacing one billion years ago may be found (Ivanov and Head 1996). Because current
technology only supports uncontrolled landing, because tesserae are generally much more
rugged than the smooth volcanic plains, and because knowledge of detailed topography and
roughness are not available, the VITaL lander concept is designed to safely land on slopes
up to 72.7° (Fig. 8).
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Fig. 8 VITaL lander concept
with very low center of gravity
designed for stable landing in
extremely rugged terrain
(Gilmore et al. 2010)

Dynamic
Landing

- 25m -

3.2.3 Roscosmos

Planning efforts are under way in Russia for a potential new Venus mission named Venera-D
(where “D” is for Dolgozhivushaya, or “Long Lived”). The last Soviet mission to Venus in-
cluded the successful deployment of balloons (Kremnev et al. 1986) and landers on Venus
in 1985 by Vega 1 and Vega 2. The Venera-D mission, proposed by Vasily Moroz to the
Russian Academy of Sciences in 2003, was included in the Russian Federal Space Program
(RFSP) 2006-2015 as the first mission to Venus in the post-Soviet era. Originally intended
as a long-lived (30 days) lander on the surface of Venus, the current baseline mission con-
cept includes a short-lived (2-3 hour) lander and an orbiter. Several possible contributed
mission elements have also been studied, such as balloons, a sub-satellite, or a longer-lived
(24 hours) surface station (Zasova et al. 2014). The current RESP places the Venera-D launch
after the launch of the collaborative ESA and Russian Federation Space Agency (Roscos-
mos) ExoMars mission. The mission launch is possible in the years 2026 (earliest), 2027
and beyond, with launch opportunity intervals of approximately 1.5 years.

Although there are, as yet, no firm commitments to fly Venera-D, NASA and IKI/
Roscosmos have established a Joint Science Definition Team (JSDT) to define the science
goals and priorities, mission architecture, and technology needs of the Venera-D concept.
A key task of the JSDT was to codify the synergy between the goals of Venera-D and those
of NASA. To this end, the group established traceability to the NASA Planetary Decadal
Survey (Squyres 2011) and to VEXAG’s Goals, Objectives and Investigations (VEXAG
2016) (Senske et al. 2016, 2017a, 2017b). The JSDT also identified areas where science ob-
jectives of high priority to NASA may not be addressed by the baseline Venera-D concept,
and have generated a list of potential contributed options, including both instruments and
flight elements.

The scientific objectives of the Venera-D mission concept (Senske et al. 2017b) are fo-
cused on a complex study of the Venus atmosphere, surface and plasma environments, with
an overall goal of better understanding why did Venus and Earth evolve so differently, as
well as learning what Venus can teach us about the possible future evolution of Earth’s
climate. To address these investigations, the Venera-D mission concept nominally includes
three basic flight elements: a Lander with a required lifetime of 2-3 hours on the surface,
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Table 5 The Venera-D baseline mission would address a wide array of scientific questions

Venera-D platform Venera-D scientific goals

Orbiter Study of the dynamics and nature of super-rotation, radiative balance and nature of
the greenhouse effect

Characterize the thermal structure of the atmosphere, winds, thermal tides and solar
locked structures

Measure composition of the atmosphere; study the clouds, their structure,
composition, and chemistry, nature of absorption features in the UV

Investigate the upper atmosphere, ionosphere, electrical activity, magnetosphere,
solar wind and dissipation of the atmospheric component

Lander Perform chemical analysis of the surface material and study the elemental
composition of the surface, including radiogenic elements

Study of interaction between the surface and atmosphere

Investigate the structure and chemical composition of the atmosphere down to the
surface, including abundances and isotopic ratios of the trace and noble gases

Perform direct chemical analysis of the cloud aerosols

Characterize the geology of local landforms at different scales

Search for lightning
Fig. 9 Concept for Venera-D Paraschute module
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Venera and Vega landers flown in A Lander Antenna
the 1970’s and 1980’s, with Equipment 1 -
proposed payload assembly cotibainer
(Lavochkin Assoc.) N . Drive Flap

TV-cameras

MTDLas TV-cameras

GC-MS 2 Massbauer
: 1 spectrometer

Atmoshere and
soil sampling ; . - On board
device i v \ computer

N
' \ \
SAS-GROZA r WY :‘rl]ee;;zflc»

-
\*\
Landing Device

Batteries

Seismic
derector

Scientific payload module

a long-lived surface station with a lifetime of 60-120 days, and an Orbiter. The science ob-
jectives of the mission would address key questions about the dynamics of the atmosphere
with emphasis on the atmospheric super-rotation, its origin and evolution, the geological
processes that have formed and modified the surface with emphasis on the mineralogical
and elemental composition of surface materials, and the chemical processes related to the
interaction of the surface and the atmosphere (Table 5).

The Lander (Fig. 9) is planned to be of the Venera-Vega type. This flight system has
demonstrated 10 successful landings, proving its reliability for the delivery of landed scien-
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Table 6 The Venera-D Lander
carries instruments to assess the
surface chemistry and geology

Venera-D lander: instrument payload

Active Gamma and Neutron Spectrometric Soil Analysis
Gas-Chromatograph-Mass-Spectrometer (GC-MS)

Mossbauer spectrometer

Television cameras (landing, stereo, panoramic, micro-imaging)
Multichannel tunable laser spectrometer (MTLas)
Nephelometer-particle counter

Wave-, PTW-, Optical-packages

Radio-science

Table 7 The Venera-D Orbiter

carries instruments to study

atmospheric chemistry and

dynamics Thermal Infrared (TIR) Fourier Spectrometer
Millimeter (MM)-sounder

Ultraviolet (UV)-mapping spectrometer

Venera-D orbiter: instrument payload

Visible-near IR (VIS-NIR)-mapping spectrometer
Solar and Star Occultation Experiment in UV and near IR (NIR)
Radio science

Plasma package that includes: (1) Magnetometer; (2) Wave instrument;
(3) Electron spectrometer; (4) Mass spectrometer; (5) Solar wind
monitor; (6) Neutral atom detector, and (7) High energy particle
detector

tific payloads. The proposed baseline lander payload includes eight instruments (Table 6).
Possible augmentation of the scientific payload to address high priority NASA science ob-
jectives could include a Raman spectrometer, Raman-Laser Induced Breakdown Spectrom-
eter (LIBS), or Alpha-Particle X-ray Spectrometer APXS. With this instrument package,
the Venera-D Lander would measure noble gases and trace gas elemental and isotopic ratios
during descent. These instruments also measure chemical composition and microphysical
properties of the clouds, and place constraints on the radiative balance within the atmo-
sphere. At the surface, the Lander would measure elemental chemistry and mineralogy. The
Lander will be sensitive to volcanic and electric activity, and will obtain surface images us-
ing several cameras. The atmospheric and soil samples will be delivered inside the pressure
vessel for investigation by the GC-MS, MTLas, Mossbauer, and APXS.

Potential Venera-D landing sites include volcanic plains that satisfy both safe landing
and science priority requirements.

The Venera-D baseline Orbiter payload includes seven investigations (one of which in-
cludes multiple instruments) (Table 7). Augmentation of the orbiter payload could include
cameras in the NIR (e.g., Helbert et al. 2017) and thermal infrared (TIR) spectral ranges
for mapping of the surface emissivity in several atmospheric windows (NIR) and to study
dynamics of the upper clouds (TIR).

The main goals for the orbital payload are atmospheric dynamics and super-rotation,
unknown absorbers of incident sunlight, thermal structure from the lower atmosphere to
the thermosphere, thermal tides, thermal balance, composition of the atmosphere, mapping
of the cloud structure and winds, monitoring of surface emissivity to search for volcanic
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Fig. 10 Possible augmentation elements, proposed for Venera-D mission: VAMP, balloon, small long-lived
station and sub-satellite

activity and seismic activity through airglow distribution, and interaction with the solar wind
and escape rate.

A long-lived surface station (Kremic et al. 2016) is of particular interest. The Venera-
Vega landers survived on the surface of Venus for two hours at best. However, to substan-
tially increase knowledge of the surface environment, monitoring for periods of months to
years is needed. Science goals of a long-lived station for Venera-D are the following:

e Monitor the amplitude and phase of diurnal tides, other planetary scale waves, and
mesoscale turbulence;

e Characterize the exchange of the planet’s solid body and air mass, which may be a source
of angular momentum, to address processes associated with super-rotation;

e Simultaneous monitoring of air mass flow and variations of composition to give insight
into the role that atmospheric transport plays in the maintenance of a chemical balance in
the lower Venus troposphere.

The JSDT has found that the science goals can be enhanced through inclusion of addi-
tional mission elements (Fig. 10) such as a

e Mobile aerial platform, e.g., the Venus Atmospheric Maneuverable Platform (VAMP)
(Polidan et al. 2015; Lee et al. 2016)

e Super-pressure (Hall et al. 2008) or variable altitude Balloon

o Sub-satellite
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In 2016, the JSDT completed pre-Phase A formulation of science goals and priorities
along with its assessment of key areas for technology maturation (Senske et al. 2017b). The
next phase of development will focus on a deeper examination of the science and instruments
along with the definition of spacecraft requirements.

3.2.4 Indian Space Research Organization (ISRO)

Following the success of the Chandrayaan-1 mission to the moon which included payloads
from six countries and the present Mangalyaan Orbiter Mission to Mars, MOM, ISRO is also
considering Venus as an exploration target for a mission that could launch as early as 2023.
Three workshops have been conducted during 2012-2014 through individual scientists’ ef-
forts and a bilateral program between Belgium and ISRO that has raised the awareness of
key science questions amongst the scientists from various ISRO centers. The conditions are
opportune for ISRO to take a step towards exploring Venus, having had considerable success
with Synthetic Aperture Radar, Moon Impact Probe and scientific payloads on Chandrayaan,
Mangalyaan and numerous Earth orbiters.

4 Long-Term Goals for Venus Exploration

While there are many new advances that can be made in our current understanding of Venus
using existing approaches and technologies, there are several high priority science goals that
require development of new capabilities (Fig. 4). The biggest challenges to future Venus
exploration are related to in situ observations on the surface or near the surface and within
the clouds. Major advances in scientific knowledge can be achieved through long duration
in situ operations as well as through improved maneuverability on the surface and within
the atmosphere. The ability to implement such missions will require investments in many
different areas, including the miniaturization of instruments that require less power and heat
dissipation, development of efficient systems that can provide power and thermal control,
and development of sensors, electronics and other subsystems that can operate at higher
temperatures. The probability of achieving a mission with long-term survival capabilities is
enhanced greatly by approaching this goal from several angles. Many studies have focused
exclusively on long-term technology needs for Venus exploration (e.g., Balint et al. 2008;
VEXAG 2014b; Kremic et al. 2015) and several examples are provided here.

One high priority, fundamental observation that needs to be made at Venus to understand
the internal structure of the crust and core is a measurement of seismic activity. For exam-
ple, a long-lived surface station that measures seismicity and heat flow (analogous to the
InSight mission planned for Mars, Banerdt et al. 2013) would address several key objectives
related to the structure of Venus’ interior as well as improve understanding of the current
level of volcanic and tectonic activity (Sotin et al. 2017, this issue). While recent efforts
have indicated that some measurements can be made from orbit (Stevenson et al. 2015), de-
tailed information on the interior structure of Venus will require a seismic station (or better
yet, a network). Surface survival of many months is necessary to establish sufficient char-
acterization of background levels of seismicity as well as to understand the frequency and
magnitude of variations from the background. Such a long-lived surface station could also
accommodate a meteorology station to characterize variability in temperature, pressure and
winds in the near-surface atmosphere over a Venus day. Progress has been made on seismic
sensors that can survive for very long durations on the Venus surface (Ponchak et al. 2012),
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Fig. 11 Futuristic ideas for
long-term surface mobility
include wheeled rovers (Landis
and Mellott 2007)

however many other technologies must be developed before such sensors can be imple-
mented in a viable mission. Advances in three key areas are required to achieve long-term
surface survival, (1) development of sensors, electronics and mechanisms that operate at
high temperatures, (2) development of active thermal control systems that can effectively
and efficiently dissipate heat in the high temperature ambient environment, and (3) devel-
opment of radioisotope, or alternative (as yet undefined), power systems that can efficiently
supply long-term power in the Venus surface environment. NASA’s Hot Operating Temper-
ature Technology (HOT Tech) program is investing in several areas including electronics,
sensors, actuators, electronics packaging, oscillators and clocks for wireless communication,
electric motors, and power generation.

It is important to note that significant advances in understanding do not necessarily
require months of operation in the Venus surface environment. Even moderate lifetimes
of a few weeks would increase the ability to include human-in-the-loop decision-making
processes. Such capabilities would enable selection of sampling sites for detailed imag-
ing, drilling, and or sample analysis (as is done routinely by the Curiosity rover on Mars,
Grotzinger et al. 2015).

As with Mars, a major goal of Venus exploration is to achieve mobility (tens to hundreds
of kilometers) on the surface in order to visit multiple locations and to ultimately return a
sample from the surface to anchor the chronology of the observed surface stratigraphy. Near
surface floating platforms that incorporate expandable metallic bellows, have been exam-
ined (e.g., Venus Mobile Explorer, Glaze et al. 2009). Such concepts are capable of remote
observations of terrains over distances of ~ 10 km, but are limited in the number of sur-
face sites that can be sampled directly for chemical composition and mineralogy. Surface
mobile platforms with wheels or legs have also been envisioned (Fig. 11). In addition to
the challenges of long-term power and surface survival (Landis and Mellott 2007), mobility
poses additional challenges, including increased complexity with numerous mechanisms,
as well as challenges with guidance, navigation and control. Specific technologies that re-
quire advancement include balloon, linear actuators, rotational motors, hinge and ball joints,
electronics, wheels and chassis, and power generation (Kremic et al. 2015).

Key science objectives in the upper cloud layer, including characterization of atmo-
spheric species such as the unknown UV absorber (Limaye et al. 2017; Marcq et al. 2018;
Titov et al. 2018, this issue), and characterization of atmospheric composition at a range of
altitudes and latitudes could be achieved by an advanced powered aerial platform. Examples
include both fixed wing (Landis 2006) or semi-buoyant (Griffin et al. 2015; Lee et al. 2015;
Polidan et al. 2015) concepts (Fig. 12) that incorporate solar panels on the upper surfaces
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(@ (b)

Fig. 12 (A) Fixed wing concept (Landis 2006) and (B) Venus Atmospheric Maneuverable Platform (VAMP)
concept (Polidan et al. 2015)

that allow the vehicle to use solar power to charge on-board batteries when flying in the
clouds for use when flying below the clouds or on the night side of Venus. The basic tech-
nologies needed for advanced aerial platforms are more or less available, but significant
work is needed to demonstrate viability in the Venus environment (Kremic et al. 2015).
The key challenges are atmospheric entry with complex deployment and demonstration that
sufficient power can be generated. Other technologies being developed for Venus aerial plat-
forms include variable altitude balloon concepts or cyclocopters (Husseyin 2016) that allow
a VAMP-like (Fig. 12b) platform to fly at all atmospheric levels.

5 Summary

Despite tremendous scientific progress over the last decade, numerous compelling questions
remain about Venus and its comparative relationship with the other terrestrial planets in our
solar system. New missions capable of making in sifu measurements in the atmosphere and
at the surface, as well as those focused on understanding the surface and interior from or-
bit are natural follow-ons to the successful VEx and Akatsuki missions. However, despite
interest and support from the scientific community demonstrated through multiple mission
concept ideas, no international space agency has committed to a future Venus mission. With-
out a new flight mission, progress can be pursued through ground based observations, ex-
perimental studies, and numerical modeling. These studies not only advance the state of
knowledge, but also continue to provide new information that can help guide requirements
for future missions. While investments in technologies will enable new types of missions,
including long-lived landers and platforms with surface or near-surface mobility, there are
many high priority questions that can be addressed with existing technology. Venus is a more
compelling exploration target than ever before, providing a critical endmember example of
terrestrial planet formation and evolution within our own solar system nursery. Continued
efforts to understand Venus’ complex history will significantly enhance understanding of
comparative planetology as well as provide a basis for exoplanet characterization.
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