THE DISTRIBUTION OF VOLCANISM ON VENUS AND GLOBAL

TECTONIC IMPLICATIONS

M. W. Airey, T. A. Mather, and D. M. Pyle, Department of Earth Sciences, University of Oxford, South Parks
Road, Oxford, OX1 34N, UK. (martin.airey@earth.ox.ac.uk)

Introduction:

The expression of volcanic features and their dis-
tribution on a planet’s surface offer clues as to the
global tectonic processes occurring in the interior.
This study describes an analysis of distribution pat-
terns of volcanic features on Venus around the Beta-
Atla-Themis (BAT) region, and the surrounding vi-
cinity, and their relationships to each other and relat-
ed zones of geological rifting. Geospatial analysis is
used to quantify these relationships in order to an-
swer the following questions: 1) how do certain vol-
canic features occur relative to others of their own
kind, 2) how do they occur relative to features of
other kinds, and 3) how do they occur relative to
rifts?

On Earth, the lithosphere is being continuously
recycled via the process of plate tectonics. On Venus
however, it is proposed that a single global plate
constitutes the lithosphere in what is known as a
stagnant lid regime. This regime inhibits plate mo-
tion and requires conduction to be the dominant heat
loss mechanism, supplemented by periodic global
volcanic resurfacing events [1]. There is, however,
abundant evidence for tectonic processes in the form
of extensional (rifts/faults), and compressional
(mountain formation/wrinkle ridges) features [2].
This apparent paradox is investigated further in this
study using GIS analysis of volcanic and tectonic
features and the implications for the global tectonic
regime is explored.

Methods:

The geospatial analysis was performed in
ArcGIS, and the spatial relationships between vol-
canic features and rifts on Venus were analysed and
applied to planetary evolutionary concepts. The rifts
and volcanic features evident on Venus were mapped
from existing databases; the maps were then com-
bined and modified to form a new hybrid database
for the most intensely rifted region on Venus (the
Beta-Atla-Themis region). Firstly, the nearest neigh-
bour index (NNI) was calculated for each type of
volcanic feature. This quantity determines the ratio
of the observed mean distance between points to the
expected mean distance between points in a random
distribution and gives an indication of clustering.
The mean random NNI of corresponding sample
sizes was calculated for comparison with the real
populations. To determine the features' relationship
with the rift axes, the distance of each feature point
on the map from the nearest rift was measured in
order to identify any preferred distance from, or af-

finity for occurring near, rifts. These distances were
also measured with only the distance to the young
rifts [3] considered. Population distribution histo-
grams were produced for all these data as well as the
corresponding results recorded using the previously
selected random datasets for comparison. In order to
display on the map where any clustering may be
concentrated, feature kernel density maps were also
produced.

Results:

The analyses of these data defined new evidence
supporting aspects of the directional model of Venus'
evolution [4]. This shift from the globally dispersed,
relatively small-scale, volcanism spread randomly
across the planetary surface towards the gradually
more rift-focused distribution is indicative of a cor-
responding shift in global tectonic regime. The mod-
el stages suggested here (Figure 1) are that of a stag-
nant lid scenario, with widely dispersed, discrete
zones of small plume-fed activity, followed by a
transition via gradual conductive cooling to that of a
subcrustal spreading regime similar to that outlined
in [5]. These findings describe a scenario where on-
going localised volcanism may occur against the
background of the sequence of global volcano-
tectonic epochs described in the directional model.

References

[1] Turcotte, D.L. (1993) Journal of Geophysical
Research: Planets, 98, E9, 17061-17068 [2] Ivanov, M.A.
and Head, J.W. (2011) Planetary and Space Science, 59,
13, 1559-1600 [3] Krassilnikov, A.S., et al. (2012)
Planetary and Space Science, 68, 1, 56-75 [4] Basilevsky,
A.T. and Head, J.W. (2000) Planetary and Space Science,
48, 1, 75-111 [5] Ghail, R.C. (2015) Planetary and Space
Science, 113, 2-9

Incipient it
Dispersed volcanic fields Pre-ift corona formation

Z ~ ~
Buoyant crust
%
£| subcrustal lid
H 7 N 7 N 7 N
2 { vpweing ) { Upweing | { tpweting |
Petrological v P, i pme: i P
asthenosphere 4 1 i X T ! Dispersed pluines A T t
L I |
4 I j I ] i
it axi inkle i i
Offiftand post-corona volcanism 2xis Falledrife | "VTde fidge formation
Buoyant crust
Detachmenthorizon ~ ~ N e B
g Lid rejuvinat
£ - S~ D 2
| subcrustal lid 4 Y
£ I Upwelling )
2| 5 plume
H = =
2
= N Downweling
Petrological Lid recycling
asthenosphere ——3 Piuthe concentrtion €=

Figure 1. Cartoons to illustrate a proposed Venusian
global tectonic regime (a) before and (b) after the
onset of subcrustal spreading.
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Introduction:

Lightning may have been crucial in the develop-
ment of life as it enables key chemical reactions to
occur as famously demonstrated in the Miller and
Urey experiments [1]. In addition to lightning gener-
ated in thunderclouds, volcanic activity also gener-
ates electrical discharges within ash plumes and it
has been postulated that this kind of lightning may
actually be more important for prebiotic chemistry
due to the richer variety of, and higher concentra-
tions of, synthesised organic molecules generated
around volcanic vents [2]. We cannot directly ob-
serve early Earth’s hot, CO,-rich, atmosphere; how-
ever, we can find similar conditions today on Venus.

Magnetic signals characteristic of lightning have
been previously detected at Venus by orbiting space-
craft [3]. However, lightning flashes have not been
optically detected despite the fact that any within-
cloud lightning is expected to be detectable in this
manner by orbiting spacecraft [4], as it is at Earth.
This suggests that lightning could be occurring be-
low the cloud layer. Recent observations made by
ESA’s Venus Express satellite have provided evi-
dence for active volcanism [5-7], as well as evidence
for lightning discharges [e.g. 8], which may be vol-
canic in origin.

This work will use laboratory experiments to
simulate volcanic ash generation and electrical
charging of ash under typical atmospheric conditions
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Figure 1. Planetary atmosphere simulation tank setup.

for Venus and the early Earth (specifically the Hade-
an eon, up to 4 billion years ago, and the Archean
eon, from 4 billion to 2.5 billion years ago); both
planets share common origins as CO,-dominated
environments characterised by high pressures (~9
MPa) and temperatures (~700 K). The work will
address the following questions: (a) is volcanic activ-
ity a feasible mechanism for lightning generation on
Venus and early Earth, (b) how would these extreme
environmental conditions affect lightning, (c) can the
similarities in atmospheric conditions inform us of
planetary evolutionary concepts, (d) could volcanic
lightning have been important in the emergence of
life on Earth, and (e¢) what are the wider implications
for the likelihood of the emergence of life on other
planets?

Electrostatic fields within volcanic plumes are
formed when different sized particles with opposite
charges settle at differing rates. The relative contri-
butions of different charging mechanisms in volcanic
plumes are still poorly understood, although the pre-
dominant processes are thought to be triboelectrifica-
tion (frictional charging of particles) [9] and fracto-
emission (charges generated as a result of particle
fragmentation processes, particularly important when
magma fragments during explosive volcanism) [10].
This project provides a unique research opportunity
to understand how atmospheric conditions affect
fractoemission.




Methods:

The study will utilise a 1-litre atmospheric simu-
lation chamber (Figure 1). This facility can simulate
a close approximation of the high-pressure, high-
temperature, CO,-dominated atmospheres of the
surface of early Earth, and Venus at ~10 km altitude
(~5 MPa, 650 K). A key finding of my previous
work [11] is that ash plume-forming eruptions (ca-
pable of potentially producing electric fields and
lightning within the ash column) are much more
likely to occur at higher altitudes such as these on
Venus. The chamber contains temperature/pressure
monitoring and logging equipment, a rock collision
apparatus to generate the charged rock fragments,
and charge measurement electrodes connected to a
high-precision electrometer. The rock fragmentation
mechanism within the chamber is based on the prov-
en method of [12] which has been shown to effec-
tively generate charged rock fragments through frac-
toemission.

A systematic programme of experiments will be
designed to measure the effects of varying tempera-
ture, pressure, atmospheric, and sample composition.
This programme will explore the relative effects of
the investigated variables under a range of conditions
appropriate to Venus and early Earth. Comparative
work with present day Earth conditions will be un-
dertaken in order to explore the independent effects
of each variable on fractoemission charging in these
environments.

The study will be applied to palaeo-planetary at-
mospheres. By comparing the effects on atmospheric
electrical phenomena due to the transition from pal-
aeo to current atmospheric conditions, the occur-
rence of volcanic lightning may be placed in the con-
text of planetary evolution. Very recent work [13]
has identified isotopically light, likely to be biogenic,
carbon in zircon crystals dated to ~4.1 Ga, suggest-
ing that biological carbon fixation may have been
occurring as long ago as the late Hadean (zircon is a
mineral used to radiometrically date rocks using the
decay of uranium). This work will help to understand
atmospheric electrical behaviour during this time and
may even inform us of whether favourable condi-
tions for life may have been present on other planets.

In addition to the experimental investigations,
this project will include a remote sensing aspect uti-
lising new data acquired by the Japan Aerospace
Exploration Agency’s (JAXA) Lightning and Air-
glow Camera (LAC) onboard the Venus Climate
Orbiter (aka Akatsuki). Following JAXA’s trium-
phant efforts to recover the probe after the initial
failed orbital insertion in 2005, Akatsuki achieved
successful Venus Orbit Insertion on 7 December
2015. The LAC instrument will observe lightning in
Venus’ atmosphere over at least the following two
years. Whether or not any detections are volcanic in
origin, may be inferred in conjunction with results
obtained from one of the infrared cameras (IR1) on
the spacecraft [14]. There have, for a long time, been

reported observations of lightning on Venus using
indirect methods as described above. Akatsuki will,
for the first time, be capable of conclusively con-
firming this atmospheric phenomenon using high-
speed optical detection at 777.4 nm [14], the wave-
length associated with the excitation of atomic oxy-
gen found to be a strong emitter of lightning dis-
charges under Venus atmospheric conditions in la-
boratory simulations [15]. This will greatly increase
the reliability of the conclusions of the radar study
and any inferences drawn from the comparisons with
the experimental work.
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Introduction:

Venus is our nearest neighbor and the closest in
size to our home planet. Yet it remains largely unex-
plored, its runaway greenhouse atmosphere remains
unexplained and it’s geologic past unknown. The deep
atmosphere of Venus remains largely unexplored and
key details of its trace gas chemistry remain unmeas-
ured. The history of key volatile reservoirs and surface-
atmosphere-interior exchange processes is poorly es-
tablished and based on limited data. Noble gases within
the bulk Venus atmosphere, as well as isotopes of hy-
drogen, oxygen, and sulfur, are essentially unmeasured
to the degree required to address fundamental ques-
tions about the evolution of the planet. The planet that
is the most capable of teaching us about our own planet
must not remain so mysterious. The gaps in deep at-
mosphere and surface ground truth must be closed. The
value of past and future remote sensing at Venus is
threatened by our lack of in-situ data and unanswered
fundamental questions about the atmosphere and sur-
face. Planetary probes capable of in-situ chemistry
measurements within the atmosphere of Venus enable
critical science measurements that are needed to an-
swer unresolved science questions. There is critical
science data that is not measureable from orbit or from
other remote sensing approaches. Much of the needed
constituent, chemical and dynamic information requires
in situ measurements. Models for solar system for-
mation and the evolution of atmospheres depend on
measurements probes can deliver, as do comparisons
between the Earth and planets like Venus.

DAVINCI Probe:

The Deep Atmosphere Venus Investigation of No-
ble gases, Chemistry, and Imaging (Davinci) Venus
mission was recently selected for Phase A in the Dis-
covery competition. It fills the fundamental voids that
exist in critical Venus in situ knowledge that are crucial
to understanding Venus, Earth and future Venus orbital
remote measurements. Davinci employs a well instru-
mented deep atmosphere probe to fill these voids.
Davinci’s in situ probe allows the mission to address
most of the key Decadal Survey New Frontiers “Venus
In Situ Explorer” (VISE) science objectives. This in-
cludes atmosphere composition, noble gases, nitrogen
isotopes, hydrologic cycles and many physical proper-
ties of the atmosphere, all crucial to origin and evolu-
tion objectives. Davinci’s probe also enables resolving

key surface atmosphere interaction and pursues radia-
tive balance and surface physics and chemistry goals.

The Davinci probe is designed to enter the atmos-
phere and carry its instruments through the atmosphere
as they carry out their measurements, to the surface
where pressures and temperatures are challenging. Sci-
ence objectives require state-of-the-art neutral mass
spectrometer capabilities to achieve seminal measure-
ments of noble gas isotopes while also allowing for
high mass resolution and time rate sampling of trace
gases. Instruments developed at NASA’s Goddard
Space flight Center, the world’s most experienced
space flight mass spectrometer instrument organization,
are designed to achieve these pivotal observations. The
mass spectrometer is linked to tunable laser spectrome-
ter instrumentation, similar in capability to that which
is part of SAM instrument on NASA’s Mars Science
Laboratory (MSL). The physical context for the atmos-
pheric chemistry measurements is an essential part of
the scientific measurement strategy and Davinci takes
advantage of current state-of-the-art approaches in at-
mospheric structure instrumentation for pressure, tem-
perature, and accelerations. The photometry of the at-
mosphere beneath the cloud deck, as well as imaging of
surfaces in regions not explored by the many decades
old Soviet Venera landers is enabled by a very capable
descent imaging system. The design enables observa-
tions that were not possible during the decades old first
era of in situ Venus reconnaissance (i.e., PV, Venera),
and which go well beyond what orbital or flyby remote
sensing can achieve.

These scientific measurement instruments have
been combined into Davinci’s optimized “descent
sphere” within a probe flight system that includes an
aero-entry capsule with a thermal protection system
and parachutes. The instruments and thermal solutions
lend themselves to probe descent module of reasonable
size and power using proven approaches that are com-
bined with updated approaches. The basic Davinci
probe descent sphere is shown in Figure 1. Figure 2
shows the descent module in the heat shield.




Figure 1 - Davinci probe descent module layout.

Figure 2 — Davinci Probe descent module and entry
and descent system.

The Davinci concept is based upon Pioneer Venus
designs and approaches, combined with over six years
of NASA Goddard Space Flight Center investments,
prototypes, engineering test units and tests. The in-
strument packaging and science requirements, com-
bined with the high temperature and high pressure con-
ditions near the surface, drive many design elements.
Packaging, thermal control, seals, materials trades,
aerodynamics, communication links, reliability, testing
approaches and heat shield materials challenges drive
design options and are also linked to higher level mis-
sion flight dymincs decisions. The analysis and proto-
type work being done by the team has rapidly advanced
the design maturity to a level allowing low risk probe
missions. The test work has also allowed us to solve,
prove, hone, practice and test the key steps of design-
ing building, and testing the Davinci probe. This in-
cludes Davinci probe manufacturing, Venus surface
environment test procedures, integration and test, and
thermal design implementations. NASA GSFC has
built Davinci probe engineering development and test
units (EDU) and tested them through multiple full Ve-
nus descent test conditions. Figure 3 shows one of the
EDUs just after a full Venus surface conditions test.

Figure 3 — Davinci Probe descent module EDU just
after one of the Venus surface environment tests.

We believe the Davinci probe design approach is
the lowest risk and most cost-effective approach to
resolving key scientific issues for Venus within the
context of competed mission programs at NASA.

The author would like to acknowledge the many
team members involved in the probe design, build and
test work.
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Introduction: Unlike the polar vortices observed
in the Earth, Mars and Titan atmospheres, the ob-
served Venus polar vortex is warmer than the mid-
latitudes at cloud-top levels (~65 km). This warm
polar vortex is zonally surrounded by a cold latitude
band located at ~60° latitude, which is a unique fea-

ture called ‘cold collar’ in the Venus atmosphere [e.g.

Taylor et al. 1980; Piccioni et al. 2007]. Although
these structures have been observed in numerous
previous observations, the formation mechanism is
still unknown. In addition, an axi-asymmetric feature
is always seen in the warm polar vortex. It changes
temporally and sometimes shows a hot polar dipole
or S-shaped structure as shown by a lot of infrared
measurements [e.g. Garate-Lopez et al. 2013; 2015].
However, its vertical structure has not been investi-
gated. To solve these problems, we performed nu-
merical simulations of the Venus atmospheric circu-
lation using a general circulation model named AF-
ES for Venus [Sugimoto et al. 2014] and reproduced
these puzzling features. Moreover, we used tempera-
ture profiles retrieved by radio occultation measure-
ment to investigate the vertical structure of the axi-
asymmetric feature seen in the polar vortex. And
then, the vertical structure clarified by radio occulta-
tion measurement was compared with that seen in
the polar vortex reproduced by AFES.

Method: Venus atmospheric dynamics has been
studied numerically using GCMs. However, there
were no numerical studies which succeeded in re-
producing a unique structure of the Venus polar at-
mosphere in realistic model settings. Thermal tides
are planetary scale waves excited by the solar heat-
ing. In the Venus atmosphere, they are strongly ex-
cited at the cloud levels because a large part of the
solar flux is absorbed there [Takagi et al. 2005].
However, their effects on the atmospheric structure
in the polar region have not yet been examined. In
this study, we investigate the structure of the Venus
upper polar atmosphere using a GCM named AFES
for Venus. To examine the dynamical effects of
thermal tides, we perform two numerical experi-
ments with observation-based distributions of solar
heating: one with the diurnal components (Case A)
and one without them (Case B). The thermal tides
are excited only in Case A. See Sugimoto et al.
[2014] for the details of the settings.

To investigate the vertical structure of the axi-
asymmetric feature is always seen in the Venusian

polar vortex, the temperature profiles retrieved by
radio occultation measurement, which was per-
formed almost consecutively from 13 to 25 January
2008, were used. We obtained the vertical structure
of the amplitude and phase of the temperature per-
turbation associated with this feature from these pro-
files. See Héusler et al. [2006] for the details of the
measurement.

Result and Discussion: Fig. 1 shows the time
evolution of the horizontal temperature distribution
at ~68 km obtained in Case A. The cold collar sur-
rounds the warmer polar region at ~60°N. The
maximum temperature difference between 60°N and
the pole is ~20 K.

Figs. 2a and 2b show latitude-height distribu-
tions of zonal- and temporal-mean zonal wind and
temperature above the cloud top level averaged over
two Venusian solar days (~234 Earth days) obtained
in Cases A and B. The axis of the midlatitude jet in
Case A is located at a lower latitude and altitude than
in Case B. This might be due to the momentum
transport by thermal tides. In Case A, the tempera-
ture decreases with latitude in association with the
positive vertical shear of the mean zonal wind in the
equator-side of 60°N with height below 70 km;
whereas the temperature increase with latitude in the
pole-side of 70°N with height above 67 km. A re-
markable cold collar is observed at 67-70 km levels
at 60°-70° latitudes along with the polar warm re-
gion indicated by red color near the north pole. In
Case B, on the other hand, there is no local minimum
of the temperature, which corresponds to cold collar.

Figs. 2c and 2d show temporally averaged re-
sidual mean meridional circulation by arrows and
mass stream function by contours, in Cases A and B,
respectively. In Case A, the residual mean meridion-
al circulation above the cloud-top level (~70 km)
reaches the polar region and remarkable downward
motion occurs, which warms the atmosphere through
adiabatic heating and forms the polar warm region.
Also in Case B, the downward motion of the residual
mean meridional circulation is observed in the polar
region. However, it is three times slower than that in
Case A, and the adiabatic heating rate associated
with the downward flow in the polar region in Case
B is much lower than that in Case A.

Fig. 3 shows the vertical distributions of the
mean static stability in this observation period, the
amplitude and the phase of the perturbation for the 3



days-period component. The static stability is almost
zero below 57 km altitude and increases rapidly
above this altitude. The amplitude has a local mini-
mum around 57 km altitude, where the static stability
rapidly increases with height, and the phase has a
gap around this altitude and little varies above and
below that altitude. These features are also seen in
the temporal development of the vertical distribu-
tions of the temperature fluctuation amplitude calcu-
lated in AFES (see Fig. 4). The necessary condition
for barotropic instability is satisfied in the polar re-
gion in our model, and there is little poleward heat
flux near the pole. These results suggest that the axi-
asymmetric feature, which is often observed by in-
frared measurements and creates the morphology in
the Venusian polar vortex, might be caused by
barotropic instability generated in the polar region.

Fig. 1: Time evolution of temperatures (K) in the
polar plot at the altitude of ~68 km (the pressure
level of 4 x 10° Pa) in Case A. The black circle rep-
resents the local solar noon. The time interval of
respective figures is one day.
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Introduction: VAMP, the Venus Atmospheric
Maneuverable Platform, under development by
Northrop Grumman, is a versatile twin-engine buoy-
ant aircraft capable of sustained (> months) explora-
tion of Venus. Utilizing both dynamic and buoyant
lift, the flying-wing-shaped aerial rover is capable of
exploring a wide range of altitudes from its 50-km
free-floating “safe-haven” level to over 65 km in
altitude. Its solar-powered twin electric engines not
only provide power for vertical ascents, but also the
power for unprecedented mobility, enabling the air-
craft to cruise up to ~ 30 knots airspeed, and thus
allowing poleward/equatorward aerial excursions
extending over 1400 km (over 12 degrees of latitude)
per terrestrial day. Over 4-5 days, the planet’s ~180
knot zonal wind enables the craft to circle the planet
exploring all longitudes and times-of-day.

J"‘“

L - N
Fig.1 : The VAMP hybrid aerial rover exploring the

skies of Venus, powered by twin solar-powered
motors

R

As currently envisioned, VAMP provides unprece-
dented large amounts of payload mass, power, and
volume for an in-situ Venus explorer. While still
under assessment, it is clear that VAMP will provide
more than 20 kg for science instrumentation with
electrical power exceeding several kilowatts during
daylight hours and perhaps a kilowatt during
nighttime conditions. The relatively large size of the
aircraft — with its wings spanning more than 15 me-
ters — provides opportunities for instrumentation
requiring relatively large volumes and/or space for
an array of apertures (e.g., various forms of radar or
electromagnetic detectors).

Atmospheric Science with VAMP: Objectives
and Techniques: VAMP thus provides an unusual-
ly versatile platform for the in-situ aerial exploration
of Venus, conducting an array of novel measure-
ments that promise to provide crucial insights into
virtually all aspects of Venus atmospheric science,
including (1) the planet’s origin and evolution, (2) its

active and varying chemistry, driven by latitudinally,
time-of-day, and vertically varying photochemi-
cal/thermodynamical processes, and (3) its global
circulation, dynamics, and meteorology. Via mass
spectrometry (MS), new insights into the origin and
evolution of Venus can be provided through accurate
measurements of the D/H ratio and the noble gases
and their isotopes over both altitude and time-of-day,
to correct for fractionation effects. Via tunable laser
spectrometry (TLS), the isotopes of other light ele-
ments (e.g., nitrogen, carbon, and oxygen) can be
measured as well, providing additional insights into
Venus’ origin and evolution.

VAMP provides in-situ sampling of key reactive gas
species such as H,O, CO, OCS, and SO, , and can do
so regularly over altitude, latitude, and time-of-day
via the MS, TLS and/or a near-infrared spectrometer
operating in the 1-2.7-um range. Using a nephelom-
eter that includes a high-resolution optical micro-
scope for aerosol imaging, the size, shape, and chem-
ical composition of aerosols can be accurately de-
termined, which, together with the reactive gas
abundance data, promises to provide additional valu-
able insights into chemical cycles within Venus’
dynamic clouds.

VAMP’s mobility promises to be extremely effective
at measuring crucial aspects of the planet’s dynamics
and circulation, including local meteorological ef-
fects. The aerial rover’s ability to travel across nearly
the entire globe over several weeks (likely limited by
diminishing solar power poleward of ~ 70° latitude)
enables it to measure key aspects of any Hadley cells
as well as the characteristics of planetary and gravity
waves over nearly the entire planet. Using Doppler
radar, it can measure its ground speed both day and
night and thus accurately measure both the meridio-
nal and zonal winds from 50 to ~ 65 km altitude. Its
pressure (P) and temperature (T) sensors will contin-
ually sample the atmosphere. Vertical traverses
(typically both ascents during the day, and descents
from high altitudes during the night), will allow the
temperature gradient (dT/dz) to be assessed, from
which the stability of the atmosphere, as a function
of altitude, can be determined. A key parameter for
understanding the planet’s thermal structure and sta-
bility at lower altitudes is the vertical variability of
the N, abundance. While commonly considered to be
constant at 3.5%, previous probes strongly suggest



some 40% variability from ~ 22 km to ~52 km alti-
tude. VAMP is well-suited to repeatedly measure N,
and its vertical variability above 50 km as observed
over day/night conditions and latitude. Any con-
firmed variability would have strong implications on
the planet’s lapse rate, thermal structure, stability,
and flux of material, temperature, and momentum
from near the surface to the cloud level, potentially
providing significant new insights into mechanisms
driving the planet’s circulation, including its not-
well-understood super-rotation. Within the clouds,
the vertical component of the wind can be measured
from an on-board vertical wind sensor combined
with the pressure (P) data, from which, when com-
bined with the dT/dz information, the relative roles
of convection and vertical waves (e.g., gravity
waves) can be assessed over various terrains as well
as latitudes and time-of-day. Investigations of verti-
cal dynamics combined with measurements of light-
ning from an onboard lightning detector will provide
new insights into the role lightning and convective
storms play in Venus’s meteorology and chemistry,
particularly in the production of lightning-generated
species (e.g., NO).

Additional information over altitude comes from two
other aspects of a likely mission. First, during at-
mospheric entry, VAMP’s low-density design ena-
bles it to slow to “observing speed” above ~ 90 km
altitude, enabling the aircraft to make in-situ meas-
urements from well above the unexplored UV aero-
sol layer down to ~ 50 km level. Second, the rela-
tively large payload capability allows the possibility
for both drop-sondes and balloon-borne “rise
sondes” to be deployed, sampling both lower and
higher altitudes than the 50-~65 km altitude regular-
ly sampled by VAMP.

Surface/Geologic Science with VAMP: Objec-
tives and Techniques: Beyond aerial exploration
for atmospheric science, VAMP also provides a val-
uable platform for discovering new insights into the
planet’s surface geology and interior. RADAR maps
and nighttime near-IR images can be used to charac-
terize the surface topography, surface texture, and
crude chemical make-up (e.g., igneous vs basaltic
rocks), from which geological insights (e.g., the ex-
tent and relative age of surface volcanism) can be
made. As well, an array of aural seismic detectors
can be deployed which listen for the deep rumble of
seismic events. As well, a large (multi-meter-wide)
electromagnetic array carried aboard VAMP could
possibly sound more than 10 km below the planet’s
surface, to map the depth of the lithosphere.

Conclusion: VAMP thus provides a particularly
versatile aerial platform for the exploration of nearly
the entire planet, with particular emphasis on sam-
pling highly diagnostic gases, aerosols, winds, tem-
peratures, pressures and lightning characteristics, as

well as for mapping key characteristics of surface
geology. As such, it is an ideal platform around
which to base an internationally collaborative mis-
sion.
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Introduction: There were nine essentially suc-
cessful landing missions on Venus which showed
close up images of the surface, measured its chemi-
cal composition and provided information on the
near-surface environment.

Mission description: Venera 8 was a Venus at-
mospheric probe and lander that landed on July 22,
1972 at 10.70°S 335.25°E. Its instrumentation in-
cluded temperature and pressure sensors, acceler-
ometer, photometers, ammonia analyser, gamma ray
spectrometer, and a radar altimeter.

Venera 9 was a Venus atmospheric probe/lander
and orbiter that landed on October 22, 1975 at
31.01°N 291.64°E, The lander instrumentation in-
cluded: temperature and pressure sensors, accel-
erometer, Visible/IR photometer, nephelometers,
mass spectrometer, panoramic telephotometers,
anemometer, gamma ray spectrometer, gamma ray
densitometer

Venera 10 was a Venus atmospheric probe/lander
and orbiter — twin mission to Venera 9, that landed
on October 25, 1975 at 15.42°N 291.51°E.

Venera 11 was a Venus atmospheric probe and
lander that landed on December 25 at 14°S 299°E.
The lander instrumentation included: backscatter
nephelometer, mass spectrometer, gas chromato-
graph, X-ray fluorospectrometer, 360° scanning pho-
tometer, spectrometer (430-1170 nm), micro-
phone/anemometer, 4 thermometers, 3 barometers,
accelerometer, penetrometer, soil analysis device,
and 2 color cameras on which the windows did not
open.

Venera 12 was a Venus atmospheric probe and
lander — twin mission to Venera 11 that landed on
December 25 at 7°S 294°E.

Venera 13 was a Venus atmospheric probe and
lander that landed on March 1, 1982, at 7.5°S 303°E.



The lander instrumentation included: accelerometer -
impact analysis, thermometers, barometers, spec-
trometer/directional photometer, ultraviolet photom-
eter, mass spectrometer, penetrometer / soil chmme-
ter, chemical redox indicator, 2 color telephotometer
cameras, gas chromatograph, radio/seismometer,
nephelometer, hydrometer, X-ray fluorescence spec-
trometer (aerosol), X-ray fluorescence spectrometer
(soil), soil drilling apparatus.

Venera 14 was a Venus atmospheric probe and
lander — twin mission to Venera 13 that landed on
March 5, 1982, at 13.25°S 310°E.

Vega 1 was a Venus atmospheric probe/lander and
balloon; the flyby part travelled to Halley’s comet.
The lander instrumentation included: accelerometer,
temperature and pressure measuring sensors, UV
spectrometer, hygrometer, aerosol analyzer, spec-
trometer/nephelometer, gas-phase chromatograph,
X-ray spectrometer, mass spectrograph, drilling de-
vice, gamma ray spectrometer and X-ray fluores-
cence spectrometer. Vega 1 landed on June 11,
1985, at 7.2°N 177.8°E.

Vega 2 was a Venus atmospheric probe and lander
— twin mission to Vega 1 that landed on June 15,
1985, at 7.14°S 177.67°E.

Surface analysis results: Based on measure-
ments of the instruments mentioned above a lot of
key information on the surface and atmosphere char-
acteristics of Venus was acquired. The GRS and
XRFS measurements showed that surface material at
the Venera-9, 10, 13, 14 and Vega 1,2 sites is of
basaltic composition [1]. At the Venera 11/12 sites
analyses of this sort were not done. The measured
basaltic surface composition agrees well with the
results of photogeological analysis of the Magellan
images of the planet [2-4]. Only areas of tessera ter-
rain [3,4] and some steep-sided domes probably are
not basaltic but rather felsic [5-8]. Centimeter-scale
platy surface seen at the Venera-9, 10, 13, 14 pano-
ramas is probably composed of air-fall deposits re-
sulted from fine ejecta of impact craters located up-
wind [9]. Normally the near-surface winds are slow
but the high density of the atmosphere makes sculp-
turing of the surface possible [10]. At zero altitude
level, the surface temperature on Venus is 470C and
the atmospheric pressure is 93 bar [11]. The major
constituents of the Venus atmosphere are CO, (96.5
mol %) and N, (3.5%) [12]. The geochemically im-
portant H,O vapor content is ~45 ppm, and the SO,
content normally is ~100 ppm [12]. But in 1980 the
SO, content was as high as ~400 ppm and then for
several years gradually decreased [13]. This peak
content could be a result of massive volcanic erup-
tion but purely meteorological causes are also not
excluded. The D/H ratio of the Venus atmosphere is
more than factor 100 higher than that in the Earth’s
ocean, suggesting that in its early history Venus
could have had an ocean [14]. Recent observations

of the surface “hot spots” in the Ganiki rift zone
suggest that this planet is still volcanically active
[15], but this conclusion needs to be confirmed in
other areas of the planet.

Problems to be resolved in future studies: On
the basis of our experience, key outstanding prob-
lems include:

» What was happening on Venus between its accre-
tion and the formation of tessera terrain?

« Did Venus once have an ocean?

« Did plate tectonics ever occur on Venus?

* Is tessera terrain composed of thickened basaltic
crust or of a different low-density material?

« What was the mechanism of tessera formation (de-
formation resulted from upwelling or downwelling)
and how long was the tessera-forming phase?

» How did the folded mountain ranges surrounding
Lakshmi Planum form?

« Is Venus still volcanically and tectonically active?

» Are coronae manifestations of mantle plumes or
negative diapirs? Are some of them still active?

« What is the origin of layered rocks seen in the Ven-
era panoramas?
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Introduction:

Venus has a dense CO, atmosphere with a thick
cloud layer (50-70 km) consisting of sulfuric acid
(H,SO,4) aerosols. Sulfur oxides (SOy) are directly
associated with those aerosols and plays an im-
portant role in chemistry of the atmosphere. Any
change of its content within or above the clouds has
an influence on photochemical processes in the mes-
osphere (70-100 km). Recent ground-based observa-
tions [1-4] and continuous monitoring from the Ve-
nus Express orbiter [5-7] have shown high temporal
and spatial variability of SO, abundance mostly on
the day side: from 20 to 500 ppbv above the clouds.
There is a lack in the detailed analysis at the night-
time mesosphere where photo dissociation of sulfur
dioxide is replaced by interaction with the global
subsolar/antisolar circulation and chemical reactions
with atoms of CI, OH, O etc.

In this paper we present vertical distribution of
SO, content at the night side of Venus upper meso-
sphere that resulted from stellar occultations made
by the SPICAV UV spectroscopy. This mode of
occultation occurred for the entire VEX mission, and
it gave us possibility to observe yearly variations for
period 2006-2014 at altitudes 85-100 km. In parallel,
we have reprocessed the terminator dataset from the
UV solar occultations at the same altitude range [5]
up to 2014. Like this, we have got whole the night-
time coverage of SO, distribution from the sunset to
the sunrise twilights of the upper mesosphere.

Experiment:

SPICAV UV channel operated in the spectral
range 118-320 nm with a resolution 1-2 nm at nadir
or stellar/solar occultation modes [8]. Here we deal
with measurements of SO, atmospheric absorption in
stellar and solar occultation modes. In the case of
stellar occultation the instrument observes night-side
mesosphere while in solar occultation it probes even-
ing/morning twilights at altitude range 85-100 km.
SPICAV can register SO, absorption bands at 190-
220 and 270-300 nm and CO, bands at 120-210 nm.

In the occultation mode an instrument registers
the solar (or a stellar) flux out of planetary atmos-
phere and a flux, having passed through different
levels of the atmosphere. The ratio of the second flux
to the first one determines the atmospheric transmis-
sion at a fixed tangent altitude. This transmission (a
relative quantity) is interpreted as due to the extinc-
tion from aerosols and gases that can be identified by
their spectral signature, and their quantity along the
line of sight (LOS) of the instrument (Fig. 1).
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Fig. 1. An example of measured transmission spectrum
(red dots with error bars) from a stellar occultation at
altitude 90 km (orbit 1073, LT 2:00am, Lat 37.81°N).
Molecular absorptions of CO, (in blue) and SO, (in black)
are detected together with aerosol continuum (black
dashed): Ncgr=3-10% cm?; Ngp,=8-10"® cm™.

Solar occultation. In the solar occultation mode
the vertical FOV varied from 0.5 to 15 km, depend-
ing on the instrument’s CCD recording algorithm
and on a distance to the planet’s limb. For our study
we selected orbits with an altitude FOV less than one
scale height of the atmospheric density (i.e. <4 km).
It reduced the importance of the stray light, which
comes from different parts of the atmosphere in the
case of a wide FOV. At present, we have processed
330 sessions of solar occultation occurring from
2007 to 2014, in the latitude range 30°S-90°N, and in
conditions of sunrise (06:00am of Venus local time)
or sunset (06:00pm). Most of the observations took
place close to the Northern pole with a short distance
to the planet’s limb (< 2000 km), due to peculiarities
of the VEX’s polar orbit.

Stellar occultation. The stellar occultation tech-
nique is similar to the solar one with the difference
that a star is observed as a respectively weak point
source and the night side of the atmosphere is
probed. The instrument’s FOV is directed to an UV
star with maxima of radiance at wavelengths 100-
300 nm. During the VEX mission stellar occultation
mode occurred regularly with ~60 different target
stars, covering latitudes from 70°S to 70°N and local
time on Venus from 07:00pm to 05:00am. In order to
avoid detection of the Sun brightening from the day-
side atmosphere we selected observations with a
solar-zenith angle more than 100°. Thus, we have
collected statistics with 210 sessions of stellar occul-
tations from June 2006 to May 2014.



Results:

Figure 1 (see above) demonstrates a clear detec-
tion of SO, absorption on a background of CO, and
aerosol abundances. This is a case of a rather large
mixing ratio of sulphur dioxide at altitude 90 km:
270 ppb. Nevertheless, in some observations we
retrieved rather low values — down to 10 ppb. It
shows a high variability of SO, content in Venus’
upper mesosphere either from solar occultation or
from stellar one. On average, the volume mixing
ratio increases with altitude from 10-30 ppbv at
85 km to 100-300 ppbv at 100 km (Fig. 2).
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Fig. 2. Altitude distribution of SO, mixing ratio from
SPICAV UV solar (a) and stellar (b) occultations. Solid
lines are weighted mean values with standard deviations.
Error bars of individual dots (not shown) are less than the
dispersion of the data.
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Fig. 3. Time (a), latitude (b) and Local time (c) diagrams
of SO, variations at altitude level 90-95 km (blue — solar
occultations, black — stellar occultations).

Time variations of SO, show a few peaks with
values >100 ppb from both regimes of occultation
(Fig. 3a). These events are local in time and they are
not revealed on the latitude diagram (Fig. 3b). We
can also look on the Local time diagram where aver-
age SO, content around midnight are 2-4 times high-

er than at the evening/morning twilights (Fig. 3c).
Additional analysis is going on together with proper-
ties of aerosol particles [9], in order to establish
correlations between SO, peaks and particles sizes
and densities.
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Introduction:

Based on the analysis of UV images (at 365 nm)
of Venus cloud top (altitude 672 km) collected with
VMC (Venus Monitoring Camera) on board Venus
Express (VEX), it is found that the zonal wind speed
south of the equator (from 5°S to 15°s) shows a con-
spicuous variation (from -101 to -83 m/s) with geo-
graphic longitude of Venus, correlated with the un-
derlying relief of Aphrodite Terra. We interpret this
pattern [1] as the result of stationary gravity waves
produced at ground level by the up lift of air when
the horizontal wind encounters a mountain slope.
These waves can propagate up to cloud top level,
break there and transfer their momentum to the zonal
flow.

Comparison of wind data with topography:

Zonal wind just below equator (average of 6,312
measurements) plotted with longitude correlate quite
well with topography, when the wind is shifted by
+30°.
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Figure 1. Longitude distributions of the relief altitude
and of the zonal wind in the latitude-selected region (from
5°S to 15 °S). Blue curve: altitude in m, left scale. Black
curve: zonal wind (m/s), right scale. The longitude for the
zonal wind was displaced by +30° from the altitude one, to
emphasize the correlation between the zonal wind and the
relief, ~65 km below.

We also compare a geographic longitude-Ilatitude
map of Venus topography (from 5°S to 45°S, figure
2a, 2b) to a map of the zonal wind in the same lati-
tude range (figure 3), well covered by VMC and con-
taining conspicuous mountains named Aphrodite
Terra and Atla Regio. The zonal wind map shows a
region of greatly decreased zonal wind, a fact that
was totally unexpected and ignored up to now.

There is an obvious correlation between the two
maps (topography and wind speed), with the region
of minimum wind (absolute speed) being displaced
by ~30° downstream. The minimum zonal wind at -

82 m/s (in absolute value) is found 30° downstream
of Aphrodite Terra, a high altitude region (3,000 m)
extending from 40° to 160° in Iongltude
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Figure 2a (top). Partial topographic map of Venus. Al-
titude is color coded. The latitude coverage of the map is
limited from 5° S to 45° S to match the map of zonal wind.
The zonal wind is blowing right to left from East to West,
toward decreasing longitudes. Figure 2b (bottom). Map of
the zonal wind speed in m/s (color coded).

We propose that stationary gravity waves (Fig.3)
are generated by the horizontal wind flowing over a
relief; then they propagate upward up to the altitude
where they break and transfer their momentum to the
general circulation. Since they are stationary, they
decelerate the zonal flow
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Figure 3. Sketch of gravity waves generated by interaction
of the zonal wind on the mountains, propagating upward,
breaking in the altitude region 50-60 km and decelerating
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the zonal wind at this altitude and higher. The altitudes of
the relief is exaggerated by a factor 7 for better clarity.
Mapping of UV albedo and H20O at cloud top:
The UV albedo measured by VMC at 365 nm
shows also a longitude variation correlated with the
wind (figure 4).
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Figure 4. Latitude averages between 5 ° S and 15 °s
of altimetry, zonal wind, and UV albedo. The curve of
zonal wind is shifted 30° to the right to emphasize the
correlation with the relief. The albedo points are represent-
ing averages within 1x1° latitude-longitude bins.

On figure 5a is displayed a geographic map of the
UV albedo at 365 nm measured by VMC. It is an
average of 1442 images obtained over 7.5 years from
VEX orbit 30 (May 2006) to orbit 2714 in Septem-
ber 2013 (more than 12 Venus years). While the UV
albedo poleward of 40°S is pretty uniform and higher
than near the equator, a well known fact [2] there are
totally unexpected structures at other places nearer
the equator, both in longitude and latitude.

At the same time, a map of H»O at cloud top lev-
el was recently obtained [3] from the near-infrared
spectral feature at 1.38 um detected in the solar
back-scattered radiation (from SPICAV IR instru-
ment on Venus Express). It reveals (fig.5b) There is
more H,O poleward of 60° of latitude than elsewhere
in both hemispheres, which is due to the decrease of
H>0O mixing ratio with altitude and lower cloud alti-
tude by ~6 km at high latitudes.

In the low latitude regions from -30 to +30° of
latitude, the H,O mixing ratio is pretty uniform at
5.5- 6 ppmv, except for a conspicuous region, cen-
tered slightly below the equator and reaching 7 to 7.5
ppmv. This region extends from -130° to + 30° of
longitude. This H,O feature is statistically solid, and
it demonstrates an increased upwelling of air in this
particular region. The geographic maps of H,O and
UV albedo show a striking similarity in the low lati-
tude regions, at least up to 40° of latitude. The region
of low UV albedo coincides with the region of in-
creased water vapor both in longitude and latitude, as
shown by the iso-contours at 6.5 ppmv. We con-

clude that the UV absorber is present in upwelling
regions, and therefore it must be produced below the
cloud top level.
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Figure 5a top. Venus geographic map of the UV albedo.
The number of points per bin ranges from ~1000 to 5000.
Iso-contours of UV albedo are drawn.
Figure 5b bottom. Geographic distribution at cloud top
altitude of H20 mixing ratio (reproduced from Fedorova et
al. [2016]). Iso-contours are indicated in ppmv.

A plausible scenario:

Conservation of matter indicates that, since the di-
vergence of the horizontal wind field at cloud top is
different from 0, it requires a convergence of the
vertical motion of air to compensate. There is
upwelling in the longitude range of wind acceleration
(from +60 to -30° after proper re-shift of the wind
longitude profile) as revealed by H,O map. This
upwelling motion brings water vapor and the UV
absorber from below, which is then transported hori-
zontally in the general flow, as a plume of a minor
constituent. Further downstream, a sign reversal of
the zonal flow longitude derivative is encountered,
around 190° longitude (or -170°), where the
upwelling ceases, the UV albedo increases and water
vapor decreases along downstream.
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The Planetary Radio Interferometry and Doppler
Experiment (PRIDE) is a technique that can provide
a multi-disciplinary enhancement of the science return
of planetary missions. By performing precise Doppler
tracking of a spacecraft carrier radio signal, at Earth-
based radio telescopes, and VLBI-style processing of
these signals in phase-referencing mode, the technique
allows the determination of the radial velocity and lateral
coordinates of the spacecraft with very high accuracy [1].

Celestial bo
targe

Spacecraft %

Background
sources

Figure 1: Generic PRIDE configuration.

Because of the accurate examination of the changes
in phase and amplitude of the radio signal propagating
from the spacecraft to the multiple stations on Earth,
the PRIDE technique can be used for several fields of
planetary research. The application of this technique
for atmospheric studies has been assessed by observing
ESA’s Venus Express (VEX) during Venus occultation
events in 2012 and 2014. During the two sessions of
radio occultation experiments in April 2012 and March
2014, VEX was tracked with several telescopes from the
European VLBI Network (EVN) at X-band. From these
experiments, radio occultation profiles of neutral density
and electron density of the atmosphere and ionosphere of
Venus were obtained from ingress and egress occultation
tracking, using a software developed for this specific
purpose (see Fig. 2).

The first part of the software, which comprises the
SWSpec, SCTracker, PLL and SFXC correlation soft-
ware [1, 2], (yellow blocks) is used for every standard
PRIDE experiment. This first processing steps bring the

data from raw to level 2 data. The second part of the soft-
ware was developed for the sole purpose of processing
radio occultation experiments. It consists of three main
modules, the frequency residuals derivation module, the
geometrical optics module and the Abelian integral in-
version module, from which vertical density profiles,
and subsequently, temperature and pressure profiles of
the target’s atmosphere can be derived.

Reconstructed

Raw data from
G/S in MKV format

v

Lowltagda
Spectrometer

Tone tracking

— S

Doppler ob

PLL
Level 4 data
+ Parametrized dynamics and
measurement system model.
- Apriori initial state and state covariance
Estimate.

_Level 1b data

Figure 2: Data processing pipeline.

The highly accurate Doppler detections achieved by
PRIDE are used to obtain the Doppler residuals, and the
VLBI mode of the experiment is used to derive precise
estimates of the spacecraft state vectors. The technique
is particularly suitable for radio occultation experiments,
due to its sensitivity to signal path deviations perpendic-
ular to the line of sight of the antenna pointing.

These activities serve as demonstration of the ap-
plicability of the PRIDE technique for radio occultation
studies, and provides a benchmark against the traditional
Doppler tracking, for the same purposes.
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MODELS AND VTGCM SIMULATIONS
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Introduction and Motivation:

One of the major goals of the Venus Express
(VEX) mission has focused upon increasing our un-
derstanding of the highly variable global circulation
and wave processes impacting the Venus meso-
sphere-thermosphere (~80 — 200 km). Several VEx
instruments (e.g. SOIR, SPICAV and VIRTIS) and
ground based observations have provided measure-
ments that characterize the upper atmosphere struc-
ture and underlying variable dynamics during the
solar minimum-to-moderate period of the solar cycle
when VEX measurements were obtained (2006-
2014). In particular, SOIR profiles of terminator
temperatures (T) and CO volume mixing ratios (vmr)
have been obtained and analyzed. We utilize these
datasets to establish a statistically averaged mean
state and characterize the variability of the upper
mesosphere and thermosphere structure. The goal is
to determine the spatial and temporal variability
about the mean, thereby providing boundaries for
planetary and tidal wave experiments that are
planned for making use of the VTGCM code.

We review these key SOIR measurements that
provide constraints on these changing global circula-
tion patterns and wave processes. We also provide
initial data-VTGCM comparisons of terminator T
and CO vmr profiles as a function of latitude (~80-
150 km). Implications for variable SS-AS (subsolar-
to-antisolar) and RSZ (retrograde super-rotating zon-
al) winds are discussed. Overall temporal variability
in T and CO vmr profiles is quantified.

SOIR Temperature-CO Datasets and Models:
The spectral range covered by SOIR allows the ob-
servation of several key species of the Venus atmos-
phere, such as CO, CO, HCI, HF, H,O and its
isotopologue HDO, as well as SO,. The retrieval
technique to derive CO, densities and trace gas den-
sities is the same and has been described in detail (1,
2). CO; has been observed in almost all occultations,
except at the beginning of the mission. Knowing the
CO, density allows one to derive volume mixing
ratios of all trace gases.

Previously, Solar Occultation at Infrared (SOIR)
terminator profiles of CO, densities and temperatures
were organized and presented for up to 132-selected
orbits obtained between 2006-2013 (1, 3, 4). The
SOIR instrument measured CO, absorption across a
broad spectral window. The observed atmospheric
transmittance spectra are subsequently inverted to
obtain vertical density (and inferred temperature)
profiles. This compilation provided a global view of
the atmospheric characteristics at the Venusian ter-
minators over ~70 to 160 km. These initial measure-
ments showed a striking permanent temperature min-
imum (at ~125 km) and a weaker temperature maxi-
mum (over ~100-115 km). These features are reflect-
ed in the corresponding CO, density profiles, and
provide detailed constraints for global circulation
models of the upper atmosphere of Venus (3, 4, 5).

Recently, CO profile measurements were col-
lected into 4-latitude bins (see Table 1), with corre-
sponding temperatures, yielding a new model of
self-consistent CO vmr and T profiles (6). These
SOIR bin averaged profiles are used for comparison
to VTGCM simulated profiles.

Latitude Number of obser- | Number of obser-
bins vations AM vations PM ter-
Terminator (MT) minator (ET)
0°-30° 25 24
30°-60° 21 19
60°-80° 31 29
80°-90° 32 29
Total 109 101

Table 1: Statistics of the CO observations for the
different latitude bins and on each side of the ter-
minator considering hemispherical symmetry.




VTGCM Model Basics:

The Venus Thermospheric General Circulation
Model (VTGCM) is a 3-D finite difference hydrody-
namic model of Venus’ upper atmosphere (7) which
is based on the National Center for Atmospheric Re-
search (NCAR) terrestrial Thermospheric General
Circulation Model (TGCM). The VTGCM has been
documented in detail as revisions and improvements
have been made over more than two decades (e.g. 7,
8,9, 10, 11, 12, 13, 14).

The VTGCM solves the time-dependent primitive
equations for the neutral upper atmosphere. The di-
agnostic equations (hydrostatic and continuity) pro-
vide geopotential and vertical motion fields. Addi-
tionally, the prognostic equations are typically solved
for steady-state solutions for the temperature, zonal
and meridional velocities, and the mass mixing ratios
of specific species. The VTGCM composition in-
cludes major (CO,, CO, O, N) and minor species
(0., N(*S), N(°D), NO, SO, SO,), plus dayside pho-
tochemical ions (CO,", O,", O, N,", NO%). The
VTGCM model domain covers a 5° by 5° latitude-
longitude grid, with 69 evenly spaced log-pressure
levels in the vertical, extending from ~70 to 300 km
(~70 to 200 km) at local noon (midnight). This alti-
tude range insures that all dynamical influences con-
tributing to the nightglow layers (e.g. O, IR (1.27-
um), NO UV (6 band 190-290 nm and y band 225-
270 nm emissions) can be captured, and wave prop-
agation (i.e. tidal plus planetary waves and gravity
waves) above the cloud tops can be accommodated.
The VTGCM lower boundary conditions near ~70
km are taken from a lower atmosphere GCM, thereby
providing a self-consistency among the temperature,
height, and zonal wind fields (as a function of lati-
tude) at this bottom pressure level.

The VTGCM can capture the full range of EUV-
UV flux conditions. For this study, solar minimum
and moderate fluxes (F10.7 = 70 and 130, at Earth)
were specified for conducting VTGCM simulations,
yielding appropriate terminator T and CO vmr pro-
files for comparison to SOIR datasets.

Approach to data-VTGCM comparisons:

The motivation for studying self-consistent T and
CO vmr profiles together is found in spatially re-
solved disk maps of T and CO distributions obtained
from ground-based measurements (15). These distri-
butions were found to be typically correlated, such
that enhancements in the CO vmr are usually associ-
ated with warmer temperatures. The interpretation
thusfar is that T and CO fields are best correlated

with time-average wind patterns (i.e. where the
timescale may be a few months, but is not well
known). An example of spatially resolved and corre-
lated T and CO distributions from a specific ground-
based observation is given in Figure 1. The en-
hancements of CO vmr and corresponding warmer
temperatures are seen after midnight, consistent with
a modest RSZ wind component at ~105 km. ET ver-
sus MT asymmetries in T and CO vmr profiles may
also be observable in SOIR datasets consistent with
the changing SS-AS and RSZ wind system as a func-
tion of altitude. Hence, data-VTGCM comparisons
are used to interpret the changing RSZ wind patterns
as a function of altitude and time.
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Fig. 1. Latitude vs. LT map of correlated T and
CO volume mixing ratio variations at 105 km across
the nightside of Venus for ground-based observa-
tions obtained on 11 August 2007 (adapted from
Clancy et al. 2012). Red regions correspond to
warmer temperatures (K) and enhanced CO vol-
ume mixing ratios (percent) with respect to mid-
night. Blue regions correspond to cooler tempera-
tures (K) and depleted CO mixing ratios. Black re-
gions constitute a mixture of responses.
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ON THE PROBLEM OF A DRY VENUSIAN CRUST.
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Introduction:

The interior of the terrestrial planets and the
Moon is expected to be more volatile-rich than pre-
viously assumed as suggested by recent analysis of
lunar samples and Martian meteorites. This assump-
tion is supported by accretion models showing that
some of the planet forming material might be water-
rich [e.g., 1]. It is thus reasonable to assume that also
Venus contained or still contains water in its interior
as also indicated at Venus surface with lavas showing
a wide range of viscosities [2].

Water strongly influences the mantle dynamics as
it reduces even in small amounts of a few tens of
ppm the mechanical strength of rocks during defor-
mation and —for a larger amount > 100 ppm - also
the melting temperature of mantle material. During
melting, these volatiles are preferentially enriched in
the liquid phase. This partial melt rises toward the
surface and redistributes the volatiles: Typically,
erupting material will release essentially most dis-
solved volatiles into the atmosphere as the solubility
of volatiles in magmas at surface pressure is low.
However, in the case of Venus with its dense atmos-
phere much more water on the order of 1 wt.% can
be solved in the magma. (The situation is different
for CO, with its much lower solubility at these pres-
sures and most of the carbon contained in surface
melts can be outgassed.) [3]. In addition, volatiles in
intrusive material will mostly remain in the crust. As
a consequence, depending on the initial amount of
water in the mantle, the enrichment and the efficien-
cy of outgassing, a significant amount of water can
be stored in the crust, which then may have a weak
rheology. However, the topography on Venus [e.g.,
4,5,6] suggest an apparent stiffness of the Venusian
crust and has been used to argue for dry crustal con-
ditions resulting in high viscosity [7]. It has been
suggested that this dryness may be created by *bak-
ing’ under the high surface temperatures of the planet
[8]. However, this is mainly effective for hydrous
minerals but not for water stored in anhydrous min-
erals in the form of hydroxyl, OH".

In the present study, we model the thermal histo-
ry of the mantle, the outgassing evolution of H,O and
CO,, and the resulting volatile distribution in Venus.
It will be shown that a water-rich crust suggesting a
weak mechanical strength can be formed even for an
initial water concentration of 100 ppm.

Model:
We employ a 1-D model of parameterized stag-

nant-lid convection to simulate the evolution of melt
generation, crust production, and volatile extraction
over a time span of 4.5 Gyr, focusing on the effects
of three key mantle parameters: the initial tempera-
ture, which controls the overall volume of partial
melt produced; the initial water content, which af-
fects the mantle rheology and solidus temperature;
and the oxygen fugacity, which is employed in a
model of redox melting to determine the amount of
carbon stored in partial melts. The enrichment of
water and radioactive elements into the melt is ob-
tained by assuming fractional melting, considering
that the amount of water is not limited by the satura-
tion concentration of water in the melt at the depth of
melt generation. Within the frameworks of fractional
melting, the partioning coefficient, melt fraction, and
bulk content of water determine the concentration in
the melt. The partition coefficient of water is close to
0.01. We further assume that the planet lost its pri-
mordial atmosphere and use the H,O and CO, out-
gassed from the interior to build up a secondary at-
mosphere over time. We calculate the concentration
of H,O and CO, in mantle and crust as well as the
atmospheric pressure based on the solubility of in
basaltic magmas at the evolving pressure conditions
of the surface.

Results:

The interior evolution is characterized by a large
initial production of partial melt accompanied by the
formation of crust that rapidly grows until its thick-
ness matches that of the stagnant lid so that the con-
vecting sublithospheric mantle prevents further crus-
tal growth. Lower crustal material including its vola-
tiles is continuously recycled into the interior. The
enrichment of water into melt varies with time and
depends strongly on the initial water content and the
melt fraction. Figure 1 shows the concentration of
water in the melt and the solubility of water which
can be stored in the melt as a function with time. In
the case that the water concentrations in the surface
melt is higher that the solubility of water, water can
be degassed. For lower values, water remains in the
melt and the crystallizing crust. Even for high water
concentrations in excess of thousands of ppm, the
high solubility of water in surface magmas limits the
maximal partial pressure of atmospheric H,O to a
few tens of bars, which places de facto an upper
bound on the amount of water that can be delivered
to the surface and atmosphere from the interior. As a
consequence, the crust is water-rich with values up a
few thousand ppm. Interestingly, water may degas in



the late evolution (Fig. 1a) when the degree of partial
melting becomes small resulting in a high water con-
centration in the melt. It should be noted though that
the presented models do not reproduce the present
atmospheric pressure of Venus as we only consider
the atmospheric pressure due to secondary volcanism
— lower pressure values are obtained and thus degas-
sing of water into the atmosphere is even overesti-
mated.
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Fig. 1 Concentration of water in surface melt as a
function of time (solid lines) for an initial mantle
temperature of 1600 K (blue lines) and 1900 K. (red
lines). Dashed lines represent the solubility of water
depending on atmospheric pressure. a) for an initial
water concentration in the mantle of 100 ppm and b)
for an initial water concentration of 1000 ppm.

Conclusions:

Assuming that the interior of Venus contained
some amount of water, a crust formed with time that
is likely enriched in water which did not degas due to
the high water solubility in melt at thigh atmospheric
pressure. These water concentrations suggest that the
mechanical strength of the crust is weakened and not
stiff as suggested by the Venusian topography
[4,5,6,7]. This may argue for a primordial dry Venu-
sian interior but is at odds with the recent findings of
more water-rich planetary interiors. Alternatively,
remelting of a water-rich crust may ‘dry’ out the
lower crust but redistributes the water-rich material

toward the surface. On the other hand, a weak me-
chanical crust is supported by a recent study [9] ar-
guing that a large strength contrast at the crust-
mantle interface results in rheological decoupling
and impedes the surface motion of the Venusian
crust and, as such, may explain the absence of plate
tectonics on Venus. If this is a likely scenario, one
may reconsider the assumption of a dry crust from
topography and gravity. A higher resolution is neces-
sary to permit admittance and coherence methods for
better estimating elastic thickness, which is currently
limited to regions with the highest resolution. An
improved gravity model will be generated by the
proposed VERITAS mission [10].
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Introduction and Background:

This paper addresses the definition and the de-
velopment of a radar sounder instrument for the
analysis of the Venus sub-surface. Radar sounders
have been successfully used for the study of the sub-
surface geology and geophysics of Mars with the
Mars Advanced Radar for Subsurface and lono-
sphere Sounding (MARSIS) on Mars EXpress
(MEX) [2] and the SHAIllow RADar (SHARAD) on
Mars Reconnaissance Orbiter (MRO) [2]. Moreover,
the Radar for Icy Moon Exploration (RIME) is cur-
rently under development in the JUpiter ICy moons
Explorer (JUICE) mission for the study of the icy
moons Ganymede, Europa and Callisto [3],[4].

The ESA M-class EnVision mission proposal [5]
presents a Venus orbiter aimed at investigating the
surface and the atmospheric activity apparent in Ve-
nus Express data. Many open science questions are
related to the characterization of the surface and the
subsurface of Venus. Given the atmospheric condi-
tions and the properties of the surface, some of the
key science questions and the related science goals
can be effectively addressed only by using properly
designed radar instruments. Currently, the use of a
SAR system with interferometric capabilities is con-
sidered a crucial payload. This is aimed to address
science goals related to the measurements of the to-
pography and of the surface displacements according
to differential interferometric techniques. However,
this system can only study the surface structure and
movement and cannot provide any direct measure on
the subsurface, leaving unsolved many open ques-
tions related to the internal structure of Venus. Ac-
cordingly, in this paper we propose and discuss a
complementary radar instrument which is a low-
frequency radar sounder.

Proposed Radar Sounder: Science

The use of a low frequency nadir looking radar
sounder can provide the ideal complementary infor-
mation to both the Synthetic Aperture Radar (SAR)
data obtained by Magellan and the information ac-
quired by an interferometric SAR (InSAR). This
would result in a full and detailed investigation of the
surface and subsurface geology of Venus. A radar
sounder, which can operate at HF, VHF or UHF fre-

quencies, can acquire fundamental information on
subsurface geology, which cannot be achieved with
the INSAR system. In particular, it can focus on
mapping the vertical structure of geologic units by
exploring the subsurface properties of tessera, plains,
lava flows and impact debris. The sounder could
analyze the shallow subsurface of Venus to detect
and map geological structures and to identify me-
chanical and dielectric interfaces. This kind of in-
struments also provides information on the surface in
terms of roughness, composition and dielectric prop-
erties at wavelengths completely different from those
of SAR, thus allowing a better understanding of the
surface properties. Moreover, a fusion of the INSAR
data (both intensity, topography and displacement
variables) with the sounder data would result in an
exceptional capability to understand the link between
the surface and subsurface processes on Venus. Note
that depending on the design of the system, the
sounder could also acquire measurements for charac-
terizing the ionosphere.

Proposed Radar Sounder: Instrument

The radar sounder can be designed to achieve
relative high penetration depth and moderate vertical
resolution or shallow penetration and very high verti-
cal resolution. This choice can emphasize different
geological science goals. The capability of penetra-
tion of the electromagnetic waves strongly depends
on the choice of the central frequency of the radar
sounder, on the design of the systems in terms of
overall budget and on the characteristic of the sur-
face (roughness) and subsurface. The radar signal
attenuation is affected by the physical properties of
Venus subsurface. In fact, the dielectric properties of
rocks and, in particular the loss tangent which is the
parameter controlling the attenuation, depend on
polarization and conduction phenomena. The polari-
zation term is only slightly affected by temperature,
whereas conductivity is strongly affected by such
parameter. However, in the MHz range (i.e., the
operating range of radar sounders) the latter term is
not predominant. Based on the dielectric measure-
ments performed on both Moon samples and terres-
trial basaltic rocks, in this paper we will show that at
the temperature of Venus surface, the attenuation



would not prevent a subsurface penetration of the
radar signals.

The pros and cons of considering a radar sounder
will be addressed in the presentation and its comple-
mentarities with the INSAR system will be discussed
in detail.
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Introduction: On Earth, large-scale tectonic
deformation is driven by plate motion, and is
primarily manifest as narrow zones of concentrated
extensional, shortening, or strike-slip strain at the
boundaries of these torsionally rigid plates [e.g., 1].
Yet the plates themselves are also subject to
deformation, particularly in continental interiors, but
in a much more spatially distributed manner such as
that seen throughout eastern Asia [2]. That
displacements  from  distributed strains are
individually so small, and are dispersed across areas
hundreds or thousands of kilometres in breadth [3],
means that the contribution to large-scale tectonic
deformation other than from plate boundaries can be
overlooked on other planetary bodies.

Venus, for example, shows no evidence for plate-
driven tectonics, but the planet nonetheless boasts
abundant evidence for substantial tectonic
deformation [e.g., 4]. This deformation generally
occurs as long belts consisting of some combination
of normal faults, graben, thrust faults, and folds. In
this contribution, we review several zones of
distributed extension, shortening, and strike-slip
deformation on Earth that bear strong structural
similarities to heavily deformed regions on Venus.

Large-scale Tectonics: The Basin-and-Range
Province in western North America is the result of
distributed transtensional strain that has vyielded
heavily deformed terrain. The strong north—south
fabric here is composed of normal-fault-bounded
blocks that disrupt an area formerly shortened in
which thrust faults and folds subparallel to the
currently active normal faults once dominated. This
region resembles, and so may provide an analogue to,
wide zones of extension on Venus, including the five
major chasmata [5] and Lavinia Planitia [6].

The tectonics of southern China include the vast
foreland shortening structures of the Qin-Ling (in the
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Figure 1. A portion of the Verkhoyansk Range in
northeastern Siberia (from Google Earth).

north) and the Xiangganzhe (southeast and centre)
fold and thrust belts. The curvilinear tectonic fabric of
these systems reflects shortening of at least 1,000 km
atop décollement horizons of thin sedimentary sheets
that eventually root into crystalline thrusts to the north
and southeast. These and other fold belts, including
the Appalachian Valley and Ridge Province (USA)
and the Verkhoyansk system (Russia) (Figure 1),
bear a strong structural similarity to Venus’ ridge
belts, such as those in Atalanta and Vinmara Planitiae
[5] (Figure 2).

Many fold belts on Earth also show substantial
transpression. The lineated terrain along the Middle
and Saharan Atlas mountain chains consists of rocks
folded by transpression, albeit much eroded and in
places buried under desert sand. Even so, these belts
are likely analogues to areas of transpression on
Venus, including the region separating the eastern
Ovda and northwestern Thetis Regiones [7].

Outlook: Distributed intraplate deformation on
Earth, often characterised by prominent curvilinear
fabrics, may provide a framework with which to more
fully understand large-scale tectonics on Venus. We
suggest that future work should consider Venus’ ridge
and fracture belts [e.g., 3-5] in this light, and frame
questions addressible with observations by future
spacecraft missions.
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189, 419-426; [3] Burke K. et al. (1980) J. Geol., 88, 375—
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[5] McGill G. E. et al. (2010) in Watters T. R. & Schultz R.
A. (eds.) Planetary Tectonics, Cambridge, pp. 81-120; [6]
Koenig E. & Aydin A. (1998) Geology, 26, 551-554; [7]
Kumar P. S. (2005) JGR, 110, doi:10.1029/2004JE002387;
[8] Rosenberg E. & McGill G. E. (2001) Geologic Map of
the Pandrosos Dorsa Quadrangle (V-5), Venus: U.S.G.S.
Geologic Invest. Ser. 1-2721.
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Introduction:

Venus Express scientific operations have been sub-
ject of improvement along the years of the mission.
In particular the concepts developed for Mission
Planning, Automation and Data Processing are con-
sidered a reference for next future missions. This
paper deals with the implementation of web-based
tools that permitted fast and intuitive data correlation
between different types of spacecraft platform data
and others used for planning, in particular flight dy-
namics and mission planning data. The result provid-
ed a simple mechanism to correlate different types of
data in graphical form.
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Furthermore the Advanced Mission Concepts Of-
fice at ESA/ESOC has developed complementary
plug-ins functions that permitted the search and iden-
tification of patterns and novelty detection mecha-
nisms to anticipate to aging or failures.

WebMUST:
The core tool used for the data analysis and data cor-
relation at ESOC is called “Web MUST”.

Web MUST

Eesa

; Drag and drop
Multiple plogs splitting wind ow

WebMust: Visulazing using drag and drop

Any data format is imported into a common data-
base by means of the so called “MUST Importers”.

They are instances of an application that imports
the data into the database having the time as the main
key reference.

The data can be of any type except graphical data
at the moment. In the case of Venus Express these
were: Flight Dynamics data, Mission Planning Data,
Spacecraft data and Ground Station data. In principle
nothing prevents the current tool to add new sets of
data and this explains the main intention of this pa-
per.

Once all different types of data are in the reposi-
tory the users have several options: Visualization of
the data in text or graphical form, search for specific
patterns and activate intelligent algorithms for anom-
aly detection.

The VEX operations engineers and the scientists

could only access payload housekeeping data since it
is the only one decoded at the operations centre.
In order to be able to efficiently visualize data with
different sampling rates, the tool uses “Fractal
Resampling”. This technique allows high sampling
on the source while sending much fewer samples that
carry almost the same information.
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Fractal Resampling: Venus Express Thrusters’ Temperature.
Left: original time series with 10003 samples; right: fractal
resampled version allowing 1% error with 356 samples.

This separation between data and information al-
lows gaining on-board observability while reducing
bandwidth requirements. Fractal Resampling works
by accepting a small configurable error. The result-
ing resampled time series guarantees that the error
made is not bigger than the configured one at any
given sample.

DrMUST:
Another functionality added to the MUST tool is the
so called “DrMUST”. This function which is also
protected by an ESA patent allows performing pat-
tern matching & correlation analysis between differ-
ent data sets which may be the cause for a particular
behavior like an event or an anomaly. DrMUST can
be used not only for anomaly investigation but also



to perform characterizations.
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Dr. MUST discover ASPERA as the cause of VEX attitude errors

Novelty Detection:

Novelty Detection allows detecting new behaviors in
all parameters. It automates the process of having
engineers looking every day to 20,000 parameters
and noticing new behaviors. It needs very little con-
figuration and can run unattended. It makes the as-
sumption that an unusual behavior is often a signa-
ture of an anomaly in the way to develop.

Novelty

High threshold
deserioration.
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Novelty Detection find the Anomaly 2 months before de Out-Of-Limits

The Planetary Science Archive team at ESAC in
Spain has been having access to the some of these
services for limited analysis/evaluation of the science
data. Information from MUST has been critical to
better understand the calibrations applied to the data
and the limitations that should be placed on interpre-
tation of the data resulting from instrument and/or
spacecraft performance. Overall MUST has provid-
ed an aid to the processing of the science data before
going into the archive, and has helped to validate the
quality of the data before being archived.

Data from MUST were also used for the interpre-
tation of the Aero Drag Experiment (ADE), when the
spacecraft skimmed the Venusian atmosphere and
experienced a drag effect. Similarly, MUST data
have been used to interpret the data from the dedicat-
ed aerobraking phase when, towards the end of the
mission, Venus Express pushed a little deeper into
the atmosphere for more extended periods. In both
cases, the MUST data were and are being used for
preparation of the data sets that will be placed in the
Planetary Science Archive.

This paper proposes to extend the methodology
and the implementation to payload operations with

the inclusion of other data types (especially images
and video) that will serve future scientific experi-
menters and those involved with future robotics ex-
ploration to easily visualize their data.



VENUS’S ULTRAVIOLET ABSORBER:
CYCLO-OCTAL (Ss) AND POLYMERIC SULFUR (Sx) AND THEIR

LATITUDINAL BEHAVIOR.
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Introduction

The identity of the ultraviolet absorber in Ve-
nus’s atmosphere has not yet been established.
Among the many possibilities, two candidates are
currently preferred: ferric chloride (FeCls) and ele-
mental sulfur. It is possible to distinguish between
these and other choices by using spatially resolved
spectra as obtained by the ultraviolet (UV) and visi-
ble channel of the VIRTIS-M spectrometer on Venus
Express (VEx). However these data must first be
corrected for scattered light and interfering diffrac-
tion orders. A correction method has been developed
(see poster by Carlson, Piccioni, and Filacchione,
this conference) and applied to VIRTIS data cubes.
Determining the spatial variations of the spectral
shape is conveniently performed using reference (ra-
tio) spectra relative to a non-absorbing “white” spec-
trum as found from the nearly pure sulfuric acid
clouds of Venus’s polar regions.

Spectra from a north-south swath

Ratio spectra obtained as VIRTIS scans Venus in
latitude are shown in Fig. 1, along with a stretched
image of the observation using VIRTIS’s 380-400
nm bands. The spectra correspond to the left-most
vertical line of image pixels and cover the latitude
range from approximately -45° to -75°. The signature
of the UV absorber is apparent in all except those
near the southern pole and show variations in
strength and shape. Those at mid-latitudes are con-
sistent with relatively sharp absorption edge of cyclo-
octal sulfur, Sg (and possibly FeCls). At high south-
ern latitudes the absorption extends to longer wave-
lengths, indicative of the presence of both polymeric
sulfur (Sx) and Sg. It is reasonable to assume that the
mid- and high-latitudes regions are both due to sulfur
aerosols and that their molecular form depends on
their formation and evolution.

An Initial interpretation

It is thought that Venus’s hot lower atmosphere
contains small sulfur molecule, S, and Ss, from sur-
face sublimation of pyrite and sulfur and from chem-
ical reactions and photolysis of COS (Fegley Jr. et
al., 1997; Krasnopolsky, 2007; Lyons, 2008; Yung et
al., 2009). As these molecules diffuse to cooler alti-
tudes they combine to form the stable Sg molecule
that then condense to form Sg aerosols at somewhat

higher altitudes. Turbulence in mid-latitudes intro-
duces these fresh aerosols into the cloud region. As
these upper atmosphere aerosols move poleward in
the upper branch of the Hadley cell, solar ultraviolet
radiation striking the sulfur grains produces polymer-
ic sulfur that has absorption extending to longer
wavelengths (Hapke and Nelson, 1975) and is clearly
seen in the high southern latitude spectra.

References
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Nelson, R., 1975. J. Atmos. Sci. 32, 1212-1218. Krasnopolsky, V.
A., 2007. Icarus 191, 25-37. Lyons, J. R., 2008. J. Sulfur Chem.
29, 269-279. Yung, Y. L., et al., 2009. J. Geophys. Res. 114,
E00B34.

Figure 1. Spectra from VIRTIS-M observation VVV0459_03 The
image height is 216 pixels and covers approximately the 45° to
75° south latitude range. The spectra are for the column of pixels
on the left edge and corresponds to the center sample of the
spectrometer entrance slit, for which we have obtained a Vega-
based calibration. Each spectrum is an average of 4 vertical
pixels. The image location of each spectrum is approximately at
the level of the value at 640 nm and indicated for four spectra. All
of these ratio spectra were normalized to unity at 700 nm and a 0-
1 scale is shown at the left. The reference “white” spectrum was
obtained at a latitude between the bottom two spectra. Small
artifacts from the correction procedure are evident. In the image,
darker indicates more UV absorption.
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VENUS EXPRESS VIRTIS-M VISIBLE-CHANNEL:
DIFFRACTED AND SCATTERED LIGHT CORRECTIONS.
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Introduction

The VIRTIS-M imaging spectrometer is a disper-
sive instrument using a bipartite diffraction grating to
obtain spectra from approximately 300 nm in the
ultraviolet (UV) region to 5200 nm in the infrared
(IR). The visible channel of the VIRTIS-M spec-
trometer shares the grating with the infrared channel,
using the central portion of the grating with a ruling
density that is five times greater than the IR portion.
The infrared portion is blazed to send most of the
radiation striking it to the infrared array detector,
which is on the opposite side of the central image
than the visible array. While most of the IR radiation
is sent to the IR detector, there is some energy in the
negative orders that is diffracted in the opposite di-
rection and can be a source of false signal, especially
in the UV where the true signal is low.

In addition, grating spectrometers in general suf-
fer from scattered light due to grating and mirror
imperfections and imperfect suppression of scattered
light from the central image.

These diffraction and scattered light effects hin-
der quantitative spectroscopy by Venus Express’
(VEX) VIRTIS in the UV, where signatures from
Venus’s absorber occur. A wealth of UV and visible
data can be employed if a large part of the unwanted
contribution can be estimated and removed. We have
developed such a method and briefly describe it here.

Removal of diffraction orders

An important set of measurements were per-
formed by G. Filacchione and co-workers (Rev. Sci.
Instrum. 77, 103106, 2006) on the Rosetta version of
VIRTIS-M, which is nearly identical to the VEXx
spectrometer. They illuminated VIRTIS’s telescope
with collimated light from a monochromator and
recorded the dispersed radiation from the various
orders of the grating (1% order from the visible por-
tion, the 2" through the 8™ negative orders from the
IR portion). The incident radiation was varied in
steps over the range of visible channel, enabling us to
model the diffracted spectrum for a given incident
spectrum. The source was too weak in the region
below 400 nm so we used computed grating efficien-
cies for those wavelengths and normalized them to
the experimental data.

Estimating the diffracted light from a target such
as Venus must be performed iteratively, resulting in a
unique spectrum and its corresponding diffraction

component. However one must also consider scat-
tered light as described below.

Removal of scattered light

Instrumentally scattered light occurs throughout
the spectrum, but most of its contribution is from the
green and red portion where the solar spectrum is
most intense and CCD detectors are highly sensitive.
Consequently, the scattered light’s spectral depend-
ence is roughly constant in shape, and the generic
scattered light spectrum only needs to be normalized
to give an adequate estimate. We use the strong
Fraunhofer structure in the 370 to 390-nm region in
our solar reference spectrum (Thullier et al.’s spec-
trum convolved to VIRTIS resolution x the instru-
ment sensitivity) to estimate how much scattered
light must be removed to match the Fraunhofer struc-
ture. This removal must be done by iteration, and
each of these iterations uses the iterative grating cor-
rections. Results for a typical Venus spectrum are
shown below.

Continuing work

Pipeline processing software is being developed
for application to the VIRTIS VEX data and the same
techniques described here are being applied to Roset-
ta data of comet 67/P. Preliminary Vega-based cali-
brations have been determined for VEx and Rosetta.
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Figure 1. Raw and corrected DN (data number) spectra
and the total scattered and negative-order diffraction com-
ponents. The individual orders are also shown. The -5
order has the same dispersion as the first order of the visi-
ble grating portion and considered part of the true signal.
Note that the scattered light component is larger than the
scattered light component.
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Introduction:

Venus’s clouds, deep atmosphere, and surface
can be studied using infrared spectral windows, re-
gions of relative transparency between gaseous mo-
lecular absorption bands. Thermal emission emanat-
ing from the surface and lower atmosphere and
transmitted through the clouds has been observed by
ground based telescopes, flyby spacecraft, and exten-
sively by VIRTIS on the orbiting Venus Express
spacecraft. Radiation in these windows, particularly
the 2.3-um window, is absorbed by sulfuric acid,
with the absorption varying with wavelength, acid
concentration, and temperature. Accurate determina-
tions of the optical properties of sulfuric acid are
necessary for interpretation of remote cloud observa-
tions but there are few measurements of sulfuric acid
absorption at concentrations relevant to Venus, and
there are regions where there are no measurements.

Measurements:

We have measured the imaginary index from 1.7
to > 2.6 um for concentrations of 68, 72, 76, 84, 88,
92, and 96 weight-% at 295 K. Since sulfuric acid is
extremely hydrophilic, care was taken to ensure
against water contamination. We used a transmission
cell of known thickness (52 um) and accurately de-
termined optical properties. The near infrared meas-
urements were made with a Cary 5000 spectrometer.
The background is collected on the cell holder aper-
ture (no cell). The quartz cells were made from 2
quartz plates with a Teflon gasket strips. The thick-
ness of the empty cell was measured using the inter-
ference fringe technique. The sulfuric acid solution
was made from a 95-98% reagent grade sulfuric acid
(Sigma Aldrich). The sulfuric acid and water solu-
tions were accurately measured using a Dionex ICS
3000 lon Chromatograph (Sunnyvale CA). To avoid
water uptake, a drop of sulfuric acid is placed on the
quartz slide and rapidly sandwiched together under a
blanket of dry nitrogen. The spectra are then imme-
diately acquired.

Results:

The imaginary indices determined at ~ 4% accu-
racy and are in good agreement with Gosse et al.’s
measurement of 72% sulfuric acid and Palmer and
Williams 95.6% solution, but are ~ 5% greater than
for their 75 and 84.5% solutions (see Fig.s 1 and 2).
These data are available from Carlson who can be
reached at the e-mail address above.
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Introduction:

Chemical interaction between the deep atmos-
phere and the surface of Venus is important for the
comprehension of both atmosphere chemistry and
surface mineralogy. The composition of its subcloud
atmosphere is dominated by CO, with small amounts
of sulfured species and H,O in trace. The reactivity
of the basaltic material prevailing at the Venus sur-
face raises questions on the thermodynamics and
kinetics of fluid-rock interactions when the fluid is a
non-polar supercritical fluid.

Given the paucity of remote or in-situ analyses of
Venus surface, the best way to address these ques-
tions is a theoretical and experimental approach.

The general aims of our work address both the
atmosphere chemistry and the surface mineralogy: 1)
what is the potential of a Venus-like gas to transport
elements as a function of its chemistry, 2) how the
surface mineralogy is affected during a volcanic wet
outgassing such as discussed in [1, 2] and 3) how
long survive early hydrous minerals in the present-
day dry Venus atmosphere.

Previous Work:

Few studies on the weathering of typical Venus
rocks have been done and most of them concerned
the mineral transformation. When conducted with
pure CO,, the analyzed rocks show mass changes
implying gas transport and chemical reactions at the
surface, for instance the formation of iron oxide [3].
Other experiments with SO, in the gas also show a
global sulfurization of the surface [4,5].

But the most important changes occur with H,O-
CO; mixtures we experimented few years ago. We
observed the fast and widespread alteration of oli-
vine and the recrystallization of vitreous samples
(Figure 1, [6]).
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Figure 1: Recrystallized obsidian after one week in a H20-
CO: fluid at 470°C and 235bar

Experimental Details:

We developed a Venus chamber dedicated to the
fluid-rock reaction in the continuation of [6]. This
chamber works up to 500°C and 400 bars for an in-
ternal volume of 300 ml and is made of a steel alloy
called hastelloy C-276 that minimizes any corrosion
process. A gas sampler device completes the reactor
in order to analyze the gas composition during the
run.

The mineral transformations of the investigated
rock samples were observed post-mortem by SEM
and XRD. The mass transfer between the rocks and
the fluid was evaluated by sampling during the run
the supercritical fluid in a KOH solution under the P
and T of the experiment, and analyzing the solution
by ICP-MS for their content in a wide range of cati-
ons. SO,, H,S and CO were monitored in the fluid
phase by a gas detector.

Three kinds of silicate material were investigated
for one week in each kind of “atmosphere” described
further: a picritic basalt, a clay-rich altered basalt
and an obsidian. The previous tested fluid composi-
tions (pure CO; fluid, CO,-H,O mixture) were com-
pleted by a dry S-bearing fluid. It was composed of
130 ppm SO», 15 ppm H>S, 15 ppm CO, 3.5% N in
a CO, basis. A wet version of this gas is also
planned.

Results:

The results in dry S-bearing fluids show no evi-
dence of alteration as previously observed in pure
CO, after one week run. However, several rock
forming elements are transferred in the gas phase, in
particular Si, but also Al, Ca, Mg and some metals
like Ni, Sn, Mo and Cr as showed on figure 2. This
correlates the observation of Si spherules on the
colder part of the reactor (Figure 3, [6]).
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Figure 3: Silica spherule deposit in the colder part of the
reactor / scale bar: 100um

Another important result is the depletion of al-
most all H,S and all SO; from the fluid after one
week run. This observation is discussed below.

Discussion and concluding remarks:

The absence of mineral reaction in dry fluids, by
contrast with previous observations in wet fluid, can
easily be understood by considering the difficulty of
a non-polar fluid to breakdown covalent bounds.
The question of the short duration of the runs is ob-
viously a limitation of this conclusion. However, the
previous experimental attempts to alter silicate mate-
rials with Venus-like fluid reported only the sulfuri-
zation of the surface even after several years of reac-
tion [5]. On the other hand, the question of the (me-
ta) stability of previously formed hydrous phases in
a dry Venusian atmosphere is still an open question
[6,7].

Experimentation with a complex gas points at the
difficulty of maintaining the concentration of SO,
and H,S in the chamber. The H,S loss can be ex-
plained by the formation of carbonyl sulfide (COS)
that is thermodynamically stable under Venusian
conditions [8]. Another explanation should not be
excluded as H,S and/or SO; can react with the reac-
tor itself (hastelloy) [9]. The observed gas enrich-
ment in Cr, Ni and Mo can be related to hastelloy
corrosion. The relative contribution of each process
is under investigations.

Despite the sulfur gas depletion, the transport of
usual components of basalt (Si, Ca, Al, Mg...) even
in dry fluid and the observation of silicic spherules
in colder part of the reactor open new perspectives
for how considering mass transfer through the at-
mosphere between the lower (hot) and upper (cold-
er) part of the surface.

The flexibility of our equipment will be used to
test mass transfer under thermal gradients. Further
experiments will also focus on the effect of H,O in
the gas and the stability of hydrous phase when the
Venus atmosphere changes from wet to dry condi-

tions.
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Introduction:

Venus serves as the prototype of solar wind inter-
action with unmagnetized planetary bodies with at-
mospheres. It has no intrinsic dipole or crustal mag-
netic field, the only magnetic field is believed to be
formed by the draped interplanetary magnetic field
(IMF). However, the large-scale magnetic field ob-
served over the north polar region of Venus has a
bias in the dawnward direction and seemingly unre-
sponsive to the IMF's direction. Although broad at-
tention has been paid to these dawnward magnetic
fields and several mechanisms have been suggested
in the past few years the source of these dawnward
fields remains a mystery.

Results:

Based on the long-term observations of VEX and
PVO, and a joint observations of VEX and Messen-
ger, we show that the induced magnetosphere con-
tains a second type of global magnetic field, whose
morphology decouples from the IMF's orientation
and the dawnward field is only a part of it. This
global field, referring to as “looping field” has a
shape of a cylindrical shell around the magnetotail
and a direction of counterclockwise looking from the
tail toward the planet (the red circles in Figure 1).

To confine the looping field in a shell-shaped re-
gion, theoretically, it needs two currents flowing in
and out of the planet along the Sun-planet line at the
outer and inner shells, respectively. It also needs two
currents crossing the draped field in the dayside and
nightside of the planet, so that the current circuit is
closed. We suggest that the dayside inward current is
inside the deep ionosphere and the nightside outward
current distributes in the region where the draped
fields become weak (the green arrows in Figure 1).

The statistic results of MGS observation on Mars
and the case studies of VVoyager 1 and Cassini obser-
vations on Titan also suggest that the looping field is
most likely a universal phenomenon for unmagnet-
ized planetary bodies with atmospheres.

Ioutter

Figure 1: Schematic illustration of the looping
magnetic field (red cycles) and its associated current
system (green arrows) at Venus.
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Introduction:

As all the terrestrial planets, Venus is surrounded
by an hydrogen corona coming from the photodisso-
ciation of the water vapor followed by its vertical
transport at very high altitudes. From the UV obser-
vations of the resonant scattering Lyman-alpha emis-
sion, two components have been observed in this
corona. A cold component corresponding to hydro-
gen population at equilibrium with the global atmos-
phere dominant below ~ 2000 km. A suprathermal
component, produced by collisions between energet-
ic protons with the cold component in the upper at-
mosphere. Due to its large energy, this hot popula-
tion is able to reach very high altitudes, and escape
and becomes dominant above ~4000 km (e.g. Ber-
taux et al. 1982).

Observations:

The hydrogen corona of Venus has been ob-
served systematically from the UV spectrometer
SPICAV aboard Venus Express (Bertaux et al.
2007). It has been observed at dayside, confirming
most of the results obtained by past studies, and for
the first time at the nightside. As shown in Fig. 1, the
two components corona is seen through the two scale
heights profile obtained at limb above the dayside
(LT = 12H). The nightside profiles are very different
due to the low illumination of the shadow by multiple
scattering.
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Fig. 1 Altitude profile of the Lyman-a brightness
at different local times.

Results:

Chaufray et al. (2012) have analyzed the first
profiles obtained at the dayside and derive a cold
hydrogen density of ~1-2x10° cm and an exospheric
temperature ~ 250-300 K at 250 km. A larger bright-
ness was observed at the morning terminator (LT =
6h) compared to the evening terminator (LT=18h),

confirming an asymmetry observed from the mass
spectrometer aboard Pioneer Venus Orbiter (PVO),
but the hydrogen density needed to reproduce the
profile at the morning terminator was lower than the
hydrogen density derived by this instrument.

At higher altitudes, the brightness was dominated
by the interplanetary emission making difficult an
accurate retrieval of the hot hydrogen density. The
hydrogen density derived was better constrained at
the middle of the observed altitude range (~ 5000
km) and the hot hydrogen density estimated to ~50
cm,

More recently, Chaufray et al. (2015) reproduce
the first brightness profiles at the nightside evening
terminator (LT = 20H), using a radiative transfer
model including both cold and hot hydrogen popula-
tions as well as the interplanetary emission partly
scattered by the Venusian hydrogen corona.

The cold hydrogen density and temperature of the
cold hydrogen population derived at the exobase was
4x10°% cm® and temperature between 175-225 K,
confirming a cooler and denser nightside corona
compared to the dayside corona. The hot hydrogen
density derived at 5000 km was ~ 100 — 200 cm
larger than the derived hot hydrogen density at the
dayside and presenting a very short variability of a
factor 2 in only few days. This variabilty could be
driven by a variation of the dayside ionosphere.

In this presentation, we will summarize these re-
cent results and present other observations obtained
at the nightside morning side (LT = 4H) (Fig; 1),
confirming the large variability of the hydrogen den-
sity with local time at the nightside.
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Abstract:

The transit of Venus in 2004 is an important bench-
mark for current observational techniques and theo-
retical modeling of exoplanet atmospheres and, even-
tually, it is useful to characterize stellar activity (in
particular, convection-related surface structures) that
potentially cause fluctuations affecting the transit
light curves. In this context, we simulate the transit
of Venus in 2004, which was observed by the satel-
lite ACRIMSAT, using the realistic three-
dimensional (3D) radiative hydrodynamical (RHD)
simulation of the Sun from the Stagger-grid and syn-
thetic images computed with the radiative transfer
code Optim3D. We explain ACRIMSAT observa-
tions and show that the granulation pattern causes
fluctuations in the transit light curve. Moreover, we
show that the granulation pattern can partially ex-
plain the observed discrepancies between the limb
darkening models used so fare and the data. Being
able to consistently explain the data of 2004 is a new
step forward for 3D RHD simulations, which are
becoming important for detecting and characterizing
exoplanets. They show that granulation has to be
considered as an intrinsic uncertainty (as a result of
stellar variability) on precise measurements of ex-
oplanet transits of, most likely, planets with small
diameters. In this context, it is very important to ob-
tain a comprehensive knowledge of the host star,
including a detailed study of the stellar surface con-
vection.

REFERENCE: Chiavassa et al. 2015, A&A, Vol
576, id. A13
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Figure: Synthetic transit of Venus of 2004 (as
seen by ACRIMSAT) with the solar disk image
computed with the radiative hydrodynamical simula-
tion of the Sun (figure from Chiavassa et al. 2015,
A&A, Vol 576, id. A13). i
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Introduction:

Venus is the most Earth-like planet known yet
extremely inhospitable; understanding this paradox
is a key aim for future exploration of Venus. Its cur-
rent rate of geological activity is a major uncertainty,
with hypotheses ranging between a currently inactive
planet to one almost as active as Earth. Recent Earth
Observation missions have shown that, if an orbit is
adjusted to repeat its trajectories to an accuracy of <
100 m, then surface movements of a few mm can be
detected by repeated INSAR observations [1]. How-
ever, the data volume for global INSAR coverage of
Venus is very large [2]. Fortuitously, Venus hypsog-
raphy shows that more than 90% of the surface can
be explained by one mechanism: lithospheric thin-
ning. Hence, mapping only a subset of this area, and
the remaining ~10%, is sufficient to characterise
resurfacing mechanisms and rates.

Hypsography:

Magellan altimetry data have a unipolar profile,
unlike the bipolar profile for Earth but their upper
tails are similar. The major part of the hypsographic
profile of Venus conforms to a Poisson distribution
of discrete probabilities, implying that its topography
is due to many independent events, well-separated in
time. These events effectively reset the lithospheric
lid thickness to zero, at an elevation that corresponds
with that of hot, uncompressed mantle. On Earth,
this elevation is approximately equal to the crest
elevation of the mid-ocean ridges, 2800 =400 m
below sea level [3], and is equal to the elevation at
the top of the Poisson distribution for the oceans
excluding the continental shelves, which cause the
broad shoulder to the peak. On Venus, this elevation
likewise corresponds to the top of the Poisson distri-
bution, at 1900 m above the Mean Planetary Radius
(MPR, equal to 6051.8 km radius).

Resurfacing models cover a spectrum between
two end members: a global resurfacing event fol-
lowed by negligible activity [4], [5], and forms of
equilibrium resurfacing [6], [7], [8], which InSAR
mapping should be able to distinguish between. The
origin of the lowlands of VVenus may be explained by
time-random volcanic processes, whether or not spa-
tially organised [9], but not the highlands.

The Venus highlands are less strongly separated
in elevation from the lowlands than Earth’s, perhaps
reflecting a smaller density contrast, and they cover a
smaller area: 5~10% of Venus compared with
40~45% of Earth. However, they may record a long-

er history and wider range of processes than the low-
lands [10], and may represent the sum of several,
perhaps many, non-random processes and are there-
fore of greatest interest for further study.

Target Area Selection:

The selected highland target areas are identified
below in descending order of area, with a description
of their principal geological features.

a. Aphrodite Terra, 60°— 148°E; 10°N — 29°S. In-
cludes Ovda and Thetis Regios, on the flanks of
which are canyons almost as deep as those in Dali,
and none of which may be isostatically compensated.
To the south of Thetis, perhaps on its flank, a deep
canyon separates most of Artemis from Aphrodite,
as it curves to define the northern, eastern and south-
ern boundaries of the Corona.

b. Ishtar Terra, 300° — 69°E; 52° — 79°N. In-
cludes Lakshmi Planum, Fortuna Tessera and Max-
well Montes. Maxwell peaks at 11 km above MPR,
with escarpments that may not be isostatically com-
pensated. Lakshmi Planum is circular, not unlike a
corona but maybe of different origin [11]; Colette
and Sacajawea, at more than 2 km above MPR and
ringed by mountains with steep escarpments [12],
indicate the region may be dynamically supported.

C. Beta Regio, 274°~ 295°E; 13— 39°N. Consists
of two large volcanoes, Rhea and Theia Mons. Beta
might also form a contiguous unit with Asteria Regio
and Hundla Regio, and be linked to Pheobe Regio
via Devana Chasma.

d. Atla Regio 183 208°E; 25°N — 10°S. Domi-
nated by Maat, Ozza and Sapas Mons. Ozza may be
a volcano topped by a caldera but Maat Mons (8.87
km above MPR) is the highest, rising steeply (gradi-
ent of ~ 1:14) from a canyon floor, 0.5 km below
MPR. This canyon leads southwest, divides into sev-
eral lines around both sides of Zemina Corona,
which coalesce further west into Dali Chasma. This
volcanic region may be more similar to the Yellow-
stone caldera than the Hawaiin or other oceanic
hotspots [13] and may show the presence of conti-
nental crust on Venus. Other canyons extend north,
north east and south east of Atla Regio, descend to
more than 1 km below MPR, and contain many
sharp peaks, some rising ~7 km at a gradient of 1:2.
Recently, Parga Chasma, running south east from
Atla Regio, may be the most active region on Venus
[14].

e. Pheobe Regio 278°—- 291°E; 3°N — 20°S. A
highland ridge running south from Devana Chasma




to the east, Pheobe has several highland peaks, tes-
serae, and two coronae. Further east, on the edge of
Navka Planitia, are the landing sites of the Pioneer
Venus North Probe, and Venera 13 and 14, both of
which found evidence for sedimentary deposits [15].

f. Lada Plateau 4°— 13°E; 64°— 70°S. A largely
featureless highland in western Lada Terra with a
curved, radar-bright perimeter that rises, in the main,
to just under 2 km above MPR. There is a small
(~350 km?) prominence at the eastern end of the ra-
dar-bright feature. This plateau is the only area high-
er than 2 km above MPR south of 30° S latitude, and
Lada Terra is certainly a continental-sized unit with
features indicative of long-lived and recent volcanic
activity [16]. INSAR therefore should help explain
the processes responsible for the uplift (or perhaps
subsequent subsidence) of Lada Terra.

9. Dali Plateau 166°— 174°E; 15°— 24°S. Locat-
ed immediately south of Dali Chasma, with a mirror-
image canyon curving around the plateau on its
southern side. Both Chasma and canyon have steep
sides and mountainous ridges on the inside of their
curve, i.e. the plateau is ringed by a rim of mountains
not unlike that around a corona or a crater. Around
Dali a series of canyons, incuding Diana and Dali
Chasmas, curve around coronae and extend into the
foothills of adjacent highland units: Ovda, Thetis,
and Atla. To the north of Diana Chasma is Scathach
Fluctus, a recently identified large pyroclastic flow
deposit [17], and unusually low emissivity plains,
which together may indicate unusual geochemistry
that may be important in the origin of the highlands.

Geological Assessment of these Target Areas:

A review of these 7 target areas suggests that the
highlands comprise 4 geological features:

Continents. Venus Express data suggests Earth-
like, relatively low density, continental crust is prob-
able [18], [19], e.g.: Ishtar Terra, Ovda Regio and
Thetis Regio. Several mechanisms are proposed:
down-welling and contraction [20], up-welling and
extension [21], and continental-like accretion [22].
They may record a long and complex history predat-
ing any global resurfacing event [10].

Large Volcanoes. Two targets are major volcanic
centres that probably overly large, stable mantle
plumes [23]. Atla Regio lies at the intersection of
Dali, Hecate and Parga rifts; and Beta Regio lies at
the intersection of Hecate and Devana rifts. Atla
Regio includes Ozza Mons, with both a volcanic
plateau and a caldera, and Maat Mons - taller and
steeper-sided than Ozza. Emissivity on Maat’s sum-
mit implies recent volcanic activity [24]. Arecibo
radar data may indicate activity at Theia Mons in
Beta Regio [25].

Rift Valleys. A steep-sided canyon runs approx-
imately north-south through Atla Regio. The floor of
this canyon is densely packed with steeply-sided

cones, many several km tall. Arguably, Maat Mons
is the tallest of these and so large that it obliterates
the canyon. Devana Chasma is a similar canyon ori-
ented approximately north-south through Beta and
Pheobe Regios [26], containing many steep escarp-
ments unlikely to be in isostatic equilibrium. The
preponderance of steep cones in the canyons is remi-
niscent of the seamounts associated with Earth’s
mid-ocean ridges and indeed some are analogous to
very slow spreading centres [13].

High-altitude Plateaus. The tilting of Cleopatra
crater, gravity data indicating dynamic support, and
its close association with Lakshmi Planum, all imply
that Maxwell Montes are actively uplifting. Like
Lakshmi Planum, the plateau in western Lada Terra
and the plateau partly bounded by Dali Chasma are
all noticeably circular, featureless and relatively flat.

Summary:

We propose a mapping strategy that covers a suffi-
cient area of lowlands (~10% of the surface) to char-
acterise their common origin through time-random
volcanism, and which targets all areas >1900 m
above MPR (also ~10%). The higher data rates
achievable close to inferior conjunction will make
high-resolution InSAR coverage of > 20% of the
surface of Venus feasible, and sufficient to clarify
many significant unknowns about Earth's twin."
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Abstract:

Venus lost the bulk of its water to space early in
its history. At Earth, an important mechanism for
atmospheric escape is a weak electric field above the
polar caps that helps ionospheric ions overcome
gravity. Although such a field is predicted at any
planet with an atmosphere, its measurement is excep-
tionally challenging and to date even in Earth’s iono-
sphere we only have upper limits on its magnitude.
We report the discovery of an unexpectedly strong
electric potential in the topside ionosphere of Venus,
finding it to be a persistent, global feature. Contrary
to expectations it is five times stronger than has been
measured in Earth’s similar ionosphere, despite
comparable gravity, and unlike Earth is sufficient to
directly accelerate water group ions to escape veloci-
ties.
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Abstract:

The induced magnetosphere of Venus freely ro-
tates and restructures with the orientation of the in-
terplanetary magnetic Field (IMF). However, with
this orientation must usually be inferred from earlier
or later at times when the same vessel was outside
the planetary bow shock, and the timescales on
which magnetospheric reconfiguration occurs is un-
known. On June 5th 2007 the NASA MErcury Sur-
face, Space ENvironment, GEochemistry, and Rang-
ing (MESSENGER) spacecraft was ~90 Venus Radii
sunward of Venus as it approached for a gravitational
assist maneuver, providing exceptionally rare IMF
observations usptream from Venus. We present ESA
Venus Express electron and magnetic observations
from this day, finding the magnetic configuration

of the ionosphere was not consistent with that ex-
pected from conditions measured upstream, indicat-
ing that the ionosphere responds very slowly to
changes in IMF orientation (>1hr). By contrast, a
large and sudden rotation of the field in the
ionosheath co-incident with a solar wind discontinu-
ity indicates that (consistent with previous studies)
the magnetosphere above the ionopause responds
very rapidly to changes in upstream conditions (~
minutes). This results in two long-lived magnetic
regimes with high shear separated by a current sheet,
wherein conditions are ideal for particle acceleration
and heating through magnetic reconnection, jxB
forces, and waves. Given the frequent occurence of
solar wind discontinuities at Venus, we hypothesize
this to be a commonly occurring phenomenon.
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Introduction:
The formation, evolution and structure of VVenus re-
main a puzzle more than fifty years after the first
visit by a robotic spacecraft. Radar images have re-
vealed a surface that is much younger than those of
the Moon, Mercury and Mars as well as a variety of
enigmatic volcanic and tectonic features quite unlike
those generated by plate tectonics on Earth. To un-
derstand how Venus works as a planet it is necessary
to probe the interior of VVenus. This paper describes
the application and adaptation of seismic and infra-
sonic techniques to exploit and cope with the unique
environment of Venus in order to probe its interior
and characterize its seismicity.

Background
Conventional seismology uses sensors in contact
with the planetary surface but for Venus with current
technology, this approach is impractical because of
the Venus environment (460°C and 90 bars). How-
ever, the dense atmosphere of Venus, which effi-
ciently couples seismic energy into the atmosphere
as infrasonic waves, enables an alternative: detection
of infrasonic waves in the upper atmosphere using
either high altitude balloons or orbiting spacecraft. In
June 2014, the Keck Institute for Space Studies
(KISS) at the California Institute of Technology
sponsored a one week workshop with 30 specialists
in the key techniques and technologies relevant to in-
vestigating Venus’s interior structure. The report of
that study (Cutts, Mimoun, & Stevenson, 2015) iden-
tifies the most promising approaches for developing
seismic sensors tolerant of the high temperatures as
well as means of observing the infrasonic signal.

High Temperature Seismic Sensors
The surface of Venus, with temperatures near 460°C
is a very hostile environment for instruments. Con-
ventional electronics are out of the question as there
are currently, nor are there in prospect, techniques
for protecting components from the environment for
more than a few hours. Technologies for tolerating
the environment involving vacuum electronics and
high temperature semiconductors require many years
of development (Cutts, Mimoun, & Stevenson,
2015). Work must continue on these technologies
but alternative techniques are needed for near term
missions and that is the focus of this paper.

Infrasonic Techniques
Infrasonic techniques for probing the Venus interior
can be implemented without exposing sensors to the
severe environment of the Venus surface. This ap-
proach takes advantage of the fact that approxi-
mately 60X the energy from a seismic event on Ve-
nus is coupled into the atmosphere on Venus as
would occur for a comparable event on Earth.
(Lognonne, Geophysics of the Terrestrial Planets,
2010). The KISS report (Cutts, Mimoun, &
Stevenson, 2015) evaluates the possibility of detect-
ing seismic events on Venus as infrasonic waves
from balloon platforms floating at altitudes where
conventional electronics and sensor components can
be used and from orbital spacecraft by observing an
optical signal produced by the infrasonic wave. Both
a direct or epicentral wave can be detected where in-
frasonic energy is generated right above the event by
the piston motion produced by the quake and an indi-
rect wave produced at distance where seismic energy
propagates through the crust and interior of the
planet and vertical motions at the surface atmosphere
interface then excite the vertically moving infrasonic
wave. Only the indirect wave probes the interior of
the planet. However, the epicentral wave can be a
sensitive detector of seismicity across the planet
which is itself a subject of considerable interest.
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Figure 1 Generation of infrasonic waves by a seismic
event on Venus. The direct or epicentral wave (left) propa-
gates vertically above the event. The indirect wave (right)
propagates through the planet as a Rayleigh wave and
then couples to an infrasonic wave.
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Balloon Infrasonic Detection — Sensitivity

Despite the much larger losses at the ground-at-
mosphere interface on Earth quite small earthquakes
can be detected. For example, (Arrowsmith, et al.,
2011) report the detection of a magnitude 4.7 quake
in Utah across a statewide network of ground based
infrasonic stations.

In addition to the fact that more seismic energy
will be communicated into the atmosphere on Venus,
the balloon station is moving with the medium which
will substantially reduce the wind noise which gener-
ally determined the threshold of detection for quakes
on Earth. This sensitivity advantage of a balloon plat-
form was recently established by comparison of infra-
sonic measurements from a stratospheric balloon on
earth with nearby ground stations (Bowman & Lees,
2016).

The instrumental limits for detection of seismic
events on Venus are likely to be well below the Earth
and may be determined by the background for other
types of infrasonic source. While no inventions are
needed at the component level, developments of ex-
perimental techniques are needed and these should in-
volve terrestrial flights on both tropospheric and strat-
ospheric balloons. In particular, we need to know
more about how to identify and discriminate quake
signatures from volcanic events, lighting and other
storm activity and meteor impacts.

Seismic and Infrasonic Sources on Venus

Most researchers contend that the level of seismic
activity on Venus is somewhere between that on Mars
and Earth. Although there is abundant evidence of tec-
tonic activity on Venus, questions remain as to
whether the planet is still active and whether energy
releases are seismic or aseismic. The lack of observa-
ble water suggests brittle release; the high tempera-
tures more plastic behavior. However, another quake
source mechanism is a metastable mineral phase
change, and we have begun an investigation of the
possibility of this occurring.

Quakes are not the only source of seismic energy.
In recent years, seismologists have developed tech-
niques for probing crustal and interior structure in
parts of the Earth such as Australia where there are
very few quakes. We have begun an effort to deter-
mine if this is possible for Venus also. Just as seismic
energy propagates more efficiently upward across the
surface atmosphere interface, equally acoustic energy
originating in the atmosphere will propagate down-
wards more effectively. Potentially, these two can be
used to probe the interior. The stratospheric balloon
measurements of (Bowman & Lees, 2016) include
signatures in the spectral range of the ocean micro-
barom, which is an important source in terrestrial am-
bient noise seismology. Measurements from a balloon
platform at VVenus could assess the nature and spectral
content of such sources.

Relevance to Future Missions:

The great advantage of the infrasonic approach to
studying the Venus interior is that the basic technol-
ogy is ready today. While independent balloon and
orbital missions could contribute valuable infor-
mation, the real strength of this technique will involve
the synergies between them. The balloon technique
provides a synoptic view but there is less energy par-
ticularly at the higher frequencies that propagates to
the top of the Venus atmosphere and will be visible
from space.

Opportunities for a mission with multiple plat-
forms are currently being considered for Russia’s
Venera D but the baseline mission does not currently
include balloons. The U.S. National Research Coun-
cil’s Planetary Science Decadal Survey of 2011 advo-
cated a Venus Climate Mission which did feature a
synoptic orbiter and balloon platforms but focused ex-
clusively on atmospheric objects. The same flight el-
ements could be employed to extend the capabilities
of that mission as a Venus Climate and Interior Mis-
sion. As NASA prepares for its next decadal survey
this option should be considered.

Figure 2 Coordinated observations of the infrasonic signa-
tures from an orbital spacecraft and a balloon platform
could provide confirmation of seismic event detections and
complementary information
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Geodynamical modeling of Venus in the laboratory: plume-induced coronae,

subduction and microplates.

A. Davaille, Laboratoire FAST, CNRS / Univ. Paris-Sud, Orsay, FRANCE (davaille@fast.u-psud.fr), S. Smre-

kar, NASA Jet Propulsion Laboratory, Pasadena, USA.

Introduction:

The possible role of plate tectonics in creating
habitable zones and the conditions required to start
plate tectonics are currently hotly debated due to the
discovery of many Earth-sized exoplanets. The initi-
ation of subduction is the gateway to plate tectonics
but modeling the details of plate failure, gravitational
instability, and sinking in the mantle, is very chal-
lenging due to the complexity of plate rheology.
However, the development of new visualization
techniques and the use of complex-rheology fluids in
the laboratory open a new area for planetary geody-
namic modeling, as observations of surface patterns
(i.e. faults, folds, ridges, trenches) can be related to
convective instabilities inside the laboratory mantle
analog. Here, we report a new convective regime
whereby plumes are able to trigger subduction. This
process therefore closely associates large coronae
with subduction, and even microplates formation.
The gravity and topography data in Venus regions
such as Lada Terra could be compatible with this
interpretation.

Laboratory set up: See fig.1.
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Fig.1: Experimental set up. The surface of the experi-
mental tank is regulated in temperature and humidity with
a climatic chamber. A thermostated hot fluid is circulated
through the bottom heat exchanger.

As an analog fluid, we use colloidal aqueous dis-

persions of silica nanoparticles. Their rheology de-
pends strongly on the solid particle fraction, ¢p, de-
forming in the Newtonian regime at low ¢,, and tran-
sitioning to strain-rate weakening, plasticity, elastici-
ty, and brittle properties as ¢, increases [1]. So, as
the system is dried from above, a dense skin grows
on the surface, akin to a planetary lithosphere. When
it is also heated from below, hot plumes develop [2].

Laboratory observations:

When a hot plume impinges under the skin, it
triggers a new mode of subduction: as the upwelling
plume material breaks the lithosphere and flows
above the denser skin, it forces it to sink.
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side view. 10 images have been superimposed to show the
slab roll-back as the plume spreads. b) 3D view from



above where the plume material has been removed. c)
close up (1 cm across) on the boundary between plume
material and subducting plate. Darker areas are thicker.
The outer bulge close to the trench presents cracks and
stripes. The trench (black dashed lines) shows faults par-
allel to it. The small black ovoids are spurious bubbles.

The experiments further suggest that a weaker litho-
sphere than that present on Earth today is required
for such a convective regime.

Subduction: The subduction trenches are localized
along the rim of the plumes and strong roll-back is
observed (fig.2a). Subduction always occurs along
partial circles (fig.2b), a situation very different from
the purely viscous case. This is due to the brittle
character of the upper part of the experimental litho-
sphere: it cannot deform viscously to accommodate
roll-back and sinking motions. Instead, the plate
tears, as a sheet of paper would do upon intrusion
(fig.2b). The trench zone presents a succession of
faults/cracks parallel to it, and the outer bulge shows
extensional features such as stripes and cracks
(fig.2c). As a plume is a transient phenomenon, the
subduction eventually stops and most of the time, a
slab stays dangling for a while until necking and
foundering occur.

Microplate: Two types are observed. First, the
upwelling plume material creates a set of new plates
inwards the different trenches, and these new plates
are expanding through time but are not subducting.
In a few cases, we observe also additional micro-
plates outwards of the trenches. This happens when
the subducting plate already contained fabric hetero-
geneities (e.g. fractures) and when the subducted slab
is long enough for slab pull to become efficient.

Coronae: If we define coronae by their circular mor-
phology, we observe in the laboratory two popula-
tions. The first one is created by plume impacts (typ-
ically a few cm across), and is therefore closely asso-
ciated with subduction events. But we can see on
fig.2c that small circular features (~ 2 mm diameter)
are also present. They are due to the gravitational
destabilization of the bottom of the skin.

Plume-induced coronae, subduction and mi-
croplates on Venus ?
These experimental observations strongly resemble a
number of features observed on Venus, including the
association of large coronae with trenches that had
been proposed as subduction zones based on their
similar morphology compared to Earth’s [3,4].

For exemple, Lada Terra is a ~1000 km diameter
topographic rise centered near 65°S, 10°E. The 800
km diameter Quetzelpetlatl Corona (QC) defines the
western margin (fig.3a). The western edge of QC is

defined by a trench and outer rise (fig.3b). The latter
presents also graben and fractures similar to the ex-
tensional features seen in the laboratory (fig.3c).
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Fig.3: Lada Terra region. a) Radar (gray scale) and to-
pography (colour) image. Quetzelpetlatl Coronae includes
a ~180° arc (“QC”). North of it is Kalaipahoa Linea
(““KL”). b) Topography across the outer bulge and trench
along the black profile BB’ in a). ¢) Zoom on the trench
and outer bulge (black square in a)) showing graben and
fractures.

The subsurface density variations inferred from
modeling the gravity and topography data at QC are
compatible with the existence of a slab at depth [5].
Moreover, the presence of an extension zone to the
North (Kalaipahoa Linea) could mark the Northern
edge of a microplate currently subducting at QC.

Besides, evidence for geologically recent volcan-
ism at Quetzelpetlatl [6] suggests that subduction
may be currently active on Venus. Hence Lada Terra
could be an interesting target for high resolution im-
agery and altimetry, as well as interferometry and
spectroscopy, in a future mission such as VERITAS

[71.
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DISTRIBUTION AND DYNAMIC OF PLASMA IN THE
MAGNETOSPHERES OF VENUS AND MARS.

E. Dubinin, Max-Planck-Institute for Solar System Research (dubinin@mps.mpg.de), M. Fraenz, Max-Planck-
Institute for Solar System Research, R. Modolo, LATMOS, Université Versailles Saint Quentin, Guyancourt,
France

General features of plasma characteristics in different
regions of the induced magnetospheres of Venus and
Mars observed by Venus Express, Mars Express and
MAVEN are discussed. There are several important
plasma reservoirs with different mechanisms of
plasma filling and plasma energization. Among them
are the ionosphere, boundary layer at the interface
between the ionosphere and solar wind, plasma sheet,
lobes, ion plume. Dynamics of ions in these regions
is strongly controlled by the solar wind and the IMF
parameters. Multi-ion origin of plasma introduces
additional important features which are important for
ion dynamics and filling of plasma reservoirs. The
existence of crustal magnetic field on Mars modifies
not only the ionosphere but also influences a filling
of more remote plasma reservoirs.



TIDAL CONSTRAINTS ON THE INTERIOR OF VENUS.

C. Dumoulin, Université de Nantes, UMR61 12, Laboratoire de Planétologie et Géodynamique, Nantes, France
(caroline.dumoulin @univ-nantes.fr), G. Tobie, CNRS UMRG6112, Laboratoire de Planétologie et Géodynamique,
Nantes, France, O. Verhoeven, Université de Nantes, UMRG6112, Laboratoire de Planétologie et Géodynamique,
Nantes, France, P. Rosenblatt, Observatoire Royal de Bruxelles, Belgique, N. Rambaux, Université Pierre et Marie
Curie, UPMC Paris 06, Institut de Mécanique Céleste et Calcul des Ephémérides, Paris, France.

As a prospective study for a future exploration of
Venus, we propose to systematically investigate the sig-
nature of the internal structure in the gravity field and
the rotation state of Venus, through the determination of
the moment of inertia and the tidal Love number.

Introduction

Although Venus is very similar in size and mass to the
Earth (and therefore often referred to as its twin sister),
their internal structures might differ in several ways. In-
deed, the lack of plate tectonics as means to expel heat
probably leads to a hotter interior for Venus. As a con-
sequence, Venus’s core should be at least partially, and
maybe entirely, molten. The determination of the tidal
Love number k> from Magellan data by [1] seems indeed
to confirm the presence of a fluid core. However, there
is few data to constrain the core mass : Cosmochemical
models ([2]) suggest core mass fractions between 23.6
and 32.0% implying a mantle mass similar to or greater
than Earth’s. The Venera landers returned a number
of K, U and Th measurements that imply bulk ratios,
and hence internal radiogenic heating rates, comparable
with Earth. As the moment of inertia of the planet is
not known, the first order internal structure depicted for
Venus is often just a scaled version of the Earth’s one.
In addition, the Venus Express Mission measured a vari-
ation in the venusian length-of-day [3] that could bring
information on the interior. However, the rotational
models were not able to explain this large variations [4].

Mantle composition and core state

We test various mantle compositions, core size and den-
sity as well as temperature profiles representative of dif-
ferent scenarios for formation and evolution of Venus.
The mantle density p and seismic vp and vs wavespeeds
are computed in a consistent manner from given tem-
perature and composition using the Perple_X program
[5]. This method computes phase equilibria and uses
the thermodynamics of mantle minerals developped by

[6].

Computation of tidal deformation

The viscoelastic deformation of the planet interior under
the action of periodic tidal forces are computed follow-
ing the method of [7]. The Poisson equation and the
equation of motions are solved for small perturbations
in the frequency domain using a compressible viscoelas-
tic rheology. The Love number ko and the dissipation
function, Q™' are computed by integrating the radial
functions associated with the radial and tangential dis-
placements, the radial and tangential stresses, and the
gravitational potential, as defined by [8]. The deforma-
tion of the liquid core is assumed to be static, and the
simplified formulation of [9] is thus employed.

Love number and moment of inertia

For a variety of interior models of Venus, the Love
number, k2, and moment of inertia factor, I/MR?, are
computed following the method described above. The
objective is to determine the sensitivity of these syn-
thetic results to the internal structure. These synthetic
data are then used to infer the measurement accuracies
required on the time-varying gravitational field and the
rotation state (precession rate, nutation and length of day
variations) to provide useful constraints on the internal
structure.

We show that a better determination of k2, together
with an estimation of the moment of inertia, the radial
displacement, and of the phase shift, if possible, will re-
fine our knowledge on the present-day interior of Venus
(size of the core, mantle temperature, composition and
viscosity). Inferring these quantities from a future ex-
ploration mission will provide essential constraints on
the formation and evolution scenarios of Venus.
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VARIABILITY OF SO, AND HDO AND THERMAL STRUCTURE IN THE
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Introduction:

Since January 2012, we have mapped the SO,
and HDO mixing ratios at the cloudtop of Venus in
the thermal regime, using the Texas Echelon Cross
Echelle Spectrograph (TEXES) at the Infrared Tele-
scope Facility (IRTF). The HDO maps appear ho-
mogeneous over the Venus disk. In contrast, the SO»
maps show strong variations over the disk and on a
time scale as short as two hours. Both molecules
show long-term variations, but without any apparent
correlation between them. In addition, thermal struc-
ture in the lower mesosphere is retrieved from the
analysis of different CO- bands.

Observations:

Five observing runs have been obtained (Jan. & Oct.
2012, Feb. & July 2014, March 2015). We selected
the 1343-1353 cm? (7.4 pm) range, where weak
transitions of CO,, SO, and HDO are present. At
this wavelength, the radiation probes the cloud top at
an altitude of about 63 km. We mapped the SO, and
HDO mixing ratios by making the ratio of these mol-
ecules relative to the CO; line depth [1]. The maps
were achieved by orienting the 8-arcsec slit along the
north-south celestial axis, offsetting to the west off
the planet, and then stepping it by half slit-width
steps east across Venus to the other side. The diame-
ter of Venus ranged from 12 arcsec (July 2014) to 33
arcsec (February 2014), so that several scans taken at
different north/south positions were required to map
the whole planet. The resolving power was 8x10*
[1-4].

Results:

HDO & SO, variability:
Figure 1 shows maps of HDO recorded between Oc-
tober 2012 and March 2015. The maps are globally
uniform, with a drop of intensity by about a factor of
2 in July 2014, observed during two consecutive
days. The mean H,O mixing ratio, assuming a D/H
value of 200 SMOW (Standard Mean Ocean Water)
[5] is about 1.0 +/- 0.5 ppmv, in agreement with pre-
vious ground-based and space measurements [5-8]
Figure 2 shows maps of SO, recorded in July 2014
and March 2015. In contrast with HDO, both sets of
maps show strong spatial variations (as already ob-

served in 2012 [1, 2]). Temporal variations (also
observed in 2012) are noticeable on a time scale of
two hours.
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Figure 1: Maps of the HDO/CO; line depth ratio at
the cloudtop of Venus between October 2012 and
March 2015. A HDO/CO:;, line depth ratio of 1.5

corresponds to a H,O mixing ratio of about 1 ppmv
[2, 3]. A drop of the water content by a factor 2 is

visible in the February 2014 dataset.
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Figure 2: Maps of the SO2/CO., line depth ratio at
the cloudtop of Venus in Jul. 2014 and Mar. 2015. A
SO,/CO; line depth ratio of 0.2 corresponds to a
SO, mixing ratio of about 120 ppbv at the cloudtop

[2].

The SO, mixing ratios are in overall agreement with
other past and recent measurements in the same alti-
tude range [7, 9 — 11]. All studies illustrate the high
spatial and temporal variability of SO,.

Figure 3 shows the long-term variations of the SO,
and H,0 (inferred from HDO) mixing ratios at the
cloudtop, between January 2012 and March 2015.
The HDO curve shows a clear depletion (by a factor



of about 2) in July 2014. The SO, curve is constant
over time, except for a drop by a factor 3 (signifi-
cantly outside the noise level) in February 2014. It is
interesting to note that there is no correlation be-
tween the SO, and H.O curves. In the same way, the
absence of spatial and short-term variations in the
HDO maps illustrate that different processes are at
work in the behaviors of the two species at the
cloudtop. In the case of SO, its short photochemical
lifetime of one day could be somewhat responsible
for its high spatial and short-term variability, but
dynamical and thermodynamical effects probably
contribute in a major way.

3 23 im o

mirng e

5002 mising ot &

Figure 3: Temporal variations of the disk-integrated
SO, and HDO mixing ratios at the cloudtop of Ve-
nus between January 2012 and March 2015. Note

that the time scale in abscissa is not linear.

Thermal structure:

Measuring CO2 transitions of various intensities in
different bands at 7, 10.5, 12.5 and 19 um allows us
to retrieve information about the thermal structure
above the clouds as a function of latitude and local
hour. At high latitudes (around 70 N and S), our data
show the isothermal or inversion layer just above the
cloud associated with the polar collar. This effect is
clearly stronger around the morning terminator (Oct.
2012, Feb. & July 2014) than at the evening termina-
tor (Jan. 2012, March 2015). In addition, data re-
corded in the CO2 hot band at 10.5 pm show at the
limb a non-thermal emission on the dayside, consis-
tent with previous heterodyne spectroscopy observa-
tions at the same wavelength [12]. Figure 4 shows a
map of the temperature at an altitude of 15 km above
the cloudtop, as a function of latitude and local hour,
recorded from the flux measured in the center of a
strong CO2 band at 956.2 cm? (removing the non-
LTE emission at the dayside limb of the planet).
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Figure 4: Left: The weighting function of the Venus

radiance at 956.2 cm™, in the core of a strong CO;

band. Right: Map of the temperature at an altitude
of 15 km above the cloud top.

References:
[1] Encrenaz, T. et al., HDO and SO2 thermal mapping on
Venus: Evidence for strong SO2 variability. Astron. As-
trophys. 534, A153, 2012.
[2] Encrenaz, T. et al., HDO and SO2 thermal mapping on
Venus. Il: The SO2 spatial distribution above and within
the clouds. Astron. Astrophys. 559, A65, 2013.
[3] Encrenaz, T. et al., Imaging spectroscopy of Venus in
the infrared. EPSC, Cascais, September 2014.
[4] Encrenaz, T. et al., Variability of SO2 and HDO at the
cloudtop of Venus from high-resolution infrared spectros-
copy. EPSC, Nantes, September-October 2015.
[5] Fedorova, A. et al. HDO and H20 vertical distributions
and isotopic ratio in the Venus mesosphere by Solar Oc-
cultation at Infrared spectrometer on board Venus Express.
J. Geophys. Res. 113, CitelD E00B22, 2008.
[6] Cottini, V. et al. Water vapor near the cloud tops of
Venus from Venus Express/VIRTIS dayside data. Icarus
217, 561-569. 2012.
[7] Krasnopolsky, V. A. Spatially-resolved high-resolution
spectroscopy of Venus. 2. Variations of HDO, OCS, and
SO: at the cloud tops. Icarus 209, 314-322, 2010.
[8] Matsui, H. et al. Latitudinal distribution of HDO abun-
dance above Venus' clouds by ground-based 2.3 um spec-
troscopy. Icarus 217, 610-614, 2012.
[9] Zasova, L. V. et al. SOz in the middle atmosphere of
Venus: IR Measurements from Venera-15 and comparison
to UV Data. Icarus 105, 92-109, 1993.
[10] Marcq, E. et al. An investigation of the SO2 content
of the venusian mesosphere using SPICAV-UV in nadir
mode. lcarus 211, 58-69, 2011.
[11] Beyaev, D. A. et al. Vertical profiling of SOz and SO
above Venus' clouds by SPICAV/SOIR solar occultations.
Icarus 217, 740-751, 2012.
[12] Sornig, M. et al. Venus’ upper atmospheric dynamical
structure from ground-based observations shortly before
and after Venus’ inferior conjunction 2009. Icarus 225,



828-839.



Review of ASPERA-4 results on Venus—solar wind interaction: After 8 years

operation at Venus

Y. Futaana' (futaana@irf:se), S. Barabash', and ASPERA-4 team.

! Swedish Institute of Space Physics, Kiruna, Sweden

Abstract:

Venus Express (VEX) was launched on 9 No-
vember 2005, and inserted into a highly elliptic polar
orbit of Venus on 11 April 2006. The main focus of
the Venus Express mission is global, long-term and
comprehensive investigations of the surface, atmos-
phere and plasma environment of Venus by means of
remote sensing and in situ measurement. Until its
fuel outage happened on 28 November 2014, VEX
had provided a large amount of valuable data of Ve-
nus.

Analyser of Space Plasma and EneRgetic At-
oms (ASPERA-4) is one of the scientific instruments
onboard VEX. ASPERA-4 measured the plasma and
energetic neutral atom (ENA) in the near-Venus
space [Barabash et al., 2007]. It was operated almost
continuously near the pericenter of the VEX orbit. It
covers the solar wind, the magnetosheath, the in-
duced magnetosphere, the ionosphere, and their
bondaries. In addition, the solar wind close to Venus
(~0.7 AU) had been monitored, which can be uti-
lized to the space environment study of the inner
solar system.

ASPERA-4 was composed of four sensors
measuring ions, electrons, and ENAs. Ion Mass An-
alyzer, IMA, measured the 3-D ion distribution func-
tions (10 eV-36 keV) with modest mass separation.
Electron Spectrometer, ELS, measured electrons (10
eV—-15 keV) with a time resolution of 4 s. With the
scanner, ELS could measure the 3D electron velocity
distribution functions with 32 s. Neutral Particle Im-
ager (NPI) and Neutral Particle Detector (NPD) were
for measuring ENAs. NPI had high angular resolu-
tion (~4.6x11.5°) within a 360° plane, while NPD
had the energy resolution using the time-of-flight
system. All the sensors functioned throughout the
mission without serious problems.

In this presentation, we will overview the scien-
tific outcome obtained from ASPERA-4 after the
eight-year operations. The original scientific goals of
ASPERA-4 [Barabash et al., 2007] are in particular
emphasized:

* How is the Venus atmosphere coupled with the
solar wind?

* How is mass added to and removed from the at-
mosphere?

* What is the structure of the interaction region?

* Could the solar wind interaction have contributed
to the water escape? Is the process the same as for
that from Mars?

e What is the mass composition of the escaping
plasma? To what degree are the outflow processes
mass dependent, and can this explain the Venus loss

of water and greenhouse effect?

* What is the neutral-plasma interaction on Venus?
How does the presence of the neutral gas affect
plasma dynamics?

* What are similarities and differences in the solar
wind interaction with the other terrestrial planets,
Earth and Mars?

In addition, the extended scientific objectives
regarding the solar wind-Venus interaction will be
reviewed as well:

* How does the solar wind interaction depend on the
solar activity?

* How does the Venusian system response to abrupt
phenomena in the solar wind, such as coronal mass
ejection or corotating interaction region?
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Introduction:

The solid/atmosphere coupling on Venus is en-
hanced, compared to Earth case, by the strong air
density at Venus surface. Previous investigations
suggest that 15% of quake energy is lost in Venus at-
mosphere (Lognonné et al., 2010), and that quakes
of magnitude larger than 6.0 may be detected in the
upper atmosphere (Garcia et al., 2005). A Recent re-
port by the Keck Institute for Space Studies investi-
gated various ways of performing atmospheric seis-
mology on Venus (Cutts et al., 2015). This study
continue these investigations in two complementary
directions: simulations of wind shear effects on in-
frasonic wave propagation, and preliminary study of
a balloon payload.

Numerical simulations of infrasound wave
propagation in a windy Venus atmosphere:

The numerical modeling of infrasonic waves is
performed with Finite Differences. The tool is able
to simulate the propagation of acoustic and gravity
waves in the same run for a bottom forcing by sur-
face displacements induced by seismic surface
waves. The effects of 3D variations of static parame-
ters (sound speed, density, pressure Brunt-Vaissala
frequency ...) and vertical variations of horizontal
winds are taken into account. The attenuation of
acoustic and gravity waves in CO2 atmospheres are
also modeled properly by taking into account relax-
ation modes of CO2 molecules. Our study focus
mainly on the effects of attenuation and wind shear
on acoustic wavefronts in realistic atmosphere mod-
els. Acoustic wave propagations are simulated in dif-
ferent regions of Venus atmosphere up to thermo-
sphere layers.

Preliminary design of a balloon payload:

Atmospheric dynamics will impose limitations in the
ability to detect Venus quakes on the surface, from a
balloon or from orbit. Although it might be difficult
to estimate the turbulence level in the Venus atmos-
phere, key contributors of the noise budget, such as
gravity waves, have to be estimated. Ambient noise
establishes both a limit on the size of Venus quakes
that can be detected from both a surface platform
and an atmospheric platform and a potential oppor-
tunity for probing the subsurface in the absence of
quakes using the methods of ambient noise tomogra-

phy.

In order to understand constraints, put by the ambi-

ent seismic noise on Venus and provide key inputs to
the design of an infrasonic experiment using a bal-
loon platform, we have designed a breadboard of a
microbarometer payload, similar to what we intend
to fly on Venus, and that we plan to test on a balloon
in a terrestrial flight, in environmental conditions
similar to the upper atmosphere of Venus (over the
clouds, at about 60 km). This experiment includes
two barometers separated by about 100 m of alti-
tude. This configuration will help us discriminate
seismo-acoustic waves generated by the ground and
propagating upwards from the barometric waves (al-
titude ...) and other waves due to the atmosphere
turbulence.

Conclusion:

Our simulations demonstrate, for realistic Venus
atmosphere models, that the attenuation of infra-
sounds has a limited impact for periods larger than
20s. The wind shear has a strong influence on the
propagation of infrasonic waves. However, the infra-
sonic waves created by seismic surface waves have
an almost vertical propagation. So, this effect is lim-
ited due to a shearing almolst parallel to acoustic
wavefronts. Consequently, the waves observed by
various markers in the upper atmosphere should not
be strongly deformed by horizontal wind shear at a
given altitude. The noise budget of a infrasonic mea-
surement in the Venus atmosphere and the balloon
infrasound sensor project are presented.
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Introduction:

Limb images constructed from VIRTIS-M obser-
vations in the Venus northern hemisphere show that
the O2(*Aq) nightside airglow at 1.27 um frequently
shows localized regions of enhanced emission be-
tween ~95 and 100 km (Figure 1). These structures
are quite different from the global picture obtained
after averaging all nadir observations of the VIRTIS
dataset. These bright spots have been described
based on ground-based [Allen et al., 1992; Crisp et
al., 1996] and VIRTIS-M observations [Gérard et al.,
2014; Soret et al., 2014]. They are characterized by a
horizontal size on the order of 500-1000 km, and
their lifetime is typically one Earth day or less. Simi-
larly, the NO delta and gamma bands, produced by
radiative recombination of O and N atoms, show
latitudinal structures with multiple peaks observed
along the orbital track [Stiepen et al., 2013].
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Figure 1: Limb distribution of the O2(*Ag) nightglow ob-
served at the limb with the VIRTIS-M instrument on board
Venus Express. Multiple bright spots are frequently ob-
served and show morphology variations over 24-hour pe-
riods.

Another unexpected feature of the Venus nightglow
is the difference in latitudinal distribution of

the UV nitric oxide emission near 115 km

and the O2(*Aq) airglow measured during concurrent
nadir observations of the two emissions [Gérard et
al., 2013]. The two emissions appear geographically
separated, probably a consequence of the different
altitudes of the two emissions.

Time dependent model simulations:

In this work, we compare these observations with
the predictions of a two-dimensional model combin-
ing simplified odd oxygen and nitrogen chemistry
with vertical and horizontal transport. It was de-

scribed by Collet et al. [2010]. The horizontal wind
speed is assumed to be constant with altitude. Verti-
cal transport is parameterized by an altitude depend-
ent eddy diffusion coefficient. The coupled nonlinear
system of the partial differential equations describing
the spatio-temporal variations of the minor species is
solved using a finite volume method with a forward
Euler method for the time integration scheme. Nu-
merical time dependent simulations confirm that the
observed airglow brightening may result from a con-
fined increase of the downward flux of O and N at-
oms. In the simulation, the vertical fluxes of the two
constituents are locally increased to simulate a
change in the supply of atoms from the dayside. The
two emissions reach their peak intensity at a different
time and location, which generates delocalization of
the two emissions. This behavior may be explained
by the different altitudes of the emission peak be-
tween NO resulting from two-body O+N recombina-
tion, while O2(*Ag) production is a three-body pro-
cess occurring at lower altitude. The lifetime of these
enhancements depends on the O number density,
which in turn varies with the altitude of the emission
peaks controlled by the magnitude of the downward
flux of O atoms.

Repeated localized increases of the flux of atomic
oxygen through the upper boundary create structures
in the O density and the airglow distribution that are
very reminiscent of the bright spots observed by
VIRTIS (Figure 2). The spots are also predicted, but
are not identical, in the NO airglow distribution, as in
the case for a continuous localized flux increase.

Figure 2: Calculated two-dimensional distribution of the O
density following injection of three blobs of oxygen atoms
centered on x=20 and temporally separated by 28 hours
through the model upper boundary. A constant horizontal
wind is assumed to blow from left to right at a constant
speed of 25 msL.
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Conclusions:

Regions of enhanced airglow intensity has been
consistently observed from the ground and further
documented by the space observations made with the
VIRTIS-M spectral imager. The 2-D model simula-
tions are able to reproduce the lack of spatial correla-
tion observed between the NO and the O airglow
bright spots. Both emissions are enhanced downwind
from the region of atom injection, but their peak
brightening are separated by several degrees, de-
pending on the wind speed. This spatial and temporal
separation is a consequence of the largely different
chemical lifetimes of the O and N atoms. A time
modulation of the supply of atoms produces a series
of bright airglow spots resembling the structure ob-
served by Venus Express at the limb.
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Introduction:

Farewell Fantastic Venus, a science fiction anthol-
ogy edited by Brian Aldiss and Harry Harrison, was
published in 1968 to lament the loss of the primordial
steamy world of the imagination with the harsh reality
discovered in the early space age. After Magellan, Ve-
nus again became a world of the imagination with
competing ideas about resurfacing at a global scale,
disconnected from the constraints of surface geology
by the apparently random distribution of impact cra-
ters. However, recent observations by Venus Express
and a re-evaluation of Magellan data are leading to a
more nuanced understanding of our most Earth-like
neighbour: a geologically complex, diverse and active
planet, but in its own unique way.

Background:

NASA Magellan data show a near random distri-
bution of ~940 impact craters, implying a globally
uniform surface age of ~750 million years [1-3]. Ep-
isodic global resurfacing [4-8] and a proposed global
stratigraphic sequence [9,10] postulate an early rapid
resurfacing followed by a long period of quiescence.
The absence of an asthenosphere in a dry mantle im-
plies a stagnant lid regime [11-14] in which the litho-
spheric lid is coupled to a high viscosity mantle that
convects slowly enough for conductive cooling to be
the dominant heat transport mechanism. Some au-
thors regard this regime as either complementary to
episodic global resurfacing [4,15] or as a change in
the convective regime following the last global resur-
facing event [13].

However, this self-consistent view does not ex-
plain the observed geological complexity. Geological
observations from Magellan data imply a variety of
age relationships and long-term activity [16,17], with
at least some activity into the recent past [18-20].
There is a non-random distribution of topography
(e.g., the highs form semi-linear features) and an as-
sociation between geological features and elevation,
such that the uplands are consistently more deformed
than the lowlands. The distribution of impact craters
is not strictly random either [19,21,22], with recent
observations about the degree of crater alteration [23]
permitting a wider range of possible recent geological
activity [21,24-28].

The distribution of volcanoes is also far from ran-
dom, with a concentration more than twice the global
average in the so-called "BAT" region between Beta,
Atla and Themis. Recent and perhaps continuing vol-
canic activity may have been observed in both Venus
Express [20,29,30] and Magellan [31] data.

Maintenance of the clouds requires a constant in-
put of H,O and SO, [32] which, assuming a saturated
magma source, equates to a modest 0-5 km3 a™. How-
ever, only one volatile-rich pyroclastic deposit has
been detected to date [33], partly because of the diffi-
culty in distinguishing pyroclastic deposits from other
surface materials, but the morphology of most of the
larger volcanoes implies that low volatile eruptions
are the norm. The actual magmatic rate on Venus may
therefore be far higher, perhaps ~10 km? a™*, about
one third of Earth’s [34].

The slow moving dense lower atmosphere of Ve-
nus creates a sedimentary environment similar to the
deep oceans on Earth so that dunes and other aeolian
features are rarely large enough to be visible in Ma-
gellan images. However, even at Magellan resolution
landslides are common on steep slopes, such as rift
systems. The Venera landers imaged partially eroded
lithified clastic sediments [35], sometimes with what
appear to be ripples. In places these are fractured into
plates and cobbles with accumulations of fine grained
sediment [36] in the lows between. Active aeolian
transport may be common [37] and is demonstrated
by the removal of fine sand sized sediment from the
lander ring of Venera 13 over a period of about an
hour [38].

Almost nothing is known about the internal prop-
erties of Venus: it is less dense than an Earth of the
same mass, but its moment of inertia is unknown.
Cosmochemical models [39] predict a core mass frac-
tions between 23-6 and 32-0%—hence its mantle
might actually be thicker than Earth’s—and its k,
Love number implies that it is at least partly liquid
[40].

A Complex System:

Even the plains of Venus host a variety of geolog-
ical features at all scales, a complexity that is in stark
contrast to the uniform surface age inferred from the
distribution of impact craters. Simple end-member
models of catastrophic versus equilibrium resurfacing
may be helpful at a global scale but are incapable of
predicting the observed complexity. The highland
plateaux have long been recognised as a distinctive
unit, perhaps equivalent to continental crust, but the
Venus crust and lithosphere appear to be globally het-
erogeneous. Subcrustal lid rejuvenation [41] goes
part-way to explaining why subduction occurs in
some places [42,43] but inversion in others [44], and
elsewhere obduction [18], by noting that a weak lower
crust detachment will form under temperature gradi-
ents of more than ~20 mW m™2, leading to significant



changes in the rate and scale of geological activity
with temperature and hence, location. While an im-
provement on simpler models, it does not predict the
range and variety of small-scale features observed, or
the observed distribution of impact craters.

That the lowlands also appear more similar to ter-
restrial continents than to ocean basins, in terms of
their geological structures, need not be surprising. In
both cases, the crust is buoyant, weak and heteroge-
neous [45], leading to smaller structural block sizes,
wider deformation belts, and a greater sensitivity to
geological history. Stresses are transmitted along
fractures rather than through intact crust, leading to a
structural block regime controlled by strike-slip
movements [16,46-48] driving diffuse collisional or
extensional crumple zones between adjacent blocks.

The scale of structural blocks, ~1000 km across,
with 100—200 km wide deformation boundary zones,
is intriguingly similar to the average crater spacing of
~800 km. Craters impacting onto the active boundary
crumple zone will be unrecognisable in a relatively
short time compared with craters impacting onto the
interior of a structural block, where craters are infilled
and erased only relatively slowly [23]. Hence both the
distribution of impact craters and the number of mod-
ified craters is explicable if the impact rate is similar
to the rate of burial in block interiors.

Geochemical Cycles:

The rate of crater floor infilling and the obscura-
tion of lava flow boundaries constrains the block inte-
rior resurfacing rate to between 0-1 and 1-0 mm a2,
based on a mean surface age of 750 Ma. This brackets
the global marine sedimentation rate but is >10°
higher than previous estimates and surprising given
the paucity of sedimentary features in Magellan im-
ages. Rapid lithification can reconcile these con-
trasting observations: reprocessed Magellan data in-
dicate that sedimentary rocks (i.e. lithified sediments)
cover almost half the Venus surface, primarily in the
plains. The main sediment sources appear to be up-
land erosion and the mass wasting of steep slopes,
from which sand-sized granular material may be
transported globally and deposited across the plains,
to be lithified into thinly layered clastic rocks. It may
be helpful to consider the supercritical fluid Venus
lower atmosphere as an oceanic system in which sed-
imentary processes play an important part in geo-
chemical cycles, particularly in acting as a sink for
volcanogenic SO».

Conclusions:

Venus is the most Earth-like planet in the solar
system, yet its geology has rarely been a constraining
factor in understanding the planet, which has been
dominated by the apparently random distribution of
impact craters. That perception is changing and Venus
is becoming recognised as being far more complex
than our ideas have been to date. However, under-
standing that complexity, and why Venus evolved so

differently to Earth, requires new observations at high
resolution and over an extended period of time to con-
strain geological relationships and rates of activity.
EnVision, a proposed ESA M-class mission, is de-
signed to obtain these measurements and transform
our understanding of our nearest neighbour.
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Introduction:

In geological terms, Venus is the most Earth-like
planet in the Solar System. Mars may have had a past
environment favourable for life but at one tenth the
mass, it was unable to sustain its early benign envi-
ronment. Being so similar to Earth, Venus may also
have had a habitable past, possibly even sustaining a
living biosphere. Why has it not turned out more like
Earth? The key question for Venus surface science is
how active is the planet? The next stage of exploration
must therefore focus on its geology and geochemical
cycles, seeking evidence for present and past activity.
With its unparalleled radar, IR and UV instruments
based on a long European heritage in change detection
and monitoring, EnVision will revolutionise our un-
derstanding of Venus and enable us to understand
why our closest neighbour is so different.

Background:

ESA’s M5 call, expected in April 2016, is a more
conventional Medium-class mission call than M4.
Cost-at-Completion is expected to be more restrictive
than either Euclid (M2) or Plato (M3) but higher than
M4. A nominal 2029/2030 launch date on Ariane 6.2
removes the mass/volume constraints of Soyuz, re-
sulting in truly cost-limited design. The Envision pro-
posal being developed for M5 is therefore different in
several key aspects compared to that proposed for M4,
while addressing the same science themes. Here we
explore the implications of these constraints and op-
portunities for EnVision at M5.

Science Observations:

What lessons can be learned from Venus about the
life story of terrestrial planets in general, in this era of
discovery of Earth-like exoplanets? Were the radi-
cally different evolutionary paths of Earth and Venus
driven solely by distance from the Sun, or do internal
dynamics, geological activity, volcanic outgassing
and weathering also play an important part? ESA’s
Venus Express answered many questions about our
nearest planetary neighbour and discovered tantalis-
ing hints of current volcanic activity including a ten-
fold change in mesospheric SO, anomalously dark
lava surrounding volcanoes, and surface temperature
changes that all point towards activity which had not
been expected from NASA’s Magellan mission of the
early 1990s. That mission showed that Venus has

abundant volcanic and tectonic features but did not
have the resolution or technology necessary to detect
geological activity. The core goal of EnVision is to
detect activity and measure rates of change on Venus,
including geological and geochemical cycles involv-
ing the interior, surface and atmosphere. Many natural
phenomena follow the Pareto relationship [1]; re-
cently [2] showed that the rate of volcanic activity can
be very well constrained by observations at one in ten
volcanoes on Venus. Hence rather than aiming for
global coverage, the mission will repeatedly observe
specific targets with the widest possible range of
measurements to fully characterise these areas, in ef-
fect trading quantity for quality to maximize the sci-
ence return. EnVision will observe >20% of the sur-
face with all instruments, exceeding the Pareto thresh-
old, and will obtain gravity and emissivity data glob-
ally. Core science measurements are:
Surface change: <+1cmatat <35 m spatial
Geomorphology: multipolar images at <35 m spatial
topography at <35 m vertical, <350 m spatial
High-resolution mapping: <10 m spatial
Spotlight (50 km? areas): ~1 m spatial
Subsurface: 50 m vertical, <1 km spatial
0.8-1.2 um thermal emission: sin >100, 50 km spatial
SO7: +1% at <300 km spatial and 30-40 km altitude
H,0: < £10% at <300 km spatial and <15 altitude
D/H: < £10% at <300 km spatial and <15 altitude
Gravity:  Spherical harmonic degree and order >90
Spin rate: < +1078 (1 minute in one Venus day)
Spin axis: < +0-001° in RA and Dec
Spin axis: < +0-001° in RA and Dec

Instruments:

The instrument suite for M5 is under review but
will likely comprise the same three instruments as at
M4: VenSAR, VEM and SRS.

VenSAR. The largest payload instrument is a
phased array S-band radar, developed from the UK’s
low-cost NovaSAR-S instrument, with ERS,
ENVISAT and Sentinel-1 heritage, optimized for Ve-
nus, and essentially unchanged from the instrument
proposed at M4. Use of spacecraft pointing for side-
looking, instead of a fixed slant, simplifies the obser-
vation strategy (Fig 1) to three pairs of ~9 minutes/or-
bit (~36° latitude, ~3800 km) pass-to-pass In-SAR
swaths (or opposite-look swaths after Cycle 1), two
~9 minutes/orbit multipolar (HH-HV-VV) swath at



lower incidence angle for stereo mapping, two ~3
minutes/orbit (~12° latitude, ~1300 km) high resolu-
tion swath and either one or two S-band emissivity
swaths per day.

INSAR swaths are contiguous to meet the repeat-
pass requirement while gaps in the StereoPolSAR,
HiRes and emissivity are filled in during later passes,
providing a full suite of data for specific targets total-
ing ~25% of the surface. ~1 m resolution sliding spot-
light images, each ~50 km? in area, will also be ob-
tained at the Venera landing sites and other loca-tions
identified during the mission. In addition, INSAR will
be acquired along a narrow equatorial strip and across
the North Pole to measure variability in the spin rate
and axis.

3001km
Orbits ABCDEFGHI JKLMNOP SAR Modes

250" TN TN \ """ StereoPolISAR
2001 VEM WY P2P InSAR

i SRS i HiRes
150+
1001 \
50
0

Fig. 1 Example 24-hour observation strategy. Or-
bits AB, GH, and LM: InSARs; orbits I, N: StereoPol-
SAR; orbits K, P: HiRes; and orbits J, O: S-band
emissivity. VEM and SRS are obtained in each of
these orbits. Orbits CDEF have the HGA pointed to
Earth for the 6-hour communications link, during
which no science operations are planned.

VEM. The Venus Emissivity Mapper suite com-
prises two UV and IR spectrometer channels in addi-
tion to the VEM-M IR mapping. VEM-M global IR-
mapper [3] incorporates lessons learned from
VEX/VIRTIS: band-center and width-scatter are ~5 x
more stable, with decreased scattered light and im-
proved sensitivity; a filter array provides wavelength
stability and maximizes signal to the focal plane array
(FPA). VEM-H is high-resolution, nadir-pointing, in-
frared spectrometer, the ideal instrument to enable
characterization of volcanic plumes released from the
surface of Venus by observing SO,, H20 and HDO
through the 1 pum, 1.7 um, and 2-2.3 pm atmospheric
windows. Specifically, VEM-H is a redesign of the
LNO (Limb, Nadir and Occultation) channel of
NOMAD, retaining much heritage from the original
with minor modifications to meet the science objec-
tives of the M5 EnVision mission. The third channel,
VEM-UV is an upper-atmosphere UV spectrometer
dedicated to global SO, & sulfur cycles.

SRS. The Subsurface Radar Sounder will image
faults, stratigraphy and weathering in the upper
~100 m of the areas mapped by VenSAR, to identify
structural relationships and geological history.

Operations:

EnVision M5 has a simplified mechanical design
to one with a fixed SAR and HGA, with an AOCS
capable of several changes in space-craft pointing
during each 90-minute orbit. These principally allow
for radiator, power generation, communications, and
the 15-minute science operation modes. Daily Earth-
pointing communications occur in 6 hour blocks, oc-
cupying 4 of the 15% orbits in every 24 hours, during
which science operations are suspended.

The 3-m body-fixed HGA achieves a link rate suf-
ficient for continuous INSAR and for StereoPolSAR
and HiRes during closest approach (Fig 2) across
~25% of the surface, for a total of 336 Thits in the
nominal mission.
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Fig. 2 Graph illustrating possible science obser-
vations and data return. Blue shades are InSAR;
green is multipolar stereo SAR; orange is high reso-
lution mapping. Data storage is in red and return in
pink. Blue line is the achievable data rate (inversely
proportional to Earth-Venus distance), vertical grey
lines are Venus rotational cycles.

Summary:

EnVision achieves its science goals within the M5
constraints by focusing on ~25% of the surface with a
comprehensive suite of observations, sufficient to
identify types and rates of geological activity and
characterise its geochemical cycles. The opportunity
for the science community is to help de-fine these ar-
eas and maximize the value of the science data return.
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IMPACT OF A NON-OROGRAPHIC GRAVITY WAVES PARAMETERIZA-
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Introduction

An improved version of the Venus GCM developed
at Laboratoire de Meteorologie Dynamique (LMD) is cur-
rently operational from the surface up to 150 km [1]. The
LMD-VGCM has been used to study the role of thermal
tides and other waves in the superrotation of Venus at-
mosphere and to interpret recent temperature and winds
measurements by Venus Express (VEx) up to 100 km
[2, 3],[see also Lebonnois et al. this issue]. The lat-
est improvements in [1] take into account physical pro-
cesses relevant to the upper mesosphere/lower thermo-
sphere of Venus, following the work done for the Martian
GCM [4]. In addition, this version is fully coupled with
the photochemical model developed at Laboratoire Atmo-
spheres, Milieux, Observations Spatiales (LATMOS) [5] for
the first time up to the thermosphere. This ground-to-
thermosphere model provides self-consistently 3D fields
of temperature, wind and composition and contribute to
a better understanding of atmospheric layers above 100
km.

Results in [1] focused on the thermal structure and
show a qualitative good agreement with recent measure-
ments by VEx. However, zonal winds are too strong
and produce intense equatorial jets and vertical trans-
port from the low to the upper mesosphere, particularly
before the morning terminator, causing data-model dis-
crepancies. In order to reduce those instabilities and
improve the comparison, a preliminary gravity waves
(GW) parametrization was implemented in the LMD-
VGCM [1], following the formalism developed for the
Earth GCM described in [6]. The source of GWs is still
unknown and their main features poorly constrained, al-
though the presence of GWs in the atmosphere of Venus
has been confirmed by several measurements.

The goal of this work is twofold: first to improve
the GW parameterization in the VGCM by analyzing
the impact of the parameters’ uncertainties in the model
results, secondly to help interpreting the large variability
observed in the upper atmosphere of Venus.

Non-orographic GW parameterization in the LMD-
VGCM

Gravity waves are believed to play a major role in Venus
upper atmosphere dynamics and commonly invoked in
the literature to explain density, temperature and cloud
structure variations. Supposed to be generated above the
thick convective layer, in the middle cloud region (50-60
km), GWs propagate upwards and break in the thermo-
sphere, providing a significant source of momentum and
energy. Several general circulation models investigated
the effect of gravity waves on the variation of winds ve-
locity in the Venusian lower thermosphere. [7] assumed
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Figure 1: Latitude-local time cross section of temperature av-
erage fields, after 3 Vd (a) and 10 Vd (b), corresponding to
runs without and with the GW parameterization, respectively.
Pressure level is 1 Pa (105 km approximately).Wind vectors
(in m/s) are over-plotted.

Rayleigh friction and suggested that wave drag would
decelerate the subsolar-to-antisolar (SS-AS) winds in the
thermosphere. In [8], the authors suggested that gravity
waves did not propagate above an altitude of about 115
km at the terminator, because of total internal reflection.
In this work we follow the formalism described in [6]
based on a stochastic approach, where a large ensem-
ble of monochromatic GW is generated just above the
convective layer by launching a few waves at each time
step, and by adding the effect of these waves to that of the
waves launched before. The source of the GW is here
chosen uniform, without latitudinal variation, and fixed
at roughly 55 km, near the top of the modelled convec-
tive layer. The frequency, horizontal wave numbers and
the relative phase velocity amplitude of each wave are
chosen randomly, with an arbitrarily fixed probability
distribution.
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Impact on temperature and general circulation

Two examples of the effect of the implementation of the
GW parametrization in the VGCM are shown in Fig-
ures 1 and 2. Maps of simulated temperatures after 3
Venus days (Vd) and 10 Vd in Figure 1 correspond to
simulations without and with GWs, respectively. Strong
equatorial jets and upward flux produce colder tempera-
tures between 2-5 LT but they are noticeably reduced by
the GWs propagation in the upper atmosphere. In other
words, GWs drag on the zonal winds in the equatorial
region and delay the formation of a complex dynamical
structure, that is probably linked to the angular momen-
tum transport by the thermal tides, or planetary-scale
waves propagation from the lower to the upper meso-
sphere.
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Figure 2: Night-time atomic Oxygen vmr maps at 1 Pa (ap-
prox. 105 km) by the VGCM. Top panel: without GWs (after
3 Vd). Bottom panels: with GWs (after 10 Vd) using differ-
ent wave phase velocity values (see text). Temperature fields
contours are shown in black.The centre of each map is approx-
imately the anti-solar point.

GW runl (10vd)

Figure 2 shows the variation of atomic oxygen dis-

tribution (in vmr) at nighttime predicted by the model,
tuning the GWs parameters. The pressure level of the
maps is 1 Pa (about 105 km), near the observed intensity
peak of O. The simulation on the top obtained with-
out GWs (after 3 Vd), is compared with two runs (after
10 Vd) performed including the GWs parameterization
scheme. In Runl (bottom left) the maximum value of
the relative phase velocity is fixed to 60 m/s, in Run2
(bottom right) it is 110 m/s.
As shown in Figure 2, after the GWs implementation,
the O density bulge is closer to the anti-solar point, as
expected by a dominant SS-AS circulation. At the same
time, our model shows O abundance spots at middle-
high latitudes, as also observed by VEx [11], but not yet
predicted by current 3D thermospheric models [10].

Does the LMD-VGCM reproduce the observed vari-
ability?

The large variability of the zonal winds, in the region

between 90 and 120 km is usually attributed to the chang-
ing nature of the GW breaking. A proper fine-tuning of

unconstrained GW features is essential to reproduce the
observed values. This work indicates that our GCM is
potentially able to reproduce latitudinal and time varia-
tions produced by small-scale dynamical process, as ob-
served in the upper atmosphere of Venus by VEx [9, 11],
but not yet explained by current GCMs.

Future work is ongoing at LMD to develop a mesoscale
model for the VGCM (see Lefevre et al. this issue), based
on the same physics as the GCM. This will also allow a
better constraint of the GW parameterization and to take
into account the variation of the distribution, amplitude
and intensity of the gravity waves.
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LARGE IMPACTS ON VENUS: EFFECTS ON LONG TERM EVOLUTION.
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Introduction:

Recently, perception of the importance of interac-
tions between interior and exterior has led to better
understanding of the evolution of planets [1, 2, 3].
Our main interest is to understand how different parts
of a terrestrial planet interact and how different
mechanisms contribute to changes in long term evo-
lution. Here, in particular, we investigate how the
coupled evolution of Venus’ atmosphere and mantle
is modified by large impacts. Due to its characteris-
tics and dense atmosphere, Venus is a perfect place
to test models. Additionally, its solid part could still
be active [4, 5]. We focus on volatile fluxes in and
out of the atmosphere: atmospheric escape and de-
gassing. We link those processes into a coupled
model of mantle convection and atmospheric evolu-
tion. Feedback of the atmosphere on the mantle is
included via surface temperature. As large impacts
are capable of contributing to atmospheric escape,
volatile replenishment and energy transfer, we esti-
mate their effects on the evolution of VVenus.

Model:

The model can be separated into four different
parts.
i

External Mechanisins \ Internal

r—* Space Processes
Upper
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Figure 1: basic layout of the model.

(i) Internal processes are dependent on mantle
dynamics. We use a variation of the StagYY code
designed for Venus [6]. Physical are depth-
dependent. The phase transitions in the olivine sys-
tem and in the pyroxene-garnet system are included.
The assumed rheology is Newtonian diffusion creep
plus plastic yielding. Degassing is calculated when
melting occurs and we use a wide range of possible
lava compositions (10-300 ppm for water, 5-
5000ppm for CO2).

(if) Atmospheric escape modeling involves two
different aspects: hydrodynamic escape (0-500 Myr)
and non-thermal escape mechanisms (dominant post
4 Ga). Hydrodynamic escape is the massive outflow
of light volatiles into space occurring when the solar
energy input (Extreme UV and solar wind) is strong.
Post 4 Ga escape from non-thermal processes is
comparatively low. It is also powered mainly by
EUV. Mechanisms include sputtering, ion pick-up,
plasma clouds and dissociative recombination. Con-
straints include present-day measurements by the
ASPERA instrument and recent numerical simula-
tions.

(iii) Surface conditions are calculated from the
greenhouse effect of main gases from the atmos-
phere: water and CO2. We use a one-dimensional
radiative-convective grey atmosphere model modi-
fied from [1]. Surface temperature is thus calculated
and used in the mantle convection model as a bound-
ary condition.

(iv) Impacts can bring volatiles and erode the at-
mosphere. Mantle dynamics are modified by the
large amount of energy brought to the mantle. A
thermal anomaly created by the impact is used and
can lead to melting. Volatile evolution due to im-
pacts is heavily debated so we test a broad range of
impactor parameters (size, velocity, timing) and test
different impact erosion factors.

Results:

General evolution: We are able to produce mod-
els leading to present-day-like conditions through
episodic volcanic activity consistent with Venus ob-
servations (eruption rates, present-day state, possible
resurfacing events).
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Figure 2: Evolution of the coupled model and ev-
idence of feedbacks between mantle and atmosphere.
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Changes in water vapor partial pressure lead to
variations in surface temperatures of up to 200 K
during, which have been identified to have an effect
on volcanic activity. We note a clear correlation be-
tween low temperature and mobile lid regime.

Impacts: Small (0-50 km) meteorites have a neg-
ligible effect on the global scale: they only affect the
impact point and do not have lasting consequences
on surface conditions or the mantle of Venus. Medi-
um ones (50-150 km) have strong short term influ-
ence through volatile degassing due to the melting of
the solid parts of the bodies. Only larger impactors
(300+ km) have lasting effects on the planet, though.
In all cases, however, atmospheric erosion appears to
be mitigated by volatiles brought by the collision.
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Figure 3: Long term evolution of Venus with a

400 km impact 3.5 Ga ago.

The main consequences of impacts are directly
linked to the melting they generate, and their action
on volatiles. Indeed, large impacts inject enough
energy into the system to allow massive immediate
degassing. This can lead to an increase in surface
temperature in the order of 200 K before factoring
the volatiles brought by the impactor (between 0.1
and 10 times the volcanic degassing from the planet,
depending on the parameters used).

Additionally, the disrupting effect of the impact
has numerous other consequences on the mantle con-
vection regime. It removes pre-existing crust and can
lead to the emplacement of new crust in specific lo-
cations (near the impact location). It also induces a
lateral motion of the upper mantle away from the
impact due to the physics of the thermal anomaly that
is positively buoyant in the mantle, generating high
strain in that region. The global dynamics can be

affected with the creation of a short term mantle
plume under the impact point and a large down-
welling at the antipodal position.

We also identified that a key-factor for the long
term evolution was the timing of the impact.

Early impacts can deplete much of the initial vol-
atile content of the mantle due to the massive early
melting they cause. This allows primordial volatiles
to be lost to space during the intense early escape
phase, removing them from the system. It also leads
to low later degassing if the mantle is not replenished
(subduction) and to a dryer planet with a somewhat
thinner atmosphere.
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Figure 4: Degassing and volatile depletion conse-
guences for an early impact.

On the other hand, later impacts, when they occur
during an era when the atmospheric escape is less
intense, can counteract the effect of atmospheric loss
by releasing volatile into the atmosphere at a larger
rate than volcanism in a single event. The resulting
high surface temperatures affect directly mantle con-
vection pattern and can prevent mobile lid regime
from initiating, with profound consequences for vola-
tile exchanges and mantle evolution.
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Introduction: Tessera terrain consistently ap-
pears locally and perhaps even globally [1] as the
stratigraphically oldest material on Venus which has
an average surface crater age of ~300 [2] to ~800 Ma
[3]. The composition, detailed morphology and geo-
logic history of tessera terrain are currently unknown
[e.g., 2, 5]; improved measurements of these parame-
ters would critically constrain Venus geochemistry,
geodynamics and the history of water on the planet.

Because of our ignorance, the Venus community
tends to discuss the 35 million km® [1] of tessera
terrain as if it is all the same material with the same
age. However, multiple morphological and compo-
sitional terrains and contacts are suggested by the
analyses of Magellan data [1, 4, 20] and VIRTIS
data [5]. Missions proposed as part of the Discovery
[e.g., Smrekar et al. and Glaze et al., submitted to
LPSC 2016] and New Frontiers Programs offer the
opportunity to make new measurements about tes-
sera terrain at higher resolution, forcing us to consid-
er how to find the rocks that are most likely to repre-
sent original tessera materials. The identification of
such pristine tessera targets is key to the interpreta-
tion of any improved 1 micron emissivity, radar or
altimetry data collected of the surface as well as for
the interpretation of optical imagery collected from
probes or balloons. Better knowledge of tessera
provenance also enables geochemical and mineralog-
ical measurements of tessera composition from sur-
face landers.

Which material should we avoid to measure
pristine tesserae terrain?

High Reflectivity Mountaintops. Materials at el-
evations >~6054 km have high radar reflectivity
values, interpreted to result from an increase in the
dielectric constant of the rocks [e.g., 6]. Most models
agree that the materials are formed via a surface-
atmosphere chemical reaction at the lower tempera-
tures at these elevations [e.g., 7, 8]. The chemistry
and extent of these reactions are poorly constrained.
I would argue that these materials should be avoided
if we want to directly measure primary tes-
sera compositions, although tessera composition may
be inferable if the near-surface atmosphere is well
constrained.

Crater Parabolas. Campbell et al. [9] recog-
nized parabolic deposits associated with some craters
and interpreted to be crater ejecta entrained and re-
deposited westward by the upper level winds. For

plains craters, this ejecta is nominally basaltic and
may distribute cm-thick deposits of materials 100s -
1000 km away from the crater [9]. Observations of
some parabolas in multipolarized Arecibo data show
that the parabola deposites may extend further than
what is visible in Magellan data and may persist in
topographic hollows [10]. There are ~60 craters
with parabolas recognized in Magellan [9, 11]. Ob-
servations of multiple parabola degradation states
and the youthful appearance of parabola cra-
ters support the idea that the parabolas are young
and ephemeral features, meaning that all craters
above a certain diameter likely generated parabola
deposits [e.g., 9, 12]. Certainly tesserae have re-
ceived such aeolian deposits over the course of their
lifetime. However, it is not clear that these deposits
prohibit access to tessera rocks. Large (~10 km
scale) mass movements are observed to occur on
steep slopes along Venus chasmata [13] and we
would expect the mass movements occur on steep
slopes within tesserae as well. As on Earth, fresh
extensional fault scarps are predicted to lie at 60-70°
slopes, however, processes of mechanical weathering
will serve to reduce these slopes to the angle of re-
pose (~35°) on both planets. Measurements of 170
faults across Venus using radargrammetry yield an
average slope of 36+2° [14] consistent with mass
wasting along these faults. As weathering on Venus
is largely limited to mass wasting, tessera surfaces
similar to scree slopes in arid regions on Earth are
expected, where submeter scale rocks form talus
deposits of tessera rocks at the angle of repose. If the
talus formation rate > the aeolian deposition rate,
tesserae rocks should be readily available and widely
distributed at the surface below these faults. In this
case, one might target tessera regions with pervasive
fractures and graben (e.g., Fortuna tessera) — a typi-
cal region in central Ovda Regio shows graben
slopes comprise only 1% of the area. SAR radar-
grammetry data (~2 km spatial resolution) [15],
show average kilometer scale slopes in a typical re-
gion in central Ovda Regio tessera terrain are ~5-10°
and areas with slopes >10° are limited (0-5% of the
region). High resolution image data are necessary to
help constrain the nature of tessera weathering and
deformation style.

Obducted and assembled materials. There are
several examples of tessera boundaries where there
is clear evidence that plains materials are being de-
formed, uplifted and incorporated onto older regions
of tesserae. Prominent examples are W. Alpha Re-



gio [4], SW Tellus Regio [16], and N. Ovda Regio
[17]. Tellus and Ovda Regio also show evidence of
assembly of regions of tessera with distinct structural
fabrics [16, 18, 19]. These pieces can be placed in
stratigraphic context, for example central Tellus Re-
gio is deformed by and thus predates SW Tellus.
There is also recognition of contacts within tessera
terrain between materials with different structural
fabrics and between older fabrics and plains materi-
als that are subsequently deformed [e.g., 20, 21].
With higher resolution imagery and compositional
data, such regions may provide a stratigraphic
framework for geomorphic and material units.

Plains materials and flooding. North-central
Tellus lies at very low elevations and is thoroughly
flooded by plains. Several coronae intersect Ovda
Regio. The structural fabric of Phoebe tessera
is unlike all other major tessera occurrences in that
is dominated by extensional structures [1] and may
not be representative of the general characteristics of
the terrain. These areas should be avoided.

Which rocks should we target to measure pris-
tine tesserae terrain?

Tessera Craters. Gilmore et al. [22] conserva-
tively recognized 80 craters on tessera terrain. Tes-
sera craters of course will excavate and redistribute
tessera materials from depth over large regions. We
may identify the freshest of these craters via bright
floors and preserved impact melt. Such candidates

include crater Khatun in E. Tellus.

Summary. The qualitative analysis presented
here suggests that the most unadulterated tessera
surfaces can be found in W-Central Alpha, Tellus,
central W. Ovda, eastern Fortuna, Meshkenet and N.
of Thetis (Figure 1).
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Fig. 1. Map of Venus, tesserae outlined in yellow. Black: Magellan reflectivity >0.7; Dark Blue: Elevations
>6054 km; Orange: visible crater parabolas [9, 14] from craters on plains that intersect tesserae; Pink:
Modeled crater parabolas that intersect tesserae [23] assuming all craters >11km once had a parabola
(conservative model); Bright Blue: Tessera craters [22] may excavate fresh tessera materials. Relatively
pristine tesserae materials may be found in regions that avoid parabolas and high reflectivity/elevation
and coincide with tessera craters and include regions in Alpha, Tellus, W. Ovda, W. Fortuna, Meshkenet

and N. of Thetis
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Introduction: Venus formed in the same part of
our solar system, apparently from similar materials,
as Earth. Although both planets are about the same
size, their differences are profound. Venus and Earth
experienced vastly different evolutionary pathways
resulting in unexplained differences in atmospheric
composition and dynamics, as well as in geophysical
processes of the planetary surfaces and interiors.
Understanding when and why the evolutionary
pathways of Venus and Earth diverged is key to un-
derstanding how terrestrial planets form and how
their atmospheres and surfaces evolve. The proposed
Deep Atmosphere Venus Investigation of Noble gas-
es, Chemistry, and Imaging (DAVINCI) mission will
provide these missing puzzle pieces needed to under-
stand terrestrial planet formation and evolution in the
solar system and beyond.

Mission Concept: DAVINCI is one of five Dis-
covery-class missions selected by NASA for Phase
A studies. Launching in November 2021 and arriv-
ing at Venus in June of 2023, DAVINCI would be
the first U.S. entry probe to target Venus’ atmos-
phere in 45 years. DAVINCI is designed to study the
chemical and isotopic composition of Venus’ atmos-
phere at a level of detail that has not been possible
on earlier missions and to image the surface at opti-
cal wavelengths and process-relevant scales. The
three major DAVINCI science objectives are:

e Atmospheric origin and evolution: Understand
the origin of the Venus atmosphere, how it has
evolved, and how and why it is different from
the atmospheres of Earth and Mars.

e Atmospheric composition and surface interac-
tion: Understand the history of water on Venus
and the chemical processes at work in the lower
atmosphere.

o Surface properties: Provide insights into tecton-
ic, volcanic, and weathering history of a typical
tessera terrain.

The DAVINCI probe will make in situ measure-
ments during a one-hour descent through the Venus
atmosphere. The mission is tightly focused on an-
swering fundamental questions that have been
ranked as high priority by the last two National Re-
search Council (NRC) Planetary Decadal Surveys
[1-3] as well as by the Venus Exploration Analysis
Group (VEXAG) since the time of its inception in
2005 [4]. For example, DAVINCI will make meas-
urements of the heaviest noble gases, including dra-
matic improvements in quantifying krypton abun-
dance and the first ever measurements of xenon, as
well as precise isotopic measurements [S]. These
definitive measurements, which will be made well
below the homopause to avoid any uncertainties, are
sufficient to answer questions as framed by the NRC
Planetary Decadal Survey and VEXAG, without the
need to repeat them in New Frontiers or other future
missions. The relative abundances of these inert gas-
es, together with high precision measurements of the
isotopes of argon, nitrogen, sulfur and carbon pro-
vide critical insight into the origin of Venus’ atmos-
phere as well as clues regarding the role of large
impacts in its atmospheric evolution.




DAVINCI will make definitive measurements of
hydrogen isotopes that can be used to constrain when
and at what rates Venus lost its putative early water
oceans. DAVINCI will also make the first-ever in
situ trace gas composition measurements within 12
km of the surface (the altitude at which commercial
airlines cruise on Earth) where 2/3 of the Venus at-
mospheric mass resides. These observations will be
very useful to future orbiting missions that need to
characterize the deep atmosphere in order to quanti-
tatively interpret infrared emissivity observations.
The measured composition of chemically active gas-
es will provide information about chemical processes
in the sub-cloud atmosphere, the oxidation state of
the atmosphere, and the degree of equilibration
among gases in the vicinity of the surface. This nev-
er before obtained information regarding the compo-
sition of the near-surface Venus atmosphere will lead
to new evaluations of stability of minerals and im-
proved understanding of pathways for chemical
weathering of the surface.

Finally, DAVINCI will return the first-ever high
spatial resolution optical images of the enigmatic
highland regions known as tessera terrain that may
be analogous to remnant continents. Existing Magel-
lan radar and topography, combined with Venus Ex-
press emissivity results are more than adequate for
identifying an appropriate DAVINCI descent loca-
tion. The carrier spacecraft receives all data during
descent and relays those data back to Earth without
requiring the presence of additional Venus-orbiting
spacecraft.

Payload: DAVINCI builds on the tremendous
success of the Mars Science Laboratory Sample
Analysis at Mars (MSL/SAM) suite carried on the
Curiosity rover [6-13], by pairing the Venus Mass
Spectrometer (VMS) led by NASA’s Goddard Space
Flight Center with the Venus Tunable Laser Spec-
trometer (VTLS) led by the Jet Propulsion Laborato-
ry. Combined, these two instruments provide the first
comprehensive measurements of noble and trace gas
species, as well as key elemental isotopes.

These two state-of-the art instruments are com-
plemented by the Venus Atmospheric Structure In-
vestigation (VASI), which provides measurements of
the structure and dynamics of the Venus atmosphere
during entry and descent as context for the chemistry
measurements, and enables reconstruction of the
descent profile.

High-contrast descent imaging of the tessera ter-
rain is enabled by the Venus Descent Imager (Ven-
DI), provided by Malin Space Science Systems
based on a design that leverages experience with the
Curiosity Rover’s Mastcam and MARDI descent
video imaging systems.

MSL/SAM QMS
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OXYGEN NIGHTSIDE AIRGLOW ON VENUS

IN RELATION TO

ATMOSPHERIC DYNAMICS BASED ON VIRTIS-M OBSERVATIONS

D. Gorinov, L.Zasova, Space Research Institute (IKI), Moscow, Russia (gorinov-dmitry@yandex.ru)

Introduction:

Atmospheric oxygen O2(a*Ag) on Venus forms on
the dayside in high altitudes and emits on the 1.27
um wavelength on the nightside, thus being an im-
portant indicator of the day-night circulation of the
atmosphere.

This work studies the distribution of the O,
nightside airglow using both nadir (southern hemi-
sphere) and limb (northern hemisphere) measure-
ments made by the M-channel of VIRTIS instrument
on-board of VVenus Express spacecraft.

Data analysis:

After processing 718 data cubes the following
analyses were made:

- Comparison between northern and southern
hemispheres

- Variability of the airglow with time

- Comparison with the underlying topography of
the planet

- Comparison with the wind velocities

- Appearances of the double peaks in the vertical
intensity profiles

Implication:

The global map of the O nightglow distribution,
based on data from 718 data cubes, indicates a com-
plex character of the circulation in this transition
region. Appearance of maximum intensity before
midnight (from equator up to high latitudes) cannot
be explained in terms of known modes of circulation:
superposition of zonal retrograde and sub-solar —
anti-solar modes of circulation of the Venus atmos-
phere. No influence on the O, night airglow horizon-
tal distribution of the zonal retrograde superrotation
in the global map for Southern hemisphere was
found: the averaged intensity of the O, nightglow
emission before midnight (0.43 MR) exceeds the
averaged intensity after midnight (0.26 MR), the
opposite of how it would be in the case of the pres-
ence of the zonal superrotation. Wave activity may
affect the observed O nightglow distribution.
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EFFECTS OF SOLAR STORMS ON THE VENUSIAN IONOSPHERE.

C. Gray, New Mexico State University, Las Cruces, NM, USA (candaceg @nmsu.edu), N. Chanover, T. Slanger,
K Molaverdikhani, K. Peter, B. Hausler, S. Tellman, O. Witasse, P.-L. Blelly, G. Collinson.

Introduction

Observations of nightglow (upper atmospheric emission
from atoms and molecules on the nightside of planets)
allow for a multifaceted study of planetary atmospheres
including interactions between the upper atmosphere of
a planet and the solar wind. One of the brightest night-
glow features on Earth is the OI (*S - 'D) 5577 A line
(the oxygen green line) generated in the mesosphere
due primarily through dissociative recombination (Barth
& Hildebrandt, 1961) and in the ionosphere as aurora,
which is highly dependent on the conditions of the solar
wind. Closely connected to the green line is the OI (‘D
- 3P) oxygen red line doublet at 6300.3 and 6363.8 A.
While itis more energetically favorable than the 'S state,
it has a longer radiative lifetime (116 sec compared to
0.82 sec Froese Fischer & Tachiev (2004)) and is col-
lisionally quenched in the mesosphere, thus providing
altitude information on emission processes.

The oxygen green line is a highly temporally vari-
able emission line on Venus (Slanger et al., 2001, 2006,
2012; Gray et al., 2014; Gray et al., 2016). Emission was
observed to increase after solar flares (outbursts of EUV
emission and charged particles), coronal mass ejections
(CMEs, large ejections of solar plasma), and co-rotating
interaction regions (dense solar wind streams). Based on
increases in green line emission after solar storms, par-
ticularly after large CMEs, Gray et al. (2014) concludes
that the green line is auroral in nature.

The oxygen red line has never been detected on
Venus. If the green line is the result of electron pre-
cipitation, it would likely occur high in the atmosphere
where intensities of the red line should be greater than
the green line (e.g. Slanger et al., 2012; Fox, 2011).
The fact that the red line is not detected indicates that
this emission is occurring lower in the atmosphere (i.e.,
below 150 km Slanger et al. (2012)).

To determine if higher energy solar wind electrons
are penetrating to low altitudes in the Venusian night-
side ionosphere, we compare electron energy spectra
and electron density profiles observed by Venus Express
(VEX) before and after solar storms. These data are
used to model the Venusian nightglow to constrain the
main chemical reactions responsible for emission.

Ground-Based Observations and Results

We observed Venus on 20 different dates between De-
cember 2010 to April 2015 on the Astrophysical Re-
search Consortium (ARC) 3.5-m telescope at Apache
Point Observatory (APO) using the ARC Echelle Spec-

trograph (ARCES, R ~ 31,500). As solar storms are un-
predictable events that occur over very short time scales
(minutes to hours), we required Target of Opportunity
observations, allowing us to observe an unpredictable
event by overriding a scheduled observer. We detected
the green line on 9 separate observations, always after
solar storms.

We calculate a Matthews correlation coefficient (M,
or phi coefficient) for binary data (where 1 is perfect
correlation, -1 is perfect anti-correlation, and 0 is no
correlation) in order to determine the statistical signif-
icance of electrons from CMEs and CIRs. We do not
consider charged particles from solar flares in this cal-
culation because we cannot properly distinguish which
flares will contribute and which flares will not. Using all
observations from 1999 to 2014, consisting of 29 data
points, we find a green line emission and charged parti-
cles correlation of 0.86, a statistically significant value.

Space-Based Observations and Results

VEX is equipped with the Analyser of Space Plasmas
and Energetic Atoms-4 (ASPERA-4) instrument pack-
age that includes the Electron Spectrometer (ELS). The
ELS is used to measure electron energy and density
as VEX sweeps through the Venusian ionosphere. We
compare peak electron energy and flux values taken at
similar altitudes and solar zenith angles (SZA) before an
after an isolated solar flare and CME. After a solar flare,
there is an increase in electron flux on the nightside of
Venus but not an increase in electron energy. After a
CME, there is an increase in electron flux and energy.
We interpret this as electrons precipitating directly into
the nightside atmosphere.

In order to determine how CMEs affect the low al-
titude nightside ionosphere of Venus, we use the VEX
Venus Radio Science Experiment (VeRa), to compared
variations in the Venusian nightside electron density pro-
file before and after CME impacts. The Venusian V1 and
V2 electron layers peak at 125 km and 150 km, respec-
tively. The V2 layer is typically the dominant layer but
the nightside ionosphere is known to be highly variable
due to the solar wind and the peaks have been observed
to disappear during solar minimum (Kliore & Luhmann,
1991). After each set of observed storms, the V2 and
V1 layer were observed to change in density with the
V1 layer increasing in electron density and the V2 layer
decreasing in density. For the most extreme case, the V2
layer decreases by a factor of four, becoming nearly un-
detectable, we detected green line emission from APO.
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Modeling of the Green Line

In order to determine the importance of electron flux
versus energy on the Venusian green line, we model
the nightside Venusian ionosphere using TRANSCAR,
a 1-D magnetohydrodynamic (MHD) model (Witasse
et al., 2008), by applying precipitating electron spectra
observed by VEX. All ions are generated via electron
impact with neutrals. Dayside transport of ions and pho-
toelectrons are not considered. Production of NJ, OF,
O™, H",N*, COJ, CO™, OF, CT, COJ* are generated
from electron impact as well as secondary electrons.
Additional ions are generated from chemical reactions.

We consider five reactions to produce the O'S and
O'D state. Preliminary results indicate that during nor-
mal solar wind conditions, the electron impact of O and
O7 are the primary contributers to green line emission.
After a CME impact, we find electron impact of O + e to
be the dominate source for O'S production. On Earth,
the dominate reaction for auroral green line emission is
Of +e.

Discussion and Conclusions

Based on ground-based and space-based observations as
well as modeling results, we conclude that the the lead-
ing cause for emission is due to O + e which increases as
increased energy and flux of precipitating electrons enter
directly into the Venusian nightside atmosphere. While
we were able to use the TRANSCAR model to repro-
duce increases in green line intensity, we were unable to
model the behavior of the V1 and V2 electron density
changes after CMEs. This is likely due to two reasons:
we did not consider increases in magnetic fields at the
top of the atmosphere or the transport of O ions from
the dayside.

We propose that the decrease in the V2 electron den-
sity is due to the increase dynamic pressure generated
by the passage of a CME. The nightside ionosphere and
the V2 of Venus is maintained due to large amounts of
O (1.5x10® ¢cm s~ !, Brannon & Fox (1994)) being
transported above the exobase from the dayside to the
nightside, diffusing downward, reacting with CO. and
generating O V2 peak (Taylor et al., 1979). However,
observations from PVO show that the Venusian night-
side ionosphere ‘disappears’ during times of high solar
dynamic pressure (Cravens et al., 1982; Lazarus & Mc-
Nutt, 1990). Cravens et al. (1982) showed that the Py,
for the disappearing ionosphere was on a average over
10.4 nPa. We find that for large CMEs the P, can
increase to 70 nPa. Similar ionospheric behavior was
observed on Mars for th M1 and M2 layers after solar
storms (Withers et al., 2012; Gray et al., 2016).

In addition to similar electron density variations,

Mars and Venus both exhibit auroral emission after so-
lar storms. Recent results from Mars Atmosphere and
Volatile Evolution (MAVEN) mission (Schneider et al.,

2015) show that diffuse aurora is present on Mars after
solar storms. This aurora was found to be deep in the

atmosphere (60 km) and located away from the crustal
magnetic fields. Like Venus, the Martian aurora is seen
across the nightside of the planet. Given the comple-
mentary auroral and ionospheric observations of Venus
and Mars, we conclude that this behavior is typical of
non-magnetic planets with CO. atmospheres.
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Introduction:

The impact-crater population and morphology of
Venus have been interpreted as indicating “global
resurfacing” at ~750 Ma, with sharply reduced geo-
logical activity since. However, this has been chal-
lenged both in observations of the geological se-
quence and the modification state of craters. Fur-
thermore, Bottke et al [DPS, 2015 and LPSC, 2016]
have determined a crater-retention age 150-200 Ma
for Venus based on a direct mapping of the NEO
population to crater SFDs. This has profound impli-
cations for the geodynamics of Venus:

(1) unique “catastrophic” resurfacing in the last
few percent of the planet’s history is implausible; the
young age instead must be a manifestation of contin-
uous “equilibrium” processes, or patchy resurfacing
that looks like a continuum.

(2) the topography, gravity, and heat-flow are
consistent with a “steady-state” Venus in which the
average age of the thermal lithosphere is 150-200
Ma. Magmatism comprises several percent of the
heat budget, which can account for the resurfacing
rate and suggestions of recent or active volcanism.
The original “hot-spot” model of Venus geodynam-
ics may be valid.
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Introduction:

All Venus Express (VEX) instruments delivered
their data products according to the Planetary Data
System version 3 (PDS3) standard. The European
Space Agency's (ESA) Planetary Science Archive
(PSA), which can be accessed at
www.rssd.esa.int/PSA, is being upgraded to make
PDS4 data available from upcoming missions such as
ExoMars and BepiColombo. Thus, the PSA devel-
opment has been working to ensure that the legacy
PDS3 data will be accessible via the new interface as
well.

We will preview some of the new methods of ac-
cessing legacy VEX data via the new interface. This
includes accessing the data using Geographic Infor-
mation Systems (GIS) and our plans for making this
and other data sets compatible with the Virtual Euro-
pean Solar and Planetary Access (VESPA) project
for creating a virtual observatory.

The PSA team is greatly interested in receiving
feedback from the scientific community about new
functionality that could be included in the PSA to
improve its applicability to current and future re-
search endeavors.
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Introduction:

The mesospheric Venusian clouds are similar to
the stratospheric aerosol layer that is composed of
sulfuric acid-water solution droplets. Like clouds on
Earth, the Venus clouds play a crucial role on the
climate of the planet. That is why we are interested
in the formation and the time evolution of the cloud
particles.

The goal is to develop a microphysical represen-
tation to complete the 3D IPSL Venus-GCM (Global
Climate Model) [6]. To this end, we are developing a
sectional model VenL A based on PSC model [5] and
the modal representation MAD-VenLA. In this
work, we compare these two models in a 0D setting.

Model description:

Sectional representation. The Venus Liquid Aer-
osol (VenLA) cloud model is a sectional representa-
tion of microphysical processes developed at
LATMOS [7]. The term ‘sectional’ means that the
particle size distribution is divided into several radi-
us intervals, called bins. At high radius resolution,
VenLA is computationally too demanding to be inte-
grated in the IPSL Venus Global Climate Model.
Often in GCMs another representation is used: the
moment method.

Modal representation. The Modal Aerosol Dy-
namics of Venusian Liquid Aerosol cloud model
(MAD-VenLA) uses moment scheme to describe the
size distribution and the microphysical processes.
Instead of bins, the particle size distribution is de-
scribed by two or three global parameters: total par-
ticle number, mean radius and/or the variance [9].
Moreover, with this representation, the form of the
size distribution is fixed. Analytical equations of
microphysics are derived to express the changes in
the parameters (moments) of the distribution.

In theory, the moment method is computationally
more efficient than a sectional representation [1].

Comparison of VenLA and MAD-VenLA:

Modeling approach. We will compare, in 0D,
the precision of each model and their computational
efficiency. For VenLA, we can change the resolution
with the number of bins: high (100 bins for example)
to low resolution (<10 bins). However, the MAD-
VenLA model describes the size distribution with
two or three global parameters chosen during the
model development. These parameters are the mean

radius, the total particle number and the variance of
the size distribution function. To make this compari-
son, we defined a lognormal particle size distribution
function and we consider modes 1 and 2 of Venus
cloud droplets [4,10] defined in [3]. The liquid drop-
lets are composed of sulfuric acid-water solution.

First results

First, we focus on homogeneous nucleation, con-
densation and the thermodynamical equilibrium of
the droplet in the atmosphere like in [3]. The model
using modal scheme of the processes will be tested
and compared with bibliography. The comparison
between the two models (VenLA and MAD-VenLA)
on these microphysical processes will be presented.

Then, a status report on the coagulation in Ven-
LA and MAD-VenLA will be presented.

Summary and Conclusions

Here we present a status report on the develop-
ment of the modal representation MAD-VenLA and
we compare it with the sectional model VenLA at
different resolutions. We will then compare these
models to baseline high-resolution models present in
the literature [2].

Perspective

The moment method is already used in the IPSL
Titan GCM to describe the cloud and aerosol micro-
physics. Therefore, it is interesting to use it also in
the IPSL Venus GCM.

The goal of our work is to choose the best repre-
sentation - It will be the balance between precision
and computational efficiency - to complete the IPSL
3D Venus-GCM and understand the cloud formation
and the climate evolution of the Earth’s evil twin.
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Introduction: NASA’s Magellan mission of two
decades ago revealed that Venus lacks plate tecton-
ics, yet Venus’ surface evolution and operating geo-
dynamic system has remained elusive. Geologic
mapping and surface modeling studies lead to the
emergence of a comprehensive model of Venus’
global evolution. The picture that emerges is one of
early exogenic-instigated events and global thin
lithosphere, followed by an evolution to thicker
lithosphere and largely endogenic-driven processes
that became regionally more focused with time. Ob-
servations and implications are briefly noted below,
followed by a proposed geodynamic evolution.

What can impact craters tell us?: Observa-
tions: Venus has ~1000 well-preserved craters that
are distributed in a near random pattern across its
surface; craters range in diameter from 1-270 km,
with 30-km average; early SAR analysis indicated
that ~175 craters show signs of modification [1-4].
Global crater density results in an average model
surface age (AMSA) for the planet [5], however,
AMSA does not constrain the extent of recorded
geohistory [5,6]. Craters also show evidence of pro-
gressive degradation providing relative-age con-
straints [7,8], which together with crater density de-
fine three distinct AMSA provinces [6,9]. The
young-AMSA province corresponds to the Beta-
Atla-Themis (BAT) and Lada regions, which host
high concentrations of young volcanic flows [10,11]
and clear partially buried craters [9]. Complete crater
burial requires >1 km-thick flows [12,13]. Analysis
of crater DEMs [12,14] indicates that >>175 craters
show modification by volcanic processes, not origi-
nally recognized, and that many craters do not lie at
the top of local stratigraphy, as required by cata-
strophic resurfacing and global stratigraphy hypothe-
ses [15-20]. Postulated relative ages of craters and
wrinkle ridges are non-unique, posing no temporal
constraints [24]. Venus lacks craters >290 km dia.,
indicating that large craters failed to form or, if
formed, they were destroyed or escape recognition.

What can ribbon-tessera terrain tell us?: Rib-
bon-tessera terrain (rtt) forms a unique tectonic fab-
ric of ribbons, folds and graben that characterizes
crustal plateaus [22,23], and occur as lowland in-
liers—remnants of ‘collapsed crustal plateaus’ [24-
26,27]. Although rtt formation is debated all mecha-
nism consider that: 1) ribbon and fold formation
overlapped in time, 2) graben formed relatively late,
and 3) local volcanism accompanied rtt formation
[22,23,28-32]. Thermal modeling indicates that rib-
bons require very high geothermal gradient [30,35].

Crustal plateau formation is debated, however, all
hypotheses include the following conditions
[22,23,26,29-32,36]: 1) plateaus formed on thin
(global) lithosphere; 2) rtt formation resulted in de-
struction of earlier formed local impact craters; 3)
individual plateaus formed spatially separate, and 4)
at different times (i.e., time-transgressively).

Global-scale rtt patterns provide additional condi-
tions based on the following observations [37]: 1) rtt
inliers occur within all volcanic rises, except Imdr
and Themis; 2) rtt occurs within most lowland ba-
sins, and 3) rtt occurs independent of basin topogra-
phy (i.e. it can occur at the deepest level); 4) groups
of rtt inliers describe regional-scale linear to arcuate
patterns, and 5) these patterns may show no obvious
correlation with long-wavelength topography—that is,
rtt patterns track across basins and rises; 6) few, if
any, large (>7x10° km?) rtt-poor regions exist; an
inverse statement is that rtt occurs in a widely dis-
tributed fashion across Venus’ surface. Collectively
these observations are inconsistent with global-scale
flooding of low regions across Venus, as required in
the context of both catastrophic resurfacing and
global stratigraphy hypotheses.

What can Artemis tell us?: Artemis [38] is
much larger than initially recognized, including a:
wide outer trough (>5000 km dia.), radial dike
swarm (>12000 km dia.), and concentric wrinkle
ridge suite (>13000 km dia.) [39]. The wrinkle ridge
suite previously described as ‘circum-western Aph-
rodite’ and attributed to topographic loading of west-
ern Aphrodite Terra [40,41] do not match the cir-
cum-western Aphrodite model predictions, and is
better described as circum-Artemis. Temporal rela-
tions indicate that Artemis formed after crustal pla-
teaus and rrt inliers. Greater Artemis’ evolution in-
cluded formation of its interior and chasma, accom-
panied by lateral propagation of its huge radial
dike/fracture suite; escape of magma to the surface
formed local cover deposits that buried some host
radial fractures; cover deposits were cut, in turn, by
wrinkle ridges marking Artemis deflation and defin-
ing the huge Artemis-concentric suite. The outer
wide trough formed late relative to radial fractures,
cover deposits and wrinkle ridges, possibly accom-
panying deflation and wrinkle ridge formation. For
these geologic relations to be preserved, greater-
Artemis would have to form affer postulated global
catastrophic resurfacing, yet Artemis represents a
major tectonomagmatic feature [39]; thus its forma-
tion would violate postulated quiescence required by
catastrophic resurfacing. Artemis represents the sig-



nature of superplume during an era marked by rela-
tively thin lithosphere. Ishtar Terra, proposed to have
formed by ponding of mantle-melt residuum by a
large regional downwelling [42], could have resulted
from a near antipodal position from the global-scale
upwelling associated with the Artemis superplume.

What can wrinkle ridges tell us?: In addition to
the Artemis-concentric suite, wrinkle ridges also
form relatively small concentric suites centered on
highland features including: Themis, Lada Terra,
Gula Mons, Sappho Patera, Pavlova Corona, and
Bell Regio [39,40,43]; formation of these suites is
inconsistent with stresses induced in the lithosphere
due to high surface-T induced stress superposed on
gravitational stresses associated with topography and
lithospheric structure [44,45], given they occur at
high eclevation and/or positive geoid values [41].
Wrinkle ridges did not form during a single time in
Venus’ history, rather they represent tectonic suites
associated with individual host geomorphic features
[39,43,46]. In the Niobe and Aphrodite 1:10M map
areas some wrinkle ridges represent inversions struc-
tures (47-49). All of these studies call into question
temporal assumptions required by models in which
wrinkle ridges result from postulated high surface-T
due to catastrophic volcanism [50].

Constraints from volcanic deposits: Venus’ ex-
tensive lowlands record a rich volcanic history. Geo-
logic mapping of large tracts of the surface indicates
a wide range of volcanic units occur throughout local
stratigraphic stacks inconsistent predictions of global
stratigraphy [13]; a majority of lowland volcanic
units in individual planitiae source from local volca-
noes or coronae [48,49,51]. Recent emissivity data
provides evidence for contemporary volcanic activity
[52,53]. Thin shield deposits occur across large spa-
tial regions (~22% of the surface), and formed time-
transgressively, occurring at different stratigraphic
levels in different areas, rather than a single re-
stricted time period [13,54-57]. It is notable that for
these deposits to be preserved at the surface, they
would all have to post-date postulated catastrophic
resurfacing. Several large regional map areas record
‘non-directional’ geologic histories [13,58] contrary
to the sequence of events proposed within the con-
text of proposed global stratigraphy hypotheses.

What can Monte Carlo modeling tell us?:
Modeling indicates what is possible, not necessarily
what happened; models do not impose constraints,
rather they test specific model conditions. Early
Monte Carlo models favored catastrophic resurfacing
and ruled out equilibrium resurfacing models with
very specific incremental resurfacing areas [15,16];
however, geologic data rules out catastrophic resur-
facing. New Monte Carlo models test changes in
resurfacing rates through time, and examine different
incremental resurfacing areas [59-61]. Model results
indicate that crater observations can be met through
a range of surface histories over >3.5 Ga, and in-
clude ~5000-500 km” resurfacing areas. These mod-

els caution against evolution models that assume a
short (<1Ga) recorded surface history [62-65].
Global geodynamic evolution: A possible
global evolution that emerges is relatively simple at
a long-wavelength time-scale, although rich histories
develop locally. Crustal plateaus and rtt formed early
marking an era of globally thin lithosphere and bol-
ide-impact drive processes [34]; deformation belts
likely formed late during this era, representing en-
dogenic-driven processes. Time-transgressive evolu-
tion of the Artemis superplume marks the Artemis
era that affected ~30% of the surface, and also re-
sulted in the rise of Ishtar Terra above a complimen-
tary downwelling. This relatively singular mantle
flow pattern subsequently evolved to more localized
mantle plumes—marked by coronae-dominated vol-
canic rises (e.g., Bell, Eistla), and downwellings
forming broad lowland basins. Further gradational
thickening of the lithosphere lead to an increase in
localized regional endogenic-driven tectonomag-
matic activity marked by corona-chasma chains,
fracture zones, and large rift-dominated volcanic
rises of the BAT region. During thin lithosphere time
Venus experienced dominantly steady-state resurfac-
ing driven by large bolide impact and crustal plateau
formation. With time, large bolides waned, the litho-
sphere thickened, and craters accumulated across the
surface, with the most dramatically modified in the

young tectonomagmatic BAT region.
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Introduction:

Many observations of venusian lightning have
been made over the last few decades. Lightning was
seen optically by Venera 9 and also from a 60”
ground telescope. The electric field detector on the
Pioneer Venus Orbiter (PVO) could detect lightning,
but only in darkness due to the magnetic field con-
figuration and the requirements for whistler propaga-
tion. PVO also detected lightning with its electric
antenna when it entered the Venus atmosphere. The
Galileo spacecraft detected radio waves from light-
ning during its flyby of Venus. Most recently, Venus
Express detected lightning via whistler-mode waves
at extremely low frequencies (ELF) with its onboard
dual fluxgate magnetometer.

Whistler-mode waves are right-hand polar-
ized electromagnetic waves generated by lightning.
They propagate with a frequency between the local
electron and ion gyrofrequencies (Q = qB/m), which
are ELF waves at Venus. Whistlers are transverse
waves and they are guided along the direction of the
local magnetic field. Detection of these waves on the
dayside of Venus is less likely because the magnetic
field is perpendicular to the wave’s vertical motion
thus hindering its ability to be guided to the space-
craft at higher altitudes. However, when the magnetic
field dips into the atmosphere these waves can be
detected on the dayside as well as the nightside. In
this study we present a statistical analysis of these
Venus Express observations and the effects on detec-
tion due to conditions within the ionosphere.

Wave Analysis:

Whistlers were identified using the dual fluxgate
magnetometer onboard Venus Express. Waves are
initially flagged when the transverse power exceeds
the compressional power by an order of magnitude
and are then confirmed as whistlers using Fourier
analysis. The signals must pass three tests (Figure
1): the power is predominantly transverse, they are
right-hand circularly polarized, and they propagate
along the magnetic field. These features are charac-
teristic of whistler-mode waves whose expected
source is lightning. In total, we detected 2,237 dis-
tinct signals resulting in nearly 200 minutes of total
wave activity throughout the mission.

We examined the magnetic field data in search of
whistlers for 10 minutes about periapsis on each orbit
throughout the Venus Express mission. Periapsis
latitude increased 3° per year until 2009 when it then
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began to decrease until the end of the mission in
2014. The altitude of periapsis varied between 165
and 355 km as gravitational forcing lowered it and
thrusters were used to raise it again (Figure 2). Most
of the signals (75%) were detected when the space-
craft was between 200 to 350 km altitude. Within
this range, ELF wave activity was observed 1-2% of
the time on average.
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Figure 2. Variations in Venus Express periapsis.

Discussion:

Venus Express spanned the length of almost an
entire solar cycle, which enabled us to compare the
detection rates between the solar minimum phase and
the solar maximum phase. During solar maximum the
ionosphere is highly charged enable it to stave of the
interplanetary magnetic field, however, during solar
minimum the ionospheric electron density is lower
which allows the solar wind magnetic field to sink in
and magnetize the ionosphere (Figure 3). When
there is a strong +Y-component (anti-orbital direc-
tion) to the solar wind magnetic field it creates
asymmetries in the ionospheric plasma flow from the
subsolar point to the poles. The flow is much slower
over the northern hemisphere and creates a buildup
of the field. Because all of our observations are at
high northern latitudes we see a strong correlation
with our detection rates and a +By magnetic field
(Figure 4). There was no apparent correlation with
the magnetic field and our statistics during the solar
maximum phase, which is due to the lack of magneti-
zation of the ionosphere.
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Figure 3. Solar EUV is the primary source of ioniza-
tion in the Venus ionosphere.
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Acquisition of Earth-based radar image observa-
tions [1], followed by regional image coverage (Vene-
ra 15/16) [2] and finally global image coverage by
Magellan [3], together with global altimetry [4], have
provided the data necessary to analyze stratigraphic
relationships [5] and produce a global geological map
of Venus [6]. The resulting stratigraphic column pro-
vides an outline of the major themes in the geological
evolution of Venus in terms of fundamental processes
such as tectonism [7] and volcanism [8]. The paucity
of superposed [9] and embayed impact craters [10] and
the impression that they are randomly distributed pre-
cluded the traditional counting of superposed craters
on individual geological units to derive an impact
crater size frequency distribution-based absolute chro-
nology [11]. The utilization of techniques of buffered
crater counting and related methods has recently pro-
vided a basis for linking the sequence of events in the
geology/stratigraphy to an absolute chronology [12].
We now have an interpretative framework for the geo-
logic history of Venus that we can use as a basis for
testing models for the geological, thermal and geody-
namic evolution of Venus.

The geological interpretative framework [6] shows
that the geological history of Venus can be character-
ized by three basic consecutive phases (Fig. 1): Phase
I represents the period prior to the formation age of the
geomorphological/geological units on the surface (the
pre-Fortunian Period) and occupies the majority of the
history of Venus. Although some rocks comprising
the oldest observed preserved unit, the tessera, could
date from this era, the observed geologic record starts
with Phase Il. Phase Il is comprised of two regimes,
an initial global tectonic regime [8] which begins with
the intense tectonic deformation (the Fortunian Period)
interpreted to have formed the globally distributed
tesserae highlands of thickened crust that comprise
about 7.3% of the planet, followed by many tectonic
structures in the surrounding highly deformed plains,
including ridge belts, groove belts and coronae. The
second regime in Phase 2, the global volcanic regime,
[8] starts with the emplacement of volcanic plains dot-
ted with thousands of small shield volcanoes, and is
immediately followed by regional plains interpreted to
have been emplaced as flood basalts in lows between
the tesserae highlands, and then deformed by wrinkle
ridges. The shield and regional plains comprise 61.3%
of the surface of Venus. Thus, the vast majority of the
observed surface geologic units on Venus (80.7%)
formed over a relatively short period of time (the For-
tunian and Guineverian Periods), estimated to have

lasted less than several hundreds of millions of years.
Phase 111 represents a distinctive change in style, an
extended period of global network rifting (the Atlian
Period), with rift zones often radiating from topo-
graphic rises; volcanism continues (perhaps to today
[13]), but is primarily characterized by lobate lava
flows associated with the rifts (the network rifting-
volcanism regime [8]). In summary, geodynamic and
thermal evolution models should be consistent with the
geological record which consists of the majority of
history leaving no geological/geomorphological record
(Phase 1), followed by Phase II, a period of intense
global tectonic deformation followed immediately by
global shield plains and regional plains volcanically
resurfacing over 60% of the planet, followed by Phase
111, relative quiescence and development of a global
rifting system linking several broad rises. The last two
phases occurred in less than the last ~15-20% of the
history of Venus.

The advent of global image, topography and gravi-
ty data produced by Magellan led to a series of geody-
namic models [14-15] that can be broadly categorized
as follows (Fig. 2): Volcanic Resurfacing Models, in
which massive flooding erases pre-existing craters and
then volcanic activity essentially ceases [9], or con-
stant very high rates of volcanic resurfacing produce a
surface that erases craters as they are produced [16].
Uniform-Evolutionary Models explain the general ge-
ology by high rates of tectonic resurfacing followed by
a rapid increase in the strength of the lower crust, lead-
ing to crustal stability and low rates of volcanic resur-
facing [17], or a transition in the convective vigor of
the mantle from a period of earlier rapid crustal recy-
cling, to crustal stabilization and hot-spot volcanism
[18]. In Catastrophic-Episodic Models, Venus period-
ically transitions from a global plate tectonic regime to
a one-plate planet, and then back again, with the cur-
rent geologic record representing an intermediate
phase of the one-plate planet regime [19], or continu-
ous vertical crustal accretion results in the buildup of a
depleted mantle layer that is thermally and composi-
tionally negatively buoyant and founders, causing
global catastrophic deformation followed rapidly by
global volcanism linked to the convective rise of fertile
mantle; this is followed by relative quiescence until
vertical crustal accretion repeats the process [20].

Comparison of these classes of models to the geo-
logic record [6] (Fig. 2) leads us to currently favor the
catastrophic-episodic models: for example, the de-
pleted mantle overturn model [20] appears to account
for the deformation observed in the tesserae (overturn)
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and the nature of global volcanism in the shield plains
followed rapidly by regional volcanism that could be
due to near-global pressure-release melting of convec-
tively rising fertile mantle, followed geologically rap-
idly by relative quiescence. Further modeling and
model discrimination need to address several ques-
tions: 1) What is the history of long-wavelength topog-
raphy and how does this provide data on thermal struc-
ture and evolution? 2) What is the composition of
rocks that form the tesserae terrain? 3) Is there evi-
dence for ancient periods of plate tectonics in the cur-
rent geologic record? 4) Are the tesserae highlands
due to Airy isostasy, Pratt isostasy, or thermal effects?
5) What factors dictate the scale of overturn and are
they consistent with the observations? 6) What are the
predictions of these models for the formation and evo-
lution of the atmosphere and are they consistent with
observations? We assess these models and questions.

References: 1) Campbell et al. 1997, Venus 11, 503; 2)
Barsukov et al. (1992) Venus GGG, U of A.; 3) Saun-
ders et al. (1992) JGR 97, 13067; 4) Ford and Petten-
gill (1992) JGR 97, 13103; 5) Basilevsky and Head
(2000) PSS 48, 75; 6) lvanov and Head (2011) PSS
59, 1559; 7) Ivanov and Head (2013) PSS 84, 66; 8)
Ivanov and Head (2015) PSS 113-114, 10; 9) Schaber
et al. (1992) JGR 97, 13257; 10) Herrick et al. (1997)
Venus 1l, 1015; 11) McKinnon et al. (1997) Venus I,
969; 12) Kreslavsky et al. (2015) Icarus 250, 438; 13)
Shalygin et al. (2015) GRL 42, 4762; 14) Phillips et al.
(1997) Venus |1, 1163; 15) Schubert et al. (1997) Ve-
nus I, 1245; 16) Phillips et al. (1992) JGR 97, 15523;
17) Solomon (1993) Physics Today 46, 48; 18) Ar-
kani-Hamed and Toksoz (1984) PEPI 34, 232; 19)
Turcotte (1993) JGR 98, 17061; 20) Parmentier and
Hess (1992) GRL 19, 2015. .

Figure 1. Stratigraphic units, sequence and timing of the geological history of Venus [6-8}
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The Venus Emissivity, Radio Science, In-SAR, Topog-
raphy, And Spectroscopy (VERITAS) Mission is a Discov-
ery mission that proposes to investigate the origin and evolu-
tion of Venus, the planet most like Earth. Its top-level goal
is comparative planetology: how terrestrial planets evolve
and how seemingly similar planets can evolve to significant-
ly different outcomes. VERITAS [Smrekar et al. this confer-
ence] will accomplish this by testing specific hypotheses
about current processes on Venus and assessing past history
by acquiring and using new and superior global datasets.
These will include images and a DEM from radar/INSAR, a
multispectral map of NIR emissivity, a greatly improved
gravity field, and detailed images and profiles of the atmos-
phere for a full Venus day.

VERITAS looks back into the history of Venus for
evidence of relatively recent geologic processes and a pos-
sible Earth-like past, and helps to constrain the current at-
mosphere, and the climate evolution of Venus. VERITAS
constrains the history of volcanism (today and over the past
billion years) to determine the nature of recent tectonic
and mantle convection processes and their influences on
climate. VERITAS is designed to constrain the composition
of surface materials and their alteration by the atmosphere,
including highland areas that may preserve evidence of a
water rich past, and also to assess possible recent volcanism.

To obtain data in support of these objectives,
VERITAS carries a small, focused suite of instruments, with
a capable telecom system, in low-altitude polar orbit.
Among the instruments is the Venus Interferometric Syn-
thetic Aperture Radar (VISAR), which produces a global
digital elevation model (DEM) with 250-m horizontal and 5-
m vertical resolution and SAR images of the surface at 30-m
resolution [Hensley et al. this conference]. The combination
of surface topography, elevation, and ~125 km resolution
gravity data will provide unprecedented knowledge of the
tectonic and impact cratering history of Venus, the timing
and mechanisms of volcanic resurfacing, and the nature of
mantle processes responsible for them. In addition the Ve-
nus Emissivity Mapper [VEM] will observe the surface in 6
spectral bands to constrain global changes in Fe mineralogy
[Helbert et al., this conference]. VEM objectives include
determining the composition and origin of tesserae and
searching for recent and active volcanism.

VERITAS also has the capability of obtaining targeted
high-resolution images at ~15 m resolution for up to about
20-25% of the planet in the primary mission. This capability
offers unprecedented opportunities to address specific ques-
tions on a host of important and fundamental science ques-
tion. Choices of high-resolution targets is so important that
the VERITAS team is soliciting community input for both
the planning stages of the mission (targets chosen prior to
orbit insertion) and the operational stages of the mission
(targets chosen following the initial acquisition and analysis

of VERITAS image data). In this contribution we outline
some of our initial ideas for high-resolution targeting, and
solicit community input at and following the Venus 2016
Conference. Requests for further information and target sug-
gestions can be addressed to james_head@brown.edu. Fol-
lowing is an abbreviated list illustrating the types of features
and problems that we envision for high-resolution imaging
targets:

Past and Future Missions:

1. Venera/VEGA Landing Site Regions: Place surface
panoramas and analyses in context.

2. Selection of Future Landing Sites: Outline areas for fu-
ture lander, rover and sample return missions.

Volcanic Activity and History:

1. Candidate Sites of Active Volcanism: Document Char-
acteristics and possible changes. At least three major re-
gions.

2. Volcanological Vent Characterization: Provides clear
evidence for nature and effusion rates, etc.

3. Volcanological Emplacement Characterization: Data on
surface roughness, flow structure, texture, channels, etc.

4. Evidence for Pyroclastic Activity: Assess proposed ex-
plosive volcanism areas and deposits; implications for mag-
matic volatile content.

5. Pancakes and Festoons: Viscous lavas and implications
for global petrogenesis.

6. Canali characterization and stratigraphic relationships:
Overbank, distal deposits, detailed structure, nested canali.

Chronology and History:

1. Characterization of globally defined units: Need specif-
ic characterization of each previously defined unit.

2. Age relationships of globally defined units: Need doc-
umentation and testing of contact relationships.

3. Impact Crater modification/embayment relationships:
Have craters been modified in interiors, exteriors?

4. Layering in Impact Crater Walls: What types of layer-
ing are exposed in tesserae (e.g., Khatun Crater in Tellus)
and in the plains.

5. Layering in Tellus Regio: Lava flows or sedimentary?

Tectonic Structures and Evolution:

1. Wrinkle Ridge/Ridge Belt Formation, Chronology and
Stratigraphy: What are structural and embayment relation-
ships?

2. Graben/wrinkle ridge stratigraphy: Critical relationship
for regional and global lithospheric state of stress.

3. Rift Zones Tectonic/Volcanic Relationships: Stratigra-
phy and timing of rifting and volcanism, modification of
slopes.

4. Testing Predictions of Candidate Subduction Zones:
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Detailed features predicted by flexure, subduction.

Tessera Origin and Evolution:

1. Nature of Pristine Tessera: Compare “pristine” tessera
and tessera “modified” by impact airfall.

2. Nature of Tessera Domains: What defines the differ-
ences in structural domains (folds, syntaxes, shear zones,
etc.).

3. Tessera structural chronology: What is the sequence of
structural events in tesserae (folds, faults, ribbon terrain,
etc.).

Other Processes/Features:

1. Significance and rates of Eolian Resurfacing: Nature
and movement of dunes and parabolas. Does impact airfall
produce the indurated deposits seen at VVenera lander sites?

2. Nature of Altitude-Dependent “Snowline” Boundaries:
Layers, coatings, grain size?

Targeting Approach: The primary mission consists of Sci-
ence Phase I, when the orbiter is in a highly elliptical orbit
prior to aerobraking, and Science Phase Il, when the space-
craft is in low circular orbit. VEM observes during the rela-
tively short Science Phase I, potentially providing new sites
of recent or active volcanism. In Science Phase 11, the space-
craft completes 3 cycles, in which Venus makes 3 complete

rotations under the spacecraft, providing 3 opportunities to
observe any location with VISAR. VEM observes the sur-
face while on the nightside of Venus [Helbert et al., this
conference].

VISAR will be continuously observing the surface, expect
during communications passes. Nominal mapping consists
of a global DEM and 30 m resolution image data acquisi-
tion. High-resolution (15 m) image targets and repeat pass
interferometry (RPI) targets will be acquired over selected,
high priority targets, as described above. The number of RPI
targets allows for sampling the full range of geologic envi-
ronments where there is evidence for current or recent vol-
canic activity [1-3]. The total number of high-resolution tar-
gets can be increased through the use of optical communica-
tions and during an extended mission.

References: [1] Bondarenko et al. (2010) GRL 37, L23202;
[2] Shalygin et al. (2015) GRL 42, 4762; [3] Smrekar et al.
(2010) Science 328, 605; doi:10.1126/science.1186785

Acknowledgement: A portion of this research was conduct-
ed at the Jet Propulsion Laboratory, California Institute of
Technology, under contract with the National Aeronautics
and Space Administration.
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Based on experience gained from using the VIRTIS
instrument on Venus Express to observe the surface of
Venus and the new high temperature laboratory exper-
iments, we have developed the multi-spectral Venus
Emissivity Mapper (VEM) to study the surface of
Venus. VEM imposes minimal requirements on the
spacecraft and mission design and can therefore be
added to any future Venus mission. Ideally, the VEM
instrument will be combined with a high-resolution
radar mapper to provide accurate topographic infor-
mation, as it will be the case for the NASA Discovery
VERITAS mission [1] or the ESA EnVision M5 pro-
posal [2].
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Figure 1. VEM current filter selection, the dashed envelope
is a synthetic Venus night side spectrum [3] — Red are sur-
face bands, blue bands for cloud correction, green straylight

correction and yellow bands to detect water vapor [4]

The permanent cloud cover of Venus prohibits ob-
servation of the surface with traditional imaging tech-
niques over most of the visible spectral range. Fortu-
nately, Venus' CO, atmosphere is transparent in small
spectral windows near 1 um (Figure 1). Ground ob-
servers have successfully used these windows during
the flyby of the Galileo mission at Jupiter and most
recently for the VMC and VIRTIS instruments on the
ESA Venus Express spacecraft. Observations have
revealed compositional variations correlated with geo-
logical features, but existing data sets contain only a
few channels. VEM offers an opportunity to gain sig-
nificant information about surface iron-bearing miner-
alogy by virtue of having five different channels for
surface observations.

The VEM concept: VEM is focused mainly on ob-
serving the surface, mapping in all near-IR atmospher-
ic windows using filters with spectral characteristics
optimized for the wavelengths and widths of those
windows. It also observes bands necessary for correct-
ing atmospheric effects [4]; these bands also provide
valuable scientific data on cloud thickness, cloud opac-
ity variations, and particle size distribution and H,O
abundance variations in the lowest 15 km of the at-
mosphere [3].

Figure 2. First VEM breadboard with telecentric
and relay optics, however using filter wheel instead
of filter array.

VEM is a pushbroom multispectral imaging sys-
tem. A baffle protects VEM from scattered light. Tele-
centric optics image the scene onto the filter array.
This image is relayed by a four-lens objective onto the
detector. The field of view (FOV) of the optics is 30°,
yielding a swath width of 113 km at an altitude of 215
km to provide comprehensive sampling of the surface
emissivity and repeat coverage between tracks.

To split the light into several bands, VEM uses a
multilayered dielectric-coating ultranarrow-band filter
array instead of a grating to maximize the signal to the
detector. The filter array is located at an intermediary
focus of the optical path. We image each band onto the



17 512-pixel rows of the detector. The surface bands
are spatially sandwiched between the cloud bands to
provide calibration before and after each surface data
acquisition.

To minimize VEM development risk, a model phi-
losophy with a prototyping approach has been utilized.
Combined with the extensive test program planned
using test facilities at DLR in Berlin, this ensures that
performance issues are identified early and can be
mitigated without endangering the development sched-
ule.

A first very simple breadboard [6] for VEM has
been set up (Figure 2) and is currently used for testing
with the high temperature chamber at PEL [7,8] meas-
uring Venus analogs at typical Venus surface tempera-
tures.

Laboratory experiments: Measuring emissivity
at 1 um at Venus analog temperatures is already very
challenging for many reasons. For example, the emis-
sivity of stainless steel used to heat samples via induc-
tion increases strongly towards shorter wavelength at
high temperatures. This results in a non-negligible
contribution to total radiance from our sample cups. At
the same time, many natural materials have a high
transparency at 1 um. To solve both issues at the same
time, we are currently limiting ourselves to slabbed
samples of materials with low transparency that are
heated by placing them on a stainless steel disk com-
pletely obscured by the sample.
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Figure 3: Blackbody curve at Venus surface temperature —
within the range covered in our measurements the signal
decreases by more than two orders of magnitute

Extending the measurements below 1 wm adds
significant new challenges. The main challenge is the
very low thermal emission due to the fact that we are
on the steep flank of the Planck curve (Figure 3).
Between 1.18 um and 0.8 um the signal drops by more
than two orders of magnitude.

Therefore even the use of a steel disk under the
slab for heating seems not to be enough. The glow of

the steel scattered in the chamber becomes a non-
negligible noise term that results in an apparent in-
crease of the emissivity around 0.9 um. We are cur-
rently testing a baffling system (Figure 4), which
improves the situation but cannot solve it completely.

Figure 4. Current test configuration in the chamber — San;ple
at 450°C illuminated by the glowing steel disc.

Work on this challenge is ongoing.

Still the preliminary results [8] confirm our early
measurements for basalt and extend them for the first
time below 1 um. There remains a continuum contri-
bution from the scattered light, which has to be re-
moved by improvements in the setup.

Conclusion: Observing the surface of Venus in the
near infrared requires a dedicated instrument. VIRTIS
observations have successfully demonstrated that im-
portant information can be extracted from the windows
in the visible portion of the spectrum, but the design of
the instrument limited its use for surface investiga-
tions. Deploying an instrument like VEM in orbit or on
an aerial platform will provide new insights into the
mineralogy of Venus. In combination with a high-
resolution radar mapper that provides accurate topo-
graphic data as planned for the VERITAS mission or
for the ESA EnVision mission proposal, this will allow
a global mapping of the surface composition at a spa-
tial scale of approximately 50 km [1,2,9]. Combining
the near infrared data with radar derived geological
information will allow further conclusions on the evo-
lution of Venus to be drawn.

References: [1] Smrekar S. et al. (2016) this meet-
ing. [2] Ghail, R. et al. (2016) this meeting. [3] Wilson
C.F. et al. (2009) Icarus, 814-817 [4] Helbert J. et al.
(2013) Infrared Remote Sensing Instrumentation XXI,
8867, doi: 10.1117/12.2025582. [5] Mueller N. et al.
(2008) JGR, 113(ES), 1-21. [6] Wendler D. et al
(2015) http://elib.dlr.de/101033/ [7] Helbert J. et al.
(2013) EPSL, 369-370 [8] Helbert J. et al. (2016)
LPSC #1947 [9] Hensley S. et al. (2016) LPSC #1947.
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Introduction: NASA has selected 5 potential
Discovery class missions for additional study prior to
down selection of one or two missions in early 2017
[1]. The Venus Emissivity, Radio Science, InSAR
Topography And Spectroscopy (VERITAS) Mission
is a proposed mission to Venus that was selected as
one of these missions. It is designed to obtain high-
resolution imagery and topography of the surface,
using an X-band radar configured as a single pass
radar interferometer (called VISAR) and a multi-
spectral NIR emissivity mapping capability (called
VEM).

Magellan, a NASA mission to Venus in the early
1990s, mapped nearly the entire surface of Venus
with an S-band (12 c¢m) synthetic aperture radar and
microwave radiometer and made radar altimeter
measurements of the topography, [2]. Although these
measurements revolutionized our understanding of
the geophysical processes that have shaped the evo-
lution of the surface of Venus, the lack of finer reso-
lution imagery and topography of the surface than
that obtained by Magellan has hindered finding the
answers to key questions concerning the processes
and evolution of the surface.

VERITAS Science Objectives: A deep under-
standing of solar system evolution is limited by a
great unanswered question: How Earthlike is Venus?
We know that these twin planets formed with similar
bulk composition and size. Yet Venus followed a
divergent evolutionary path, losing its surface water
and becoming hotter than Mercury. How did this
happen? The answer has profound implications for
the potential for life in the universe and how terres-
trial planets become habitable.

The proposed VERITAS mission is designed to
probe the geologic evolution of tesserae, look for
buried features in plains of Venus, resolve the chro-
nology of resurfacing events and look for signatures
of tectonic deformation, e.g., subduction. VERITAS
will look for evidence of geologic processes that are
currently operating on Venus including volcanism,
weathering and faulting. Finding evidence of past
water through mineralogical investigations or present
water through volcanic outgassing has major impli-
cation for the geologic evolution of Venus.

Instrument Overview: The VISAR instrument
is a single pass interferometric X-band radar with a
wavelength of 3.8 cm designed to obtain both global
imagery and topography measurements of the sur-

face of Venus. Radar requirements were predicated
on answering key questions about the evolution of
the surface of Venus and how Venus evolved so dif-
ferently than Earth [3].

Topographic mapping accuracy requirements are
the driver for the VISAR design as a single pass ra-
dar interferometer. The operating frequency of X-
band was dictated by two primary factors, the atten-
uation in the Venus and spacecraft accommodation.
A best comprise between these factors was used to
set the operating frequency.

The radar operates with a bandwidth of 20 MHz
that results in a range resolution of 7.5 m, which
projects to a ground resolution of 15 m. The radar
has a 0.6mx3.9m antenna resulting in a 14.5 km
swath width and an azimuth resolution of 2 m. The
radar is designed to generate 15 m imagery with at
least 7 looks and topographic maps with a posting of
250 m and a height accuracy of 5 m. See [3] for
more details. Figure 2 shows a diagram of the in-
strument and the imaging geometry.
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Figure 2. VISAR flight configuration and observing geom-
etry are optimized for InSAR DEM acquisition with base-
line separation B = 3.1 m, look angle of 61=30°, range
resolution of Apr=7.5 m, range of p=281 km and swath
width of 14.5 km at an altitude of 240 km (high end of
altitude range of platform).

Radar Operations: The VISAR radar will op-
erate from an average altitude of 220 km and have a
look angle of 30°. Data will be collected on both
ascending and descending orbits for about 11 orbits
before turning to Earth for 5 orbits to downlink this
data. The resulting gap will be filled in during the
subsequent cycle (1 cycle = 1 Venus sidereal
day=243.015 days). Because the raw data volume is
too large to downlink to Earth onboard processing of
the raw data to interferograms reduces the data vol-
ume 1000 is done prior to downlink fold [3]. An
exception to this is raw data is downlinked for tar-
geted regions where inter-cycle repeat pass radar
interferometry will be used to look for surface de-
formation either from volcanoes or faults [4, 5]. The



thick Venus atmosphere permits such observations

as shown in [6].

VISAR Products: Planned products to be gen-
erated by the VISAR radar include:

* Global 30 m medium resolution X-band backscat-
ter imagery of the surface at 31° incidence angle
(30° look angle).

* High-resolution 15 m resolution imagery of tar-
geted areas covering approximately 23% of the
planet surface. See Figure 3 for a comparison of
Magellan and VERITAS imagery for various sci-
ence investigations.
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Figure 3. Radiometric resolution of Magellan data is in-
sufficient to look for subtle variation in backscatter in very
radar dark regions, e.g., parabolas. For example, Magel-
lan data are inadequate to observe the mechanisms remov-
ing the very dark extended impact crater ejecta deposits
and wunequivocally determine if they are volcanically
flooded. At present it is almost always impossible to de-
termine the stratigraphy of extended ejecta blankets rela-
tive to features such as lava flows that intersect with the
ejecta. Roughly 80% of impact craters have dark floors. If
they are dark due to volcanic flooding, the surface age is
reduced by a factor of 2-5 [7]. VERITAS will provide the
altimetry and high-resolution images needed to unambigu-
ously resolve impact crater modification and thus the
whether or not Venus catastrophically resurfaced.

* Topographic maps with a spatial resolution of 250
m and a height accuracy of 5 m. The estimated
height accuracy includes atmospheric losses, radar
backscatter variations (estimated by converting S-
band Magellan measurements to X-band) and the
radar imaging geometry. During Phase A we will
estimate performance spatially based on Magellan
backscatter and topography and generate histo-
grams of expected performance as a function of
backscatter, elevation and various terrain types.
Different terrain types have different combinations
of slope and backscatter.

* Another new data layer for planetary sciences will
be an elevation precision layer associated with the
topography product made possible using radar in-
terferometry for elevation measurements. This
product will provide an estimate of the elevation
precision for each elevation measurement based
on the single pass interferometric correlation and
mapping geometry. Thus, users will be able to see
areas where elevation measurements are more or

less precise and factor that into their analyses. For
example, this layer can be used in generating max-
imal likelihood slope estimates.

* Repeat pass interferometric maps of surface de-
formation for approximately 12 targeted regions
with dimensions of 200kmx200km. Allowable
numbers and target dimension are being further
investigated during Step II. See [6].

* Repeat pass correlation maps, which after correct-
ing for SNR correlation (that can be estimated
from the single pass data), can be used to generate
bounds on the amount of temporal and volumetric
correlation. Temporal correlation can be used to
infer sub wavelength (3.8 cm) scale changes on
the surface.

Tie points between overlapping mapping strips
will be used to improve the ephemeris and in a bun-
dle adjustment procedure to remove residual cross-
track elevation tilts due to baseline and other sensor
calibration errors prior to mosaicking the strips.

One of our key science objectives will be to as-
sess if Venus is geologically active. One means of
looking for recent activity will be comparison of
VISAR imagery to Magellan imagery. Differences in
wavelength, incidence angle and look direction (for
some imagery since Magellan alternated look direc-
tion between cycles) will complicate this assessment.
To mitigate these problems we plan to look for
changes in regions with distinct morphological
boundaries above a particular area threshold (con-
servatively ~25 km?). Additionally, DLR’s airborne
F-SAR radar has acquired simultaneous data at X-
and S-bands over representative volcanic surfaces to
provide actual X to S-band backscatter comparisons
that can be used to tune change detection algorithms.

VISAR and VEM: The combination VISAR and
multispectral NIR emissivity observations is integral
to achieving the science objectives. VISAR will pro-
vide the resolution and accuracy of topographic
measurements to decouple atmospheric from surface
returns. Their combined measurements enable both
mineralogy, via VEM, and geomorphology and sur-
face chronology via a combination VISAR and
VEM.
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INITIAL STEREO MATCHING TESTS WITH MAGELLAN OPPOSITE
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Introduction:

The Magellan mission collected SAR images
over 3 Venusian days, or “Cycles”. During Cycle 3
stereo images with the same look direction (~20°
angular separation) as Cycle 1 were collected for
~20% of the planet; our successful processing of this
data [1] using an iterative cross-correlation stereo
radargrammetry method generated topography with
1-2 km horizontal resolution, a great improvement
over Magellan altimetry. We could produce a signif-
icant new data set if we could achieve anywhere near
this level of success with the opposite-look Magellan
data collected during Cycle 2; the opposite-look data
covers a larger portion of the planet (~40%), and the
images are more contiguous and have a higher sig-
nal-to-noise ratio. Unfortunately, the opposite-look
images are much harder to work with in an automat-
ed fashion and are simply not amenable to image
matching using cross-correlation. Figure 1 illustrates
the problem; it shows a steep-sided volcanic dome in
the Cycle 1, Cycle 2, and Cycle 3 Magellan imaging.
In opposite-look data, topographic slopes produce
opposing changes in image brightness (i.e., a slope is
bright in one image and dark in the other), but
changes in surface roughness or dielectric constant
produce similar changes in both images. In terms of
a cross-correlation algorithm, geologic features can
thus be both correlated and anticorrelated between
the two images. Here I discuss initial results attempt-
ing to develop automated methods to conduct stereo
photogrammetry between opposite-look pairs. | fo-
cus on two approaches: 1) pre-processing of the
SAR image pairs to enhance the roughness/material-
properties  (similar between images) and re-
duce/change the slope-caused differences; and 2) use
another  “similarity —measure” besides cross-
correlation. The methods being tried could potential-
ly be valuable as a risk-mitigation strategy for the
VERITAS mission, as the techniques being devel-
oped could be used for stereo matching between
VERITAS X-band images and the Magellan images
in order to produce topography, should single-pass
INSAR prove unsuccessful.

Pre-processing of images:

We have been trying a few different approaches
to pre-processing the SAR images. In general terms,
variations in surface roughness, and small-scale frac-
turing and cracking, on low-slope terrains look simi-
lar between the left- and right-looking images, as do
features oriented parallel to the look direction (i.e.,
perpendicular to the parallax direction). A couple of
approaches we are testing are directional filtering to

Institute, University of Alaska Fairbanks, Fairbanks, AK, USA

Figure 1. From top to bottom, Cycle 1, Cycle 2
("opposite look™), and Cycle 3 ("same-side stereo™)
images of a steep-sided dome on Venus located at 26
S, 80 E. Image is 60 km across. Note that the pat-
tern of fractures on top of the dome looks similar in
all three images, but slopes striking North-South look
very different in the Cycle 2 image.

reduce the albedo effects of radar-facing slopes, and
edge-detection algorithms that should produce a sim-
ilar-albedo edge from opposite-albedo slopes. A
problem, however, is that both techniques also ac-
centuate high-frequency noise.

Mutual Information Techniques:

Mutual information techniques [e.g., 2] have the
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potential to overcome the problem that slopes pro-
duce brightness variations of opposite polarity while
roughness produces variations of the same polarity.
The basic idea with mutual information is that imag-
es with matching patterns will have the same distri-
bution of intensities within a histogram, even if the
values within the histogram are different. In other
words, mutual information relies on minimizing the
mapping of pixel values from one image to another.
As a thought exercise, imagine two five-colored
shirts with matching patterns. We would be able to
match images of the shirts with the mutual infor-
mation technique, even if all of the colors were dif-
ferent between the two shirts. However, cross-
correlation would require that the relative darks and
lights be the same between the two shirts. The idea
then, with opposite-look Magellan data, is that slopes
striking perpendicular to the radar produce a differ-
ent brightness than the rest of the image, and it
should not matter to the mutual information tech-
nique whether that difference is an increase or de-
crease.

Status and the Remaining (Big) Problem:

While tests with both pre-processing the images
and matching using mutual information produced
success in small, carefully selected samples (e.g.,
Figure 2), after working with the data for a while it is
clear that the primary problem with the opposite-look
data is not the slope/roughness ambiguity, which the
mutual information technique can adequately handle.
It is that the parallax is simply too great between the
opposite look images. All of the potential automated
matching algorithms, including mutual information,
rely on a similarity of the basic pattern of the image,
regardless of the polarity and strength of the albedo
differences. Our approach to dealing with this par-
ticular issue will be to first try a partial
orthorectification of the opposite look images using
the Magellan altimetry data. The large angular sepa-
ration between the opposite-look images means that
if one can successfully collect match points, then the
vertical resolution of the data will be substantially
better than the same-side stereo results.
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EOS, 93, 125-126. [2] Cole-Rhodes, A. A. and
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Figure 2. Top of dome in Figure 1. Top image is
Cycle 1 image, middle is Cycle 2 image, and bottom
is Cycle 1 warped to Cycle 2 using mutual infor-
mation technigue to obtain match points between the
Cycle 1 and Cycle 2 images. Note that in the bottom
image that the central pit is correctly moved to its
corresponding location in the Cycle 2 image. Image
is 22.5 km across.
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Abstract:

The inversion layer at the tropopause of the Venus
atmosphere is a very common and prominent feature
in the vertical temperature profile at higher latitudes.
The inversion layer is of particular interest because it
separates the stratified troposphere from the highly
variable mesosphere. The altitude of the inversion
layer can therefore be regarded as a likely location
for the formation or presence of eddies or gravity
waves [1]. The Radio Science Experiment (VeRa)
onboard Venus Express [2,3] is capable to sound the
Venus atmosphere from 100 km downward to 40 km
[4,5] and delivered more than 800 vertical profiles of
temperature, pressure and neutral number density at
almost all local times and latitudes. The profiles in-
clude the tropopause which is typically located at 60
km altitude. Spatial changes of the refractive index
over a short altitude range lead to multi-path effects
which cannot be fully retrieved with common closed-
loop recording methods. The development of a new
data processing tool relying on VeRa open loop data
sets provided the necessary frequency resolution to
fully resolve multipath effects. The high resolution
temperature profiles reveal a thin layer (only a few
hundred meters thickness) which can be up to 15K
colder than measured with the closed loop receiver
technique.

The first occultation seasons have been analyzed and
the global distribution of multipath affected profiles
regarding also their dependency on local time will be
shown. The new results will help finding a more con-
sistent picture of the Venus’ atmosphere for the im-
provement of atmospheric models.
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Introduction:

Multi-spectral images obtained by the VIRTIS-M
instrument onboard Venus Express have resulted in a
treasure of observations that permit to study the
atmospheric dynamics of the planet at different ver-
tical layers over a long temporal interval. Measure-
ments extend from the lower clouds at 45 km to the
mesosphere tracing motions of oxygen airglow at
around 95 km, with coverage of the cloud top at 70
km in the UV side of the visible channel. Views of
the South Polar area enabled to study the dynamics
of the enigmatic polar vortex. The spectral resolution
of VIRTIS and its coverage of thermal radiation
allow to obtain thermal maps from the upper clouds
up to the mesosphere that are simultaneous to the
wind measurements and allow obtaining maps of
potential vorticity. Therefore, a large effort has been
devoted to study the polar area and understand the
vortex dynamics. In this contribution we review and
combine results from previous analysis on wind
motions from VIRTIS-M data.

Global dynamics of the Southern hemisphere

Several papers have been published detailing the
atmospheric dynamics at different cloud layers and
over different time intervals as more and more was
gathered by Venus Express [1-3]. The three-
dimensional structure of the winds (longitudinal,
latitudinal and vertical structure from 45-70 km) was
presented for an early period of data years 2006-
2007) and further measurements of the lower cloud
were presented covering the years 2006-2008 [2]. A
later work extended results of the upper cloud with
data that extended up till 2012 and producing results
of an intermediate level observable in visible to near-
IR wavelengths (500-900 nm) [3]. In those works
indications of temporal variability were examined
and considered compatible with the overall error
measurements showing a global stable atmosphere
with winds that do not exhibit drastic changes in
time. For the upper cloud, observable in UV wave-
lengths, the most interesting results were the deter-
mination of the meridional circulation with a Hadley
cell global motion peaking at -50° latitude, and the
acceleration of the zonal and meridional winds over
the local afternoon hours with motions that reach

their maximum around 15-16 local time hours. The
overall results for the upper cloud (best observed in
UV light) agreed with overall results from the VMC
camera [4]. However, there are evident differences in
the interpretation and quantification of variability
between the results published from both instruments
and these will be reviewed in this contribution.
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Figure 1: Zonal and meridional structure of the
winds in the upper cloud level in the day-side and in
the lower cloud level at night-side [2-3].

Venus South polar vortex

The elliptical orbit followed by Venus Express
resulted in about 2 years of high-quality thermal
infrared observations of a South Polar Vortex in
Venus similar to its equivalent in the North hemi-
sphere observed by Pioneer Venus in the 70s. The
vortex is tangentially illuminated by solar light and
is best observed in thermal images acquired at 3.8
and 5.1 pum sensitive to the thermal emission from
the upper cloud levels [5]. The warm vortex is a
vertically depressed structure with a depressed cloud
top [6]. Observations at 1.74 um establish that the
vortex extends at least down to the lower cloud level
(this is from the cloud top at 58-64 km to the lower
cloud at 43 km) with significant changes in its mor-
phology and motions [7, 8]. The motions do not
correlate highly with the fine-scale structures ob-
servable in the infrared images.
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Figure 2: Example of vortex morphology in
thermal infrared, motions and retrieved air tempera-
ture at cloud level.

The thermal structure of the warm vortex and the
surrounding cold collar can be retrieved in high
spatial resolution from VIRTIS-M spectral data in
the 4.2 and 5.1 pm, but excluding the spectral region
dominated by the CO 1-0 fundamental band from
4.52 to 4.80 um region [9]. The thermal analysis
shows a high correlation between 3.8, 5.1 um images
and temperature maps at the cloud top. From the
motions extracted from tracking features in the im-
ages and the thermal analysis we can compute maps
of potential vorticity (PV) at the cloud top that show
the vortex as a small vorticity perturbation over the
general state of the polar atmosphere [10]. Uncer-
tainties in the fine-scale spatial derivatives of the
wind motions do not permit to extract small scale

features in these PV maps. The structure observed in
many of the EPV maps at the upper cloud’s level
point to a weak ring of potential vorticity without
any strong latitudinal gradient of PV, as should be
expected in the presence of a mixing barrier. How-
ever, the thermal differences between the warm and
vertically depressed vortex and the cold collar may
effectively separate both regions.
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Introduction:

The dynamical mechanism of Venusian super-
rotation remains a mystery for a long time. A plane-
tary-scale UV feature on the cloud top level is well
known as the “Y-feature,” and we can understand the
propagation of the planetary-scale waves from the
rotation periodicity and spatial structure of this fea-
ture. The previous Pioneer Venus observations sug-
gests that the activities of Venus’s planetary waves
are associated with the super-rotation, therefore, by
observing the periodic variability in the Y-feature
propagation, we could gain important clues for com-
prehending Venus’ atmospheric dynamics.

Several spacecraft observations revealed the
yearly variability of the mean zonal flow, however
continuous dayside observations were difficult in
prior spacecraft orbit nearly fixed inertial space.
Since the Venus—Earth synodic periods is 584 days
(> 1 Venus year; 224 days), Venus can be almost
continuously observed over one Venusian year with
ground-based telescope. In this study, the variability
of the global scale UV-feature and the rotation peri-
odicity are investigated.

Observations and Analysis:

We conducted ground-based Venus imaging ob-
servations, which consist of six times observation
periods (OP1-OP6), at 365 nm from mid-August
2013 to the end of June 2014. Additionally, a long
continuous monitoring was done from mid-April to
the end of July 2015. Used telescope is the 1.6-m
Pirka telescope, constructed and operated by Hok-
kaido University, Japan. The daily variation of the
latitudinal distribution of bright and dark pattern was
measured as the relative brightness from equatorial
to mid-latitudinal regions in both hemispheres. This
analysis technique was applied for Galileo observed
images, and it was confirmed that the rotation of the
prominent Y-feature was reconstructed as the peri-
odical cycle of the bright and dark patterns, which
were symmetric about the equator.

The rotation period of the Y-feature is estimated
from the relative brightness variation in equatorial
region using Lomb-Scargle periodgram.

Results:
Our relative measurement analysis success to
show the periodical rotation of global scale UV fea-

ture. However, it was suggested that the Y-feature
did not have constant form and its shape sometimes
drastically change.

According to our observations, we found 3.5-day
shorter or 5.2-day longer periodical component in all
six observation periods with > 90% significance lev-
el, and the intensities of these components showed
temporal variation like seesaw. The period changed
from 5.2 days to 3.5 days at approximately nine-
month. In the middle seasons of our observation pe-
riods, both shorter and longer periodical component
simultaneously exist, and it is considered that the
deformation of the Y-feature occurred.

Discussion:

Previously, Pioneer Venus observations found
that the 4-day Kelvin wave in the Equatorial region
and the 5-day Rossby wave in the mid-latitudinal
regions exist. Our results suggest the dynamical state
in the Venus cloud top level was changed from
Rossby wave dominant to Kelvin wave dominant
with a time scale of nine months. During the transi-
tion between the two dynamical states, the combina-
tion of two waves causes the drastic change of the Y-
feature. We attributed the periodicity variation and
the change of dominant waves to the variations in the
mean zonal wind speed. The condition of the mean
zonal flow in each observation period was under
investigation, but the atmospheric dynamics of
Venus will be further understood by the corrobora-
tion of ground-based observations with Japanese
Venus Climate Orbiter AKATSUKI.
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Introduction:

Japanese Venus orbiter Akatsuki aims to eluci-
date the mechanism of atmospheric circulation and
cloud formation of Venus. The orbit insertion ma-
neuver conducted in 2010 was not successful, and
after the 5-years of additional interplanetary cruise,
the spacecraft entered a Venus-encircling orbit in
December 2015. The new orbit is much larger than
the original. We are developing a long-term observa-
tion plan for this new orbit.

Observations in new orbit:

To understand the atmospheric dynamics and
cloud physics of Venus, onboard science instruments
sense multiple height levels of the atmosphere to
visualize the three-dimensional structure and dynam-
ics. Although the new orbit around Venus is much
more elongated than the original plan, the science
goals and the observation strategy are basically un-
changed from the original (Nakamura et al., 2011).
The pixel resolution at the Venusian surface is 70 km
for UVI, IR1 and IR2 and 300 km for LIR from the
apoapsis altitude of ~340,000 km, while it is 0.2-1.8
km for UVI, IR1 and IR2 and 0.87-7.8 km for LIR
from the periapsis altitude of 1000-9000 km. The
observation modes are roughly classified into the
following groups; these observations are conducted
sequentially in each orbital revolution (Fig. 1).

Limb imaging

Fig. 1 Schematic of the observation sequence along
the orbit

Global imaging. Global imaging is the principal
mode of Akatsuki’s observation. The purpose is to
detect large-scale waves and the meridional circula-
tion that may be responsible for the maintenance of
the super-rotation (Giearsch, 1975; Rossow and Wil-
liams, 1979; Yamamoto and Takahashi, 2003; Tak-
agi and Matsuda, 2007) as well as to characterize the
mean-zonal wind structure. Continuous imaging en-
ables derivation of the wind field reflecting those

fluid-dynamical processes. The spatial and temporal
variations of the sulfuric acid cloud layer and the
minor species distributions are also major issues; the
clouds are thought to be produced both through pho-
tochemistry and dynamics, and the transport of relat-
ed chemical species such as SO, and cloud droplets
at meso- to planetary scales are expected to play
essential roles (Krasnopolsky and Pollack, 1994;
Imamura and Hashimoto, 1998). New findings in
cloud morphology are expected and should contribu-
te to better understanding of the cloud system. Ra-
diative energy balance of Venusian cloudy atmos-
phere (Lee et al., 2015) will also be studied using
multi-wavelengths global images.

The observations are conducted using IR1, IR2,
UVI and LIR in the portion of the orbit where the
typical camera FOV of 12° exceeds the apparent
Venus disk; this condition is satisfied over 96% of
time in one orbital revolution except the near-
periapsis region. From this portion of the orbit, cloud
images will be obtained every 1-2 hours for each
observation wavelength. Considering that the FOV
would have exceeded the apparent Venus disk over
~60% of the orbital period in the original plan
(Nakamura et al., 2011), the new orbit enables more
continuous global monitoring. Another merit of the
new orbit is that the observation geometry is stable
over several days at the expense of the lower spatial
resolution on average. By using the obtained global
images, the development of the atmospheric struc-
ture is monitored, and wind vectors are derived by
tracking small-scale cloud features. Monitoring of
surface features on the nightside by IR1, including
search for active volcanism, is also conducted mostly
in this observation mode.

The camera pointing direction for this observa-
tion is not always nadir, but can be shifted to the
sunlit side for dayside imaging and to the dark side
for nightside imaging. The purposes of this angular
offset are (1) to include the planetary limb in the
image so that the pointing direction can be deter-
mined accurately from the limb position, (2) to max-
imize the area of the atmosphere or the surface ob-
servable with each filter, and (3) to avoid stray light
when observing the nightside.

Close-up imaging. Imaging of clouds from close
distances provides opportunities to unveil meso-scale
structures, which should reflect small-scale convec-
tion, gravity waves, and shear instability. Such pro-
cesses are expected to enhance vertical mixing of
chemical species and induce vertical redistribution of
momentum and energy (McGouldrick and Toon,
2007). In addition to ultraviolet wavelengths, at
which Venus Express VMC also provided high-



resolution images (Titov et al., 2012), Akatsuki’s
simultaneous near-infrared and mid-infrared obser-
vations should provide comprehensive information
on the nature of small-scale processes.

In this observation mode, a particular point on
the cloud layer is continuously monitored from the
distances of roughly 1000-10000 km, for the purpose
of observing the temporal development of meso-
scale processes and also for stereo-viewing of the
cloud tops. During this observation sequence, the
spacecraft attitude is controlled so that the camera
FOV continuously captures roughly the same region.

Limb imaging. The vertical distribution of aero-
sols which extend up to ~100 km altitude is observed
in limb-viewing geometry around dayside periapsis
passages using UVI, IR1 (0.90 mm) and LIR. The
layered distribution of aerosols seen in the limb im-
ages taken by Galileo SSI (Belton et al., 1991) and
Venus Express VMC (Titov et al., 2012) suggests
that unknown chemical/dynamical processes are at
work in aerosol formation; extensive observations
covering wider regions with multiple wavelengths
would provide clues to the mechanism. When the
periapsis altitude is 1000 km, the minimum distance
to the tangential point is 3500 km, giving a vertical
resolution of 0.7 km for UVI and IR1 and 3 km for
LIR.

Eclipse observation. Lightning discharge might
be closely related to cloud formation and can be an
indicator of vigorous convective activity. The occur-
rence of lightning in the Venusian atmosphere has
been the under debase in spite of various indirect
observations (Russell et al., 2007).

The eclipse (umbra) region along the orbit is al-
located to lightning observations by LAC. Eclipses
occur mostly near the periapsis with a typical dura-
tion of 30 minutes. LAC is operated in nadir-
pointing geometry and waits for lightning flashes
with event trigger method. LAC can also observe
airglows by continuously recording the brightness
while scanning the nightside disk by the attitude ma-
neuver or the orbital motion of the spacecraft.

Radio occultation. Radio occultation experi-
ments (RS) using an ultra-stable oscillator (USO) are
performed when the spacecraft is hidden by Venus
as viewed from the tracking station (Imamura et al.,
2011). Venus Express radio occultation has revealed
vertical temperature profiles at various locations and
localtimes (Tellmann et al., 2009); a merit of
Akatsuki’s observation is that the location probed by
RS can be observed by the cameras a short time be-
fore the ingress or short time after the egress thanks
to the equatorial orbit, enabling quasi-simultaneous
observations. Since the dense Venusian atmosphere
causes considerable ray bending exceeding several
tens of degrees, a spacecraft steering is required to
compensate for this effect while the occultation ge-
ometry changes from ingress occultation to egress
occultation.
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90 km
Airglow (LAC)
SO,, Unknown absorber = G p N
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Cloud top temperature < ”
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-~ P4 -
Wind vectors 50 km
Middle/lower clouds —, -
(IR1,1R2) 40 km Troposphere
Carbon monooxide (IR2) v p—
Lightning (LAC) ’
Water vapor (IR1) Surface

Surface material, Active volcanos (IR1)

Fig. 2 Schematic of the three-dimensional observa-
tion by Akatsuki (Nakamura et al. 2011).
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GEOLOGICAL EVOLUTION OF VENUS.
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Introduction: Volcanism and large-scale tectonic
deformation on Venus are related to its mantle circula-
tion patterns and represent primary manifestations of
the process of global internal heat loss [e.g., 1]. The
surface of Venus displays a variety of volcanic and
tectonized terrains whose morphologic characteristics
are due to either emplacement of volcanic materials or
superposition of tectonic structures. Here we describe
the temporal distribution of tectonized terrains, their
stratigraphic relationships with volcanic units, and how
these outline the major episodes in the geological evo-
lution of Venus.

Major volcanic units: Although the surface of
Venus displays a variety of volcanic landforms [2-4],
three major volcanic units are most important: shield
plains, psh, regional plains, rp, and lobate plains, pl.
Together they comprise ~96% of all volcanically dom-
inated units and cover ~70% of the surface of Venus.
Shield plains (psh, ~18.5% of the surface of Venus):
Abundant small (2-10 km across) shield- and cone-like
features (volcanic edifices [2,3,5]) characterize shield
plains. Shield plains are only mildly deformed by
wrinkle ridges and sparse fractures/graben. Regional
plains, lower unit (rp1, ~33% of the surface of Venus)
are composed of morphologically smooth, homogene-
ous, sourceless plains. Networks of wrinkle ridges de-
form the surface of the plains [6]. Regional plains,
upper unit (rp2, ~9.8% of the surface of Venus) are
characterized by higher radar albedo and deformed by
the same families of wrinkle ridges. Lobate plains
(~8.8% of the surface of Venus): The surface of lobate
plains is occasionally disturbed by graben of rift zones.
The most characteristic features of lobate plains are
numerous bright and dark flow-like features. The
plains are usually associated with the large dome-
shaped rises (e.g., Beta, Eistla, Atla Regions, etc.).

Major tectonized units: The following five tec-
tonized units are the most important on Venus and
make up ~20% of its surface [7]. (1) Tessera (t, 7.3%
of the surface of Venus) displays intersecting sets of
contractional and extensional structures [e.g., 8]. (2)
Densely lineated plains (pdl, 1.6%) are dissected by
numerous densely packed parallel fractures. (3) Ridged
plains/Ridge belts (pr/rb, 2.4%) are deformed by broad
and long ridges that often form elevated belts. (4)
Groove belts (gb, 8.1%) are swarms of extensional
structures that completely obscure the characteristics
of underlying materials at the scale of the mapping. (5)
Rift zones (rz, 5.0%) consist of numerous parallel fis-
sures and troughs that usually completely erase the
morphology of underlying terrains.

Age relationships of volcanic and tectonic
units: Clear relationships of relative age are often seen
among the tectonic and volcanic units at the global
scale [7]. Structures of pdl and pr/rb usually cut tessera
but in some places they appear to be incorporated into
the tessera structural pattern. Graben of gb cut occur-

rences of tessera, pdl, and pr/rb. Vast expanses of
mildly deformed plains units (shield- and regional
plains) embay all occurrences of t, pdl, and pr/rb and
the majority of groove belts. Structures of rift zones
cut the vast plains and are contemporaneous with the
younger lobate plains.

Craters embayed by regional and lobate plains:
The age relationships between regional plains (rpl)
and lobate plains are consistently the same over the
entire surface of Venus [9]. In any specific place where
these units are in contact, lobate plains embay regional
plains and, thus, are younger. The different morpho-
logic characteristics of rpl and pl and their different
ages [10-12] imply that these lava units correspond to
different geological epochs with apparently different
styles of volcanism [9]. The main characteristic of re-
gional plains is that the majority of their area (slightly
over 80%) is concentrated only in three largest occur-
rences of this unit. The sizes of occurrences of lobate
plains are much more evenly distributed within the
observable range of areas.

The total number of craters that occur either with-
in or on the boundaries of the areas of rpl is 582. Out
of these, 563 craters appear to be superposed on the
plains and the plains embay 19 of the craters. This
gives the proportion of craters embayed by regional
plains as ~3%. The total number of craters on lobate
plains is 79 and the plains embay 27 of them, which
gives the proportion of the embayed craters in the case
of lobate plains as 33%

Discussion: The majority of tectonized terrains (t
through gb) are the products of tectonic resurfacing
and are embayed by the vast volcanic plains and, thus,
are older. There are no units with either mildly- or
non-tectonized surfaces that interleave the tectonic
terrains, which would be expected if the tectonic resur-
facing operated only during specific phases in discrete
regions. The major tectonized terrains thus define an
earlier, tectonically dominated regime of resurfacing
that occurred at the global-scale near the beginning of
the observable geological history of Venus.

This ancient tectonic regime began with formation
of the oldest unit, tessera. Both contractional (ridges)
and extensional (graben) structures form tessera. There
is robust evidence for the relatively old age of the
ridges. This suggests that formation of tessera was due
to large-scale compression that resulted in regional
thickening of the crust [13,14].

The tectonic regime ended by development of
pervasive groove belts that mark zones of extension.
Branches of groove belts compose the tectonic com-
ponents of many coronae [15] suggesting that these
features are genetically related and that coronae may
have punctuated the final stages of the ancient tectonic
regime.

This regime was followed by emplacement of the
vast volcanic plains, such as shield and regional plains,



the surfaces of which are extensively deformed by the
global network of wrinkle ridges [6]. Emplacement of
the plains has defined the second, volcanically domi-
nated regime of resurfacing [16], representing a time
when surface tectonic deformation related to mantle
convection waned and evolved into massive, cata-
strophic-like, outpouring of volcanics of regional
plains. The small number of embayed craters (3%)
suggests that the emplacement of regional plains was
geologically very rapid.

Rift zones are the stratigraphically youngest mani-
festations of regional-scale tectonic deformation on
Venus. Rifts are spatially and temporarily associated
with the youngest lava flows and often cut crests of
large, but isolated, dome-shaped rises. Structures of
rift zones always cut the surface of the vast plains,
which means that rifts are separated in time from the
ancient tectonic regime, post-date the regional plains,
and represent a new phase of tectonism that was con-
temporaneous with the late volcanism of lobate plains.
Rift zones and lobate plains define the third, network
rifting-volcanism regime of resurfacing that was re-

rises. The much larger proportion of craters embayed
by lobate plains (33%) suggests a more gradual style
of emplacement of volcanic materials during this re-
gime.
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AKATSUKI 1um CAMERA AWAKENS

N. lwagami, Univ of Tokyo (iwagami@eps.s.u-tokyo.ac.jp), S. Ohtsuki, Senshu Univ, T. Sakanoi, Tohoku
Univ

Akatsuki 1um camera awoke, and started to
work after the successful re-try of Venus orbit
insertion on 07 Dec.2015 exactly 5 years after the
failer. The first image taken 2 days after at 70,000
km away is shown below representing good health
of the camera. It was surprising to find almost no
damaged pixel over the image although we
anticipated dirty image with very many dead
pixels. Probablly this is due to OFF state of the
camera, and extremly low solar activity in the
latest 5 years.

The first 0.9 um image taken at 70,000 km away 2
days after the successful insertion.
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DETECTION OF WAVES AT 60 AND 70 KM IN THE VENUS
ATMOSPHERE BY GROUND-BASED IR SPECTROSCOPY

N. lwagami, S. Kano, M. Hosouchi, Univ of Tokyo (iwagami@eps.s.u-tokyo.ac.jp), G-L. Hashimoto,
Okayama Univ.,T. Kouyama, Nat. Inst. of Advanced Sci. and Tech., H. lwagami, Petit Vega Planetari-

um, M. Takagi, Kyoto-Sangyo Univ.

Venusian atmospheric waves at 60 and 70 km
are investigated by IR spectroscopy. The observa-
tion was carried out at NASA/IRTF at Mauna
Kea, Hawaii in May 2014 for 10 days by using
CSHELL spectrometer. As noted in Hosouchi et
al. (2012), 1.7 um CO; absorption structure gives
information at 60 km. At first, a collaboration with
VMS/VEX was planned for the 70 km infor-
mation source, but cancelled. So we changed our
strategy to use 5 um radiance as another infor-
mation source for 70 km. By comparing wave
structures found at 60 and 70 km, it is possible to
investigate the vertical structure of atmospheric
waves. Such information will reveal important
aspects to understand the generating mechanism
for the Super Rotation. The figures below show
waves found in the 1.7 um (60 km) and 5 um (70
km) regions. The former has an apparent period of
4.1 days and the latter 3.7 days.
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EMPIRE STRIKES BACK: VENUS EXPLORATION IN THE NEW HUMAN

SPACEFLIGHT AGE.

N. R. Izenberg (noam.izenberg@jhuapl.edu), R. L. McNutt, Jr., Johns Hopkins University Applied Physics

Laboratory, Laurel, Maryland, USA.

Introduction:

In the highly competitive world of modern plane-
tary exploration, opportunities for missions Venus are
available, but challenging to exploit. Venus missions
are detailed in the recent NASA Decadal Survey [1]
and mentioned ESA’s Cosmic Vision [2]. The Venera
D mission — a joint effort between NASA, Russia, and
others, is being explored as well. However, opportuni-
ties for Venus exploration, especially for large, high-
capability missions are few and far between. A class of
missions exists that provides a unique opportunity
specifically for this kind of Venus science mission,
and it exists on the human pathway to Mars.

Age of EMPIRE:

Venus flybys and even orbital missions, have been
part of plans for human space exploration since the
early days of space flight. One of the very first pro-
posed uses of a Venus flyby for human spaceflight
dates back to 1956, in a conference talk describing a
one-year (and in the ensuing study extended to a 400-
day) Mars-flyby, Venus-flyby mission, with a launch
opportunity in 1971 [3] (Fig 1). In the ensuing dec-
ades, several NASA studies explored various Mars
exploration scenarios, some of which included Venus
flybys, or even dual-planet missions [4, 5, others]. The

Venus flyby and rendezvous mission studies were
undertaken and completed through the 1960°s and
early 1970’s and Venus flyby components of Mars
missions have surfaced on occasion throughout the
decades.

Venus to Mars Today:

The current NASA plan for human exploration of
Mars is expressed primarily in the Design Reference
Architecture (DRA) 5.0 [6], published in 2009, and its
two supplements [7, 8] published in 2009 and 2014.
Venus flybys remain as valid choices in the latest
plans for the human path to Mars using current and
imminent technological capability such as the Space
Launch System (SLS) [9].

Venus flyby scenarios currently under considera-
tion are for “opposition” type missions to Mars (Fig.
2) in which the spacecraft swings by Venus on the
outward or return leg to Mars, and mission durations
at Mars are from 20 to 100 days in length [8]. The
shorter Mars-stay missions, as opposed to 550-730 day
stay-at Mars “conjunction” class missions occupy an
enticing sweet-spot among candidate Mars rendezvous
missions, combining weeks to months at Mars with
shorter total mission duration and lower total mission
delta-V (Fig. 3).

series of studies was termed EMPIRE (Early Manned
Planetary-Interplanetary Roundtrip Expeditions), and
meant to leverage Apollo-era hardware into ever more
ambitious human space endeavors.
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Fig. 1. First proposed manned Venus-Mars Flyby mission
trajectories from [3].

Early proposals required rocket and spacecraft
technology well beyond capabilities (at the time of the
1956 proposals, Atlas Mercury was the largest human
mission flown by NASA), many of which proved to be
completely unfeasible or unworkable over time (e.g.
requiring nuclear thermal rocket engines). Similarly,
long term radiation and inner solar system heat haz-
ards could not be addressed in detail 50 years ago.

Nevertheless, a number of Human
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Fig. 2. Earth-Mars-Venus-Earth “Opposition Class” mission
from [8]

From the very beginning, Venus flyby missions
were seen not just viewed as an opportunity for getting
to Mars more easily, or with possibly lower cost and
risk, but also as a science opportunity. Venus flyby
plans always included the “dropping off” of science
payloads and science observations during the flyby.
The same would be true in the modern conception of a
crewed Venus flyby.
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A New EMPIRE:

Most current concepts of SLS-launched missions
to Mars include 4-10 rocket launches, and each SLS
launch has the capability of bringing up secondary
payloads (of as yet unconstrained mass). Human Mars
missions that do not include a Venus flyby component
still provide orbital staging opportunities for planetary
missions. The DRA describes SLS secondary accom-
modations for multiple comsat or equivalent secondary
payloads per SLS launch. These payloads could easily
become opportunities for many different solar system
targets, including Venus. However, on Earth-Venus-
Mars-Earth (EVME) or Earth-Mars-Venus-Earth
(EMVE), Venus probes in particular would be logical
secondary payload choices. The flyby orbit could cre-
ate enabling opportunities for one or more significant
probes to be dropped during a Venus flyby trajectory,
for insertion to Venus orbit or descent into the atmos-
phere and/or surface. The EVME mission would be
most hospitable for larger Venus-destined payloads
carried with the crew, since the jettisoning of Venus-
bound payloads would reduce total mass for spacecraft
maneuvers for the rest of the mission.

What kind of missions might be enabled by a
crewed flyby a Venus? Specifically having a crew en
route and during and after flyby enables several mis-
sion architectures, including, but not necessarily lim-
ited to:

e Large, potentially modular probes or constella-
tions potentially launched in pieces and assembled
by crew en route to Venus. Mission concepts in-
cludes cubesat — or larger — constellations [10], or
probes launched in pieces in multiple SLS launch-
es with final assembly en route to Venus,

e Real-Time Telemetry and human-in-the-loop
probes actively guided in the Venus environment
by human crew during the days or weeks around
closest approach, where light-speed communica-
tion delays are minimal. These mission concepts
include guide-able aerial platforms [11,12] to sur-
face rovers [13],

e Fast sample-grab-and-return from the Venus at-

mosphere, rendezvousing with the departing
spacecraft instead of transiting to Earth. [14]

The Opportunity:

While Venus flyby opportunities on the path of
Human exploration of Mars are currently in the books,
they do not have high mind-share in the human space-
flight community. Issues, technical challenges, and
risks of temperature and radiation exposure in the <1
AU environment, and protection of crew and equip-
ment are examined in the current DRA and its sup-
plements, but Venus flybys are not at the forefront of
thinking or plans.

The Venus science opportunities presented by
EVME and EMVE missions are significant and
unique, and in an era of renewed interest in and ambi-
tion for going to Mars, a timely — and time limited —
opportunity, as Venus flyby missions.

The Venus exploration community has the oppor-
tunity at this time to voice active support not just for
human crewed missions, but human exploration of
Mars in particular, for the additional payload opportu-
nities it creates. Furthermore, the Venus community
has a stake in advocating for how we get to Mars as
well. Making the case that the best path may include
both planets is an idea whose time has come around
again.
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VENUS: OBSERVE IT WHILE IT’S HOT!
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Introduction:

Venus’ global-scale cloud and haze layers are
composed of complexes of sulfuric acid (H2SO4)
and water. Because the clouds play a critical role in
Venus’ energy balance and long-term climate evolu-
tion, accurate definition of their formation process is
a high priority in Venus atmospheric studies. On a
basic level it is understood that the H,SO4 clouds
and haze form via the combination of SOz and H-O,
and SO; forms via oxidation of SO,. Thus, sulfur-
bearing and sulfur-oxidized species, such as SOg,
SO, S, OCS, H;SO.4, are key traces of Venus’
H2S04 cloud/haze formation process. However, the
specific pathways (which may be chemical, micro-
physical and/or dynamical) that balance the budget of
sulfur (and oxidized sulfur) in Venus’ atmosphere are
ill-defined [1-3], as are the mechanisms that sustain
the density of the clouds. As result, Venus’ climate
evolution is ill-defined, and understanding Venus’
sulfur-budget is highlighted as an important Venus
exploration target.

New Observation Opportunities:

The recent success of the Venus Orbit Insertion
(VOI) maneuvers implemented by JAXA’s Akatsuki
spacecraft has opened up another opportunity to ob-
tain sustained and coordinated observations of Ve-
nus’ atmosphere that can be used to investigate the
progression of Venus’ sulfur-cycle and the formation
of the H2SO4 clouds and haze. The primary objec-
tive of the Akatsuki mission is to understand Venus’
atmospheric dynamics, cloud chemistry and cloud
physics by observing key characteristics of Venus’
atmosphere from above and below the 47-70 km
cloud layer on both the day and night side. Acquisi-
tion of coordinated HST and Akatsuki observations
of Venus’ sulfur-oxide species can be used to com-
plete Akatsuki’s observing objectives and as well as
the atmospheric observation priorities established by
VEXAG and other International Venus Exploration
Organizations [4,5].

In particular, we are proposing to obtain HST
spectral and imaging observations of Venus’ dayside
atmosphere in the 200-600 nm wavelength region.
The HST images can provide high (20+2 km) spatial
resolution mapping of Venus’ dayside SO, gas ab-
sorption signature below 240 nm, the 200-400 nm
cloud top brightness/ contrast, and the distribution of
the unknown UV absorber as a function of local time

at each latitude. The HST spectra can provide at high
(50+£10 km) spatial resolution, which is comparable
to the expected UVI image spatial resolution at
Akatsuki apoapsis, detailed latitude and local time
detections of i) the SO, and SO gas absorption signa-
tures at wavelengths < 240 nm, at high (0.27 nm)
spectral resolution ii) the long-wavelength (280-330
nm) SO, absorption signature at high (0.27 nm)
spectral resolution, and iii) the 340-400 nm spectral
signature of the unknown UV absorber at medium
(0.54 nm) spectral resolution. The spectral data will
also provide a means to validate/accurately complete
radiometric calibration of the Akatsuki UVI images
that will be obtained at 283+6.5 and 365+7.5 nm.

The two nearest observing windows during which
coordinated HST-Akatsuki observation may be ob-
tained occur in 2017. In the first observing window,
which extends through January 2017 to the first week
of February 2017, Venus’ p.m. quadrant is observa-
ble from the Earth. HST spectral observations ob-
tained at this time can provide the first simultaneous
measurement SO, and SO densities on Venus’ p.m.
quadrant as a function of both local time and latitude
resolution without any temporal confusion. With
proper planning 365 nm Akatsuki UVI images of
Venus’ partially illuminated disk can be taken near-
simultaneously (within 1.5 hours) of HST/STIS and
from the same vantage point as HST. Analysis of the
365 nm limb brightness will map the variation in the
haze properties as a function of latitude along the
sunlit limb, i.e. at a local Venus time of ~ noon. This
is a critical empirical constraint needed for develop-
ing models that attempt to replicate Venus’ a.m. to
p.m. H2SO4 gas and aerosol distribution asymme-
tries, and can ONLY be derived from observations
that are centered in latitude on Venus’ equator and
centered in longitude on either the a.m. or p.m. ter-
minator longitude.

In the second observing window, which extends
from mid-May 2017 to late June-2017, Venus’ a.m.
quadrant is observable from the Earth. Detailed spec-
tral observation of Venus’ a.m. quadrant were ob-
tained by HST during the Venus Express mission.
Photochemical and dynamical modeling [1, 6] indi-
cates that the 70-80 km SO, abundance is dependent
on the influx of SO, (or an influx of species that con-
trol the SO, abundance) from lower altitudes. Thus,
it is currently unclear whether:

i) the species responsible for balancing out the loss
and production SOy at 70 and 80 km are directly



upwelled from lower altitudes, and if so from how
low in the atmosphere, and through what process?
--Or--
ii) fluctuations in the upward flux of SO, itself are
the primary mechanism that determine the SO, den-
sity?
--Or--
iii) the 70 to 80 km behavior is intimately linked to
physical/chemical/microphysical processes occurring
in the 60 to 70 km altitude region, and if so by what
species/and or processes?

To segregate the import of these processes de-
tailed empirically constrained models of the SO
profile over multiple altitudes at multiple times of
day are needed. This need is the primary motivator
for new spatially and temporally coincident pole-to-
pole observations of Venus’ a.m. quadrant during the
Akatsuki mission when UVI images sensitive to the
altitude region just below the region sampled by the
short (A < 240 nm) wavelength HST imaging and
spectral observations. Additionally, in the absence of
in-situ measurements, it is a high priority to obtain
these observations coordinated with other ground
based platforms over a range of wavelengths that
have sensitivity to the lower altitude regions adjacent
and below the 70-80 km cloud top region.

In each of the possible HST observing epochs de-
tails of the haze properties can be derived from anal-
ysis of limb brightness signatures captured in the 365
nm Akatuski images. These details can also be fed
into Mie scattering models to define the impact of
the aerosols on the photon (=radiation) budget as
function of altitude at each local time observed. The
combination of the HST derived SO, and SO gas
observations with the radiation budget results can be
fed into photochemical and microphysical models
and used to investigate the impact of H,SO4 for-
mation on Venus’ overall sulfur budget. This has the
potential to improve our overall understanding of the
cloud formation process which in turn impacts mod-
eling of Venus’ long term climate evolution.

Summary:

The successful insertion of Akatsuki into Venus
orbit on December 7, 2015 has opened up a new
epoch of continuous Venus observation. This in turn
provides a new opportunity to obtain coordinated
observations that can capitalize, in concert, on the
unique capabilities of the Akatsuki suite of instru-
ments as well as other ground and space-based ob-
serving platforms, enhancing and expanding the sci-
ence return of each observation.
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ROTATION OF VENUS: PREDICTIONS & OBSERVATIONS

O. Karatekin, Royal Observatory of Belgium, Brussels, Belgium (o.karatekin@observatory.be), 1. Holin Mos-

cow, Russia.
Introduction:

High precision rotational dynamics of Earth-like
planets closely relate to their core-mantle-crust-
atmosphere properties and evolution and can be
characterized by the behaviour of the instantaneous
spin-vector of their crust/mantle with time that in-
cludes variations. The slow rotation and dense at-
mosphere makes determination of Venus’ spin dy-
namics extremely challenging. Accordingly the dy-
namical ellipticity and moments of inertia of Venus
remain poorly known. Observations from spacecraft
orbiting as well as Earth-based radar measurements
have yielded different and sometimes inconsistent
values for the mean rotation of Venus. Currently,
Venus’ rotation remains as the least known among
the terrestrial planets.

Venus is a slow retrograde rotation. The rotation
period of Venus and the direction of the planet's
North pole was determined by NASA's Magellan
orbiter using the radar images by tracking surface
features [1]. The length of a day of Venus was de-
termined to be 243.0185 Earth days. Recent observa-
tions of Venus Express with the VIRTIS instrument
suggested a slightly slower spin, indicating that the
rotation of the planet is not fully described by the
orientation model recommended by the IAU [2].
Mueller et al [2] suggested that this discrepancy
might be due to the length of day variation.

Estimates of Length-of-Day Variations

The rotations of the planets with an atmosphere
(such as Earth, Mars and Titan) constantly slow
down and speed up, due to the angular momentum
exchange between the surface and the atmosphere,
altering the length of the day (LOD). Variations on
the order of millisecond over seasonal time scales
have been observed for Mars and Earth, but LOD
variations of Venus have not yet been measured.
Despite the near-circular orbit and very small oblig-
uity, and the resulting absence of seasons, important
variations in the rotation of Venus can still exist due
to the variability of the winds in the lower atmos-
phere over diurnal time scales. Schubert [3] suggest-
ed the possibility of having LOD variations on Ve-
nus several orders of magnitude larger than those
observed for the Earth and Mars using an order of
magnitude analysis based on analytical considera-
tions. More recently, using the outputs of a GCM
data, Karatekin et al. [4][5] showed that a ALOD
around tens of seconds is plausible, indeed. This
value is about the same order of magnitude as the
uncertainty in the rotation period of Venus reported

by Konopliv et al. [6] (~43 sec) and Davies et al. [1]
(~9 sec). Cottereau et al. [7] argued that spin varia-
tion might be dominated by the tidal torque exerted
by the Sun on its solid body (~2-3 minutes) rather
than the effect of the atmosphere.

Measurement of Variations in Venus rotation
rate by Earth-based Radar:

In spite of orbiting spacecraft missions, such as
Magellan and Venus Express, the measurement of
short-term variations in Venus rotation remains an
open problem. The recently measured difference of ~
6 min in the mean rotation rate [2] seems to be too
large to be explained by variations. Taking into ac-
count that rotational variations of Mercury were first
measured by Earth-based radar [8] using the effect of
speckle displacement [9], [10], it is reasonable to
analyze potentials of radar speckle tracking tech-
niques as applied to Venus as well.

The limiting relative accuracy in the instantane-
ous spin rate of Venus of the Manasse-Green tech-
nique (MGT), where the baselines are not aligned to
speckle displacement ([9], p. 15, 56), is > 107 (for
Mercury > 10™). But the expected variations are <
107 [5], [7]. So MGT does not allow measurements
of spin variations for Mercury and Venus.

The Holin [10], [11] technique (HT), where a
substantially longer baseline exceeding a speckle
dimension by orders of magnitude is aligned with the
speckle displacement direction due to the Earth rota-
tion, has better precision. For example, a minimum
relative standard deviation characterized by the
Cramer-Rao lower bound (CRLB) [12] in presence
of a traditional system (electronic) noise only is for
Mercury ~ 2x10° with the Goldstone / Goldstone —
Green Bank (G/G-GB) radar interferometer [11],
[13].

Besides system noise, CRLB is strongly depend-
ent on the loss of signal identity that may result from
a number of reasons, such as radio wave propagation
in Venus atmosphere, finite speckle dimension along
the radar line-of-sight, and so on. As a result, for
Mercury with G/G-GB and the same level of elec-
tronic noise, the correlation coefficient » ~ 0.5 leads
to CRLB of the order of ~ 10° only. For Venus with
monochromatic G/G-GB, r ~ 0.9 and » ~ 0.3 lead to
~2x10° and ~ 5%10° respectively. The existing in-
terferometer Arecibo / Green Bank — VLA (A/GB-
VLA) has theoretical CRLB up to ~ 4x107 (r ~ 0.9),
which is comparable to the level of expected varia-
tions.



It follows from the above that the situation about
true values of r» is important and needs clarification
for both polarizations and transmitted wavelengths
[13]. That would allow proper planning of the exper-
iments. Indeed, signal-to-(electronic)noise ratio for
Venus is so high, that the values » < 1 prevent from a
rational use of the total transmission power. To avoid
substantial losses in accuracy related to incoherence,
a multi-frequency approach (multi-frequency HT)
was developed [14]. For example, were G/G-GB
multi-frequency, its CRLB in the case of » ~ 0.5 for
Mercury would be ~ 2.5x10°. Analogously for Ve-
nus, multi-frequency A/GB-VLA may reach ~ 107,
which should be enough to measure variations relat-
ed to a Venusian atmosphere. The measurement time
in all cases is within few tens of minutes.

Further improvements in the measurement accu-
racy can be based on multi-frequency and multi-
baseline radio systems. For example, CRLB with the
two antenna arrays similar to VLA and a multi-
frequency radar transmitter at Arecibo is close to ~
2x10®. To reach these limits, antenna separation in
receiving arrays transversely to speckle displacement
should exceed a speckle dimension. Also, it is desir-
able to know the nature and properties of signal in-
coherence.

Conclusion:

If measured, LOD variations of Venus would re-
veal the zonal wind variability and help to model the
angular momentum exchange between the planetary
surface and the atmosphere. Besides the atmosphere,
Venus rotation could be affected by the sun’s gravi-
tational attraction on the mantle and on the core
mantle coupling. The measurements of planetary
rotation could also reveal spin pole orientation,
which is associated with the precession rate of the
spin axis, a direct constraint on the moment of inertia
of Venus. For future planetary missions, observation
of LOD variations of Venus will continue to be a
challenge, but an attainable goal considering the im-
proved remote sensing capabilities.

Ground-based radar can be used to study the ro-
tational dynamics of the terrestrial planets. High pre-
cision estimates of the instantaneous spin rate and
spin-vector orientation of a rough rigid rotating plan-
etary surface can be obtained from Earth based ob-
servations. Similar to Mercury, Earth-based radar
have potentials to measure short-term variations in
Venus rotation rate to 10° — 107 and better. Our re-
sults for Venus show that existing radar interferome-
ters have CRLBs on the order ~ 10 or better but
still far from ~ 107. Multi-frequency and multi-
baseline systems may have CRLBs substantially
better than 107 allowing measurements of the full
spectrum of main variations in Venus rotation rate in
spite of signal incoherence.
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Introduction:

The transport of westward momentum from the
lower atmosphere to the cloud top is a key factor to
maintain fast westward zonal winds, called super-
rotation, in Venus atmosphere. The vertical propaga-
tion of planetary scale waves can transport momen-
tum, resulting atmospheric acceleration or decelera-
tion. Kelvin wave and Rossby wave have been con-
firmed from periodical wind speed and cloud bright-
ness variation [cf. Del Genio and Rossow, 1990].
From a numerical calculation result, it is expected
that Kelvin wave enhanced at the mid-cloud level
(~60km) can propagate easily to the upper cloud
level in slower background winds (~80 m/s at the
equator) and accelerate atmosphere in low latitude
regions, while Rossby wave can propagate in faster
background winds (~100 m/s) and decelerate at mid
latitudes, assuming the background zonal winds have
same angular speed in all latitudes (= solid body ro-
tation profile) [Kouyama et al., 2015]. However,
since observed dayside mean zonal wind speed
shows rather flat distribution in low latitudes and
sometimes has mid-latitude jets (= not solid body
rotation), it has been unclear the propagation of
planetary scale waves in more realistic background
zonal winds. Therefore in this study we focused a
numerical investigation of propagation of the waves
considering the observed zonal wind speed distribu-
tion.

Model and background zonal winds:

For describing the background zonal wind which
has mid-latitude jets around 70 km, we used a three
dimensional nonlinear primitive equation model in
spherical geometry covering the Venusian atmos-
phere from 60 km (236 hPa) to 85 km (2.0 hPa) alti-
tude based on Imamura, 2006. Following Kouyama
et al calculations, we assume two types of the back-
ground zonal wind profile. In the fast wind profile
(Model F), the wind speed increases with altitude
from 60 to 70 km and decreases above 70 km at the
equatorial region (Figure 1a), which is based on di-
rect measurements (Schubert, 1983). In the slow pro-
file (Model S), the wind speed at the equatorial re-
gion is independent of the altitude (Figure 1b). Both
Models F and S have local maximum of zonal wind
speed around mid-latitude at the upper cloud level. In
both Models F and S the phase speeds of the im-
posed Kelvin and Rosshy waves are assumed to be
115 m/s (period of ~3.8 d) and 77 m/s (period of
~5.8 d), respectively.
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Figure 1. Background zonal wind speeds (m/s) in (a)

Model F and (b) Model S.

Results:

Figure 2 shows the obtained vertical structures of
the normalized amplitudes of zonal wind perturba-
tion in Models F and S for the Kelvin and the Rosshy
waves. The Kelvin wave in Model F shows signifi-
cant attenuation with altitude and almost disappears
at 70 km altitude, while in Model S the Kelvin wave
retains a significant amplitude around 70 km. On the
other hand, although the amplitude of the Rosshy
wave in Model F is larger than that in Model S, the
Rossby wave even in Model S shows a significant
amplitude even above 70 km, which is clearly differ-
ent from the results assuming the solid body rotation
profile of the background zonal wind speed (marked
with S’ in Figure 2).

Imamura (2006) showed that mid-latitude jets do
not influence the structure of Kelvin waves signifi-
cantly but cause a poleward expansion of Rossby
waves, resulting the wider discrepancy between the
background zonal wind speed and the horizontal

Kelvin wave Rossby wave

Altitude (km)
Altitude (km)

1.0 1 8
Normalized amplitude

Normalized amplitude

Figure 2. Vertical profiles of the amplitudes of the
zonal wind disturbances at the equator region of
(left) Kelvin waves and (right) Rossby waves in
Models F (solid) and S (dashed). The amplitude of
Rossby wave assuming the solid body rotation pro-
file of the background winds is also plotted (dotted).



phase speed of Rossby wave in mid-latitude range,
which may relax the attenuation of Rossby waves.
Our results also suggest the mid-Iatitude jets do not
affect the propagation of Kelvin waves significantly.

Conclusion:

We have investigated the vertical propagation of
Kelvin and Rossby waves in the variable background
winds with mid-Ilatitude jets around the upper cloud
level using a non-linear primitive equation model
based on Imamura, 2006. The mid-latitude jets do
not affect significantly the propagation of the Kelvin
waves, while the jets may relax the attenuation of
Rossby waves. If Rossby waves can propagate verti-
cally remaining their amplitude to some extent in
both faster and slower backgrounds, the time varia-
tion of domination of Rossby waves may reflect the
time variation of their enhancement at the source
region.

Because the propagation of waves have three di-
mensional structures, three dimensional observation
should be useful to investigate the wave structures
and evaluate atmospheric acceleration from the
propagation. Venus image sets obtained from
Akatsuki (Nakamura et al., 2014) and applications of
the cloud-tracking method to the image sets could
identify the three dimensional structures.
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Introduction:

The structure of Venus atmosphere has been the tar-
get of intense studies in the past decade. Among
manifold ground based observations, the recent space
mission Venus Express in particular has shed light on
many open questions concerning the thermal and the
dynamical behavior of its atmosphere. A comprehen-
sive understanding of this atmospheric region is still
missing. Therefore, direct measurements of atmos-
pheric parameters on various time scales and at dif-
ferent locations on the planet are essential for an
understanding and for the validation of global circu-
lation models.

Such observations are provided by the infrared het-
erodyne spectrometers THIS (University of Co-
logne), HIPWAC (NASA GSFC) and MILAHI
(Tohoku University). These instruments fully resolve
CO2 non-LTE emission lines for Doppler-wind and
temperature retrievals at a pressure level of 1pbar
(~110 km) by operating around 10um.

The Long- and short-term variability of daytime
temperatures at the ~1pbar level from ground-based
observing campaigns between 2007 to 2015 shall be
presented. The observations yield a large quantity of
temperature measurements at different positions on
the planetary disk which allows to map a good part
of the dayside of Venus. In addition a detailed study
of the interesting but not well understood and only
poorly investigated area close to the terminator will
be given. Investigations on the general behavior of
the temperature and differences between the morning
and evening terminators are accomplished. Ongoing
analysis of thermal variability and comparison to
other observing methods and model calculations are
in progress and will be included in the presentation if
already available.
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SIMULATING THE SURFACE OF VENUS ON EARTH
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Introduction: The growing interest in compara-
tive climatology among the terrestrial planets, the
explosion of planets being discovered around other
stars and the exciting results of recent orbital and
remote observations of Venus provide evidence for a
growing case to better understand Earths sister plan-
et. The surface of Venus is quite unlike Earth’s sur-
face conditions, and in fact is rather extreme. Sci-
ence, technology, and planetary mission communities
have a growing interest in the unique physicochemi-
cal properties and processes that occur under ex-
treme temperature and pressure conditions in exotic
and even hostile chemical environments such as Ve-
nus. The steadily growing catalog of exoplanets like-
ly contains many examples of bodies with environ-
ments dramatically different than the surface of the
Earth. Understanding these properties and processes
will help us understand the history and present day
state of inhospitable and even inaccessible regions of
the Earth as well as other solar or extrasolar planets
[e.g. 1, 2]. Additionally, Venus and Saturn targets are
prioritized in the current Planetary Decadal Survey,
with reference missions that include in-situ investiga-
tions of these challenging environments. The fact that
two of the five recent Discovery mission proposals
selected by NASA for further development are Ve-
nus-focused adds additional priority and even urgen-
cy to laboratory-based extreme environment investi-
gations.

In addition to the importance of science-focused
investigations, there is a current and future need for
understanding the behavior of advanced technologies
and materials in these extreme environments. The
materials of course make up instruments and systems
in missions and ultimately the success of planetary
missions is dependent upon performance testing of
instruments and systems in conditions that closely
approximate those of the target [3, 4].

Until very recently, there was limited ability to
accurately simulate Venus surface-like conditions,
especially in vessels large enough to accommodate
full-size instruments and components. This gap in
capability is being addressed by NASA Glenn’s Ex-
treme Environment Rig, called GEER, located in
Cleveland, Ohio. This large chamber allows for en-
gineering tests of newly-developed as well as herit-
age instruments, while simultaneously affording op-
portunities for geochemical and materials-based sci-
ence investigations.

GEER capabilities: This presentation provides
the features and characteristics of the NASA’s

unique Glenn Extreme Environment Rig (GEER) and
briefly mentions some of the unique contributions
that may be expected based on the first few months
of operations. GEER is capable of simulating the
high temperature and pressure extremes up to Venus
surface conditions as well as accurately reproducing
the atmospheric chemical compositions of bodies in
the solar system including those with acidic and haz-
ardous elements. In the Venus configuration, GEER
can reproduce conditions of the supercritical fluid
expected at the surface of Venus [5]. With GEER,
specific gas quantities can be very accurately inject-
ed and then controlled down to parts per million ac-
curacy or better depending on the gas.

Currently, the amount of the chemical species
present in the gas or supercritical mixture simulated
in GEER can be probed by mass spectrometry. The
mass spectrometry analyses are carried out by sam-
pling gases from the GEER chamber at regular inter-
vals for analysis with a high sensitivity quadrupole
mass spectrometer which can be tuned to specific
chemical species. A Raman spectrometer system has
been developed and will be integrated with GEER
shortly. The Raman spectrometer will be used to
continuously collect the spectra of the gas or super-
critical fluid mixture during the experiments and will
provide complementary information based on vibra-
tional symmetry of the chemical species present in
GEER.

In addition to a summary of capabilities, the
presentation provides basic operational approaches
and constraints that future users may encounter. This
will provide practical information for scientists,
technologists and mission planners.

Operating details and some early results: In a
typical simulation of an extreme environment (Fig.
1), the system is brought to very low pressures (10
Torr) at ambient temperature and is then filled with
the desired gas mixture. Currently liquid water is
added manually but this process is planned to be
automated. All other constituents are delivered to the
vessel in gas phase using high accuracy mass flow
controllers at approximately 34 atm (500 psi). Heat
is then applied and controlled to bring the system to
the desired steady-state operating point.
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During a test, the system is fully operated from a
control room elsewhere in the building. Temperature
is controlled to within 1 degree C and pressure is
monitored throughout the duration of the experiment.
Chemistry is monitored with mass spectrometry us-
ing the sampling process described earlier. A boost
system allows the injection of high pressure gases
during the experiment to change the chemistry or
partial pressures or to top of the system pressure with
the original mixture should small leaks occur.

At the end of the test, the system is allowed to
cool and then is vented as required based on the con-
stituents and volumes of the chemicals that are in the
main vessel.

Since the GEER facility involves operations in
thermochemical regimes rarely explored by other
industrial or scientific apparatus, it is expected that
opportunities for scientific and technical investiga-
tion and discovery will arise. In some cases this is
due to inability of existing chemical models to accu-
rately represent the observed behavior of complex
systems at very high pressure and temperature. Pre-
liminary observations of the behavior of the GEER
chamber during heating and pressurization have
shown a non-linear increase in pressure as tempera-
ture was increased (Fig. 2). That this behavior was
observed only in the presence of a Venus-simulant
atmosphere (and not when using a simple CO2-N»
mix) illustrates the importance and potential of using
specialized laboratory facilities to probe environ-
ments that are difficult or impossible to otherwise
explore.
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'Figure 2. Temperature / Pressure Profile from
GEER test.
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THE RESURFACING HISTORY OF VENUS: CONSTRAINTS FROM
CRATER RETENTION AGES OF GEOMORPHOLOGICAL UNITS.
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Introduction: Because of atmospheric shielding
and endogenic resurfacing, the population of impact
craters on Venus (e.g., Herrick et al., 1997; Schaber
and Strom, 1999) is small (about a thousand) and
consists of large craters. This population has been
used in numerous studies with the goal of decipher-
ing the geologic and geodynamic history of Venus,
however, the fact that the spatial crater distribution is
(almost) indistinguishable from random (e.g., Phil-
lips et al., 1992) has complicated efforts to under-
stand this history. Despite the apparent spatial ran-
domness, craters are not randomly distributed in re-
spect to geological features and units (e.g., Price et
al. 1996). Here we utilize the recent 1:15M-scale
global geological map of Venus (lvanov and Head,
2011) and apply rigorous statistical methods to help
address this problem.

Source data: The global geologic map contains
the following geomorphologic units, in general strat-
igraphic sequence, oldest to youngest (see lvanov
and Head, 2011 for detailed descriptions of each):

e t,tessera;

e pdl, densely lineated plains dissected by numer-
ous subparallel narrow and short lineaments;

e pr, ridged plains comprising elongated belts of
ridges;

e mt, mountain belts around Lakshmi Planum;

e b, groove belts, plain material contemporane-
ous or predating regional plains and deformed
by groove belts;

e psh, shield plains having numerous small vol-
canic edifices and locally predating regional
plains;

e rp, regional plains deformed by wrinkle ridges;

e sc, shield clusters, morphologically similar to
psh but occurring as small patches that postdate
regional plains;

e ps, smooth plains of uniformly low radar bright-
ness occurring near impact craters and at distinct
volcanic centers;

e pl, lobate plains, fields of lava flows that typical-
ly are not deformed by tectonic structures and
are associated with major volcanic centers;

e 1z, rift zones.

For each crater from the USGS crater database
(Schaber and Strom, 1999), one of us, M.A.l., regis-
tered unit(s) superposed by the crater and its contin-
uous ejecta (that is units that predate the crater) and
unit(s) that embay the crater (postdate it). This as-
sessment is done uniformly and consistently with the
Magellan radar mosaics. The results were used as

source data for crater retention age inferences.

Analysis: We performed a statistical analysis of
this set of observational data with a modified version
of the buffered crater density approach (e.g., Fassett
and Head, 2008), which rigorously and consistently
takes into account the large size of craters and the
fact that many craters are known to predate and/or
postdate more than one unit. Mathematical justifica-
tion and technical details of this approach are given
by Kreslavsky et al. (2015). In this analysis we con-
sidered crater emplacement as random and resurfac-
ing history as determined (although unknown). In
this approach each unit has an effective target area
for craters; this area is larger than the physical area
of the exposed unit, as illustrated in Fig. 1, top plot.
We obtain formal confidence intervals for the mean
ages of geological units (Fig. 1, bottom plot). The
ages are expressed in terms of T, the mean crater
retention age of Venus, which is poorly known and is
bracketed between 0.2 Ga and 1 Ga (McKinnon et
al., 1997). Fig. 1 shows that there is a group of older
units (t, pdl, pr, mt, gb, psh, rp) and a group of sig-
nificantly younger units (sc, pl, rz), with ps occupy-
ing an intermediate position.

The formal unit ages shown in Fig. 1 are the
mean unit age. The approach we use does not allow
us to assess, how widely the age is scattered within
each unit.

The fact that some craters are known to postdate
some unit and predate another unit allowed us to
estimate the mean age differences between the pairs
of units at the unit boundaries. For example, 11 cra-
ters superposed on psh and embayed by rp indicate
that the mean interval between local psh and rp em-
placement is bracketed between 0.03T and 0.12T
(90% confidence). Since the mean ages of psh and rp
are not statistically distinguishable (Fig. 1), the lower
boundary of 0.03T places an important constraint on
geological history: emplacememnt of rp does not
always occur immediately after emplacement of psh.
To improve statistics, we considered merged units,
namely a set of "old" units that stratigraphically pre-
date the regional plains (rp) and "young" units that
postdate rp. The results are shown in Fig. 2. It is seen
that with the 90%-confidence, the mean intervals
between the merged units are consistent with the
differences between their mean ages.

We also showed that the size-frequency distribu-
tions for all units are consistent with each other,
when the dependence of target area on crater size is
taken into account properly (Kreslavsky and Head
(2015).



Interpretation: Our observations are naturally
and consistently explained in the framework of the
global resurfacing scenario (e.g., Basilevsky et al.,
1997; Ivanov and Head, 2013, 2015): (i) After ~T
ago the overall resurfacing was minor, the total num-
ber of obliterated craters was minor, therefore pref-
erential removal of small craters by resurfacing was
negligible, and all size-frequency distributions are
consistent with the production distribution and with
each other. (ii). Intensive tectonic and volcanic resur-
facing before ~T ago is responsible for similar mean
ages of the regional plains (rp) and all pre-rp units.
(iii) Formation of the post-rp units occurred slowly
through the whole geological history after ~T ago,
which produces ages close to ~0.5T, which is actual-
ly observed. Our results taken alone do not constrain
how synchronous the intensive resurfacing was; they
only indicate that its age averaged over the whole
planet is close to T. However, other observations,
namely, the absence of inverted stratigraphic se-
quences and the even spatial distribution of craters
exclude extremely wide resurfacing age differences.

In the context of this scenario, our results provide
new information on the duration of global resurfac-
ing, at least for its latest stages that left the readable
record at the surface. The presence of craters em-
bayed by rp and older materials rejects the most radi-
cal, catastrophic version of global resurfacing (Scha-
ber et al. 1992), under which resurfacing occurs geo-
logically instantly. The observable "wake" of the
intensive resurfacing lasted on the order of ~0.1T,
tens of millions of years.

Our observations are difficult to reconcile with
the non-directional or equilibrium resurfacing scenar-
i0s (e.g., Guest and Stofan, 1999).
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Introduction

To explain Venus’s atmospheric superrotation, a mech-
anism of angular momentum transport (so-called GRW
mechanism) was proposed by Gierasch (1975), com-
pleted by Rossow and Williams (1979). It involves balance
between transport by the mean meridional circulation
and transport by eddies. Current General Circulation
Models (GCMs) of Venus’s atmosphere that reproduce
superrotation have supported that mechanism. The role
of thermal tides that transport angular momentum ver-
tically in the low latitudes was also pointed out (Takagi
and Matsuda, 2007; Lebonnois et al., 2010).

Using AFES, a high-resolution Venus GCM starting
from superrotation and forced by observed heating rate
profile and Newtonian cooling, Sugimoto et al. (2014a,b)
analysed the wave activity produced in the cloud region.
The large vertical zonal wind shear and latitudinal tem-
perature gradient generate the basic state of baroclinic
instability in the cloud region. At cloud-top, Rossby
type waves are produced by this baroclinic activity.

In the work presented here, a new reference simula-
tion of Venus atmospheric circulation obtained with the
LMD Venus GCM (Lebonnois et al., 2010) is described
and the simulated wave activity is analysed.

Atmospheric structure and circulation

The LMD Venus GCM is presented in details in Lebon-
nois et al. (2010). Here, we use a new reference simula-
tion of Venus atmospheric circulation done on a 96x96
horizontal grid, on 50 vertical levels (hybrid coordi-
nates) up to roughly 100 km altitude (Lebonnois et al.,
2016). It includes topography and an upgraded plan-
etary boundary layer scheme. Radiative transfer uses
prescribed tables for solar flux (based on Crisp, 1986),
and Net-Exchange Rate formalism for infrared wave-
lengths (Eymet et al., 2009). Clouds are considered as
uniform for the radiative transfer computations.

A fully developed superrotation is obtained both
when the simulation is initialised from rest and from an
atmosphere already in superrotation. Both simulations
converge toward the same atmospheric situation after at
least 200 Venus days (Vd) of simulation. The maximum
zonal wind (up to 120 m/s) covers a region between 10*
and 200 Pa, between 60°N and 60°S. The vertical profile
of the zonal wind below 2x 10* Pa is roughly linear with
altitude, though it is approximately half the observed
values. The temperature structure is in good agreement
with the observations. An equator-to-pole contrast about

Temperature

Figure 1: Temperature field at pressure p=3x 10% Pa (~67 km
altitude) in the northern polar region. Temperature is averaged
over 1/100 Vd (1.17 Ed). The black contours show the sub-
solar area and the terminator.

30 K is obtained near 60 km altitude, with a cold-collar
structure visible near 3x 103 Pa (roughly 67 km, Fig. 1)
similar to the structure obtained with AFES (Ando et al.,
2016). The vertical profile of static stability is also in
good agreement with observations.

Atmospheric waves

To study the waves developing in the modeled atmo-
spheric circulation, we use Fast Fourier Transform (FFT)
to analyse frequency spectrum of temperature, zonal and
meridional wind fields. To separate the different waves,
we apply filters on the FFT spectra, before applying a re-
verse FFT. Filtering is done at these cutting frequencies:
4,10 and 22/Vd.

In the upper cloud, the vertical angular momentum
is transported by the diurnal and semi-diurnal tides. The
semi-diurnal tide is dominating in the low to mid lati-
tudes between 10* Pa and 10? Pa, while the diurnal tide
dominates above 10? Pa, and at high latitudes. This is
consistent with the analysis of previous simulations at
lower resolution, discussed in Migliorini et al. (2012) in
comparison with VIRTIS/Venus-Express dataset anal-
ysis. The amplitude of these tides (5 to 10 K in the
pressure range 10* to 102 Pa) is also consistent with the
observed values.

Above the cloud base (approximately 1 bar), equa-
torward transport of angular momentum is done by po-
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Figure 3: Instantaneous temperature (colors, in K) and merid-
ional wind (contours, in m/s) perturbations filtered in the fre-
quency band [04-10]/Vd, at 0° longitude.

lar barotropic and mid- to high-latitude baroclinic waves
present in the cloud region, with frequencies between 5
and 20 cycles per Venus day, periods between 6 and 23
Earth days (Ed). In the middle cloud, just above the con-
vective layer, a Kelvin type wave (period around 7.3 Ed)
is present at the equator (Fig. 2), as well as a low-latitude
Rossby-gravity type wave (period around 15 Ed). The
waves visible at mid-latitudes in Fig. 2 have a structure
similar to the baroclinic waves obtained in the AFES
simulations of Sugimoro et al. (2014b).

Below the clouds, large-scale waves develop and
play a significant role in the angular momentum bal-
ance. The dominant waves are seen at mid- to high-
latitudes, with frequencies up to 30/Vd. The dominant
frequency in the spectra is around 7-8/Vd. Figure 3
illustrates the meridional distribution of these waves.
Meridional wind perturbations are linked to tempera-
ture perturbations: convergence is related to positive
temperature perturbations, and divergence to negative.
These waves are identified as gravity waves. The source

region is the stable zone below the clouds (around 2-
3x10° Pa), where these waves may be excited through

the perturbations in temperature induced in this layer
by the cloud-region baroclinic waves. These large-scale
downward-propagating gravity waves have never been
suggested before. Their role in the angular momentum
budget appears to be significant in the deep atmosphere.
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Introduction

Radiative energy balance in the deep atmosphere
of Venus is difficult to characterize remotely due to
the dense CO, atmosphere and thick cloud layer.
Only few in-situ experiments had measured the net
flux, by Pioneer Venus small probe net flux radiome-
ters (SNFR). Revercomb et al. (1985) simulated the
net thermal flux profiles measured by the north and
night probes, using 20-200 ppmv water vapour
abundance below the clouds. However, this water
vapour abundance is much larger than the observed
abundance, 20-50 ppmv (Bezard et al. 1990, Marcq
et al. 2008, Arney et al. 2014, Haus et al. 2014). The
reason for the requirement of large water vapour
amount would be an insufficient gaseous opacity,
especially CO»,. We use a recent gaseous opacity
database, and investigate the influence of thermal
opacity sources to explain the observed variability of
net thermal flux profiles. Our calculations suggest
that the net flux profiles measured by Pioneer Venus
night and north probes are consistent with water va-
pour abundance of 20-50 ppmv.

Methods and Data
We used line-by-line method, combined with a 1D
radiative transfer model, SHDOM (Evans 1998). We
developed an atmospheric model for the 0-100 km
altitude range. This model covered a broad spectral
range, from 50 cm? to 8300 cm? (=1.2-200 pm).
For atmospheric gases, we took into account CO;
and N3, and trace gases (H20, SO, OCS, CO, H;S,
HF, and HCI). CO; absorption line parameters were
taken from HITEMP2010, and took into account
sub-Lorentzian line correction factors. We carefully
compared recent data and old data sets on the CO;
collision-induced absorptions, and decided to use
data in Gruszka and Borysow (1997), Baranov et al.
(2004), Stefani et al. (2013), Marcq et al. (2006), and
Bezard et al. (1990). We found that Moskalenko et
al. (1979)’s CO; collision-induced absorption data is
not suitable, even though this data has been used in
previous studies (Bullock and Grinspoon 2001, Tak-
agi et al. 2010, Mendonga et al. 2015). There is con-
siderable discrepancy with the recent data, for exam-
ple, two times stronger absorption than Baranov et
al.’s data in the 1100-1600 cm™ range, and absorp-
tion spectrum cannot be confirmed from recent la-
boratory experiment measurements (Stefani et al.
2013). This laboratory experiment data have been
used for our CO; collision-induced absorption in the
2650-3130 cm* range. We also took into account

H>0 continuum in the 2000-8300 cm™* range (Ptash-
ink et al. 2011, 2012 and 2013). H,O absorption in
the 50-2000 cm™ range, and those of all other gases
were calculated using HITRAN2012. We used the
cloud model described in Crisp et al. (1986), using
75% sulfuric acid aerosols and four different sizes.
Temperature and pressure profiles were taken from
VIRA. We set a standard condition of trace gases’
abundances as described in Titov et al. (2007) (here-
after, STD).

Results

We firstly compare different opacities in the low-
er cloud layer (48-50 km), that changed by a factor
of one to four, CF1.0-CF4.0. Figure 1 shows that
changing cloud opacity does not strongly affect the
net thermal flux below the clouds. Since the intended
comparison with the measured flux profiles focuses
on the altitudes below the clouds (see Fig. 3), any
constant cloud factor can be used in our simulations
between 1.0 and 4.0. We decide to use CF=2.8
(CF2.8) for our STD condition, as we can fit well our
synthetic spectrum to an observed 2.3 pum atmospher-
ic window spectrum, taken from VIRTIS at the low
latitudinal region (Fig.1b). But note that actual 2.3
um radiance strongly varies with latitude and local
time, meaning various cloud opacities.

Secondly, we perform a sensitivity study of ther-
mal flux to abundance of each trace gas below 52 km
altitudes. SO, H,O, OCS, CO, and HCI are varied
within the range of observation (Bezard et al. 1990,
Marcq et al. 2006, Arney et al. 2014, Haus et al.
2014), while all other gases are fixed to the STD
condition. We find most significant thermal opacity
source is SO2, when its abundance is less than 50
ppmv. This affects net thermal flux right below the
clouds strongly, as shown in Fig. 2a. Such small
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Figure 1. Effect of the lower cloud’s opacity on net ther-
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ance and synthetic spectra at the 2.3 pm atmospheric win-
dow (b). Lower cloud’s opacity is varied as shown in leg-
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Figure 2. Sensitivity of net thermal flux on SOz and H20
abundances. Integrated net flux profile is varied, depend-
ing on the SO2 and H20 abundances (a and c). The differ-
ence of monochromatic net flux between the minimum and
maximum abundances is shown in color contours (b and
d).
quantity of SO, would be extreme, but we find it
important, as this implies that the greenhouse effect
of SO, seems to be underestimated in a previous
study (Taylor and Grinspoon 2009), which used
Moskalenko et al.’s CO2 collision-induced absorp-
tion, covering a fundamental band of SO, at 1151
cmt (Fig. 2b). H,O is the second significant source
as shown in Fig. 2c, when the abundance range is
from 20 ppmv to 50 ppmv. Its influence is spread
over a broad spectral range (Fig. 2d), implying its
high potential as a greenhouse gas. OCS is the third
one, when its abundance varies from 0 ppmv to 5
ppmv (not shown). Our results show that CO makes a
weak influence, and HCI is negligible (not shown).

We use maximum (MAX) and minimum (MIN
and MIN2) abundances of trace gases to estimate the
range of net thermal flux variation below the clouds,
and compare our results to the measured flux pro-
files. Figure 3 shows the results. MIN is perhaps ex-
treme, due to 0 ppmv SO; abundance. MIN2 uses a
moderate SO, abundance by 80 ppmv, but other gas-
es are the same as MIN. Our results well explain the
measured net flux profiles above ~35 km altitudes,
using the 20-50 ppmv H>O abundance, differently
from Revercomb et al. (1985).

As we can simulate a range of net thermal flux
variation as shown in Fig. 3, the observed spatial
distribution of SO, H,0, and OCS abundances can
be interpreted as net thermal flux variations. An area
having less abundances of trace gases will have
stronger thermal cooling. In addition, the range of
cooling rate variation at 36.5 km altitude is 0.015
K/day, from 0.014 K/day (MAX) to 0.029 K/day
(MIN2) (extremely, 0.077 K/day for MIN), which is
comparable to the meridional gradient of a diurnally
averaged solar heating, from 0.011 K/day at equator
to 0.001 K/day at a pole at the 36.1 km altitude (To-
masko et al. 1985). This implies that a careful con-

IN2: H,0 20 ppmv, 50, 80 pprmv, CO 10 ppmy, OCS 0 ppmwv (z< 52 km)

IN: H,0 20 ppmwv, SO, 0 ppmv, CO 10 ppmy, OCS 0 ppmv (2< 52 km)
AX: H;0 50 ppmy, 50, 300 ppmy, CO 50 ppmv, OCS 5 ppmw (2< 52 km)
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Figure 3. Comparison of net flux profiles using maximum
and minimum trace gaseous abundances. The abundances
of each gas are shown in the upper red box. The in-situ
measurement flux profiles are marked together (grey
shaded lines), taken from Revercomb et al. (1985).

sideration on trace gases is needed to estimate a net
radiative energy balance below the clouds.

Summary

We developed the atmospheric model to calculate
the net thermal flux in the Venus atmosphere from
surface to 100 km altitude in the 50-8300 cm
range. We carefully prepared the CO, absorption
data, including the recent collision-induced absorp-
tion. We performed the sensitivity study of net ther-
mal flux to abundance of trace gases, and showed
that SO», H-0O, and OCS are important thermal opac-
ity sources. Our model successfully explains the
measured flux profiles by the north and night probes
of Pioneer Venus using the observed 20-50 ppmv
H»O abundance. Too high H,O abundance, up to
200 ppmv (Revercomb et al. 1985), is not required.
Our results show the considerable influence of trace
gases in the thermal energy. This implies that we
need to consider trace gases carefully to calculate
accurate net radiative energy balance below the
clouds.
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Introduction

Observed UV images on Venus show cloud mor-
phology variations near the cloud top altitudes (~70
km). A clear difference can be seen between laminar
flow shaped clouds on the morning side and convec-
tive-like cells on the afternoon side of the planet in
the equatorial region (Titov et al. 2012). Baker et al.
(1998) suggested that deep convective motions in the
low-to-middle cloud layers at the 40-60 km range
can explain cellular shapes. Imamura et al. (2014)
argued that this cannot be a reason, as convection in
the low-to-middle cloud layers can be suppressed
near sub solar regions due to a stabilizing effect by
strong solar heating. The observed feature may be
related to strong solar heating at local noon time (Lee
et al. 2015). Also, horizontal uneven distribution of
an unknown UV absorber and/or cloud top structure
may trigger horizontal convection (Toigo et al.
1994). In order to examine these possibilities, we
processed radiative model calculations for various
cloud structures, which include the unknown UV
absorber, and we employed the results into a 2D fluid
dynamic model calculation. Our result suggests lo-
cally unbalanced net energy and/or horizontally une-
ven solar heating for possible reasons of the ob-
served features.

Methods

We developed gaseous absorption data set of the
atmosphere from surface to 100 km altitude. Gaseous
absorptions of CO», H,0, SO,, OCS, CO, H;S, HF,
and HCI were included. CO absorption line parame-
ters were taken from HITEMP2010. We took into
account sub-Lorentzian shape functions and CO:
collision-induced absorptions. All other gaseous ab-
sorption line parameters were taken from
HITRAN2012. The cloud aerosols were assumed to
be 75% sulfuric acid with four different sizes. We
compared three cloud models; ‘Crcld’ was taken
from Crisp (1986), ‘Zacld’ from Zasova et al.
(2007), ‘ZLcld’ from Lee et al. (2015). Their cloud
bottom level is ~48 km and the cloud top level ~70
km, but the vertical structures are different each oth-
er. The unknown UV absorber is assumed to exist
only at the upper cloud layer. Solar heating and
thermal cooling were calculated over the 0.2-5 pum
range and the 1.2-200 um range, respectively, using
a radiative transfer model (SHDOM, Evans 1998).
Temperature and pressure profiles were taken from
VIRA at low latitudes (Seiff et al. 1985), so both of
thermal cooling and solar heating profiles are corre-
sponding to those at low latitudes.

The above calculation results were employed in a
2D fluid dynamic model (CReSS, Tsuboki and Sa-
kakibara 2007). Our model domain covered the 35—
100 km altitude range with a 100 m vertical grid, but
the actual valid range was from 40 km to 80 km, be-
cause of sponge layers at the bottom 5 km and the
top 20 km. Horizontal distance was 100 km with a
200 m grid size. We fixed thermal cooling over all
local time, but solar heating varied along local time.
We assumed the length of Venusian day as an at-
mospheric rotation time at the 65-70 km altitudes,
which is about 4 Earth days. We used a fixed heat
capacity as 821 [J kg K], corresponding to 60 km
altitude value, so this can examine a possibility of
combining deep cloud level convection and cloud top
level convections.

Results

We note that the equatorial region is supposed to
have an upward branch of Hadley circulation. We
find that our model results are affected by an as-
sumption on the global circulation. Here, we com-
pare four conditions. Case 1 uses different cloud
structures without any assumptions on the global
circulation. Case 2 assumes that the global circula-
tion removes unbalanced net radiative energy effi-
ciently above 60 km altitudes. Case 3 assumes an
upward motion at the cloud top level. Case 4 similar
to Case 2, but introduces horizontally uneven heating
distribution. Cases 2-4 use one cloud model, ‘Crcld’.

Case 1. Following the different vertical structures
of the clouds, the thermal cooling and solar heating
profiles are different for each cloud model. Our re-
sults on cloud level convection, however show that
separated convective layers are present for all of
three cloud models; lower convective layer near the
cloud bottom (~50 km) and upper convective layer
near the cloud top level (~70 km) (Fig. 1, but shown
only for ‘Crcld’). The result using ‘Crcld’ shows
most clear local time variation, with opposite cycle
between the upper convective layer and the lower
convective layer (Fig.1). Diurnal variation is differ-
ent depending on the cloud models (not shown).
When we use ‘ZLcld’, the result shows the similar
diurnal cycle for the upper convective layer as the
case using ‘Crcld’ does. Using ‘Zacld’, the result
shows strong convection at the upper convective
layer. However, note that Case 1 does not consider
the global circulation, so unbalanced radiative energy
changes temperature from the initial profile. We in-
terpret this result qualitatively.

Case 2. We assume that the global circulation
would remove unbalanced net radiative energy effi-



ciently above 60 km altitude, differently from Case
1. As shown in Fig. 2a, unbalanced net energy (red
lines) is removed. Under this assumption, tempera-
ture does not change with integration time. Figure 2b
shows the result. This shows that the upper convec-
tive layer disappears, differently from Case 1. The
lower convective layer becomes weaker than Case 1,
as the cooling at the middle cloud layer is reduced.

Case 3. A fixed upward wind is assumed as
shown in Fig. 3a. This causes adiabatic cooling, sup-
pressing excessive solar heating at low latitudes, but
does not remove weak cooling above the cloud top.
Note that a vertical distribution of the unknown UV
absorber can vary, and affect heating/cooling near
the cloud top level (Lee et al. 2015). The result of
convective motion is shown in Fig. 3b. The upper
convective layer is reduced significantly compared to
Case 1, but weakly exists. The lower convective lay-
er is similar to Case 1.

Case 4. All conditions are the same as Case 2,
but we introduce horizontally uneven solar heating
above 60 km. The solar heating varies horizontally,
following a sinusoidal function of 50 km cycle. This
resembles no unknown UV absorber (bright UV) and
more unknown UV absorber (dark UV), resulting
50% less heating and 50% more heating, respective-
ly. Figure 4 compares vertical winds at afternoon
time between Case 2 and Case 4. The result shows
uneven solar heating can develop weak upward mo-
tions, at where more solar heating exist, and vice
versa (Fig.4b). During night time, this structure dis-
appears, and wave structures are enhanced.

Summary

We compared three different cloud models and a
global circulation influences on convective motions
at the cloud deck. Our results show that all of cloud
models develop two distinct convective layers, near
the cloud top and bottom levels (Case 1). The diurnal
variation of the convective layers differ each other,
due to different vertical radiative energy distribution.
‘Crcld’ and ‘ZLcld’, however show stronger convec-
tion near the cloud top level at local noon time. This
might be qualitatively related to the observed con-
vective-like cells at the afternoon side of Venus. The
result depends on an assumed global circulation in-
fluence. Case 2 shows the disappearance of the upper
convective layer. Possible other reasons of the ob-
served convective-like cells would be related to an
unbalance between the local radiative forcing and the
global circulation (Case 3), and horizontally uneven
solar heating distribution (Case 4).
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Figure 1. Diurnal variation of convective layers in the
equatorial region of Venus at the 40-80 km altitude range
(Case 1). Color contours show root-mean-square of verti-
cal winds, using ‘Crcld’.

(a) Cloud model: CreldUNVCri (b} cCreld root-mesn-soure of vertical wind
— — — P 100 ¢

B

Mearictar+ Tharml ay tim
ey Day time &8
s

45

4

' Might time |

_3s
£ 2
11
z
15
1
05

Altitude [km]

583888

D02 000 002 004

32 34 36
Met radiative energy flux divergenca [Wm )

v ana:l! Eme at mesosphere [hr]
Figure 2: The condition described in Case 2, and the result
in vertical winds. (a) shows diurnally averaged net radiative
forcing (black solid line), and removed unbalanced net en-
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Figure 3. The assumed upward wind to cancel the exces-
sive solar heating, described in Case 3 (a), and the result in
vertical winds (b). ‘Crcld’ is used for this result. The up-
per convective layer is weakened compared to Case 1, and
convective layer at 60 km is artifact.
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THREE-DIMENSIONAL MODELLING OF VENUS PHOTOCHEMISTRY

F. Leféevre, A. Stolzenbach, A. Maattéanen, S. Bekki, LATMOS, Paris, France (franck.lefevre@latmos.ipsl.fr),
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We have developed a new code of the Venus at-
mospheric chemistry based on our photochemical
model already in use for Mars (e.g., Lefévre et al.,
2004). The model provides a comprehensive descrip-
tion of the CO., sulfur, chlorine, oxygen, and hydro-
gen chemistries with state-of-the-art kinetics data.
For Venus, the code also includes a parameterized
treatment of cloud microphysics that computes the
composition, number density, and sedimentation
rates of sulfuric acid aerosols based on observed
altitude-dependant size distributions. We have
coupled this photochemical-microphysical package
to the LMD general circulation model of Venus (Le-
bonnois et al., 2010). We will describe the results
obtained with this first three-dimensional model of
the Venus photochemistry. The space and time dis-
tribution of key chemical species as well as the mo-
delled cloud characteristics will be discussed and
compared to observations performed from Venus
Express and from the Earth. We will place particular
emphasis on sulfur species, which are subject in the
GCM to three-dimensional transport and convection,
condensation-evaporation-sedimentation via H2SO4
in the cloud layer, and photochemistry above the
clouds.

References:

Leféevre, F., et al., J. Geophys. Res., 109,
d0i:10.1029/2004JE002268, 2004.

Lebonnois, S., et al., J. Geophys. Res., 115,
d0i:10.1029/2009JE003458, 2010.

Figure legend (left):

Examples of zonally-averaged distributions of key
chemical species calculated by the model. top : CO
(ppmv); middle: gas-phase H,O (ppmv); bottom :
SOz (ppmv)
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THREE-DIMENSIONAL MESOSCALE MODELING OF THE VENUSIAN
CLOUD LAYER AND ASSOCIATED GRAVITY WAVES.

Maxence Lefevre, (maxence.lefevre@Imd. jussieu.fr), Aymeric Spiga, Sébastien Lebonnois, Laboratoire de
Meétéorologie Dynamique, Université Pierre et Marie Curie, Centre National de la Recherche Scientifique, Paris,

France..

Background

Venus hosts a sulfuric acid cloud layer which properties
has been investigated by Venus Express. One of the
main question that remains unclear about the dynamics
of the atmosphere and its interaction with the photo-
chemistry is the characterization of the cloud convective
layer which mixes momentum, heat and generates grav-
ity waves observed too by Venus Express [13] [12]. This
dynamical forcing induced by the cloud layer has been
proposed as a significant contribution to the maintenance
of the super-rotation [8]. However these waves develop
from regional to local scales and can not be resolved by
global circulation models (GCM) developed insofar.
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Figure 1: Convective vertical winds in the Venusian cloud
layer. Top: vertical / horizontal cross-section. Bottom: hori-
zontal cross-section at pressure level 5 x 10* Pa.

Model

Following the 2D modeling studies of Baker et al. [1,
2, 3, 4] and Imamura et al. [9], we developed at LMD
a 3D Venusian mesoscale model based on the LMD
Martian mesoscale model [16] which makes use of the
Weather Research and Forecast terrestrial model [15].
We report a first application of this model : simulating
convection in the Venusian cloud layer (and associated
gravity waves) by 3D turbulent-resolving simulations
(Large-Eddy Simulations, hereinafter LES). Our simu-
lation domain is 36 km x 36 km horizontally, and ranges
vertically from 40 km to 70 km. Horizontal and vertical
resolution are 200 m (similar to Imamura et al 2014[9]).
Our Venus LES model employs an offline radiative forc-
ing based on heating rate by the LMD Venus GCM. We
are using three distinct of heating rates, two radiative
ones : a short wave (solar), a long wave (IR), and heat
transfer associated with the global dynamics of the at-
mosphere (mainly the Hadley cell). These input files are
extracted from LMDZ run which reached super-rotation
[10]. To explore the sensitivity of our model we used
several LMDZ runs. The runs we used all shared a com-
mon solar flux scheme based on Crisp 1986[5]. One of
the simulations used [11] includes a radiative transfer
based on Eymet et al (2009[6]) and a cloud model based
on Zasova et al (2007[18]). The other LMDZ simulation
used employs a new radiative transfer matrix and a cloud
model based on Haus et al (2014[7]). By forcing our
LES with thermal profiles and heating rates from these
global LMDZ simulations, we are able to characterize
the convection and associated gravity waves in func-
tion of latitude and local time. To show the impact of
the general circulation on the convection we ran several
simulations with input file from the 1D LMD Venusian
physics model (i.e. without dynamics).

Results

In Fig 1, the vertical and horizontal cross-sections of the
vertical wind caused by convection are presented and the
Fig 2 shows the temperature perturbations induced by
the gravity waves. The fields are shown at the equator
at midnight. All of these figures are from simulations
using input file from the LMDZ using the could model
from Haus et al 2014[7].

The vertical and horizontal cross-sections of the vertical
wind in Fig 1 show how the convection is organized. The
convection is very active between 1.10° and 3.8.10* Pa
and it is organised in cells close to the Rayleigh-Bernard
hexagonal type cell made by the ascending motion. The
vertical wind values are between -4 and 2.5 m s~ in the
convection, values close to the ones measured by VEGA
balloons (from 1 to 5 m s™* , [14]) although slightly un-
derestimated. The size of the cells is approximately of
8x8 km?.
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Figure 2: Convective induced gravity waves evidenced by the temperature perturbation. Top: vertical / horizontal cross-section.
Bottom: horizontal cross-section above the summit of the convective layer at pressure level 2 x 10* Pa.

Each plume interacting with the stable layers (above
or below) generate gravity waves with a circular wave-
front which propagate both vertically and horizontally.
Fig 2 presents the induced gravity waves evidenced by
the temperature perturbation. The amplitude of these
perturbations are about 0.5 K, closer to the summit of
the convective layer it can reach 1K which is close to
the VeRa observation (3 K [17]) but yet again slightly
underestimated. The vertical wavelength of these waves
(Fig 2 left) is around 1 km which is consistent with the
VeRa observations too. Each updraft generates waves
with distinct horizontal wavelength and Fig 2 the inter-
ference pattern of these waves. Further analysis shows
that three different wavelengths are dominant : 1 km,
4 km and 20 km. These wavelengths are consistent with
the VMC observations [13] except that we obtain circu-
lar wavefronts instead of linear ones.

We also explore the dependence of the convection on
latitude and local time. We observe stronger convection
on the night side and at high latitudes.

A complete analysis will be presented at the conference.

Perspectives

After analysing these results obtained with fixed heating
rate profiles, we are working on a more realistic model
with online radiative transfer scheme. We will also in-
vestigate the impact of the zonal and meridional shear
on the convective motion. Investigating the character-
istics of the gravity waves, both above and below the
cloud layer is our priority, as well as their influence in
maintaining the superrotation. The activity within the
Planetary Boundary Layer is also a target for study with
this tool.

This mesoscale model is also the first step towards a
realistic gravity wave parametrization to be included in
Venus GCM.
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Trouble with Venus Il — Old and New Questions.
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Introduction:

Carl Sagan discussed a number of questions
about Venus in a paper titled “The Trouble with Ve-
nus” (1971) published in the proceedings of the IAU
Symposium No. 40 held in Marfa, Texas which
largely focused on properties of the clouds (are they
made of water ice?) and microwave emissions and
surface temperature. Other questions he noted as
clearly important and far from being solved at that
time were:

e Why Venus should be rotating in a retrograde
direction?

e Why Venus should be locked or almost locked
in rotation at moments to inferior conjunction
with the earth?

e Why (do) the clouds of Venus show a four day
retrograde rotation?

He also discussed the possibility of life in the
clouds. By 1971 the space missions to explore Ve-
nus were limited to Mariner 2, Venera 4, Venera 6
and Mariner 5. Since then we have obtained a huge
amount of data about the planet and its atmosphere
from fly-by spacecraft, orbiters, entry probes and two
balloons. Yet his belief that “The question of the
composition of Venus clouds is by no means solved,
at least to the satisfaction of all investigators in the
field at the present time. But | will be surprised if we
are more than a few years from such a solution” has
not yet been proven correct yet.

True, considerable advances in the knowledge of
the clouds have been made. Noteworthy being the
identification of sulfuric acid by Hansen and Hoveni-
er (1974) as a candidate for the cloud particles from
polarization data collected in 1930s. The identifica-
tion of sulfuric acid from in-site measurements still
has not been done. Neither have the important ques-
tions he raised have been answered yet despite a lot
of new data, analysis and numerical modeling efforts.

Old and New Questions:

The observations and results from Pioneer, Venera
15/16, Magellan and Venus Express orbiter missions
have provided significant clues about those questions
supplemented by key results from the Venera and
Pioneer and VeGa entry probes into the atmosphere
and VeGa 1 and 2 balloons. But the same observa-
tions have also raised some new equally puzzling
questions. These include the following:

e Is the atmosphere of Venus well mixed below

120 km?

e What is the impact of the lower atmospheric
conditions on the supercritical state of the two
primary constituents of the atmosphere?

e Is the spin rate of the solid planet changing? If
so, what is the nature of the surface-atmosphere
momentum exchange?

e What is the state of volcanism on Venus to-

day?

e Are the temporal and spatial variations in sul-
fur dioxide abundance above cloud tops due
to volcanic activity?

e What is the nature of the ultraviolet absorb-
er(s) in the clouds?

e Why isn’t the ultraviolet absorber(s) well
mixed?

e What causes local, global and temporal
changes in the distribution of the ultraviolet
absorber(s)?

e If Venus once had liquid water on the surface,
did life evolve and extant in the clouds?

e How does the solar radiation impact the cloud
properties?

e Is there any impact of cosmic rays on the
cloud particle nucleation in the cloud layer?

e What causes the highly dynamic changes in
the atmospheric properties above 100 km?

e What processes create or maintain the atmos-
pheric superrotation?

e Istopography necessary for superrotation?

e What is the cause of electrical activity that has
been detected by Venus Express and Pioneer
Venus orbiters and why is the optical detec-
tion of lightning so rare and problematic?

What measurements are needed?:

To answer some of these questions, sustained ob-
servations are needed within the atmosphere at ac-
cessible vertical levels, while some require surface
and near surface observations from platforms that
can survive some useful period to return valuable
data. Orbiters are necessary for many concurrent
observations and also for relaying the data from the
in-situ platforms.

Past missions have shown that in-situ measure-
ments can be successfully obtained below about 62
km altitude above the mean surface of Venus while
limited information from accelerometers can be ob-
tained during the entry phase from altitudes as high
as 140 km. Drag measurements from orbiters
through precision tracking and torque measurements
(reaction wheels) have been obtained in the 160 —



130 km altitude range. The altitude range between
62-130 km is not easy to sample in-situ and meas-
urements in this altitude range and above 130 km can
only be obtained by remote sensing from orbiters and
atmospheric platforms or from Earth.

Aerial Platforms. Long lived flying autonomous
craft (e.g. the Venus Atmospheric Maneuverable
Platform being presented at this meeting (Baines et
al.) and floating platforms at different levels can ad-
dress questions about the cloud properties to obtain
physical and chemical properties, test for biogenic
signatures, measure the atmospheric composition for
temporal and spatial variations in trace species as
well as primary constituents. Aerial platforms with
dropsondes and risesondes can also collect meteoro-
logical data, and tracking them at high sampling rates
can provide information about turbulence, small and
large scale waves which will help answer questions
about the maintenance of the superrotation.

Orbiters. Capable orbiters can yield global multi-
spectral (optical to infrared) global cloud cover and
aerosol distributions from nadir and limb observa-
tions, temperature and trace gas vertical profiles from
remote sensing observations, solar, stellar and radio
occultations. Akatsuki is demonstrating that equato-
rial orbit can address important science, not just po-
lar orbits — long eccentric (e.g. Pioneer Venus, Vene-
ra orbiters and Venus Express) or short near circular
like Magellan. One important capability orbiters can
provide is data relay capability from the in-situ plat-
forms on the surface and in the atmosphere to max-
imize their data return. Future orbiters should be
equipped with such capability.

Entry Probes. Descending entry probes offer the
advantage of providing a nearly vertical profile of
atmospheric properties as it is carried by the ambient
winds over the hour long journey to the surface in
approximately one hour from an altitude of about 62
km. Precision tracking provides zonal, meridional
and vertical wind speeds and on-board instruments
can provide information about atmospheric composi-
tion and cloud/aerosol properties. The drawback is
the time required for some of the measurements
which limits the number of altitude samples that can
be obtained.

Laboratory Studies. Certain questions require
laboratory studies to validate the results. Thermody-
namic properties of mixtures of real gases are needed
to validate the results obtained from theory and from
in-situ  measurements. The GEER chamber at
NASA/GRC is available for a variety of investiga-
tions under surface of Venus like conditions and can
be useful for studying the supercritical state behavior
of the two primary constituents to validate results
about how well they mix.

Future Opportunities:

NASA’s competed mission opportunities (Dis-
covery and New Frontiers) offer opportunities for
addressing some of these questions, but a directed
mission can answer many more questions. The most
recent US National Academies Decadal Survey of
Planetary Science recommended a Venus Climate
Mission as a flagship class mission to be launched
within the decade (Visions and Voyages 2013-2022).
The baseline mission studied can answer many of
these missions via the balloons and dropsondes that
were part of the mission architecture with an instru-
mented orbiter. Venera-D has been studied in Russia
in the past and a NASA/IKI-Roscosmos Joint Sci-
ence Definition Team is taking another look at Vene-
ra-D for implementation after 2025 which will be
useful for an anticipated update of the flagship mis-
sion study by NASA in the near future. It is also
possible that an international collaboration can suc-
ceed in a coordinated effort to comprehensively
study Venus and its environment in answering the
questions about VVenus.
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The Venus International Reference Atmosphere
(VIRA) model contains tabulated values of temper-
ature and number densities obtained by the experi-
ments on the Venera entry probes, Pioneer Venus
Orbiter and multi-probe missions in the 1980s. The
instruments on the Venus Express orbiter generated
a significant body of new observational data on the
vertical and horizontal structure of the Venus at-
mosphere from 40 km to about 180 km altitude
from April 2006 to November 2014. Many ground
based experiments have provided data on the upper
atmosphere (90-130 km) temperature structure
since the publication of VIRA in 1985. The
"Thermal Structure of the Venus Atmosphere"
Team was supported by the International Space
Studies Institute (ISSI), Bern, Switzerland, from
2013 to 2015 in order to combine and compare the
ground-based observations and the VEXx observa-
tions of the thermal structure as a first step towards
generating an updated VIRA model. Results of this
comparison are presented in five latitude bins and
three local time bins by assuming hemispheric
symmetry. For the first time, the intercomparison
of the ground-based and VEX results provides a
consistent picture of the temperature and density
structure in the 40 km - 180 km altitude range.
The Venus Express observations have considerably
increased our knowledge of the Venus atmospheric

thermal structure above ~40 km and provided new
information above 100 km. There are however still
observational gaps in latitude and local time above
certain regions. Considerable variability in the tem-
peratures and densities is seen above 100 km but
certain features appear to be systematically present,
such as a succession of warm and cool layers. Pre-
liminary modeling studies support the existence of
such layers in agreement with a global scale circu-
lation. The intercomparison focuses on average
profiles but some VEX experiments provide suffi-
cient global coverage to identify solar thermal tidal
components.

Observed temperatures in the 50 — 90 km range
(approximately, 1 bar to 1 mbar levels) are broadly
in agreement with VIRA temperature profiles, to
within less than 10 K.. At altitudes above 90 km,
Venus Express results reveal alternating warm and
cold regions, with a much larger variation of tem-
peratures. A strong solar zenith angle dependence
is also found. Origin of large differences in tem-
peratures above 90 km between different experi-
ments are not yet understood, and may be due to
sampling differences. The VEXx observations will
allow us to improve the empirical models (VTS3
and Keating et al. 1985) above 0.03 mbar/100 km,
in particular the 100-150 km region which had pre-



viously barely been sampled observationally. The
next steps needed to define the the updated VIRA
model for the temperature structure of Venus at-
mosphere up to 150 km altitude are (1) define the
grid on which this database may be provided, (2)
fill what is possible with the results of the data in-
tercomparison, and (3) fill the gaps. To do so, in-
terpolation between the datasets using available
General Circulation Models may help.

Observations with improved spatial coverage are
still necessary at all altitudes, in latitude-longitude
and at all local solar times for a complete descrip-
tion of the atmospheric thermal structure. In-situ
observations in the atmosphere below 40 km are
needed, especially below 12 km (only VeGa 2 sam-
pled below 12 km).

A substantial amount of effort is needed for the
update of the thermal/density structure above 90 km
in tabulated form after the differences in the sam-
pling and experimental approaches are better un-
derstood. The binned experiment data used to gen-
erate the comparison figures provided by the teams
will be available from at the ISSI Team site
www.issibern.ch/teams/venusatmos/ .
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GEOLOGY OF THE VENUSIAN LOWLAND PLAINS: INSIGHT FROM

NIOBE PLANITIA.
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Introduction: We carried out 1:10M geologic
mapping of Niobe Planitia (0°-57°N/60°-180°E, I-
2467) with the aim of establish the geologic history
of this region, and to test existing working models
for the geodynamic evolution of Venus. The Niobe
Map Area (NMA) contains a rich assemblage of
basement (crustal plateaus and lowland tessera inli-
ers) and plains materials (shield plains, volcano- and
corona-related materials and large expanses of geo-
logically undivided materials). The map area lacks
large igneous rises or chasmata that commonly post-
date and disrupt other volcanic plains regions of Ve-
nus.

We discuss the geology of the Niobe lowland
volcanic plains based on detailed geologic and struc-
tural mapping which allows the delineation of sur-
face units. The geologic map illustrates differences
between different volcanic plains across the map
area.

Methodology: Geologic analysis was carried out
using: (1) NASA’s Magellan full-resolution SAR
data (left- and right-looking and in both normal and
inverted modes) [1]; (2) Magellan altimetry; and (3)
synthetic stereo images constructed using NIH-Image
macros developed by Duncan Young.

Data visualization and geologic mapping was
conducted using Adobe Illustrator™ with linked
NASA Magellan SAR and altimetry data, MAPu-
blisher'™ to scale and place georeferenced raster da-
tasets, and ArcGIS™ and ArcGlobe™ for compila-
tion, analysis and final map production.

Tectonic structures: Secondary (i.e., tectonic)
structures in the volcanic plains of the NMA are di-
vided into two groups: (a) Regional structures dis-
tributed across huge expanses of the NMA,; and (b)
local structures that are both spatially and genetically
related to individual tectonomagmatic features.

Regional contractional deformation suites.

Folds. Broad folds deform some local basal units
of the volcanic plains. These folds occur in areas of
deformation belts in two areas: NNW-trending folds
within Lemkechen and Unelanuhi Dorsa, deforming
basal materials in Akhtamar Planitia, western NMA;
NNE-trending folds that deform basal materials of
eastern NMA (Llorona, Vellamo and Atalanta plani-
tiae).

Wrinkle ridges. We recognize four different
suites of wrinkle ridges: (a) a regional suite; (b) local
inversion structures [4]; (c) suites concentric to adja-
cent individual coronae; (d) wrinkle ridges that paral-

lel adjacent tectonomagmatic features and defor-
mation belts. The circum-Artemis trend (a), the most
regionally extensive suite in the NMA, marks a suite
of wrinkle ridges that extend southward to the Aph-
rodite map area, and define a coherent suite >13,000
km in diameter around Artemis Chasma [2]. In cen-
tral NMA local N-trending wrinkle ridges show clear
evidence of reactivation as inversion structures [3,
4]; that is, wrinkle ridges occur along strike with
individual fractures locally buried by lava flow mate-
rial. These relationships indicate that early-formed
N-trending fractures were locally buried and later
shortening resulting in the formation of inversion
structures. In Leda Planitia wrinkle ridges define a
reticulate pattern similar to that present in the base-
ment materials and in the volcanic materials that
postdate these basement materials, but the existence
of reactivation has not yet been clearly established.
Local wrinkle ridge suites also develop parallel to
adjacent features, including concentric to adjacent
coronae, and parallel to the trend of adjacent defor-
mation belts. This geometry indicates that these
suites form synchronous with, or after the formation
of their adjacent ‘hosts’.

Regional extensional deformation suites.

Regional fractures. We identified different frac-
ture suites of regional extent based on trend, spacing
and temporal relations with volcanic materials.

Suite A. NNW-trending fractures mark the oldest
fracture suite in the central part of the NMA, and in
Leda Planitia this fracture trend also deforms the
lower plain materials, due to reactivation of buried
structures. This trend is the principal direction of
ribbon structures that characterize earlier formed,
underlying tessera terrain in central NMA. Examina-
tion of high-resolution SAR indicates that the NNW-
fracture suite represents reactivation of local base-
ment structures covered by thin flows or discontinu-
ous materials from shield terrain material [5, 6]. The
trend and fracture spacing of this fracture suite is
constant across a great expanse of the central NMA
indicating that basement structures/heterogeneity
played a strong role in fracture trend [4, 7].

Suite B. NNE-trending fractures cut Leda Plani-
tia, where the suite is best developed, and locally in
central NMA. Within Leda Planitia the fractures par-
allel the trend of ribbon structures of Dekla Tessera
(which parallel ribbon tessera fold trends to the south
in northern Tellus Regio). Within Leda Planitia the
fractures appear to be reactivation structures.

Artemis-radial suite. A suite of regional fractures
that fans across the NMA describes a huge suite of



fractures radial to Artemis Chasma [2]. These frac-
tures trend NE in the eastern NMA, N in central
NWA, and NW in western NMA. Within central
NMA N-trending fractures are the youngest recog-
nized regional fractures at this location. Corona also
decorate this fracture suite; structural elements of the
corona annuli both cut and are cut by fractures of this
suite, suggestive of a genetic relationship as well.
Portions of the Artemis-radial suite are also locally
reactivated to inversion wrinkle ridges in several
locations within the NMA.

Local deformation suites.

Radial fractures. Radial fracture suites occur re-
lated to large tectonomagmatic centers. These suites
can extend great distances from their foci, and there-
fore might be useful as local temporal markers for
unit delineation (i.e., Holde Corona in Atalanta Plan-
itia and Kurukulla Mons in Till-Hanun Planitia) [8].

In western NMA (i.e., Akhtamar Planitia) radial
fracture suites connect large, otherwise isolated, tec-
tonomagmatic centres (Hatshepsut Patera-H’uraru
Corona, Uli-Ata Mons, Kaltash Corona, Kunhild
Corona, Ereshkigal Corona), forming an extensive
interconnected suite that in some locations is difficult
to differentiate from regional fracture suites.

Concentric fractures. Concentric fracture suites
occur as annuli of individual coronae in the central
NMA, and appear to have formed generally synchro-
nous with N-trending members of the Artemis-radial
fracture suite. The host coronae typically lack obvi-
ous flows. The absence of flow material could result
from: homogenization through weathering or a lack
of coronae-sourced surface flows. Coronae located in
Aphrodite Terra (ej. Kaltash and Rosmerta coronae)
display annuli of concentric fractures and extensive
flows that embay and postdate adjacent crustal plat-
eaus; in these two cases flows clearly emerged from
radial coronae-related fractures.

Concentric ridges. Concentric ridges mark the
annuli of some coronae (e.g., ltuana and Bil Coro-
nae). These coronae clearly source large traceable
flows that bury extensive portions of the NMA [8].
Similar concentric ridges in Irnini Mons are inter-
preted as the result of tectonic inversion or warping
of regional stress around an empty magmatic reser-
voir [9].

Lowland Plain Materials: The NMA includes a
series of surface materials that postdate a rich assem-
blage of basement materials (ribbon tessera terrain
and other deformed terrains). We use a geographic
approximation to the description of plains although
in some locations there is not a clear distinction be-
tween the different plains.

Western NMA: In the NW of the NMA, Leda
Planitia is sited among different tessera blocks: Lai-
ma Tessera to the west, Dekla Tessera to the north
and east and Meni Tessera to the south. It is surfaced
by shield terrain that postdate basement materials,

and lacks intermediate or large volcanic edifices or
large near-surface magma chambers/diapirs that
could form small coronae. Akhtamar Planitia, which
dominates the SW of the NMA, comprises an assem-
blage of basal plain materials (shield terrain and un-
divided volcano-related materials), undivided vol-
canic plains and volcano- and corona-related flow
units. Map relations indicate that Artemis-radial frac-
tures predate formation of Kunhild and Ereshkigal
Coronae, which are interpreted as an extinct hot-spot
[10].

Central NMA: In north central NMA, Niobe,
Lowana and Tilli-Hanun Planitiae are composed of
basal plain materials (shield terrain and undivided
shields-, volcano- and corona-related materials), un-
divided volcanic plains, and volcano-, shield-fields-
and corona-related large flow units that locally post-
date basal plains. Coronae in Niobe Planitia are pref-
erentially circular low/calderic coronae associated
with basement materials, with the exception of a
cluster of coronae and volcanoes with large associat-
ed flows in Tilli-Hanun Planitia, similar to the extinct
hot-spot described in Akhtamar Planitia. In south-
central NMA, Sogolom Planitia is surfaced by basal
plain materials and extensive corona-related flows
that surround and postdate formation of adjacent
ribbon-tessera terrain in Aphrodite Terra

Eastern NMA. The style of plains in eastern
NMA is different. Basal materials are locally re-
stricted to the vicinity of ribbon-tessera inliers. Ata-
lanta and Rusalka planitiae are dominated by undi-
vided materials with extensive flows sourced from
local coronae and large volcanoes. Younger shield
clusters and volcanoes with associated flows locally
postdate the undivided plains. Although this regional
lacks obvious extensive regional fractures trends,
Artemis-radial fractures occur in W-Rusalka (con-
sistent with fracture trends in S-Rusalka [3]. Wrinkle
ridge trends display an Artemis-radial pattern (or-
thogonal to adjacent Artemis-concentric wrinkle
ridges); these relations are consistent with the inter-
pretation that early formed fractures were subse-
quently buried by local flows, and later reactivated as
inversion structures [3].
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Introduction:

The two VEGA balloons launched by the Soviet
Union in 1985 [fig.1] remain landmarks in planetary
exploration: the first ever (and to date only) plane-
tary balloons, and the longest-lived vehicles in the
Venusian atmosphere to date. They provided unique
in-situ datasets in the middle cloud layer. However,
the low power direct-to-Earth radio link required
severe data compression with some loss of infor-
mation. The data reconstruction process has not
been fully documented in the literature, and the data
thereby obtained is generally available only as poor-
ly-reproduced scatterplots in published papers. Here
we report on a project to deliver the data in electron-
ic form to the NASA PDS Atmospheres Node for
community use: the dataset is intended to follow the
XML-based PDS4 standard which tags elements with
machine-readable identifiers to enable (for example)
easier cross-referencing of comparison data. Interest
in future missions has stimulated re-examination of

the VEGA data, e.g. [1]
NN
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Figure 1. Flight-representative model of VEGA
lander at Lavochkin Museum in Moscow. The spher-
ical tanks at top held helium for balloon inflation.
(photo: Ralph Lorenz)

Data Reconstruction:

The balloons sent back data on light level, tem-
perature, pressure [e.g. Fig.2] and vertical winds: 12-
bit values for all but the nephelometer data were
transmitted directly to Earth as separate 6-bit values,
with the least-significant 6 bits (LSB) transmitted on
7 successive samples (at 75s intervals), while the
MSB was transmitted only once every 8 samples.
While this would theoretically double the sample rate
for slowly-changing quantities, in practice resulted in
ambiguities because the quantities changed fast
enough for the MSB to change in the 8x75s telemetry
cycle time. In addition, there were a few synchroni-
zation glitches in the telemetry commutation which
introduced ambiguity in the sensor to which a given
value referred. These issues were resolved at the
time by matching data patterns, but this process was
only briefly noted in the literature at the time [2,3].

To illustrate the issue introduced by the data
compression approach, consider the telemetered se-
quence of LSB ‘ones’ and MSB ‘tens’ : 4,7,2,6,7,
93,30,6,9,2,4,6,7,1,70,8,2,1,7,9, 1, 3, 20,

Do those numbers correspond to a sequence of
underlying values of 14, 17, 22, 26, 27, 29, 33, 30,
36, 39, 44, 56, 67, 71, 70 .... or some other permuta-
tion, like 24, 27, 32, 26, 27, 29, 33, 30, 36,49, 54,
66, 67, 71, 70 .... The use of a dynamical model of
the balloon system, together with a ‘reality check’
from the internal nephelometer housekeeping tem-
perature sensor, helped resolve this ambiguity.
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Figure 2. Example data — the pressure time series for
VEGA-1 (red) and -2 (black). Note that the linear
segments result from interpolation during periods
when measurements were not available.



Dataset Description: The reconstructed datasets
are ASCII tables of relevant parameters, together
with quality flags indicating whether datapoints were
measured directly and accurately, required estima-
tion, or were interpolated.

The emerging international PDS4 standard [see
https://pds.nasa.gov/pds4/about/what.shtml] is based
on the eXtensible Markup Language XML. This
introduces certain formal metadata elements in the
data structures that tag the archive in a machine-
readable way to facilitate the search for data, or for
example, the identification of related datasets.

The VEGA dataset is being prepared in this for-
mat for delivery to the PDS Atmosphere Node this
year.
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Introduction:

The upper haze located at 70-90 km is believed
to consist of submicron aerosol particles of H,SO4
(Esposito et al., 1983). The distribution of particles
in the upper haze is controlled by atmospheric circu-
lation, sedimentation, and, possibly, chemistry and
can also provide a source of sulfur oxides above 90
km (Zhang et al., 2012; Belyaev et al., 2012). So far,
very limited information on the vertical distribution
and the composition of the aerosol particles in the
upper haze is available.

Data analysis of 243 orbits from the nominal
mission of the Orbiter Cloud Photopolarimeter
onboard Pioneer Venus resulted in an estimate of the
optical properties for the haze particles (Kawabata et
al., 1980). The effective radius res was found to be
0.23+£0.04 um and the effective variance verr t0 be
0.18+0.10. Sato et al. (1996) performed a more de-
tailed analysis of the Pioneer Venus data covering
2820 days and found that the submicron haze exhib-
ited large spatial and temporal variations.

Recently, the three channels of the
SPICAV/SOIR instrument onboard the Venus Ex-
press (VEX) orbiter provided the occultation profiles
in three spectral ranges: 200-300 nm, 0.65-1.7 um,
and 2.3-4.2 um. That observations resulted in the
discovery of a bimodality in size distribution in the
upper haze with a small mode of radius 0.1-0.3 um,
and a large mode of radius 0.4-1.0 wm as well as the
presence of detached haze layers at 75-90 km of alti-
tude (Montmessin et al., 2008; Wilquet et al., 2009).

Observations:

SPICAV IR is based on the design of the
SPICAM IR instrument flying on board the Mars
Express orbiter. It is a pencil-beam spectrometer
covering the spectral range of 0.65-1.7 um based on
acousto-optical tunable filter (Korablev et al., 2012).
The spectrometer operates in nadir and in solar oc-
cultation modes. The field of view in solar occulta-
tion is circular and has an aperture of 0.07°. The ver-
tical resolution varies from 1 to 25 km depending on
the distance to the planet’s limb. The VEX’s orbit is
elliptical and the distance to the surface varies from
250 to 66000 km. The pericenter is located almost
above the North Pole (80°N).

Aerosol properties are determined using 10 con-
tinuum “dots” outside those intervals: 649.4, 756.6,
852.5, 982.4, 1101.1, 1159.6, 1197.3, 1273.4,
1323.0, and 1553.7 nm.

We report an analysis of aerosol measurements
by the SPICAV IR spectrometer in solar occultation

mode for 196 observations obtained from May 2006
till November 2014.

Method of analysis:

The solar occultation measurements are by nature
self-calibrated. The reference spectrum for an occul-
tation lo is obtained when observing the Sun out of
the atmosphere during a sequent measurements. In-
side the atmosphere solar radiance | is attenuated by
extinction of aerosols and gases integrated over the
line of sight L. The ratio of this flux to the reference
spectrum defines a spectrum of atmospheric trans-
mission at a target altitude: T,(L)=1,(L)/I, .

Slant optical depth of aerosol is calculated from
occultation techniques as z, (L) =—In(T (L)), where

7, is the optical depth along the L.

The procedure for the retrieval of the extinction
vertical profiles is identical to the one described for
SPICAM solar occultations on Mars (Fedorova et al.,
2009); that is by making use of the standard ‘onion
peeling’ method. Extinction coefficient is assumed to
be constant inside each atmospheric layer. This pro-
cedure was performed taking into account Rayleigh
scattering of the CO, atmosphere.

The aerosol extinction is modeled according to
the classical Mie theory. To compute light scattering
by spherical particles using the Lorenz—Mie theory
we applied the code of Michael Mishchenko and
collaborators (Mishchenko et al., 1999). We adopted
refractive indices for sulfuric acid aqueous solution
with 75% H,SO4 concentration from Hansen and
Hovenier (1974).

In our retrieval procedure we consider 2 cases for
the particle size distribution.

For both cases we independently apply fitting
procedure and retrieve particle radii. The spectral
dependence of experimental normalized aerosol ex-
tinctions K, (1)/ke (4,) was fitted using a Leven-

berg-Marquardt algorithm, which minimizes statisti-
cally weighted 42 according to uncertainties of meas-
urements. For the data analysis we choose a refer-
ence wavelength 1o =852.5 nm with maximal signal-
to-noise ratio, this way the uncertainties of normal-
ized extinctions are smaller.

Once a particle size distribution is retrieved, one
can calculate the aerosol number density N(z). In
case of bimodal distribution, N(z) and yN(z) are the
number densities for the two modes.

Thereafter, aerosol scale heights were retrieved
from extinction coefficient profiles and number den-



sity profiles.
Knowing aerosol scale heights, one can calculate

eddy diffusion coefficient K =V, HH H:| , where H

a

is the atmosphere scale height, Ha is the aerosol
scale height, sedimentation velocity Vs for the case

when I>r equals
2 r I e . .

V, == pg—| 1+~ |(1257+0.4e*"), p is sulfuric
9 n r

acid aqueous solution density, g — gravitational ac-
celeration, # — dynamic viscosity, | — mean free path
of a particle.

Results:

Aerosol extinction profiles

The slant optical depth and the extinction coeffi-
cient profiles were retrieved at 10 wavelengths.

In most occultations the aerosol extinction
decreases smoothly from 70 to 90 km. In some
instances, we observed detached haze layers at the
altitudes between 70 and 90 km. The structures can
be sometimes observed over consecutive orbits.

Aerosol scale heights were retrieved from each
extinction coefficient profile at 10 wavelengths. A
typical value of the scale height ranges from 3 to 4.5
km.
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Fig. 1. Mean extinction profiles (black curve with standard
dispersion) at wavelength 1197.3 nm averaged in latitude
ranges 0°-60° (a, b) and 60°-90°(c, d); at the morning ter-
minator (a, ¢) and at the evening one (c, d). All the indi-
vidual extinction measurements are shown in green.

Extinction profiles were averaged in latitude bins
0°-60° and 60°-90° with weights of errors of indi-
vidual measurements in assumption of hemispheric
symmetry and at the morning and at the evening
terminators. Altitudes containing detached haze lay-
ers were neglected. An example of an averaged ex-
tinction profile at wavelength 1197.3 nm is shown in
Fig. 1.

Effective radii and number density profiles

To address the long-term, local time and global
variations of the particles size, all retrieved effective
radii were combined in 4 altitude bins: 70-75 km,
75-80 km, 80-85 km and altitudes above 85 km. All
altitudes at every profile were grouped within each
bin, and averaged together provided they have the

same number of modes.

The variation with latitude indicates that the ra-
dius of single mode distributions is smaller at high
latitudes than at low latitudes (Table 1). The varia-
tion with local time shows that the radius of the sin-
gle mode is smaller in the evening than in the morn-
ing (Table 2).

Table 1

The variation with latitude of averaged effective radius. Re corre-
sponds to the single mode case, rei and res, correspond to mode 1
and mode 2 of the bimodal case.

Alti- Low latitudes High latitudes
tude, Refr,
Km um Teft1, um Teft2, um Reft, um Teft1, um Teft2, um
70-75 0.76x0. 0.13+0.0 0.97+0.1 0.56+0.1 0.11+0.0 0.83+0.1
06 3 7 7 7 2
75-80 0.77+0. 0.11+0.0 0.86+0.1 0.430.1 0.12+0.0 0.82+0.1
09 3 0 8 4 2
80-85 0.74%0. 0.12+0.0 0.81+0.0 0.32+0.1 0.13+0.0 0.81+0.1
07 2 9 7 4 1
>85 0.48+.0 0.12+0.0 0.76+0.1 0.30+0.1 0.12+0.0 0.81+0.0
17 3 0 4 5 8
Table 2

The variation with local time of averaged effective radius. Reg
corresponds to the single mode case, reir1 and rerr2 correspond to
mode 1 and mode 2 of the bimodal case.

Alti- Morning Evening
tude, Reff,
km um TeffL, um Teff2, um Rett, um Tefft, um Feff2, um
70-75 0.63+0. 0.11+0.0  0.90+0.1 0.57+0.1  0.12+0.0  0.82+0.1
17 6 3 7 6 5
75-80 0.61+0. 0.12+0.0 0.84+0.1 0.45£0.2 0.11+0.0 0.82+0.0
22 3 3 2 4 8
80-85 0.54+0. 0.13+0.0  0.83+0.1 0.38+0.2  0.12+0.0  0.79+0.0
25 4 2 6 2 8
>85 0.35+.0 0.12+0.0 0.80+0.0 0.27+0.1 0.12+0.0 0.74+0.1

18 3 7 3 3 1

Albtuda, km

Fig. 2. Averaged profiles of the number density for mode 1
(a), mode 2 (b), and y (c) for all orbits at bimodal case.

Mure

Altitude profiles of number densities for modes 1
and 2 are presented in Figure 2 for the whole set of
orbits at bimodal case. Averaged curves for both
modes decrease smoothly, from ~500 cm at 75 km
to ~50 cm® at 90 km for mode 1, and from ~1 c¢cm3
at 75 kmto ~0.1 cm™ at 90 km for mode 2.

Eddy diffusion coefficient was also calculated
from the extinction and number density scale heights
for altitudes of 75-90 km. It increases from

15-10* cm?/s at 75 km to ~10° cm?/s at 90 km and
is consistent with previous results obtained by Kras-
nopolsky (1980) and values that were used in his
models (Krasnopolsky, 2012).
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OUR NEIGHBORING ‘INDUCED MAGNETOSPHERES’: BIG PICTURE
SIMILARITIES AND DIFFERENCES BETWEEN VENUS AND MARS.

J. G. Luhmann, S.M. Curry, D.L. Mitchell, SSL, University of California, Berkeley, CA, USA (jgluh-
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Abstract:

The canonical picture of an induced magneto-
sphere grew out of the early missions to Venus and
Mars, and especially from the Pioneer Venus Orbiter
(PVO) mission. Analyses of the plasma interaction
with the almost purely ionospheric obstacle encoun-
tered on PVO at solar maximum at Venus allowed
validations of some models and concepts that gave us
a picture of a robust ionospheric current system that
could largely exclude the solar wind from the obsta-
cle interior. In this case the induced magnetospheric
obstacle ‘surface’ was found to be located where
solar wind pressure balance with ionospheric pres-
sure was maintained as long as it was located above
the nominal exobase at ~200 km altitudes. However
even during this mission, observed occasional con-
tinuation into the ionosphere of the overlying draped
external magnetic field hinted at much more compli-
cated possible scenarios. In particular, this ‘over-
pressure’ situation was found to occur when solar
wind (mainly dynamic) pressure exceeds the iono-
spheric thermal pressure at the exobase. In such an
interaction, collisional inward diffusion of the exter-
nal field plays a role in the plasma interaction- likely
accompanied by solar wind plasma penetration. The
Venus Express mission provided further support for
this picture.

As the situation at Mars was evaluated in the past
for comparison, it was realized by many that its
weaker ionosphere might more generally produce the
latter type of imperfect induced magnetosphere ob-
stacle. The discovery of Mars’ strong crustal magnet-
ic fields on Mars Global Surveyor substantially
changed that expectation. However, the nature of
those crustal field features, and especially their small
scales and non-uniform surface distribution, still
leaves a role for induced ionospheric currents. The
MAVEN observations have now shown in more de-
tail the ways in which the planetary and induced ion-
ospheric fields contribute to the solar wind obstacle
at Mars. The interpretation of these contributions is
challenging and relies on data-validated models of
the solar wind interaction. We use an archive of
BATS-R-US simulation results that have been shown

to closely replicate the field and plasma observations
around Venus and Mars to illustrate the different
versions of induced magnetospheres at our neighbors
in the solar system. Given the importance of iono-
sphere strength, we also speculate about time varia-
tions in these systems, including expectations for the
upcoming possibly deep solar minimum.



LESSONS FOR THE VENUS AURORA FROM THE MAVEN MISSION?
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do, Boulder, CO, USA, C.L. Gray, New Mexico State University, Las Cruces, NM, USA, Y. Futaana, IRF, Ki-
runa, Sweden, T-L. Zhang, IWF, Graz, Austria, C.T. Russell, IGPP UCLA, Los Angeles, CA, USA, R.A. Me-
waldt, Caltech, Pasadena, CA, USA, M.L. Mays, Catholic University of America, Washington DC, USA, D.

Odstrecil, George Mason University, Fairfax, VA, USA .

Introduction:

When auroras in 130.4 nm emission were detect-
ed by the UVS on Pioneer Venus Orbiter (PVO) it
was something of a surprise, but in hindsight should
not have been considering the absence of a magnetic
‘shield” around the atmosphere of Venus, and the
high level of solar activity that prevailed at that time.
The raster scanned UV images of these nightside
emissions appeared patchy in contrast to auroral arcs
seen on Earth, appearing more like the diffuse auro-
ra. The emissions had the spectral properties associ-
ated with soft (< a few hundred eV) electron precipi-
tation (Fox and Stewart, 1991) and also exhibited
brightening in response to local solar wind pressure
increases detected with the PVO plasma analyzer
(Phillips et al., 1986). As the Venus ionosphere dur-
ing active solar phases has a healthy source in trans-
terminator flows from the dayside, these auroras im-
plied only modest enhancements to nightside ion
production at the time.

New Reports and their Implications:

Several decades after those initial observations,
Gray et al. (2012) observed auroral green line emis-
sions from Venus from the ground. Moreover, they
were able to use newly available solar monitoring
assets to associate these episodes with coronal mass
ejection events observed at the Sun (Gray et al.,
2014). These authors made use of the VVenus Express
(VEX) orbiter measurements of the solar wind plas-
ma and magnetic field from the ASPERA-4 and
MAG experiments to compare their observations of
brightening with the presence of disturbed condi-
tions. Most recently, the MAVEN spacecraft at
Mars, which entered orbit in fall, 2014 and complet-
ed its prime mission this past fall, also detected a
nightside diffuse auroral emission at 289 nm with the
onboard ultraviolet spectrometer, 1UVS (Schneider
et al., Science, 2015). Moreover, with MAVEN fully
instrumented with space weather particles and fields
detectors, these authors were able to associate the
Mars diffuse auroral emissions with the presence in
the environment of solar energetic particles. They
used these joint observations to calculate the altitude
profile and emission intensity for various assump-

tions concerning the precipitating particle species
and found that the observed energetic (~100 keV)
electron fluxes-presumably of solar origin- could
reproduce what was observed in the UV. The Mars
diffuse aurora was clearly related to SEP (solar ener-
getic particle) electron entry into the nightside at-
mosphere, presumably by direct access along the
field lines threading the wake of this weakly magnet-
ized planet. This makes an interesting and distinctive
solar system picture of ‘space weather’ influences on
our terrestrial planet neighbors. At Earth, solar ener-
getic particle entry is filtered by its strong dipole
field-produced magnetosphere into restricted loca-
tions such as the cusp and polar cap, where related
effects are seen, including ozone destruction from the
SEP protons’ entry. It is therefore interesting to con-
sider the larger picture of these energetic particle
populations and their occurrence rates in the vicinity
of Venus as well, and to perhaps reconsider some
past observational results that may have been affect-
ed by SEPs.

The current interest in space weather throughout
the solar system has led to the development of tools
and models that lend insight into the causes and ef-
fects of solar energetic particle events, including
their spatial distributions. While these were not
available at the time of PVO, they overlap with the
VEX mission for which there is some local infor-
mation. Most large SEP events have their source in
the shocks driven by coronal mass ejections (CMEs).
However, the VEX magnetometer only records the
CME disturbances that intercept Venus (as recently
surveyed by Good and Forsythe, 2015), while SEP
events can also occur from remote interplanetary
magnetic field connections to the CME shocks. We
use a heliosphere-wide SEP event model called
SEPMOD (Luhmann et al., 2010) to illustrate the
relationship between CME shocks and SEPs at Ve-
nus (and elsewhere), and to simulate several SEP
events that should have impacted Venus during the
VEX mission. While VEX does not have an energet-
ic particle detector onboard, it has a background
channel of the ASPERA-4 detector that records some
signatures of SEPs impacting the spacecraft (Futaana
et al., 2008). We show that some of these back-
ground signatures coincide with our simulated events



—one of which also matches one of the stronger green
line auroral events reported by Gray et al. (ref).
These results suggest it may be worthwhile to retro-
spectively examine the VVenus data sets for other sig-
natures and phenomena that may result specifically
from SEP events. It is also possible to apply the
model to interpret future detections of Venus aurora
from Earth.
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Introduction eddy diffusion. Homogeneous nucleation is described
with the parameterization of [14] and heterogeneous nu-

The clouds of Venus and the aerosols in the Earth’s cleation with a simple parameterization as in [3]. Con-
stratosphere are close relatives: both are mostly com-densation and evaporation are treated in two steps: sim-
posed of sulphuric acid droplets. Venus’ clouds are ple (fast) equilibration whenever a droplet experiences a
optically thick and absorb most of the insolation arriv- change in environmental conditions (temperature, partial
ing at Venus, letting only few percent of sunlight reach pressure of water vapor) causing a change in the equilib-
the surface and having an important climatic effect. The rium composition, and (slow) condensation/evaporation
clouds on Venus are, based on the snapshot profile pub-during which the droplet grows/shrinks conserving the
lished by [6], divided in three layers that have different equilibrium composition [9]. We account for Brownian
properties (particle size distributions, number densjtie and gravitational coagulation (coalescence) and we use
mass loads). Even though the upper cloud and upperthe numerical method of [4]. The coagulation kernels are
haze can be directly studied with satellite instruments, calculated as in[1, 12] and the sum of the Brownian and
only a handful of observations have acquired informa- gravitational kernels is corrected as in [10, 11]. Vertical
tion on the properties of the lower cloud layers [6] and transport (sedimentation and eddy diffusion) is treated
thus modeling is an important tool for studying the lower following the method of [13] and settling velocity is cal-
and middle cloud layers. culated using [9, 1] and corrected to account for mixing.
The model has undergone several updates, the latest of
which focused on accounting for, in all microphysical
processes, the condensation nuclei (CN) captured within
the droplets. This required transforming the pure two-
component solution droplet type into a "mixed" particle
type that includes both volatile and CN masses.

The runs are initialized with profiles from VIRA
[5] for temperature and pressure and from occultation
data concerning the vapors, as in [8]. VenLA receives
also as input the properties of the condensation nuclei
(alognormal size distribution defined in a given altitude
range [3]). A prescribed droplet distribution can also be
used as an initial state. The vapors are consumed during
nucleation and condensation and replenished when the
droplets evaporate or when mixing brings in vapor-rich
air. In these simulations the temperature and pressure
profiles are not changed and thus the simulated clouds
are considered as formed in average conditions and do
not reflect effects of large-scale dynamics.

Methods

The LATMOS Venus cloud model VenLA (Venus Lig-
uid Aerosols) is based on a terrestrial Polar Stratospheric
Cloud (PSC) model[7]. The PSC model[7]is a sectional
microphysical model that can describe a multimodal par-
ticle size distribution on a radius grid discretized in tens
or hundreds of bins (radius intervals). In its original
configuration the PCS model includes all of the micro-
physical processes relevant to the PSCs, including the
multiple phase transitions related to the particle types
including liquid and solid phases of water, sulfuric acid,
nitric acid and their mixtures, and sedimentation of the
particles.

The PSC model went through several modifications
when becoming VenLA. The major ones include: re-
moval of nitrous species and related cloud particle types
and inclusion of the condensation nucleus particle type,
addition of homogeneous and heterogeneous nucleation
parameterizations, accounting for both intra-type and Results
inter-type particle coagulation, and adding a parametriza
tion of vertical mixing via eddy diffusion. Because of We will focus on finalizing the reference version of the
the extreme dryness of the Venus atmosphere, we alsomodel and reproducing the [6] in-situ observations of
needed to add an iteration of the calculation of the weight the cloud properties. We will present results of refer-
fraction of sulfuric acid in the droplet in order to cor- ence runs and sensitivity tests. We compare the results
rectly account for the change in total water content. to observations on cloud droplet number densities and

VenLA describes the formation, growth and decay sizes, and to other modeling studies. One of the main
of sulfuric acid - water droplets, and when used in one- sensitivity tests will be the effect of CN on the cloud
dimensional (vertical profile) version it also accounts properties. The nucleation pathway may prove signif-
for sedimentation and mixing of particles and vapors via icant in the simulations since it defines the humber of
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Abstract

We present wind velocity results based in the mea-
surements of the horizontal wind field at the cloud
top level of the atmosphere of Venus, near 70 km al-
titude in the visible range on the dayside. The pur-
pose is to characterize the zonal and meridional wind
latitudinal behaviour and profiles on hour and day
timescales. The technique developed over the last
decade [4,5,7,8] is based on solar lines Doppler veloc-
ity in the light scattered by cloud top particles in mo-
tion. The study has been undergone in coordination
with ESA’s Venus Express cloud tracking measure-
ments. Our 2014 observations focussed on the wind
field at latitudes 60°S-60°N, while VEx/VIRTIS priv-
ileged southern latitudes poleward of 45°S in search
for zonal and meridional wind circulation patterns.

The 3.60-meter Canada-France-Hawaii telescope
(CFHT) and the Visible Spectrograph ESPaDOnS pro-
vide a highly resolved (80.000) spectrum in the visible
range (0.37-1.05 pm). ESPaDOnS and the sequential
technique of visible Doppler velocimetry has proven
a reference technique to measure instantaneous winds.
These measurements are necessary to help validating
Global Circulation Models (GCMs) [2], and to ex-
tend the temporal coverage of available datasets. The
ground-based observations in the base of this project
are critical in their complementarity with Venus Ex-
press data, which was recently decommissioned, and
they are expected to play the same role during the on-
going Akatsuki mission.

We compared our measurements with simultane-
ous observations using the Visible and Infrared Ther-
mal Imaging Spectrometer (VIRTIS) instrument from
the VEx orbiter. CFHT observations included vari-
ous points of the dayside hemisphere, between +60°N
and 60°S, by steps of 10°, and from sub-Earth lon-

gitude [¢p —pp] = 0° to -50° corresponding to
7:30a - 10:50a, while VIRTIS-M UV (0.38 pm) cloud
tracking measurements extended on the dayside south
hemisphere between 30 and 50°S and 9:05a - 10:50a.
Our analysis technique shows unambiguous character-
isation of the zonal wind latitudinal, local time pro-
file and its temporal variability. We will also present
a latitudinal profile of the meridional wind measured
along both hemispheres, in the mid-latitudes range.
The measured meridional wind flow will be compared
with a model of a 20 ms~! meridional wind flow.

1. Introduction

In the Venus’ lower mesosphere (65-85 km), visi-
ble observations of Doppler shifts in solar Fraunhofer
lines have provided the only Doppler wind measure-
ments near the cloud tops in recent years [4, 5, 7, 8].
The region is important since it constrains the global
mesospheric circulation in which zonal winds gener-
ally decrease with height while thermospheric SS-AS
winds increase [1,6]. On Venus Express, atmospheric
circulation at 70 km was measured with cloud track-
ing by both VIRTIS-M and VMC instruments [1,3].
However, winds derived in this manner are mean ve-
locities about time intervals or more than 30 minutes
and do not reflect instantaneous wind velocity and its
significant variability at shorter time scales. The main
purpose of this study is therefore to provide direct and
instantaneous wind velocity measurements using visi-
ble Fraunhofer lines scattered by Venus cloud tops.

2. Method and Results

With ESPaDOnS, the complete optical spectrum, from
370 to 1050 nm, is collected over 40 spectral orders
in a single exposure at a resolution of about 80,000.
In the single scattering approximation, the Doppler



shift measured in solar light scattered on Venus day-
side is the result of two instantaneous motions: (1) a
motion between the Sun and Venus upper clouds par-
ticles, which scatter incoming radiation in all direc-
tions including the observer’s; this Doppler velocity is
minimal near Venus sub-solar point; (2) a motion be-
tween the observer and Venus clouds, resulting from
the topocentric velocity of Venus cloud particles in
the observer’s frame; this effect is minimal near Venus
sub-terrestrial point. The measured Doppler shift is the
sum of those two terms. It therefore varies with plan-
etocentric longitude. The Doppler shift vanishes at
the half phase angle meridian, where both terms can-
cel each other [5] and we use this meridian as "zero-
Doppler-reference" to check for instrumental or cal-
ibration drifts. The Doppler velocities are modelled
using two kinematical templates for the zonal wind:
(1) solid rotation with v zonal = v (equator) X cos
(latitude), (2) uniform retrograde velocity, v zonal =
v (equator). Both models are explored within latitudi-
nal range 60S-60N. Once the best fit is obtained, we
define the acceptable domain at 2-sigma and also test
alternative models, including the combination of both
zonal and meridional circulations.

CFHT/ESPADONS — Maridional wind velocity ~ Apr 14
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Figure 1: Meridional wind flow measured along the
half phase angle meridian. We compare the measure-
ments with a model of a 20 ms~! meridional up-
per branch flow. Regarding the chosen referential,
in both hemispheres the meridional wind is receding
from equator towards the poles.

Venus Express cloud-tracking measurements using
images taken with the VIRTIS instrument [1] indi-
cate nearly constant zonal winds in the Southern hemi-
sphere between 0 and 55 deg S, with westward zonal
velocities of 105 m/s at cloud tops near 70 km, as
well as a meridional, poleward component with a
peak velocity of 10 £ 10 m/s. However, variability
of the zonal flow, which is significant over an hour
timescale, at all longitudes, is better characterized
with the Doppler technique. With CFHT/ESPaDOnS
measurements of Apr. 2014, velocity variations at

[¢ — ¢r] = 0° and 30° lat near morning terminator
are reported with an amplitude of & 22.5 m s~ rela-
tive to the mean (day-averaged) Doppler zonal velocity
U=119.5m s}, over a period of about 2 hours, what
can be indicative of local wave activity [5].
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Abstract

We present results based on observations carried out
with the Near Infrared Camera and Spectrograph
(NICS) of the Telescopio Nazionale Galileo (TNG),
in La Palma, on July 2012. We observed for periods
of 2.5 hours starting just before dawn, for three con-
secutive nights. We acquired a set of images of the
night side of Venus with the continuum K filter at 2.28
microns, which allows to monitor motions at the lower
cloud level of the atmosphere of Venus, close to 48 km
altitude. Our objective has been to measure the hori-
zontal wind field in order to characterize the latitudi-
nal distribution for both zonal and meridional compo-
nents of the wind, to study day-to-day variability, to
help constrain the effect of large scale planetary waves
in the maintenance of superrotation, and mapping the
cloud distribution. These observations were part of
the network of ground-based observations of Venus
coordinated with ESA’s Venus Express orbiter for the
2012 Venus transit campaign. Ground-based observa-
tions are complementary to orbiter measurements, al-
lowing simultaneous determination of the winds. We
will present first results of cloud tracked winds from
ground-based TNG observations and winds retrieved
from coordinated space-based VEx/VIRTIS observa-
tions.

1. Introduction

The atmosphere of Venus is in superrotation, a state
in which its averaged angular velocity is much greater
than that corresponding to co-rotation with the solid
globe. The circulation up to the cloud tops is charac-
terized by an increasing zonal retrograde wind (in the
East-West direction). The wind starts to build up at 10
km and amplifies with altitude, reaching a maximum
at cloud tops (~ 70 km), where the atmosphere rotates
about 60 times faster than the surface. Although the
clouds are almost featureless in visible light, there are

prominent features in UV and infra-red wavelengths.
Dominant length scales are larger than 1000 km and
few features are smaller than 20-30 km [6]. The cloud
deck extends in altitude from 45 to 70 km, and can be
divided into three main regions, centered at 48, 54 and
60 km [1]. The lowest of these is the lower cloud,
where it is thought that fundamental dynamical ex-
changes that might also help to maintain superrotation
are thought to occur [2]. The lower Venusian surface
and deep atmosphere are a strong source of thermal ra-
diation, with the gaseous CO2 component allowing ra-
diation to escape in windows at 1.74 and 2.28 pum. At
these wavelengths radiation originates below 35 km,
and unit opacity is reached at the lower cloud level,
close to 48 km. Therefore, in these windows it is pos-
sible to observe the horizontal cloud structure, with
thicker clouds seen silhouetted against the bright ther-
mal background from the low atmosphere.

2. Method and results

Our objective is to provide wind measurements and a
map of cloud distribution at the lower cloud level in
the Venus troposphere, in order to complement Venus
Express (VEX) and other ground-based observations
of the cloud layer wind regime. By continuous mon-
itoring of the horizontal cloud structure at 2.28 um
(NICS Kcont filter), it is possible to determine wind
velocities using the technique of cloud tracking. We
acquired a series of short exposures of the Venus disk.
The best 10% of images have been selected, registered
to a common coordinate system and co-added to com-
pose a first image (A). Another series were taken at
a later time, forming a second image (B). Cloud dis-
placements in the night side of Venus, between im-
ages A and B, can be computed using both an auto-
mated technique [3] and a manual one [5]. We used a
semi-automatic method, based on a phase correlation
method between images [Peralta, personal communi-
cation] that increases the precision of the match be-



tween the observed cloud features (on image A) and
its new location in image B. This observing strategy
was similar to the one used previously by Young et al.
[9] and Tavenner et al. [8] at IRTF (Fig. 1). The Venus
apparent diameter at observational dates was greater
than 32” allowing a high spatial precision. The 0.13”
pixel scale of the the NICS narrow field camera al-
lowed to resolve ~ 3-pixel displacements. The abso-
lute spatial resolution on the disk was ~ 100 km/px at
disk center, and the (0.8—1") seeing-limited resolution
was ~ 400 km/px. By co-adding the best images and
cross-correlating regions of clouds the effective reso-
lution was significantly better than the seeing-limited
resolution. In order to correct for scattered light from
the (saturated) day side crescent into the night side, a
set of observations with the Br, filter were performed.
Cloud features are invisible at this wavelength due to
the high optical depth of the gaseous CO, component,
and this technique allows for a good correction of scat-
tered light [8].

Figure 1: (From Tavenner et al., 2008 [8]): From left
to right, a Continuum-K image, a Bracket-gamma, and
the result of subtracting a scaled Bracket-gamma im-
age from the one taken in Continuum-K. The black
line seen in the first two images is from the IRTF SpeX
slit. On these images the dark regions are clouds, the
bright regions are optically thinner areas between the
clouds that allow thermal emission from the lower at-
mosphere to escape, and the outlined crescent is the
saturated day side of the planet. Images from Septem-
ber 14, 2007.

The completed data analysis provided the set of
cloud tracked winds for the Venus lower cloud in the
night side, which provides a basis for comparison with
VEX-VIRTIS measurements [7].
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Introduction:

SOIR was an infrared spectrometer on board Ve-
nus Express that probed the Venus terminator region
from mid-2006 till end of 2014.

The measurements were taken at the morning and
evening sides of the terminator, covering all latitudes
from pole to pole. Its wavelength range - 2.2 to
4.3 um - allowed a detailed chemical inventory of the
Venus atmosphere [1-5], such as CO2, CO, H:0,
HCI, HF, SO, and the aerosols. CO, was detected
from 70km up to 165km, CO from 70 km to
140 km, and the minor species typically below
110 km down to 70 km.

Number density profiles of these species are
computed from the measured spectra. Temperature
profiles are obtained while computing the spectral
inversion of the CO; spectra combined with the hy-
drostatic law [6].

These temperature measurements show a striking
permanent temperature minimum close to the homo-
pause (~125 km, ~100 K) and a weaker temperature
maximum (100-115 km, 200-250 K). The time vari-
ability of the CO, density profiles spans over two
orders of magnitude, and a clear trend is seen with
latitude. The temperature variations are also im-
portant, of the order of 35K for a given pressure
level, but the latitude variation are small.

Radiative model:

A 1-D radiative transfer model has been devel-
oped to reproduce the SOIR terminator profiles.

This model solves the coupled, time-dependent
energy balance, diffusion, and continuity equations in
the vertical direction.

It accounts for heating and cooling radiative
terms originating from CO> non local thermodynam-
ical equilibrium (LTE), by grouping the population
levels between 4 and 15 pum into 8 groups, and solv-
ing the corresponding radiative transfer equations
and energy levels populations, while considering
collisional de-excitation by CO», CO, O and N.

UV heating by CO», CO and O are also taken in-
to account, as well as radiative cooling by minor
species detected by SOIR (e.g. HCI, SO, and H,0)
which are found to be small in comparison to the
CO; non LTE cooling. Aerosol cooling in the 60-

110 km altitude range may be important to the ther-
mal balance.

Discussion:

There is a good agreement between the 1D model
temperature profile and the mean SOIR temperature
profile, when aerosols cooling is considered in the
mesosphere. Modes 1 and 2 are considered in the
current study, in agreement with mean vertical pro-
files derived from the SOIR spectra [5].

Further we can suggest parameters that can be ad-
justed to improve the agreement between the model
and measurements. The remaining differences can be
attributed to the atmosphere dynamics at the termina-
tor.

Future prospects:

This model will be adapted to Mars in order to
study the temperature profiles derived instruments
on-board the MAVEN mission and by the future in-
strument NOMAD on-board ExoMars.
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BEPI COLOMBO FLY-BY’s AT VENUS
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BepiColombo is a dual spacecraft mission to
Mercury likely to be launched in early 2018 and car-
ried out jointly between the European Space Agency
(ESA) and the Japanese Aerospace Exploration
Agency (JAXA). An extensive suite of high resolu-
tion scientific instruments, flying on the two space-
craft, allows addressing a wide range of scientific
questions that will provide important clues on the
origin and formation of Mercury as well as the terres-
trial planets in general.

The first spacecraft, the Mercury Planetary Orbit-
er (MPO) comprises eleven experiments and will
focus on a global characterization of Mercury
through the investigation of its interior, surface, exo-
sphere and magnetosphere. In addition, it will test
Einstein’s theory of general relativity. The second
spacecraft, the Mercury Magnetosphere Orbiter
(MMO), led by JAXA, will carry five experiments to
study the environment around the planet including
the planet’s exosphere and magnetosphere, and their
interaction processes with the solar wind.

Both spacecraft will be launched in a composite
with a propulsion element, the Mercury transfer
module and a sunshade cone to protect the MMO.

During the long cruise to Mercury (about 6.5
years), BepiColombo will have two fly-by’s at Venus
in 2019 and 2020. Due to the composite launch and
cruise configuration (MCS) of both spacecraft, to-
gether with the propulsion element, not all the in-
struments will be able to operate during cruise.

MMO will be shielded by a sunshade cone, thus
allowing instruments to detect signals only within a
conical field-of-view around the composite’s —Z axis.
On the other hand, on the MPO only the instruments
non-obstructed by the MTM or not requiring point-
ing. Figure 1 shows the composite spacecraft MCS
and MPO configuration and axes. In general, such an
instrumentation that could partially operate includes
ion monitors, spectrometers and remote sensing in-
strumentation.

In this presentation, the opportunity of Venus fly-
by’s will be analyzed in terms of geometry and scien-
tific instruments potentially involved. Possible inter-
esting scientific cases (by instruments devoted to the
investigation of interplanetary environment, like
IMF, solar wind and radiation monitors) that can
allow new analyses of the Venus environment are
also presented, just to indicate the way these specific
scientific objectives could be achieved, whenever
such BepiColombo involved instrumentation will be
activated in the nearby of Venus.

MOSIF

Radiator

Y

Magnetometer
Boom

Solar

Panel 10N

Thrusters

+Z

Figure 1: (top)Mercury Composite Spacecraft
(MCS) with its four main components; (bottom)
MPO configuration with instruments, antennas and
solar panel.
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E.Marcq, LATMOS / Université Paris-Saclay (emmanuel.marcq@latmos.ipsl.fr), A. Salvador, A. Davaille, FAST,
Université Paris-Saclay, H. Massol, E. Chassefiere, GEOPS, Université Paris-Saclay.

Introduction

The study of the early phases of the evolution of ter-
restrial planets has recently known significant progress
[1,2,3,5]. It appears that their cooling phase during the
magma ocean stage is first dominated by a radiative
cooling stage through its atmosphere. If the planet is
able to reach radiative balance during this stage, then its
further evolution is dominated by the escape flux, and
no large scale condensation of water occurs (Hamano-
type II planets). On the other hand, if the planet is far
enough from the sun, then radiative equilibrium cannot
be reached until the outgoing flux has fallen below the
runaway greenhouse limit, implying the condensation
of most atmospheric water vapor into a global water
ocean, thus sheltering most water from atmospheric es-
cape (Hamano-type I planet). In the solar system, Earth
is clearly a type-I planet, whereas Venus was most likely
a type-II planet from quite early on in its history [1,2].

Recent work

Since the publication of [2], the atmospheric part of
the model, first described in [3], has known significant
updates and changes, namely:

e switch from a z-grid to a p-grid extending up to
the mesopause at P = 0.1 Pa;

e correction of a bug affecting the k-correlated com-
putation of OLR;

e including N, pressure as well as H,O and COq;

e improvement of the numerical stability and inte-
gration scheme;

e rewriting of the FORTRAN code for easier visu-
alization and coupling with other models through
a Python APL.

Main results

The qualitative results from [3] are still reproduced by
our model, as well as the type I/type II dichotomy from
[1,5]. Above a critical surface temperature 7, whose
value depends on the atmospheric H,O and CO; inven-
tory, the blanketing is inefficient, leading to a cloud-
less atmosphere remaining hot even at higher altitudes.
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Figure 1: OLR vs. surface temperature for surface pressures
of 300 bar of H20, 100 bar of CO2 and 1bar of Nz with
and without taking into account the radiative effect of clouds.
T. is close to 1600 K in the cloudless case and 1800 K if the
blanketing effect of thick water clouds is taken into account.

OLR can reach high values and strongly increases with
increasing surface temperature, leading to a rapid cool-
ing (less than 10° year) of these young magma ocean
planets. Very young planets thus radiate efficiently in
near infrared windows and even into the visible range,
making them easy to detect spectroscopically.

On the other hand, below this critical temperature,
the modeled atmospheres closely resemble a typical H,O
driven runaway greenhouse atmosphere [4]: the OLR
reaches an asymptot, known as Nakajima’s limit[6] at
about 280 W /m? in a cloudless atmosphere (Fig. 1); opti-
cally thick water clouds form high up in the atmosphere,
and the radiative mesosphere is cool enough. Such at-
mospheres are very close to global radiative balance, and
their cooling is therefore much slower — assuming they
are able to cool down at all before atmospheric escape
becomes significant (type-I planets can, type-II cannot).
The detectability prospect for such exoplanets is thus no
better than for typical telluric planets.

Future work

Extensions and improvements of this model are still in
development. By order of priority:



e adopting a 1D spherical geometry wherever pos- Bibliography
sible. It is especially needed for hot and massive

atmospheres around smaller telluric planets; 1 K. Hamano et al., Nature (2013)
e including stellar radiation in the k-correlated ra- 2 T. Lebrun et al., JGR (2013)
diative transfer code, so that we can discard the
simplistic albedo parametrization currently in use; 3 E. Marcq, JGR (2012)
e addressing the issue of vertical stability of the 4 J. Leconte et al., Nature (2015)
atmosphere with respect to the vertical molecular
weight profile below and above the water cold trap 5 K. Hamano et al, A& A (2015)
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PAST AND PRESENT VOLCANISM OF VENUS
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First reliable information on widespread
volcanism on Venus was resulted from analysis of
side-looking radar imagery taken by Venera-15-16
(e.g., Barsukov et al., 1986). Morphology of the
observed volcanic landforms and results of
geochemical measurements by Venera 8, 9, 10, 13,
14 and Vega 1, 2 landers (Surkov, 1997) showed
the essentially basaltic character of Venusian
volcanism. Results of radar survey taken by
Magellan ~ mission  allowed to  improve
understanding of Venusian volcanism (e.g., Head et
al., 1992) and to suggest stratigraphic classification
of Venusian terrains and landforms, including
volcanic ones (e.g., Basilevsky and Head, 1998).
Then as a result of global geologic mapping of
Venus the stratigraphic classification was made
more reliable (Ivanov & Head, 2011, 2013). The
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most widespread are various volcanic plains, but
volcanic edifices, mostly shield volcanoes are also
not rare.

The most widespread are plains with wrinkle
ridges (pwr), also called regional plains (Figure 1,
left), occupying ~42% of Venus surface (lvanov &
Head, 2011). Their morphology and age relations
with impact craters suggest widespread and high-
yield volcanic eruptions happened during relatively
short time at ~0.5-1 Ga. Shield plains (psh) (Figure
1, right) occupy 18.5% of Venusian surface and
represent numerous coalescing volcanic shields
typically formed before emplacement of regional
plains. Younger than these are smooth plains (ps,
~2%) and lobate plains (pl, ~9%) (Figure 2), the
latter form both plains per se and gentle-sloping
shield volcanoes.

channnel of Baltis Vallis; Right — shield plains (psh) embayed by plains with wrinkle ridges (pwr)
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Maat Mons, the highest volcano on Venus. Radar-bright flows are superposed on the darker regional plains.

On Venus are also observed volcanic steep-
sided domes (Pavri et al., 1992). They could be
formed by eruptions of viscous, probably non-
basaltic, silicic lavas, or high viscosity of these

lavas may be due to presence of numerous gas
bubbles. Understanding the nature of these high-
viscosity lavas is one of unresolved problems of
Venusian volcanism. We plan to work on this




problem through analysis of 1-micron surface
emissivity data taken by Venus Monitoring Camera
(VMC) onboard of Venus Express (VEX). First
results gained by this approach are given in
Basilevsky et al. (2012).

Another intriguing problem of Venusian
volcanism is a presence or absence of now ongoing
volcanic activity. Some representatives of the
youngest volcanic unit (pl) based on their
characteristics, in particular, age relations with
dark-parabola impact craters, were dated as formed
within the last few tens of million years from now,

Relative brightness

Figure 3. a) Topographic map

of Ganiki Chasma are

that is geologically present (e.g., Basilevsky, 1993).
But issue of now ongoing volcanic activity
remained unresolved. Works of Bondarenko et al.
(2010) and Smrekar et al. (2010) suggested such
possibility but did not reliably prove it. More
reliable information was recently gained through
analysis of the VEX VMC data by Shalygin et al.
(2015) who showed that in one of geologically
young rift zones, Ganiki Chasma, there are
observed “hot” spots which appear and disappear at
the days to months time scale (Figure 3).
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seen/not seen during several observation sessions.

Because orbital spacecraft's view is blurred by
the clouds, the areas of increased emission appear
spread out over large areas of about 100 km across,
but the hot regions on the surface below are
probably much smaller. Indeed, for the hotspot
known as ‘Object A’, as an option, the real hot area
may only be around 1 square kilometre in size,
with a temperature of 830 °C, much higher than the
global average of 480°C.

So, concluding, Venus was volcanically active
at least during the last 0.5-1 Ga and seems to keep
being active now. Venusian volcanism is mostly
basaltic one, but there is some evidence of possible
non-basaltic, silicic volcanoes, which we plan to
check in new analyses of the VEX VMC data. Also
we plan to continue search for new pieces of
evidence of now ongoing volcanic activity on this
planet.
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A 145 DAY PERIOD IN THE VENUS CONDENSATIONAL CLOUDS.

K. McGouldrick, University of Colorado Boulder, USA (kevin.mcgouldrick@lasp.colorado.edu), C. C. C. Tsang,

Southwest Research Institute, Boulder, CO, USA.

We have analyzed the long-term regional and global
variation of emitted radiance in the several near infrared
spectral windows in the Venus atmosphere that were
accessible by the medium resolution, infrared channel of
the Visible and Infrared Thermal Imaging Spectrometer
(VIRTIS-M-IR) on the Venus Express spacecraft.

We have presented analysis of the complete VIRTIS-
M-IR data set for night side emission in the near infrared
spectral windows for all southern hemisphere observa-
tions made before the failure of the instrument’s cooling
system after orbit 921. We find no clear evidence of
long-term increase or decrease in the overall radiance
(hence overall cloud coverage and thickness) from anal-
ysis of just the 1.74um and 2.30um spectral windows
that are most sensitive to the cloud variations. How-
ever, upon extending our analysis to all of the spectral
windows — including those that are primarily driven by
surface emission variations — we note that in almost ev-
ery case (segregated by spectral window and geographic
region), the overall trend of radiance is increasing over
the course of the mission, suggesting a long term de-
crease in overall cloud coverage and thickness.

We note an unanticipated trend of increasing ra-
diance from equator to pole in the surface-dominated
windows, suggesting that selection effects that favored
observations over lower elevation (hence, warmer) ter-
rain are evident in the global (i.e., longitudinal) mean.
We propose that this elevation sensitive selection effect,
coupled with possible absorption by a species that can
condense at temperatures similar to those near the sur-
face of Venus might also be responsible for the variation
in the limb darkening corrections with respect to latitude
that were noted in previous work by others.

Our global analysis of the size parameter demon-
strates an overall increase in particle size, from equator
to pole, consistent with previous analysis. We also note
a subtle spatial increase in the size parameter peaking at
about —20° latitude; but it is difficult to state this with
certainty, due to the increasing magnitude of the stan-
dard deviation of the calculated size parameter in the
equatorial latitudes observed by VIRTIS-M-IR.

We observe in the VIRTIS-M-IR data that the 1.74ym
and 2.30pm windows demonstrate local maxima in radi-
ance peaking around 50° latitude, consistent with previ-

ous observations of these spectral windows, dating to the
time of their discovery in the 1980’s. We also measure
a large amount of variability to the typical cloud cover-
age as at latitudes between 0° and 60°, as evidenced by
the very large standard deviations about the mean in the

cloud-dominated windows at those latitudes. )
We find a periodic variation in the 1.74um radiance

that is most pronounced in the data from mid-latitudes
(30° — 60° latitude), binned to a seven day (circum-
global) window. A least squares frequency analysis
quantifies this period that was suggested in earlier work.
The oscillation has a period of approximately 145 days,
and is not consistent with any known geometric or as-
tronomical phenomena at Venus. The oscillation has an
amplitude approximately twice that of the typical day-
to-day variations observed; the timescale for the decay
of the radiance (the increase in cloud opacity) is approx-
imately 50 days and the timescale for the return to peak
radiance is approximately 95 days. These decay and
recovery timescales are consistent with response of the
cloud vertical structure to the radiative-dynamical feed-
back; but it remains unclear why this variation would
be seen only at mid-latitudes. Further modeling investi-
gations will be necessary to elucidate the drivers of this
periodicity in the clouds.
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Figure 1: Periodogram for the 145 day period of the mid-
latitude 1.74p4m radiance. The x-axis is in units of days, the
y-axis is in units of the frequency power.



Exploring Venus with a comprehensive atmospheric model

J. M. Mendonca, University of Bern, Bern, Switzerland (joao.mendonca@csh.unibe.ch)

Introduction: The atmospheric circulation in Venus
is well known to exhibit strong super-rotation. De-
spite the difficulties in reproducing the physical and
dynamical conditions of the Venus atmosphere in a
realistic numerical approach, simulations with glob-
al circulation models are starting to unveil the
mechanisms behind the formation of the strong
winds. Our recent simulations with the Oxford
model found that the main mechanisms driving the
strong winds below and above clouds are different,
and these new results will be presented and dis-
cussed. The model was able to obtain an atmospher-
ic circulation and thermal structure above the cloud
base remarkably similar to the observations. Below
the cloud base the magnitude of the zonal winds
obtained are weaker than the values expected from
the observations, in line with what has been found
by other groups as well. This difficulty is the next
main challenge for all Venus general circulation
models, and it has to be studied in conjunction with
future observational data of the deep atmosphere. To
solve this problem we are currently using a new
numerical model to specifically explore the mecha-
nisms at work to produce the observed circulation in
the lower atmosphere. This new model is ideal to
study physical phenomena which were missing or
not well represented in previous simulations, since
the fluid dynamical equations resolved in the new
model are complete and coupled with flexible physi-
cal schemes.

Venus Model Results: Here we present the recent
results of the Oxford Venus model, OPUS-Vr. This
model includes a new radiation scheme that repre-
sents the radiative absorption and scattering by gas
molecules and aerosols (Mendonca et. al, 2015), and
is more complete than previous works (Lebonnois et
al 2010; Yamamoto et al. 2010) because it includes
explicit calculations of the solar fluxes and it is easy
adaptable to different optical structures. Other new
features in OPUS-Vr are the new convection and
suitably adapted boundary layer schemes and a dy-
namical core that takes into account the dependence
of the heat capacity at constant pressure with tem-
perature.

The model is able to simulate a thermal struc-
ture and atmospheric circulation in the cloud region
quantitatively similar to the one observed (Figure 1).
We find that the atmospheric mechanisms forming
and maintaining the strong winds in this region are
a combination of zonal mean circulation, thermal
tides and transient waves (Mendonca et. al., 2016).

The latter are retrograde inertia-gravity waves excit-
ed by the thermal tides in the cloud region and have
a key role transporting the angular momentum up-
gradient. These free waves transport prograde mo-
mentum mostly from the upper atmosphere to the
upper cloud region. The super-rotation in the cloud
region is a persistent phenomenon for the current
atmospheric conditions, however, we found variabil-
ity of the zonal wind distribution at jet altitudes that
is significantly affected by long term oscillations
(tens of Venus days) and by the presence of bi-
diurnal planetary mixed Rossby-gravity waves. We
also found that the magnitude of the zonal wind
speed can be affected by the optical properties of the
deep atmosphere near the surface. A summary of the
main atmospheric phenomena found with OPUS-Vr
is shown in Figure 2.
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Figure 1: Zonally and time averaged (5 Venus days)
zonal wind (m/s) and mass stream function (in units
of 107 kg/s) of the reference simulation.

Lower Atmosphere: The main cause for the poor
representation of the atmospheric circulation in pre-
vious numerical models below the cloud region is
still unknown. | will present a new model that we
have developed to explore this region of the atmos-
phere. The main goal is to improve the representa-
tion of the angular momentum transport, creation
and destruction in the boundary layer. The possibil-
ity of physical phenomena being not resolved at the
typical space resolutions used in Venus atmospheric
models is also being explored by running high reso-
lution simulations.

The new Venus model uses a new dynamical
core called THOR (Mendonca et. al., 2016). THOR
is part of the Exoclimes Simulation Platform (ESP),
and here is applied to study Venus. The new dynam-
ical core solves the full atmospheric fluid equations



in a rotating sphere (fully compressible — non-
hydrostatic system). In summary, the main ad-
vantages of using our new dynamical scheme
against other recent planetary climate models is that
1) The atmospheric fluid flow is completely repre-
sented and no approximations are used that could
compromise the physics of the problem; 2) The
model uses a specific icosahedral grid that solves the
pole problem (Figure 3); 3) The interface is user
friendly and can be easily adapted to a multitude of
atmospheric conditions; 4) By using GPU computa-
tion, our code greatly improves the typical code
running time. The latter is an important feature of
the model since we are aiming to explore high reso-
lution simulations. In Figure 4, we show the time
and zonal average zonal winds of the “Held-Suarez”
experiment used to assess the model performance
for long integrations (Held & Suarez 1994).

Currently, the model is integrating for different
deep Venus atmospheric conditions and the prelim-
inary results will be presented at the conference.
The results will allow us to have a better under-
standing on the robustness of the Venus simulations
in this poorly explored region.
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Figure 2: Sketch summarising the main mechanisms
that drive the atmospheric circulation from the
OPUS-Vr results. In general, the mean circulation
in the cloud region is characterized by two plane-
tary-scale Hadley cells in each hemisphere and the
eddy-zonal flow interactions have a crucial role in
replenishing the equatorial region with angular
momentum.

Figure 3: New model’s grid.
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Figure 4: Zonal winds from the “Held-Suarez” ex-
periment obtained with THOR. The model is able to
closely reproduce the zonal winds for Earth-like
conditions.
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Rotational temperature estimation at airglow altitudes using nightside

VIRTIS/Venus Express measurements
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Introduction:

The recent discovery of OH in the Venus atmos-
phere by Venus Express allows one to investigate the
photochemistry in the upper mesosphere of the plan-
et (Piccioni et al., 2008). The (1-0), (2-1), (3-2) and
(4-3) OH transitions have been identified in the spec-
tra acquired with the Visible and InfraRed Thermal
Imaging Spectrometer (VIRTIS) on board the space-
craft. In addition the (2-0) band at 1.46 pm was also
identified.

These emissions occur on average at 95 km, and
have been observed so far only on the night side of
the planet.

The complex structure of the OH(Av=1) at 2.8-
3.2 um can be used to infer the rotational tempera-
ture at these altitudes, by assuming that the atmos-
phere is locally in a thermal equilibrium. Although
this is not generally true, as demonstrated by Cosby
and Slanger (2007), this assumption applies quite
well at the 90-100 km altitude, where the maximum
of emission occurs.

The present investigation aims to use the VIRTIS
spectra to determine the temperature at the airglow
altitudes. This region is indeed quite complex, and
the temperature measurements at these altitudes are
still controversial.

Method:

We analyzed the VIRTIS data, where the
nightside of Venus was observed at limb, and show-
ing a good signal-to-noise ratio (SNR) at the OH
emission wavelengths. Data are averaged in the 90-
100 km altitude range, in order to increase the SNR.
The mean spectra are compared with synthetic spec-
tra obtained by considering the OH transitions origi-
nating from the vibrational levels v=1-4, at 5 differ-
ent rotational temperatures (T,,; = 150 K, 180K,
200K, 220K, and 250K). A Chi-Square test has been
performed in order to determine which rotational
temperature provides the best fit.

Figure 1 shows the resulting Chi-Square for three
VIRTIS images. In the case of images named 383-12
and 715-02, acquired on 2007-05-09 and 2008-04-05
respectively, the minimum Chi-Square is obtained
for the fit with T, = 180 K, while in the case of im-
age 317-06 (observing date at 2007-03-04) the best
fit seems to be achieved for a lower temperature, as
suggested by the minimum Chi-Square shifted to-
wards lower temperatures. This may suggest a dif-

ferent atmospheric temperature in the latter case.
Further investigation is going on to estimate how
accurately the Venus night-side temperature at about
95 km can be determined from the OH airglow emis-
sions.

Results: Preliminary results show that, despite the
limited spectral resolution of the infrared channel of
VIRTIS-M, this technique is able to provide infor-
mation about the Venus temperature at the airglow
altitude.

Comparison with temperature estimations using
Oz(lAg) observations from ground, and measure-
ments obtained by other experiments on-board Ve-
nus Express will be also shown.
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Figure 1. Chi-Square versus rotational tempera-
tures for three VIRTIS images. The temperature at
which the best fit occurs can be used to infer the
Venus temperature at about 95 km height.



A dynamic and testable hypothesis to describe the evolution of the Venusi-
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Introduction: The planet Venus is a geological
enigma. Earth and Venus are almost identical in
terms of size and bulk composition (e.g. bulk petrol-
ogy). However, these two planets have completely
dissimilar climate and geomorphology. For example,
the Venusian atmosphere and surface are both dry,
and Venus’ proximity to the Sun combined with its
massive CO,-rich atmosphere (>90 bars) has resulted
in an average surface temperature >450°C. In addi-
tion, Venus is a relatively flat planet [1-2], whereas
Earth has a relatively cold, wet surface, and relative-
ly extreme topography. We aim to address how,
when, and why these two sister planets diverge into a
hellish wilderness (Venus) and the archetype of hab-
itability and geological dynamism (Earth).

Palaeoenvironmental conditions: It is possible
that the surface conditions of Venus weren’t always
hot and dry. During the early years of the solar sys-
tem the sun was less bright [3], meaning Venus
could have been a habitable planet, potentially per-
mitting liquid water. However, Venusian palacoenvi-
ronmental conditions, and temporal information
about its evolution are unknown, due to the absence
of confirmed meteorites from Venus, a dearth of in-
situ geochemical data, and the permanent cloud cov-
er that renders optical geological investigations of
the surface impossible. The only Venusian geochem-
ical data available to geologists are major element
composition and K-Th-U systematics of 3 surface
rocks, and the chemical composition of the atmos-
phere [4-5]. Importantly, the available data include
the hydrogen and argon isotope composition of the
atmosphere, which we use to propose a model for the
palaecoenvironmental evolution of Venus.

Input parameters: We assume Venus and Earth
are made of the same chondritic material, and their
similar size (Am = 1.23) would mean they have simi-
lar internal structures (e.g. bulk mantle petrology,
core/mantle volume ratio, core composition etc.),
and this assumption is consistent with the geochemi-
cal observations thus far [4-5]. Their proximity to
one and other (0.28 AU) dictate that the flux of ex-
ogenic material added to these planets must be on the
same order. For example, the very similar *’Ne/'*N
ratio, and near chondritic "*C/"*N ratio for Earth and
Venus indicate that the process of volatile loss and
addition were similar [6]. Furthermore, post-
accretion exogenic addition was proportional to
planetary mass (inclusive of Martian data). However,

missions sent to measure the chemistry of the Venu-
sian surface environment all provide the same puz-
zling result; Venus is extremely dry and Earth is wet.

Hydrogen isotope constraints on hydration: The
D/H ratio of the atmosphere has been used to pro-
pose Venus once had enough water on the surface to
host a global ocean (<10 to >500 meters deep; see
[7-8]). The loss of this ocean can be readily ex-
plained by the hot surface temperature, meaning any
water on Venus would be a gas, and the lack of a
core-driven geodynamo impairs the planets ability to
deflect solar wind, thus its water was lost to space. In
short, photolysis of H,O in the atmosphere was fol-
lowed by loss of the non-gravitationally bound H
atoms. However, the timing of the water loss is un-
constrained.

Argon isotope constraints on desiccation: Of the
atmospheric isotope data available, the isotopes of
argon are the most dynamic. The data include the
relative abundances of two primordial isotopes (*°Ar
& **Ar), and one radiogenic daughter product, ’Ar.
The latter is produced from the decay of K with a
long half-life (1250 Ma). Venus and Earth appear to
have very similar bulk K/U ratios [9], and show sim-
ilar atmospheric Ar/*®Ar ratios [10]. Therefore,
both planets should have the same bulk *’Ar produc-
tion, and one would assume similar atmospheric
*Ar/*°Ar ratios. However, Venus has an atmospheric
YAr/°Ar of only 1.03 + 0.04 compared with 298.56
and 1900 + 300 for Earth and Mars respectively [10-
11]. This is puzzling because Ar is a highly incom-
patible in silicates (D <0.001) and a highly volatile
element (boiling point —185°C). Therefore, volcan-
ism should outgas Ar to the atmosphere [12]. The
presence of subduction zones on Earth has greatly
altered the N/*°Ar geochemistry of the Earth’s at-
mosphere relative to Venus and Mars [13]. However,
this cannot explain the very low *Ar/*°Ar ratio of
the Venusian atmosphere, because *’Ar degassing is
insensitive to fO, and the surface rocks on Venus
have similar K-abundances to those on Earth [4].
The simplest explanation of these data is that the
transfer *’Ar generated in the crust and mantle to the
surface is retarded on Venus, relative to Earth and
Mars. In addition, the exceedingly high **Ar/*°Ar of
the Martian atmosphere reflects the extreme loss of
Ar from Mars (due to its weaker gravity and lack
of a magnetic field), allowing for later degassing of
more radiogenic Ar to dominate the modern atmos-
phere. Loss of Ar is not important for the atmospher-



ic budgets of Earth or Venus, evidenced by their
unfractionated *°Ar/**Ar value [6]. We argue that the
low *Ar/*°Ar ratio for the Venusian atmosphere re-
flects: (i) a reduced volcanic flux through its history
(relative to Earth), and (ii) the loss of water early in
Venus’ history.

Dynamic Model:

Low volcanic flux: The geology of the Venusian
surface is >90% volcanic, but the frequency of vol-
canism is unknown [14]. The high surface tempera-
ture on Venus (>450°C) means the Venusian geo-
therm is therefore offset relative to Earth. Using
high-temperature deformation data for basaltic rocks
at confining pressures consistent with depths of up to
15 km [15-16], we find that ductile deformation pre-
vails in the Venusian lithosphere, whereas the domi-
nant deformation mode for the lithosphere on Mars
and Earth is brittle (for the same depth). In other
words, the depth of the brittle-ductile transition
(BDT) is much closer to the surface on Venus than
on Mars or Earth. This means plume-lithosphere
interactions on Venus are unique relative to other
known tectonic regimes in our solar system. Con-
versely, for Earth, Mars, Mercury, the Moon, and
telluric asteroids like 4-Vesta, the primary mode of
magma migration in the crust is through dikes prop-
agating along faults. However, due to the fact that
the majority of the Venusian crust is ductile, faulting
is prohibited, which inhibits dike formation below
the ductile-brittle transition (which, according to the
high-temperature triaxial data, can be as shallow as 4
km below the surface). It is therefore probable that a
high proportion of magmatism on Venus does not
result in volcanism. Instead, the rate of plutonism
will be greatly increased because sills and diapirs
dominate magma transport pathways. This notion
elegantly harmonizes the proposed quiescence of
Venusian volcanism since the global resurfacing
event 500-800 Ma with the question of how a planet
can be almost volcanically dormant while it’s mantle
temperature must be close to the solidus of peridotite
(e.g. [9]). This means the majority of *’Ar produced
in the bulk silicate Venus (BSV) is trapped, unless
liberated by diffusive processes.

Early desiccation of Venus: The lack of “’Ar
transport to the atmosphere by diffusion on Venus is
because the system rapidly reaches equilibrium with
the intergranular medium (shutting off chemical
transport and because Venus’s crust lacks fluids as a
mobilizing agent (shutting off mechanical transport).
This is despite diffusion coefficients through miner-
als large enough to model efficient mobility [17]. In
short, for telluric planets, mass-transfer along the
grain boundary of silicates and oxides are limited to
a very thin layer over time periods measured in giga-
years [18]. Therefore we argue the low PArCAr
ratio in the atmosphere reflects the loss of water ear-
ly in Venus’ history. This was a consequence of the
early cessation [19], or a total absence [20] of a core-

driven geodynamo. This impaired the planets ability
to deflect solar wind, thus losing water following
photolysis. Following dehydration, Venus no longer
possessed an efficient transport mechanism/medium
to remove the excess “’Ar in the BSV, resulting in
the low *Ar/°Ar ratio in the present-day atmos-
phere.

Testable Hypothesis: Importantly, the model
presented here forms a testable hypothesis. Future
determinations for the xenon isotope composition of
the Venusian atmosphere will affirm, or disprove our
model by applying temporal constraints to the origin
and evolution of the Venusian atmosphere. This is
because, as stated previously, the mobilization of
noble gases from the lithosphere into the atmosphere
requires fluids [21-22]. Therefore, if fluids are re-
quired to liberate **Ar from the bulk silicate Venus
(BSV), then the same would be true for '**Xe. The
'2Xe/""Xe ratio reflects the abundance of '*’Xe
generated by the decay of the moderately short-lived
iodine isotope, '*°I (half-life 15.7 million years). For
example, excess '’ Xe in Earth’s mantle is taken as
evidence that Earth degassed most of its initial at-
mosphere before the extinction of I [23], where
Earth’s mantle exhibits a higher '*’Xe/"*"Xe than the
atmosphere, meaning mantle degassing of the pri-
mordial noble gases (e.g. **Xe) to the atmosphere
before the extinction of I (see [24]). Thus, if Ve-
nus retains volatiles in the BSV because of solar-
driven desiccation in the absence of a geodynamo,
then a combination of xenon and argon stable iso-
tope ratios can be used to place upper and lower lim-
its on the timing of atmosphere-formation and evolu-
tion (and lithosphere-formation). By comparing the
12Xe/"*"Xe ratio of the Venusian atmosphere with
the *°Ar/*°Ar ratio one can address if the process
responsible for retarding *’Ar degassing from the
BSV into the atmosphere pre- or post-dates the life-
time of '*I, which we argue, will provide the first
temporal constraints for the desiccation of Venus.
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Introduction

Sulfur dioxide (SO:) plays many important roles in
Venus’ atmosphere. It is a precursor for the sulfuric acid
that condenses to form Venus’ global cloud layers and
is likely a precursor for the unidentified UV absorber,
which, along with CO; near the tops of the clouds, ap-
pears to be responsible for absorbing about half of the en-
ergy deposited in Venus’ atmosphere. Photochemically,
SO on Venus is analogous in many respects to O3 in the
terrestrial stratosphere (1). Most published simulations
of the chemistry in Venus’ mesosphere have used one-
dimensional numerical models that are intended to repre-
sent global-average or diurnal-average conditions (e.g.,
2; 3; 4). Observations, however, have found significant
variations of SO and SO, with latitude and local time
throughout the mesosphere (e.g., 5; 6; 7; 8), indicating
more nuanced modeling is required. Some recent sim-
ulations have examined local time variations of SO and
SO using analytical models (5), 1-d steady-state solar-
zenith-angle-dependent numerical models (8), and 3-d
general circulation models (GCMs) (9). No quantitative
comparison has been made yet amongst the results from
these different types of models. As an initial step to-
wards this, we compare simulated SO, SO, and SO/SO,
from global-average, analytical, and steady-state solar-
zenith-angle (SZA) dependent models.

Methods

The Caltech/JPL photochemical model (10) is used for
the numerical simulations. It applies a common core
of atmospheric physics to all planets, drawing planet-
specific information from custom databases, and con-
verges to a steady-state solution via a finite-difference
iterative algorithm. For these simulations, the 1-d con-
tinuity equation is solved simultaneously for all species
over 58—110 km altitude. Vertical transport via eddy
diffusion is set based on observations, as are the lower
boundary conditions for HCI, CO, and OCS. Solar fluxes
are based on measurements obtained by SORCE SOL-
STICE and SORCE SIM on 26 December 2010 (11; 12).
These are the closest match to HST observations ob-
tained on 28 December 2010 (8).

For the global average simulation, photodissociation

rates were calculated at 45 latitude and local noon then

divided by two to average them over the day and night
sides.

The results from the global average simulation were
used to identify the reactions that account for at least
95% of the production and loss of SO, SO, and SO,
(= SO + SO2) at 70-100 km altitude. Reactions that
produce or destroy short-lived species but do not result
in net production or loss of SO, SO, or SO, were then
excluded to yield simplified algebraic relations for the
equilibrium abundances of SO, SO-, and SO, .

For the SZA-dependent simulations, the calculations
are run to steady-state using the solar flux expected for
a specified local time on Venus’ equator.

Preliminary results

A common set of input data is being developed to facili-
tate comparisons amongst the differing types of models.
Selected results from previous studies, using varying in-
put data are shown in Fig. 1, which gives the SO, vertical
profiles from global-average (14) and SZA-dependent
(8) models, and in Equations 1 and 2, which give the ap-
proximate relations for the SO2/SO ratio derived from
the analytic model (5) for the day and night sides, re-
spectively.
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The SZA-dependent SO, profiles illustrate the up-
ward shift with increasing SZA of the altitude at which
optical depth unity is reached for the wavelengths where
SO, strongly absorbs (8). The global-average SO, pro-
files show a much more gradual decrease in SO, mix-
ing ratio with altitude due to the inclusion of sulphur
species (besides SO and SO) that have sufficiently long
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Figure 1: Observed and modeled SOz (after 13). Typical uncertainties on the observations are indicated by the half-error bars at
the top. The global-average result is the nominal model from (14). The SZA-dependent results are updated versions of the results

presented in (8).

lifetimes to be transported vertically via eddy diffusion
(15). The large difference in SO, values in the upper
cloud region (< 70 km) is due to choosing different lower
boundary conditions for SO- in these simulations. These
differences exemplify the need to compare simulations
that have used common input data and photochemical
schemes to isolate the effects due to the type of model-
ing considered.
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LOCAL AND GLOBAL SYSTEMS ON VENUS AND EARTH: LESS
ACTIVITY ON AIR-PLANET VENUS FOR CHANGE OF VOLATILES.
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Introduction:

Venus and Mars of the Earth-type planets have
been discussed from well-established model of "stable
air-water-planet Earth" with the detailed database of
Earth relatively. Present model of pre-existed "ocean-
water" on two air-planets has been explained simply
by disappearance of global ocean water. However,
clear material evidences of present air-planets are diffi-
cult to be prepared without more global material explo-
ration projects. The main purpose of the present paper
is to elucidate new models of a) possible change of
global air-planets (Venus and Mars), and b) normal air-
planet with less activity (compared with water-planet
Earth) based from solidified materials of three vapor,
liquid and solid states (designated as VLS in this pa-
per) during cooled processes [1-7].

Air source of carbon dioxides of two air-planets:

Two air-planets of Venus and Mars reveal carbon-
dioxides-rich air globally as follows [3-7]:

1) Carbon element is combined with oxygen during

high temperature to produce CO-CO, molecules or ions.

2) Carbon element is special one remained at ex-
treme conditions among all volatile elements.

3) Global air system of two air-planets suggests that
global air with major carbon dioxides are reformed by
multiple asteroid-collision process for long periods.

4) Vapor eruption of volcanoes located near at
equator might be caused tidal forces of the planetary
rotations, which has to be prepared from solid interior.

Air change of carbon dioxides of air-planets:

Global air with carbon dioxides of two air-planets
can be changed by artificially and naturally as follows:

1) Carbon dioxides-rich air which is stable on ex-
treme conditions of high temperature and pressure, are
difficult to change, but possible change from air state.

2) Cold air of carbon dioxides found on water-less
Mars are artificially to be installed in cold water by
high pressure condition if there are any fluid liquids.

3) Warm air of carbon dioxides found on global
waterless-Venus is impossible to be stored on any flu-
id-water, if we discuss only volatiles of air and water.

4) However air of any carbon dioxides can be
changed if we use other methods of other material
states with extreme conditions. The detailed will be
discussed in different topics of other paper [3-7].

Relation of activity ranges of material-states:

Active materials are discussed in this paper as va-
por (air), liquid (fluid water) and solid (rock), called as
VLS, where active air- and water-planet Earth has all
three material-states found finally as crystalline mole-
cules and rock-crystalline minerals on the surface glob-
ally. On the other hand, volatiles components of air and
water are originally separated and remained as ions or
plasma states on solid interior rocks of extraterrestrial
celestial bodies with less activity from the primordial
states except collision processes (as found in Asteroids
and the Moon). More active air-planets of Venus and
Mars have carbon dioxides-rich air-system after multi-
ple collision processes of long periods, where less ac-
tive celestial bodies of the Moon (Earth) and meteor-
oids (Asteroids) have been lost or remained volatile-
components on the rocks without formation of global
air system. Relation of activity ranges of materials is
summarized as follows (as shown in Fig.1) [3-7]:

1) "Global water molecules (and some water ions)
of volatiles" have been obtained only air- and water-
planet of present "active planet" of Earth, because lig-
uid can be remained only sandwiched by air and solid
system as shown in the H,O phase diagram.

2) "Local water molecular ions of volatiles”, how-
ever, might be stored in all solid rocks of other planets
(Venus and Mars etc.) with "less global activity (with-
out global water-system)", and smaller celestial bodies
of the Moon and Asteroids in the Solar System.

Main causes for activity range of materials:

Earth-type planets in the Solar System have all so-
lidified rocks globally, because rocks are originally
formed by global activity with wide collisions from all
directions and with more stable material states of low
temperature and pressure conditions. In order to
change primordial solids with mixed volatiles and re-
fractory elements, additional followed reactions by



higher temperature and pressure are required to form
molecules and crystals under more slower reaction of
the planets, where waterless-planets of VVenus and Mars

show unstable interior of fluid-poor reactions relatively.

Global three systems
(vapor, liquid and solid systems, VLS)

Air-Water-planet
(Earth)

o

Air-planet —_ Global two systems
(Venus, Mars) (Vapor and solid system, VS)

o

Figl. Relation of global and local activities on air- and
water-planet (Earth) with crystalline solid, and air-planets
with poor crystals (Venus and Mars).

— Well active planet > |
(Global circulated activity) | Crystalline solid |

Less active planets
(Local activity)

— | Poor crystals

Air- and water-planet Earth with global water sys-
tem after long activity, however, shows formation of
"new global materials” of three VLS states under ex-
treme conditions of high temperature and pressure
caused by three "shock wave-type events" (including
strong impacts, quakes and volcanisms) of local sites
throughout the surface globally (cf. Fig.1) [3-7].

On the other hand, other planets and smaller celes-
tial bodies without global water system and stable inte-
rior events, have local formation of three VLS materi-
al-states mainly local shock wave processes (mainly
caused from impact collisions). Relation of main caus-
es for activity ranges of materials is summarized as
follows [3-7]:

1) At primordial period of the Solar System, all sol-
id-rocks of celestial bodies formed by wide collisions
on all directions have contained volatile elements.

2) Planet Earth has been formed by global water-
system (related with giant-like impact of planetary col-
lision), which forms global materials of three VLS
states by the three shock-wave-type events.

3) Other planets and smaller celestial bodies (with
less crystalline solids and without global water system)
shows remained primordial and/or local developed
surface with local shock impacted processes.

Solidified evidences of material-state changes:
In general, it's difficult to find direct evidences of
air and liquid change from primordial planets and small

celestial bodies without primordial volatiles evaporated
largely. The present study in this paper, however, has
main points to discuss volatiles of air and liquid VL
states by remained solidified rocks with separated
states of ions and/or plasma states as follows [3-7]:

1) Solidified rock texture reveals quenched pro-
cesses from three VLS states during three shock-wave -
related events from surface to the interiors totally.

2) Solid rock texture of clear phenocrysts and
glassy to re-crystallized grandmasses after separated
volatiles can be clearly found at air- and water-planet
Earth with global air- and water-rocks among global
three VLS states systems of air, ocean and rocks finally.

3) Solid rock texture of irregularly shaped
phenocryst and glassy grandmass can be found at extra-
terrestrial samples of the Moon (Apollo etc.) and mete-
orites from Mars (with global air system) and Asteroids
(without global volatile system), which can be estimat-
ed to planet Venus.

4) It's first study on evidence for material processes
of air and fluid explained by solidified rock textures of
planets (including air-Venus) and small bodies [3-7].

Summary:

Present results can be summarized as follows [3-7]:

1) New model of carbon dioxides-rich air-planet
Venus is discussed from air-change by extreme condi-
tions, and remained solidified materials of vapor, liquid
and solid (as VLS) states through cooling process.

2) Local water molecular ions of volatile-sources
can be stored in solid rocks of air-Venus and Mars,
whereas global water systems of air-planets are insuffi-
cient only from local and random shock-wave-type
events of impact, quake and/or volcano for long history.

3) Fluids and air material states remained on extra-
terrestrial solidified rocks can be observed by glassy
grandmass of the collected Moon rocks (Apollo etc.)
and fallen meteorites from Mars (with global air sys-
tem) and Asteroids (without global volatile system)
with local and limited compositional changes.
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Introduction:

Even though Venus is extremely different from
Earth, it is important to explore this planet to under-
stand the future fate of our own planet — Earth. The
more understanding we have, of the planetology of
Venus, easier it would turn out to predict if Earth
was eventually becoming another Venus and to take
actions to avoid such a fate. It has been a long unan-
swered question as to why the two sister planets took
such different paths of evolution despite starting on
similar lines while coming into existence.

Motivation:

There have been more missions involving a Fly-
by maneuver or an Orbiter and fewer ones that in-
volve a Lander. As we understand it, there are two
reasons for this. Firstly, it is technically challenging
to be able to land on the Venusian surface. Secondly,
studying the atmosphere takes precedence because
the atmosphere is considered as the primary reason
for the hostile nature of the planet. Our mission pro-
posal involves landing on the surface and studying
the surface because the surface characteristics and
the atmosphere work in collaboration to make the
planet so hostile, even though Atmosphere might
seem like a rather more aggressive perpetrator.

Studying the surface might give us better insight
of the dynamics it shared with the atmosphere. Also,
it might let us predict if it would be possible to have
some form of permanent base-of-operation on the
surface by locally nullifying the natural hostilities of
the planet.

Technology Elements:

The main technology elements required for this
mission are a spacecraft that would travel to Venus, a
mother space probe with landing capability, and
1000 units of microbots that form an Insect-swarm
by the virtue of Insect-swarm algorithms.

Material. The Venusian surface temperature of
900 Fahrenheit is the biggest challenge for survival
of any man-made machinery. So, we propose the use
of ‘Buckytubes’ material for the mother space probe

as well as the microbots. Buckytubes is an entirely
new class of structural materials based on pure car-
bon nanotubes, a variant of the so-called ‘Bucky-
balls’ but without the molecular imperfections. It is
the strongest and the stiffest material possible in the
universe with strength/weight ratio 600 times that of
high strength steel and it will not rust or corrode to
1000 Fahrenheit. Its flexibility allows tolerance to
buckling and rebounding from an elongation of about
20-30% without damage. Also, it conducts heat 3
times better than pure diamond. And even though it
is being considered to make only ‘structures’ as of
now, there is hardly any component of a spacecraft
that could not eventually be made of Buckytubes.

Size Approximation. The prefix “micro” is used
to refer to components, modules, and systems with
size in the order of a few millimeters to a few centi-
meters. The term “microbot” hence refers to a robot
with a size up to a few millimeters or centimeters.

Mission Scenario:

A spacecraft would be used to carry the mother
space probe to Venus. It might not be necessary to
have a dedicated spacecraft. The mother space probe
could be carried as a piggy-back entity with any oth-
er spacecraft involved in a fly-by mission. The moth-
er space probe would land on the surface using its
landing capabilities and deploy all the units of the
microbots which it carried within itself. The mother
space probe also acts as the communication beacon —
a link between the microbots and the earth or the
relay satellite. The microbots use sensing and prob-
ing capabilities to study the surface composition and
the mother space probe monitors the survivability of
the microbots on Venusian surface.

Mission Details:

The mother probe would land on a ‘pancake
dome” because should a permanent construction ever
be considered on the Venusian surface, the pancake
domes would offer a favorable terrain. It would then
deploy microbots out onto the Venusian surface.

The mircobots have to be specified for 5 capabili-
ties: Structure, Power, Locomotion, Communication,
and Sensors. The basic structure consists of integrat-
ed and assembled multi-chip modules. The power
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source would be a stack of thin film lithium batteries.
5 to 10 stacked together would give sufficient power
output. Communication would be through radio fre-
quency as optical communication, despite being ra-
ther suitable for microbots, poses issues in this case
due to the necessity of line-of-sight. Also even
though RF Communication would be a problem for
longer distances, it would suffice to communicate
with the neighboring microbots and with the mother
space probe. Locomotion would be of the crawling
inchworm type. It might turn out to be a good option
for surface terrain of a pancake dome on Venus if
due to its relative flatness. The sensors would include
miniaturized X-ray and mass-spectrometers, imagers,
and analyzers for geo-chemical analysis; pressure,
temperature, and dust sensors; accelerometers and
gyroscopes for locomotion.

The microbots and the mother space probe will
not survive against the temperatures unless made out
of buckytubes material or provided with cooling
mechanisms. Hence, the material is crucial. The
inchworm type of crawling motion is still being ana-
lyzed for its feasibility. All the deployed microbots
will crawl radially outward from the mother space
probe and form a network of distributed sensors.
This mission can hence analyze an area on Venusian
surface at a rather lesser cost, and also serve as a
mission for technology demonstration so that this
technology can be utilized for exploring more areas
as well as farther and larger areas on Venus and other
planets too. The high cost of buckytubes material
would pay itself off through the reduction in weight
and increased endurance capability that it offers.
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Introduction: Venus surface thermal emission is
observable through spectral windows in the atmos-
phere. It is possible to derive surface emissivity from
nightside near infrared observations by correcting for
the effects of the atmosphere, but many atmospheric
parameters are not well known. Within limits it is
possible to constrain atmospheric parameters when
fitting the full near infrared spectrum observed by the
VIRTIS-M IR spectrometer on Venus Express with a
radiative transfer (RT) model, but uncertainties re-
main [1].

Here we compare the variability of surface emis-
sivity derived from only two bands at 1.02 um and
1.31 um with the instrumental error budget, in order
to estimate the magnitude of non-instrumental error
sources. We show that emissivity precision at a given
elevation is mostly limited by instrumental noise, not
by unaccounted atmospheric variability.

Model: We use a radiative transfer model [2] to
calculate the top of atmosphere radiance for Venus’
nightside in the range of 1 to 1.4um with parameters
including a) cloud particle number density, b) lower
atmosphere water vapor, ¢) topography, d) and sur-
face emissivity.

a) The clouds of Venus are mostly composed of
sulfuric acid/water droplets of various size that are
scattering with little absorption. We assume that par-
ticle number density in the lower cloud layer is suffi-
cient to model the impact on radiance both windows.
The clouds have more variable properties such as
size distribution, cloud altitude distribution, H2SO4
concentration, but their impact is relatively small in
this wavelength range [1].

b) Water vapor in the lower atmosphere affects
the 1.1 and 1.18 pum windows but has little impact on
the 1.02um window studied here. The water vapor
abundance in the lower atmosphere is expected to be
constant within the VIRTIS uncertainty of 1.5 % [3],
and it is kept constant for this study.

c) Topography determines both surface tempera-
ture (using the adiabatic temperature lapse rate) and
atmospheric column thickness and thus lower atmos-
phere extinction. The lower atmosphere is thought to
be well-mixed thermally because convective heat
transfer is much more efficient than radiative cooling
and heating [4].This results in a very small horizontal
temperature variation. Near-infrared observations by
Galileo have been used to constrain horizontal tem-
perature variation of the atmosphere in contact with

the surface to < 2 K [5], but theoretical estimates are
with 0.1 K much smaller [4]. The absorption of CO,
at pressures and temperatures close to the surface is
not well known and thus derived emissivity includes
an error depending on topography. To study the vari-
ance of the atmosphere independent from this error,
we limit the data to a narrow interval of surface ele-
vation and keep the model parameter elevation con-
stant.

d) Surface emissivity is the locally constant quan-
tity that we wish to derive using the above simplified
assumptions. Any variability in the atmospheric pa-
rameters not accounted for will manifest as variabil-
ity in derived emissivity.

Instrumental precision: The VIRTIS spectra ar-
chived in the ESA Planetary Science Archive need to
be processed further before they can be compared to
RT model spectra. VIRTIS data show a non-linear
detector response and some straylight from the bright
side of the planet [6]. This is corrected for based on
statistical analysis of spectra observing deep space,
following [7].

The instrumental noise and uncertainty intro-
duced by the detector response and straylight correc-
tions are estimated from the standard deviation of the
corrected radiance of spectra observing deep space
(see Table 1).
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Figure 1. Corrected VIRTIS spectrum (black) fitted with a
RT model spectrum (red) by shifting spectral registration

and changing bandwidth.

Radiance (W/um/m?/sr)

Derived emissivity standard deviation: To
have a sample with little horizontal variance, we se-
lect all VIRTIS M IR spectra with 3sec exposure
from the nightside of the planet with footprints corre-
sponding to a topography between —50m and +50m
relative to the mean planetary radius and within -50°
to -10° N and 260° and 280°E. Spectra are corrected
for non-linear detector response, straylight and limb
darkening [8].
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Figure 2. VIRTIS 18 sec exposure image of Alpha Regio,
Venus and declouding as in [9]. Shown is (A) near infared
flux at 1.02pm and (B) 1.31pm. (C) is derived surface
brightness temperature. (D) is predicted brightness tem-
perature based on Magellan altimetry.

The spectral registration of VIRTIS apparently
shifted during the Venus orbit insertion maneuver
[6]. Thus we fit the spectra with RT model spectra
using band width and a spectrally flat offset to the
original band center wavelengths as free parameters
(see Fig. 1 for an example).

The new spectral registration matching RT model
and data allows us the derivation of emissivity fol-
lowing the approach of [8], however using RT model
results as lookup tables instead of data statistics. Fig-
ure 2 illustrates the process of combining two band
to reduce the effect of atmospheric variability.

The standard deviation of the resulting emissivity
is ce = 0.09. To compare this standard deviation to
the instrumental precision, we derive the relevant
partial derivatives of RT model radiances at the av-
erage conditions. The description and values are giv-
en in table 1. Assuming independent and normally
distributed errors in the two bands, the estimated
error of emissvity is then:

I 7 = a1

te= [(Gon) + (55

I di,

ar) =oo0r.

Discussion and Conclusions: Assuming inde-
pendent, normally distributed errors, the residual
error, (e.g. due to atmospheric variability) is sqrt(ce?
—-Ae?) = 0.05. An estimate by [1] for the 1o error due
to atmospheric variability, that cannot be accounted
for by only 1.31 um radiance, is 0.07 [1, table 3,
<Atm> row], indicating that their assumptions on
variability of cloud parameters are conservative. In-
consistent with our observations is a horizontal vari-

ability of surface temperature on the order of 1.5 K,
which would result in an error of 0.14 [1, table 3,
ATO row]. Smaller trends of surface temperature with
latitude [see 1] cannot be excluded and will be inves-
tigated further.

However there is no indication that our assump-
tion of a horizontally uniform lower atmosphere is
grossly incorrect, and the errors introduced by our
simplified cloud model are not large and can be ef-
fectively reduced by combining several images. Even
though the accuracy of the derived emissivity is dif-
ficult to verify owing to the lack of in-situ data, the
precision of emissivity and thus the ability to distin-
guish geological units based on emissivity is mostly
limited by the instrumental precision of VIRTIS,
when comparing areas of the same elevation.

As discussed by [1] the main obstacle in investi-
gating the variation of emissivity on the spatial scale
of geologic features is the uncertainty and low reso-
lution of the Magellan altimetry. Therefore high
resolution and accurate altimetry such as that of the
proposed VERITAS mission [10] would provide the
greatest improvement to emissivity estimates.

Most of the spatial information relevant for emis-
sivity is carried by narrow bands in the window cen-
ters. The Venus emissivity mapper (VEM) of the
VERITAS proposal focusses on these bands at much
improved signal to noise ratio compared to VIRTIS
[11]. VEM observes wide surface swaths overlap-
ping orbit to orbit, thus providing the repeated cov-
erage required for statistically reducing residual er-
rors resulting from unaccounted atmospheric varia-
bility.
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Table 1. Values used in the calculation of predicted variability of derived emissivity.

Description

[Symbol] = unit Value

Instrumental precision of band 0 at ~1.02 um observing space

[41;] = mW/pm/m?/sr | 1.5

Instrumental precision of band 30 at ~1.31 um observing space

[41.] = mW/pm/m?/sr | 0.5

Standard deviation of surface observing band 0 at ~1.02 um

[g1] = mW/pm/m?/sr | 4.9

Standard deviation of cloud observing band 30 ~1.31 um

[e1] =mW/pm/m?3/sr | 1.4

Partial derivative of surface observing band wrt to emissivity

[dls/de]=mW/um/m?/sr | 35

Partial derivative of surface observing band wrt cloud observing band

[dI./dI. ] 3.7
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Abstract:

We present a model of the signatures of active
lava flows observable through spectral windows from
orbit and data processing methods for isolating these
signatures in near-infrared images. We estimate the
thermal emission of lava flows based on models for
the analysis of remote observation of eruptions on
Earth and lo, however adjusted to the different ther-
mal environment of the Venus surface. We also ap-
proximate scattering in the 70 km thick atmosphere
below the clouds tops [1]. The results indicate that
only large and intense eruptions could have been
reliably detected with VIRTIS data from the Venus
Express mission.

Background:

The surface of Venus is geologically young com-
pared to other terrestrial planetary bodies except
Earth and lo. Most of the young surface has an origin
in effusive volcanism. A wide range of global rates
of volcanism are discussed for Venus. This is due to
the fact that the cratering record of the surface -
shielded from impacts by the atmosphere- does not
constrain whether the volcanism occurs constantly or
episodically through time. A significant constraint on
the current volcanic activity would contribute much
to this discussion [1].

The Venus Express (VEX) mission included the
imaging instruments Venus Monitoring Camera
(VMC) and Visible and Infrared Imaging Spectrome-
ter (VIRTIS), which had the capability to observe
volcanic activity. No clear signatures of active vol-
canism have been reported for VIRTIS M IR data,
however transient bright spots in VMC images have
been interpreted as most likely to be caused by erup-
tions [2].

Signatures of active lava flows:

Thermal emission of active flows: Lava flow
thermal emission is modelled as a function of time
assuming an effusion rate and flow thickness, which
constrains areal growth and age of the flow surface.
The flow surface cools rapidly, which greatly dimin-
ishes the contribution to thermal emission (Fig 1).
Lava flows consist of cooling crust and a fraction of
exposed liquid core [3]. Cooling occurs mostly by
radiation and convection. On Venus surface winds
are low and free convection and radiative cooling are
coupled due to the IR opaque CO2 atmosphere [4],
which reduces efficiency of both. Finally the model
imposes a limit on the areal growth and thus thermal
emission if the total heat loss from an lava flow
reaches a certain fraction of the heat supplied at the
vent, as it is assumed in studies of Earth and lo re-
mote sensing data of eruptions [e.g. 5,6].
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Figure 1 Lava surface temperature as function of
time since eruption for Earth and Venus under vari-
ous assumptions.

Atmospheric scattering: The areal extent of ac-
tive flows is assumed to be small compared to the
area over which its emission is scattered by the at-
mosphere. Thus we model them as a point source
adding to the background radiance. The radiance
distribution of a point source observed at the top of
the atmosphere is approximately a Gaussian with a
full width half maximum of 100 km [1].

Data processing:

Straylight correction: VEX VIRTIS data was ac-
quired from above the south pole, with the bright
dayside close to the field of view, resulting in some
straylight offsetting the thermal emission observed in
the nightside. VIRTIS data are corrected by subtract-
ing an average straylight spectrum derived from deep
space observations fitted to wavelengths with negli-
gible emission [e.g. 7]. VMC does not use a stray-
light correction since the near infrared observations
are only done when VEX is eclipse.

Cloud correction: The cloud opacity is variable,
and the signature of an eruption needs to be distin-
guished from this variability in order to be unambig-
uously detectable. In order to reduce this variability
it is possible to correct for cloud opacity if simulta-
neous observations at a wavelength where the emis-
sion originates below the clouds but above the sur-
face are available [8], e.g. the 1.31 micron band of
VIRTIS. VMC does not have a band for cloud cor-
rection. Their identification of anomalies relies on
their fixed location at the surface, while the cloud
features move together the superrotating atmosphere.

Background subtraction: The background ther-
mal emission can be estimated based on altimetry
[9], in order to distinguish eruptions from expected
surface temperature variation. If longterm observa-
tions of the surface are available, it is additionally
possible to account for surface emissivity. By sub-
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tracting the average radiance over time, the transient
excess thermal emission introduced by active lava
flows is separated from the background. The VMC
data cannot be processed with this approach since the
variable atmospheric transmittance cannot be ac-
counted for. The VMC background correction in-
stead assumes that the contrast, i.e. the ratio of radi-
ance between topographic high and low region re-
mains constant. By dividing observed and modeled
images, scaled to unity at a reference location, they
provide an estimate of excess thermal emission rela-
tive to background emission.

Spatial filtering: Since the size of an eruption
signature is well known to be approximately 100 km
due to atmospheric scattering, it is possible to spa-
tially filter the data. The most straightforward is a
filter with high pass properties, such as subtraction of
a moving average with a diameter larger than 100
km. This reduces residual atmospheric and instru-
mental errors.

Results and Discussion:

Using the above data processing on VIRTIS-M
IR data we estimate that it would be very likely to
detect active eruptions with 1 km? lava effused with-
in 10 days or a sustained effusion rate of >800
md/sec. This corresponds to a 1GWumsr signature
with a maximum that is ~1.2 times background emis-
sion. Under less conservative assumptions the same
brightness could be achieved with 0.01 km? lava and
effusion rates >30 m®sec. [10] presents historical
eruption data from 1840 to 1980 for three volcanos
that can be compared to these detection criterions
(Fig. 2). Under optimistic assumptions some of the
more intense eruptions would have been detected, if
they happened in the field of view of VIRTIS.

The transient bright spots at fixed locations at
Ganikki Chasma in VMC data reported by [2] have a
size and intensity consistent with the above discussed
ranges of effusion volumes and rates detectable by
VIRTIS. On Earth these are rare events on historical
timescales. Several eruptions like this per year sug-
gest a high rate of volcanic activity.

A constraint on the global rate of volcanism,
however, depends not only on the number of ob-
served eruptions and detection capability, but also on
how extensively the surface was monitored, the style
of volcanism, i.e. distributions of effusion rates and
volumes, and on how eruptions on Venus are distrib-
uted over space and time.

The VIRTIS data set covers much of the southern
hemisphere several times with the above discussed
detection capability, which is mostly limited by in-
strumental noise. VMC data is limited to eclipse sea-
sons and show atmospheric noise at the level of ob-
served anomalies. Together the two datasets from
Venus Express have limited coverage and detection
capability and probably do not place a strong con-
straint on the rate of volcanic activity.
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Figure 2 Historical eruption data compared to
the capability of VIRTIS to detect eruptions for dif-
ferent assumptions.

The spacecraft Akatsuki of the Japan Aerospace
Exploration Agency was recently inserted into Venus
orbit, albeit at a larger apocenter distance than origi-
nally planned [11]. The infrared cameras on board
are designed with the aim of detecting volcanic activ-
ity.

The proposed VERITAS mission [12] includes
the Venus Emissivity Mapper (VEM) [13] designed
to be capable to detecting much smaller eruptions
than VIRTIS owing to higher signal to noise ratio.
The imaging would begin in the initial VEX like
orbit, where the greater distance results in wider cov-
erage. The later low circular orbits will produce only
100 km wide image swaths. These swaths overlap
from orbit to orbit, so that even short lived eruptions
or the often most intense initial phases of eruptions
[10] could be observed several times, should they
coincide with the observation. This would greatly
increase the reliability of any detection.
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The Venus Express Atmospheric Drag Experiment
(VEXADE) was approved by ESA after the launch of the
spacecraft in 2005 as a means for measuring atmospheric
densities above 130 km in-situ using 3 alternative tech-
niques, namely (1) Precise Orbit Determination (POD),
(2) Accelerometer measurements (ACC) and (3) Torque
measurements (TRQ). While POD and TRQ measure-
ments were made from 2008-2013 at altitudes 166—
186 km and latitudes 80-90°N, the ACC measurements
were carried out in the final phase of Venus Express
during the aerobraking period from 24 June to 11 July
2014 for altitudes of 130-134 km at 75°N latitude. POD
observations provided single density measurements per
flyby at periapsis, while both ACC and TRQ data gave
vertical density profiles for each flyby.

We find the densities to be up to a factor of 2 smaller
with respect to those of the VTS3 model (Hedin et al.,
1983), illustrating that the polar upper atmosphere is
more collapsed than previously thought. We find con-
siderable variability in the densities ranging from tens
of percent to an order of magnitude. This variabil-
ity can be separated into day-to-day changes and, for
the case of ACC measurements, of small scale wave-
like perturbations with horizontal wavelengths of 100—

300 km. The amplitudes of these density waves are
modulated at quasi 5-day periodicity, providing evi-
dence for wave-wave coupling between gravity waves
and Rossby planetary waves above the cloud top layer.
Average scale heights over the range of ACC observa-
tions (130-140 km) are 2.940.6 km, indicating temper-
atures of around 114+23 K, considerably lower than
those of VTS3 for the same locations and conditions
(141-159 K). Temperatures, like the amplitudes of the
density waves, are modulated with a quasi 5-day period.

We present a summary of the ACC and POD dataset
and carry out comparisons with other Venus Express
observations obtained via remote sensing. Overall the
VEXADE dataset shows good consistency with these re-
mote measurements at comparable locations, providing
cross-validation between them.

The VEXADE dataset, despite its modest coverage,
has thus provided us with an interesting set of new find-
ings, and thereby a new understanding about the polar

upper atmosphere of Venus and its variability. The mis-
ston control and navigation experience gained during

aerobraking will help plan future aerobraking campaigns
with other spacecraft including ExoMars.
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Introduction:

Venus is covered by highly-reflective thick
clouds composed mostly of sulfuric acid. Because of
the near-uniform distribution of the upper cloud and
the absence of notable absorption, the Venus disk is
almost featureless in the visible wavelength range.
The polar oval is an exception; a dark oval encircles
the pole in visible range as well as in ultraviolet.
Characterization of the polar oval would give clues
to the complicated dynamics in the polar region of
Venus, because the variation of the oval shape
should reflect the life cycle of the dynamical insta-
bility and the concentration of the dark material in a
narrow-banded region should be a result of unre-
vealed transport processes. The whole shape of the
oval has been unknown because the oval is visible
only on the dayside and the oval extends to the
nightside. In this study we reconstruct the whole
shape of the oval from Venus images taken continu-
ously by the Venus Monitoring Camera (VMC)
onboard ESA’s Venus Express.

Reconstruction of the oval shape:

The VMC visible (513 nm) and ultraviolet (365
nm) images downloaded from ESA’s Planetary Sci-
ence Archive were projected onto the longitude-
latitude coordinate of Venus with a resolution of
0.125° x 0.125° using the image processing software
developed for JAXA’s Venus orbiter Akatsuki
(Ogohara et al., 2012). To suppress large-scale
brightness variations due to viewing geometry, the
brightness in each longitude-latitude pixel was di-
vided by the cosine of the incidence angle.

Before studying polar features, noises in the im-
ages were suppressed by averaging 2-4 images taken
in each orbit considering the zonal advection be-
tween the images by the westward superrotation.
Figure 1 shows visible channel images four succes-
sive orbits after incidence-angle correction and aver-
aging in each orbit. The images have been shifted in
longitude considering the =zonal advection of
360deg/3.5days. Figure 2 shows examples of mosaic
visible and ultraviolet images constructed from im-
ages obtained in four successive orbits like the ones
shown in Fig. 1 on the assumption that the shape
change of the polar feature during four days is not
significant. We can see dipole-like or elliptical fea-
tures centered at the South Pole.

The polar oval in visible wavelength is composed
of a bright core and a dark border. In ultraviolet, on

the other hand, only a bright core is evident and the
dark border tends to diffuse into the surrounding
spiral structure. The fact that the polar oval is visible
both in visible and ultraviolet wavelength suggests
that the absorbing material responsible for the oval
has a notable absorption from visible to ultraviolet
wavelengths in contrast to the “unknown absorber”
which shows absorption only in ultraviolet and violet
wavelengths.

The shape of the polar oval is changing over time.
Figs. 2a and 2b show near elliptical shape, while Fig.
2c¢ shows elongated dipole-like shape. The oval ex-
tends from the Pole to ~60°S in most of the cases.
Sometimes the oval becomes very faint or mostly
disappears.
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Figure 1. Images of the polar feature taken along the
four successive orbits (a) 1844, (b) 1845, (c) 1846
and (d) 1847. In (b)-(d) the image were shifted east-
ward with respect to (a) by the angles of zonal ad-
vection in their respective elapsed times based on the
superrotation period of 3.5 days.
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Figure 2. Mosaic images for (left) visible and (right)
ultraviolet channels constructed from images taken
in the four successive orbits (a) 855-858, (b) 1812-
1815 and (c) 1844-1847. In each pannel the first or-
bit appears on the upper right, and last orbit appears
on the upper left.

Temporal variation of the oval shape

To study the temporal variation of the shape of
the oval, the maximum (r.x) and minimum (t;,)
latitudinal distances between the inner edge of the
oval and the South Pole in each image are chosen as
the parameters characterizing the oval shape (Fig. 3).
The ratio rp,in/Tmax S€TVES as an indicator of the degree
of elongating deformation. The ry,.x and 1, are de-
termined by visual perception; the error in the esti-
mation is around 1° in latitude. Since the whole
shape of the oval is not visible in each single image,
the 1. and 1y, do not necessarily coincide with the
maximum and minimum distances, respectively,
from the Pole along the whole oval. However, thanks
to the zonal advection with a period of ~3.5 days, the
true maximum and minimum distances would be
reasonably estimated by choosing the maximum 1y,
value and the minimum r,,;,, value, respectively, in
the moving window with a length of four days. The
original 1y, and ry;, are replaced with such maxi-
mum and minimum values, respectively.

Fig. 4 shows the time variation of the Lomb-
Scargle periodogram (Lomb, 1976; Scargle, 1982) of
Tmin/Tmax- 1The 99% significance level is shown by

black lines; statistically-significant peaks are seen
before Day 900 and after Day 1500. The dominant
component has a period of 200-350 days before Day
800, and splits into short- and long-period compo-
nents, which disappear by Day 1000. A shorter-
period component with a period of ~100 days
emerges around Day 1500 and continues to exist till
the end of the analysis period. After Day 1500 a
broader peak with periods of 150-300 days also ap-
pears. Such widely-scattered, variable periods do not
seem to be explained by a Venus year (255 days), the
rotation period (243 days) and a Venus day (117
days).

Orbit 2019

Figure 3. Oval shape parameters shown in an image
taken in orbit 2019. In this example, they are
detrmined as Ty, = 26° and 1y, = 10°. The grid in-
terval is 15° both in latitude and longitude.
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Figure 4. Time series of the Lomb-Scargle periodo-
gram of Iyn/Tmax. The data length for each periodo-
gram is 500 days. The 99% significance level is
shown by black lines.
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Abstract:

ISAS successfully launched Akatsuki at
06:58:22JST on May 21st 2010, by H-I11A F17. After
a half year successful cruise from the earth to Venus,
the malfunction happened on the propulsion system
during the Venus orbit insertion (VOI) on December
7th, 2010. The engine shut down at 158 sec during
the VOI, while we planned 12 min operation. The
spacecraft did not enter the VVenus orbit but entered
an orbit around the Sun with a period of 203 days.
The orbital maneuvering engine (OME) was found to
be broken and unusable, but most of the fuel still
remained. ISAS’s engineers decide to use the reac-
tion control system (RSC) for orbital maneuver and
three minor maneuvers in November 2011 were suc-
cessfully done so that Akatsuki would meet Venus in
2015.

The Akatsuki spacecraft was rotating about the
sun with a period of 199 days and was on the trajec-
tory to meet Venus on 22nd of November, 2015 after
the orbital maneuvers in November 2011. The date,
November 22nd, 2015, was chosen as the shortest
encounter timing with consideration of spacecraft's
lifetime. Trajectory analysis done later revealed that
the orbit around Venus after insertion on 22nd of
November, 2015 is unstable. We decided to perform
another orbital maneuver in July 2015 to let the
spacecraft to meet Venus on 7th of December, 2015
with this date the orbit around Venus would be more
stable.

On 7th of December, 2015, the spacecraft ap-
proached from outside of Venus orbit and captured
by Venus. Fig. 1 shows the trajectory of Akatsuki
with the orbit of Venus and the earth. The velocity of
spacecraft about the sun was less than that of Venus
after December 1, 2015, where the spacecraft's orbit
was outside of Venus orbit, and Venus caught up the
spacecraft from the back.
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Figure 1

For the Venus orbit insertion in 2015, termed
VOI-R1, four 23 Newton-class thrusters were used as
opposed to 500 Newton-class OME used at the 1st
VOI in 2010. VOI-R1 burn (1228 seconds) was suc-
cessfully achieved from 23:51:29 on 6th of Decem-
ber through 00:11:57 on 7th of December (UTC, on-
board time).

Akatsuki became the first satellite of a planet in
Japan. After VOI-R1, the apoapsis altitude is 0.44
million km with the inclination of 3 degrees. The
orbital period is 13 days and 14 hours. Fig. 2 shows
the VOI-R1 geometry depicted with the Venus center
coordinate. For two purposes, to decrease the apoap-
sis altitude and to avoid long eclipse during the or-
biter, we performed a trim maneuver at the first peri-
apsis. The apoapsis altitude is now 0.36 million km
with periapsis altitude of 1,000 km - 8,000 km (vary-
ing) and the period is 10 days and 12 hours.

Akatsuki will send data over two years to us, and
it means that our exploration enters the new era when
Japan deliver the continuously changing planet’s data
to the whole world.
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Introduction:

The atmospheres of the terrestrial planets
are constantly exposed to solar and galactic
cosmic rays, the most energetic of which are
capable of affecting deep atmospheric layers
through nuclear and electromagnetic parti-
cle cascades. The energy deposited by these
interactions is thought to be an important
driver for atmospheric chemistry and may
affect cloud microphysics [1][2], and in re-
gions beneath the penetration of ultraviolet
radiation, cosmic rays are the primary ioni-
zation agent. It is therefore crucial to quanti-
fy the amount of energy deposited by cos-
mic rays in the atmosphere by altitude.

Detailed studies have considered the propa-
gation of cosmic rays in the atmospheres of
Earth, Mars, Titan and the Giant Planets.
However, previously only a few studies
[1][2] have considered such interactions in
the Venusian atmosphere, notably using
numerical approximations to describe cos-
mic ray interactions. We have performed
modelling of cosmic ray interactions in the
Venusian atmosphere using a full 3D Monte
Carlo model which explicitly simulates in-
dividual particle interactions [3]. Using
these results, we have computed new cos-
mic ray ionization and electrical conductivi-
ty profiles for the Venusian middle and
lower atmosphere. We have also investigat-
ed the effect of severe solar energetic parti-
cle events, which may produce very large
enhancements in the atmospheric ionization
rate at certain altitudes. Our results will be
discussed within the context of atmospheric
chemistry and electrical phenomena in the
Venusian atmosphere.
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Figure 1 - Summary of cosmic ray ionization rates
for galactic cosmic rays (GCR) at solar minimum and
for three prototypical solar energetic particle (SEP)
events. EUV/X-Ray ionization rates from Peter et al.
[2014][6] are shown for comparison.
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Introduction:

The cloud deck within Venus' atmosphere, which
covers the entire planet between approx. 50 and 70
km altitude, consists mostly of liquid and gaseous
sulfuric acid. The gaseous part increases strongly just
below the main clouds and builds an approx. 15 km
thick haze layer of H2SQ4. This region is responsible
for a strong absorption of radio waves as seen in
VeRa radio science observations. The amount of the
absorption, which is used to derive the abundance of
gaseous sulfuric acid, depends on the signal frequen-
cy. VeRa probed the atmosphere of Venus between
2006 and 2015 with radio signals at 13 cm (S-band)
and 3.6 cm (X-band) wavelengths. We present
H2SO4 profiles derived from S-band and X-band
absorption during the first occultation season in
2006. The comparison of the H,SO4 profiles derived
from both frequency bands provides a reliable pic-
ture of the H,SO4 abundance. Distinct differences in
the S- and X-band profiles may give a clue to in-
creased SO, abundances. The derived VeRa results
shall be compared with results provided by other
experiments onboard Venus Express as well as with
previous missions.



Comparison between VeRa and VIRA profiles from the Venus atmosphere

and ionosphere
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The Venus Express Radio Science experiment VeRa
sounded the neutral atmosphere and ionosphere with the
spacecraft’s radio signals from 2006 until early 2014 in 15
occultation seasons. About 800 vertical profiles of tem-
perature, pressure, neutral number density in the altitude
range 40 km to 100 km and electron density from the base
of the ionosphere at 100 km to the ionopause (located
between 300 km and 600 km depending on the state of the
solar wind) were obtained. The profiles have an altitude
resolution of about 500 m and cover all feasible solar zen-
ith angles and local times (H&usler et al., 2006; Patzold et
al., 2007).

The profiles from the neutral atmosphere which are neutral
number density, temperature, pressure as a function of
altitude, are compared with the Venus International Refer-
ence Atmosphere (VIRA) model which was compiled from
the observations of the Venera missions and the Pioneer
Venus orbiter mission in the 1970s and 1980s (Seiff et al.,
1985; Bauer et al., 1985). VIRA is an empirical construct-
ed model of the structure and composition of the neutral
and ionized atmosphere from the surface to 1,000 km alti-
tude. The general agreement between the VeRa and VIRA
temperature profiles is quite good, in particular in the low
and middle latitude range. The differences increase in the
higher latitudes above 75° and 85°. These differences
might be caused by differences within the data sets, e.g.
differences in the local time coverage or the latitudinal
coverage. The cold collar and the rotating hot polar di-
poles lead to significant temporal temperature variations in
the high latitudes. Atmospheric waves like gravity waves
and thermal tides might also contribute to the observed
differences in the mesosphere.

The VeRa electron density profiles are compared with the
VIRA ionospheric database (Bauer et al., 1985), which
consists primarily of in situ and radio sounding electron
density data from the Pioneer Venus Orbiter mission.
VIRA is found to be insufficient with regard to altitude
coverage and resolution, structure representation, and solar
cycle phase. A new Venus reference ionosphere model is
needed which describes the altitude structure of the iono-
sphere from the base to the ionopause at high resolution,
for all solar zenith angles and for solar minimum and max-
imum conditions.
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Understanding the role of rotation and temperature
distribution on Venus’ general circulation

M. Parisij, ]. Yuval, E. Galanti, Y. Kaspi
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One of the most striking features in the atmospheric circulation of Venus is the
tropospheric superrotation, with wind speeds of over 100 m/s. Despite the
increasing efforts in observations, both Earth-based and in situ, this feature in
particular and the general circulation of this planet in general is not yet well
understood. We have set up a 3D general circulation model (GCM) for Venus’
dynamics in order to better understand fundamental mechanisms that drive
atmospheric phenomena. Despite their similarities in mass and size, there are
some crucial differences between Earth and Venus that make the latter
extremely inhospitable, with a surface temperature of over 700 K and an
atmosphere composed of 96% carbon dioxide and 92 times heavier. A unique
aspect of this planet is its slow rotation rate, 2 orders of magnitude smaller than
Earth’s. As a result, it is expected that the Coriolis force does not play a major
role in Venus’ atmospheric dynamics, differently from our planet. To leading
order, the circulation satisfies the cyclostrophic balance, in which the pressure
gradient is compensated by the centrifugal acceleration. Our model uses a
Newtonian cooling scheme to represent radiation with a longitudinally
symmetric relaxation temperature derived from Pioneer Venus data. The model
general circulation is shown to be in good agreement with the observations. To
better understand the governing physics, we investigate the effect of varying
some of its model physical parameters on Venus’ circulation. By changing the
rotation rate, making Venus spin faster or slower, we study whether this
parameter is important in the main balance of the flow. Surprisingly, preliminary
results suggest that the Coriolis acceleration may indeed play a major role in the
insurgence of the superrotation in the troposphere, where the jets are up to 60
times faster than the surface rotation. In addition, we study an iterative method
in order to find the diabatic heating which reproduces the measured
temperature profile on Venus. Reproducing the mean temperature profile
enables investigating whether this leads to a more realistic circulation. An
additional capability of our method is taking into account the vertical structure
of the relaxation time, which might be a key factor in the circulation.



PHOTOCHEMICAL CONTROL OF THE DISTRIBUTION OF VENUSIAN
WATER & SULPHURIC ACID AEROSOLS IN THE CLOUDS AND UPPER
HAZE LAYER OF VENUS, PLUS NEW INSIGHTS REGARDING SO,

C. D. Parkinson, S. W. Bougher, CLaSP Department, University of Michigan, Ann Arbor, MI USA (thesh-
ire@umich.edu ), P. Gao, Y. L. Yung, Caltech, Pasadena, CA, USA

Introduction and Motivation:

Recent observations of enhanced amounts of
SO, at 100 km by Venus Express (1, 2, 3) suggest
that there is a hitherto unknown source of gaseous
sulphur species in the upper atmosphere of Venus, in
contrast to previous expectation (4). Zhang et al. (5,
6) argue that the photolysis of H,SO, vapour derived
from evaporation of H,SO, aerosols provides a
source of SO;, which upon photolysis yields SO,.
Other chemical schemes not involving H,SO, path-
ways (e.g. polysulphurs (6) or those not including
the influence of evaporation and condensation of
sulphuric acid haze particles (7)) have been suggest-
ed, but still discovering the unknown source of gase-
ous sulphur species has remained elusive. Analogous
to O, and NO airglow studies (8), SO, can be used as
an effective atmospheric tracer, which in lieu of
wind data, give important clues to the dynamics of
the Venus upper atmosphere.

Numerical modeling of the chemistry and dy-
namics of the Venus middle atmosphere has been
performed for effective data analysis and the subse-
quent interpretation of key tracer species recently
observed by VEx. Additionally, a microphysical
cloud model has been employed to determine how
chemistry and dynamics can affect the aerosol crea-
tion and distribution in Venus’ upper atmosphere
with the view to solving the longstanding problem of
the source of the unknown UV absorber and cloud
banding in Venus' upper atmosphere (9,10).

Models

Photochemical ~Model: ~ The Caltech/JPL
KINETICS model solves the 1-D continuity equation
for the chemical species used in this study (9, 10).
The major photochemical pathway for SO, above the
cloud tops has SO, exchanging rapidly with SO and
SO;. However, formation of H,SO, followed by
condensation, which sequesters SO, in aerosol parti-
cles and remove it from active chemistry.

VIGCM: The Venus Thermospheric General
Circulation Model (VTGCM) is a 3-D finite differ-
ence hydrodynamic model of Venus’ upper atmos-
phere (8, 11, 12, 13, 14, 15, 16, and 17). The
VTGCM solves the time-dependent primitive equa-
tions for the neutral upper atmosphere. The diagnos-
tic equations (hydrostatic and continuity) provide
geopotential and vertical motion fields. Additionally,
the prognostic equations are typically solved for
steady-state solutions for the temperature, zonal and

meridional velocities, and the mass mixing ratios of
specific species.

Microphysical Cloud Model: The microphysical
cloud model is the Community Aerosol and Radia-
tion Model for Atmospheres (CARMA) v3.0 (18, 19,
20, and 21) as modified by Gao et al. (22) to simu-
late a 1-D column of the Venus atmosphere. Parkin-
son et al. (10) employed this scheme using model
atmospheres from the photochemical model de-
scribed in section 2.1. The microphysics simulates
the nucleation of sulphuric acid onto sulphur and
meteoric dust; particle growth and loss by condensa-
tion, evaporation, and coagulation; and transport by
diffusion and sedimentation.

Results and Discussion

Figure 1 shows decreasing the H,O volume
mixing ratio (VMR) at the lower boundary (LB)
from 35 to 18 ppm causes corresponding decreases
in the H,O higher up due its removal above the cloud
tops by formation of H,SO,4. Further lowering this
value below 17 ppm, there is a sudden collapse of
H,0 above ~65km. The reason is the complete se-
questration of HO by H,SO, aerosols resulting in a
chemical bifurcation as its value falls below a critical
value. Figure 2 shows the result of using stable vs
collapsed H,O model atmopsheres in the
microphysical cloud model. The effects of the
changed water profiles drastically affects the
microphysics: we see changes in the periodicity of
the precipitation in the equatorial region of Venus’ at
54 km, and changes from a relatively stable uniform
haze layer at 84 km for a water rich case, whereas
there are quasi-periodic instabilities for the collapsed
water case shown.

SOy has been added to the VTGCM, making use
of the key reactions of Petrass (7). Global SO, and
SO distributions were calculated over ~70-110 km
(appropriate to solar minimum conditions), in accord
with the underlying VTGCM zonal and meridional
winds. Figure 3 shows calculated SO, VMR profiles
at a different local times corresponding to recent
VEx measurements (23, 24). These calculated SO,
profiles easily reproduce observations below 85-90
km; the observed inversion layer above 90 km
(increasing SO, VMR with increasing height) is
seemingly absent when only comparing their shape.
However, a closer examination of our curves with
the Belyaev et al. (23) results show our calculations



do match within the reported error bars. (cf. Figure
3, upper rightmost panel with all other panels).

Conclusions

We see that SO, and H,O can regulate each oth-
er via formation of H,SO4 Small changes in the
transport rates for SO, may result in large changes in
SO, above the cloud tops and below a critical value
H,0 could be completely sequestered by H,SO, aer-
osols (chemical bifurcation). This could possibly
explain some of the observed variability in SO, and
H,0 on Venus. Using model atmospheres with dif-
ferent lower boundary VMR values for H,O definite-
ly affects the microphysics and exhibits particularly
extreme behaviour different for chemical bifurcation
cases corresponding to a collapsed water condition in
the atmosphere. Large differences occur in the pre-
cipitation cycle at the equator (a factor of ~3 de-
crease in timescale from 15 ppm to 35 ppm lower
boundary water mixing ratio values (i.e. ~2 years vs
~8 months). The upper haze layer (84 km) at all lati-
tudes shows a large increase in 0.3-0.6 micron sized
particle when comparing a 15 ppm lower boundary
water mixing ratio to 35 ppm, particularly at the
poles. This makes sense, since with a chemical bi-
furcation there is much more SO, present under col-
lapsed water conditions.

The VTGCM simulated SO, profiles accurately
reproduce observations below 85-90 km; above 90
km these profiles fall within the observation error
bars reported by Belyaev et al. (23), but are very
different in shape to those obtained with the 1-D
photochemical model. However, closer inspection of
the VTGCM SO, profile shapes show that these
curves may actually be more consistent with Belyaev
et al. (23) observations than those from the 1-D pho-
tochemical modeling (5, 6, and 7), indicating dynam-
ics may also play a significant role in Venus’ middle
atmosphere.
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Figure 1: H,O profiles from a lower boundary mixing ratio
sensitivity study with fixed SO, lower boundary of 25
ppm: (Parkinson et al. (9)).

Figure 2: Aerosol size distributions as a function of time for
LB VMR 35 ppm water rich (left panel) and 15 ppm water
poor (right panel) scenarios. (Parkinson et al. (10)).
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Figure 3: SO, distributions as a function of altitude for dif-
ferent local times crossing over the evening terminator.
(LAT =67.5N and LT = 16 - 22h)
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THE WINDS OF VENUS DURING MESSENGER’S FLYBY.
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Introduction

The many space missions devoted to unveil the
secrets of the planet Venus in the past decades have
provided huge amounts of valuable data but still
failed to properly explain why the Venus atmosphere
moves at the cloud tops about 60 times faster than
the solid globe, the so-called Superrotation. The cru-
cial task of characterizing the prevailing winds has
been carried out using varied techniques that include:
“in situ” measurements using descending probes and
balloons, remotely sensing from analysis of images
acquired at different wavelengths and times to track
atmospheric features, and with spectroscopy to
measure the Doppler effect on the Venusian atmos-
phere from Earth-based observations. Despite the
varied methods, these measurements are disperse,
both spatially and in time, and considering the
demonstrated variability of the Venus atmosphere,
they have not yet been representative for a complete
description of the atmospheric state at all levels and
concrete moment.

It was not until the arrival of imaging spectrome-
ters onboard spacecrafts (like NIMS on Galileo, or
VIRTIS-M on Venus Express) [1,2] and a more suit-
able selection of filters in the CCD cameras (like
VMC on Venus Express, or cameras on Akatsuki)
[2,3] that it became possible to sense simultaneously
different levels on Venus in both day and night sides,
thus allowing to infer an instant 3D snapshot of the
atmospheric circulation [4]. Moreover, during the
Venus Express mission several coordinated cam-
paigns have been successfully organized to comple-
ment the spacecraft’s acquisition of data, provided
the impressive development of the instrumentation
and telescopes in ground based observatories, along
with the revolution in the amateur community with
affordable/fast cameras allowing the technique of
lucky imaging.

Among these campaigns, the most complete was
carried out in June 2007, when NASA’s spacecraft
Messenger made its second flyby of Venus towards
its way to Mercury [5], at the same time that Venus
Express and many ground-based observers acquired
a varied set of atmospheric data. Nevertheless, most
of the data was published in separate works [6,7,8,9]
while the images taken by Messenger were not em-

ployed to measure the winds. In this work, we pre-
sent the Venus winds obtained with the images taken
by Messenger and we afford the most detailed char-
acterization ever made of the instantaneous state of
the Venus atmosphere, combining wind measure-
ments from three different techniques and data from
eight instruments on Messenger, Venus Express and
diverse Earth-based telescopes.

Data and methods

The atmospheric winds can be obtained with up
to three methods others than “in situ” measurements:
tracking atmospheric features [4], measuring the
Doppler-shift in the atmospheric spectra [9] or using
the temperature of the atmosphere combined with the
thermal wind equation [10]. These techniques have
been repeatedly proven to provide coherent results,
though only Doppler and feature tracking at cloud
top have been validated with strictly simultaneous
observations [11]. Since the magnitude and even the
wind direction seem subject to short and long-term
variations [10], the usage of time and zonally aver-
aged profiles do not seem the most reliable approach
to overcome the difficulties that General Circulation
Models (GCMs) have to reproduce properly Venus
circulation. For this reason, providing a complete
snapshot of the Venus atmosphere at a certain mo-
ment, might prove to be an alternative valuable ap-
proach to set initial conditions and top/lower bound-
aries in models.

During its second flyby of Venus the 5 of June of
2007, the spacecraft Messenger compiled a varied
scientific data set using several of its instruments.
Concretely, the CCD camera MDIS sensed the even-
ing side of the VVenus atmosphere with very high spa-
tial resolution images at several filters from visible to
near-infrared. At the same day, the instruments
VIRTIS and VMC onboard Venus Express acquired
images covering other regions of the planet, while
there was a complete campaign of ground-based
measurements covering the moment of the event and
the nearby days. In this work, we characterized the
winds at several altitudes of the VVenus atmosphere in
both day and night using the three techniques previ-
ously described (see Table 1). Winds obtained with
the Doppler technique cover altitudes 70-110 km
using scattered Fraunhofer lines [9] and CO spectral-



line observations [6,7]. Feature tracking was applied
on images sensing the scattered daylight at 365 nm
(VMC), 433 nm and 996 nm (MDIS), while the
night-side was sensed with VIRTIS using the oxygen
airglow at 1.27 um, the clouds’ thermal emission at
3.8 and 5.0 um, and the cloud opacity to surface
thermal emission at 1.74 pm. Finally, the zonal com-
ponent of the wind was also estimated applying the
thermal wind equation for cyclostrophic regimes [10]
using atmospheric temperatures derived from the
CO; non-LTE emissions at 4.3 um from VIRTIS-H
[12], submillimeter spectral-line observations of CO
[8], and the nightside spectra ranging 4.2-5.0 pym
using VIRTIS cubes during Messenger flyby.

Z (km) | D/N | Instrument | Parameter
85-110 | Both | HHSMT* Winds
102 Night | IRAM* [Doppler]
94 Day

70 Day UVES*

101 Night | VEX/VIRTIS Winds
70 Day | Messg/MDIS [Tracking]
VEX/VMC
Amateur

65 Night | VEX/VIRTIS
60 Day Messg/MDIS
45 Night | VEX/VIRTIS
120 Day | VEX/VIRTIS* | Temperature
66-116 | Day JCMT* [RT Model]

50-110 | Night | VEX/VIRTIS

Table 1: Summary of observations coincident with the Messenger
2" flyby of Venus in June 2007. Instruments marked with aster-
isks refer to datasets from already published works, while the
others were specifically calculated for this work. Acronyms
Messg and VEXx stand for Messenger and Venus Express, respec-
tively.
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Figure 1: Zonal wind measured during the Messenger flyby.
Profiles were zonally averaged in bins of 5° in latitude. Black and
grey-filled circles correspond to simultaneous measurements
using cloud tracking in violet images (MDIS) and ultraviolet

(small telescope). Grey triangles stand for Doppler-shift in scat-
tered Fraunhofer lines (UVES). Dashed profile corresponds to
average zonal winds from VIRTIS UV images taken along the
Venus Express mission [13].

Results

Figure 1 exhibits an example of winds measure-
ments taken by different means at practically the
same vertical level, in this case the cloud tops at
about 70 km. Winds from cloud-tracking with
ground-based images from small telescopes matches
within error bars the averaged profile obtained with
MDIS violet images, while the discrepancy with
Doppler winds from UVES is explained in terms of
slight differences in the vertical level sensed by scat-
tered Fraunhofer lines and the strong vertical shear at
the cloud tops. Zonal and meridional feature-tracked
winds at day (60 and 70 km) and nigthside (45 and
101 km) were found to be consistent with previous
results from Venus Express [13]. In the specific case
of MDIS 996-nm images, the meridional component
shows a trend opposite to cloud tops, with equa-
torward component instead of polewards. VIRTIS
night airglow at 1.27 um display wind components
consistent with circulation towards the antisolar
point.

Finally, the zonal winds obtained for same re-
gions of latitude and local time are used to infer the
corresponding vertical profile of the wind and com-
pared with in situ profiles from Veneras, Pioneer
Venus and the reference from VIRA. Dayside winds
are obtained at 60, 70, 94 and 85-110 km, while the
height gaps are calculated with the thermal wind
equation and horizontal distribution from tempera-
tures covering 66-116 and 120 km. Regarding
nightside, winds were inferred at 45, 60, 101, 102
and 85-110 km, while gaps are calculated with tem-
peratures covering 50-110 km. Our results are con-
sistent with the corresponding vertical profiles meas-
ured in similar regions of latitude and local time by
Venera 10 (dayside observations) and Pioneer VVenus
Night probe (nightside).
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Introduction:

Venus Express (VEXx) orbited Venus in 2006-2014, in
a highly eccentric polar orbit with a pericentre near the
North Pole. During this time the lon Mass Analyser (IMA)
sensor in the Analyser of Space Plasma and Energetic
Atoms (ASPERA-4) instrument measured properties such
as energy and mass of the ions in the plasma environment
of Venus [Barabash et al. 2007]. In this study, we develop
the algorithm that can separate the mass of the ions from
the data obtained from IMA. While IMA has moderate
mass resolution, the separation of O+, O2+ and CO2+ is a
challenging work, because the signal for each mass over-
laps each other in the obtained mass spectra.

Instrumentation:

The ASPERA-4/IMA ion spectrometer measures ions
with energies of 0.01-36 keV/q by separating into 96 loga-
rithmically separated bins. IMA has a wide aperture (90° in
the polar and 360° in the azimuthal directions) with a reso-
lution of 5°x22.5°. The moderate mass separation capabili-
ties provide the ability to separate mass-charge ratios of 1,
2, 4, 8, 16, 32, and >32. The time resolution to obtain the
full 3-D distribution function is 192 s [Barabash et al.
2007].
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Figure 1: VEX/IMA observations in the ionosphere. Hori-
zontal axis is mass channel and vertical axis is the energy
(eV; uncalibrated). Solid lines are mass contours. The
signal at mass channels 5-15 at the energy labeled 60-70
eV is the main target of this study (O*, O2*, CO2*).

Data analysis:

We focus on the ionospheric data obtained from IMA,
namely below 500 km. We identify the ionospheric ion
population in the IMA dataset, and first produce the mass
spectra (Figure 1). Calibration information gives Gaussian
curves that are used to find the best fits to the obtained
mass spectra to extract mass composition. Figure 2 shows
the similar data analysis used for Mars Express IMA data.
One can see that the sum of the three overlapping calibra-
tion curves represents the obtained data very well [Carls-
son et al 2006].
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Figure 2: An example of the mass separation using data
obtained from ASPERA-3/IMA on Mars Express (Carlsson
et al., 2006). Black dots represent the ion count rate
measurement, and the three colored curves are the fitted
components using the calibration information. The black
solid curve is the sum of the three components.

Discussion:

In this study, we can start from the identical algorithm
used in Carlson et al. 2006. However, the characteristics
in IMA on MEx and VEXx differ. Therefore, several fitting
methods are attempted, including least-square fitting or
maximum likelihood, to evaluate which algorithm is the
most suited.

Since the IMA data provide 4-D mass-spectra (energy,
two directions, and time), the mass composition of 4-D
data will be obtained in theory. However, in practice, one
may need to collapse in some of the directions before fit-
ting in order to get good count-rate statistics. The order of
the collapsing is also assessed.

The optimized algorithm can be used to obtain the
height profile of the ionospheric ion density composition.
The mass-separated height profiles are basic characteristics
of the upper ionosphere of Venus. The periods of lowered
pericentre, down to altitudes below 165 km, are of particu-
lar interest for a future study. The comparison with the
reported ionospheric density profile obtained form the
PVO measurements [Taylor et al., 1980] are important for



further understanding of the physics of this environment.
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Abstract:

Submillimeter observations obtained with the
Atacama Large Millimeter Array (ALMA) offer the
opportunity of probing Venus upper mesosphere and
of monitoring minor species, winds and the thermal
structure. Here, we report on vertical retrievals of
CO temperatures, HDO, SO, and SO, obtained over
the entire disk of Venus on November 14, 15, 26
and 27, 2011 during the ALMA Early Science ob-
servation cycle.

Introduction:

The mesosphere of Venus exhibits complex
photochemistry cycles and dynamical processes that
are still poorly understood. A strong variability, both
on day-to-day as well as longer timescales, affects
the thermal structure of this atmospheric region,
especially near the morning and evening termina-
tors, where large density and temperature variations
were observed [1, 2, 3]. Sulfur dioxide and water
vapor are key species in the photochemical cycles
taking place in the troposphere and mesosphere of
Venus [4, 5]. Both molecules are abundant in the
lower troposphere (150 ppm and 30 ppm respective-
ly [6, 7]). They are carried by convective transport,
together with the Hadley circulation, up to about 60
km where SO, is photodissociated and combines
with oxygen atoms to form SO;. SO; reacts with
H,O to form H,SO,, which condenses in the clouds
enshrouding the planet. Above the clouds, both SO,
and H,O are depleted down to about 0.1 — 1 ppm
and 1 — 2 ppm respectively. Observations in the UV
and in the IR, using Venus Express [8, 9] and
ground-based high-resolution imaging spectroscopy
[10, 11], have shown evidence for strong temporal
variations of the SO, abundance on a timescale as
short as a couple of hours, which are not well under-
stood presently.

ALMA observations: Ground-based observing
campaigns of Venus were organized in support of
space exploration observations since the early stage
of Venus Express operations in 2006 [2,12,13].
Earth-based observations provide complementary

information to spacecraft data by allowing a com-
plete view of the planetary disk at a given time and
a long-term coverage, which is of particular interest
after the end of Venus Express operations in Janu-
ary 2015.

Submillimeter observations obtained with the
Atacama Large Millimeter Array (ALMA) offer the
possibility to monitor the temporal evolution of sul-
fur species and water in the upper atmosphere of
Venus. A first set of observations was obtained in
November 2011 during the first ALMA cycle
[14,15]. These observations targeted SO,, SO, HDO
and CO transitions around 345 GHz during four
sequences of 30 minutes each. The Venus’ disk was
about 11” with an illumination factor of 90%, so
that mostly the dayside of the planet was mapped.

Assuming nominal night-time and dayside CO
abundance profiles from [16], we applied an inver-
sion algorithm to retrieve vertical temperature pro-
files as well as the abundances of minor species
(HDO, SO, SO,). We will present for the first time
vertical profiles of temperature and minor species
abundance in each pixel of the Venus disk for the
four days of observations in order to study variations
with latitude, and local time, as well as day-to-day
variability.
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The VIRTIS-VEX data in NetCDF format.
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The legacy of Venus Express (VEX) is the
biggest and most recent dataset on our twin
planet. This 1 TB dataset covers about 10
years of observations with scientific objec-
tives spanning from the surface up to the
upper atmosphere of Venus. After the com-
pletion of the mission, is now important to
deliver these data to the scientific communi-
ty at large and make them easily accessible
to those who are not familiar with the PDS
format, in order to maximise the scientific
return of this unique data set. To reach this
goal we undertook the task of translating the
VIRTIS data to NetCDF format, the most
common data format in atmospheric analy-
sis. NetCDF is a set of software libraries
and self-describing, machine-independent
data formats that support the creation, ac-
cess, and sharing of array-oriented scientific
data. We will describe in detail the structure
of the data in this new format with the aim
to make the VIRTIS-VEX data the touch-
stone for the NetCDF in this field.
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Introduction: The existence of pyrite (FeS,) on
the surface of Venus has been theorized since the
1980s when sulfur was revealed to be an important
component of the Venusian atmosphere [1, 2]. Utiliz-
ing data obtained from the Venera and Pioneer mis-
sions, combined with Earth-based observations, scien-
tists have attempted to determine a geochemical sulfur
cycle to explain the replenishment of atmospheric sul-
fur [3-5]. Past chemical equilibrium calculations illus-
trate that pyrite, pyrrhotite (Fe;Sg), or anhydrite
(CaS0,) is the most likely sulfur bearing mineral found
on the surface [4-5]. However, based on the tempera-
ture range on Venus, CaSO,is not expected to greatly
affect the concentration of sulfur in the atmosphere and
pyrrhotite is thought to be unstable [5]. Pyrite is sensi-
tive to temperature and may form and decompose at
different locations on Venus, thereby releasing and
absorbing gaseous sulfur from the atmosphere [3]. For
instance, pyrite is expected to form at low temperatures
and oxidize to magnetite (FesO,4) at high temperatures.
This process can be observed in the pyrite-magnetite
buffer [3]:
3FeS, + 16C02(g) =Fe30, + 6802(9) + 16CO(g) (1)
Pyrite may also explain the high radar reflectivity re-
gions found on the Venusian highlands due to pyrite’s
high electrical conductivity [4, 6-9].

However, thermodynamic modeling and experi-
mentation demonstrates that pyrite would decompose
into iron oxides, such as magnetite or hematite, and
sulfur vapor at all Venusian conditions [10]. This is
due to the predicted low sulfur vapor on the surface
and because the atmosphere is expected to be quite
oxidative. It was measured that pyrite in a CO,-CO-
SO, environment would decompose as rapidly as
12254238 days/cm on Maxwell Montes [10].

This work intends to investigate the stability of
pyrite under Venusian conditions, specifically to de-
termine the effect of SO, on pyrite.

Methods: Two sets of experiments were completed
in order to assess the stability of pyrite on Venus: the
Lindberg tube oven experiments and the VVenus simula-
tion chamber experiments. The Lindberg tube oven
experiments were conducted at the University of Ar-
kansas in Fayetteville. In these experiments 1 gram of
powdered pyrite was heated to either 380°C or 460°C
under either a 100% CO, atmosphere or a simulated
Venus atmosphere, which consists of 95.6% CO,,
3.5% N,, and 150 ppm of SO,. The temperature values
used in the experiments represent the conditions found

on the highlands (11 km) and lowlands (0 km) of Ve-
nus, respectively.

Powdered pyrite was also studied in the Venus
simulation chamber at the National Aeronautics and
Space Administration Goddard Space Flight Center to
observe the effects of pressure on pyrite. Similarly to
the oven experiments, 1 gram of pyrite was measured
and inserted into the chamber at either Venusian sur-
face or Venusian highland temperatures and pressures
(460°C & 95bar, and 380°C & 55bar, respectively).
The experiments were conducted in either a 100% CO,
atmosphere or the Venus simulated atmosphere. Each
experiment ran for 18 hours then the samples were
removed and weighed. The samples were analyzed
using X-Ray Diffraction (XRD) to determine any
changes in the composition or phase of the sample.

Results: In the Lindberg oven and CO, atmosphere
experiments, there was partial oxidation of pyrite into
hematite (Fe,O5) at 380°C, with complete oxidation at
460°C. However, in the Venusian atmospheric compo-
sition, pyrite was completely stable at 380°C and de-
composed into pyrrhotite and sulfur at 460°C.

In the Venus chamber experiments in a CO, envi-

ronment, pyrite was mostly stable (90%) at 380°C,
however some magnetite was created (10%). In the
460°C environment the pyrite was less stable (65%)
and pyrrhotite (35%) formed. In the Venusian atmos-
phere at 380°C, 85% of the sample was still pyrite, but
solid sulfur was present as well. At 460°C, the entire
sample identified as pyrite indicating stability. A
summary of results are found in Table la&b.
Table 1a&b: An overall summary of the experiments and
the results are given here. Table 1a displays the conditions
and results of the oven experiments and Table 1b displays
the conditions and results of the chamber experiments.

a)
| aeo°Cibar | 380°Clbar |
CO, (100%) Fe,03 100% FeS, 88%
Fe,03 12%
COZ (95'55%)1 FeO.875 Sz 70% FeSZ 100%
N; (3.5%), S 30%
SO, (150ppm)
b)
| aeocesbar | 380°C,55bar |
CO, (100%) FeS, 65% FeS, 90%
Fegg75S,  35% Fe;0, 10%
CO; (95.55%), FeS, 100% FeS, 85%
N, (3.5%), S 15%
SO, (150ppm)
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Figure 1: a) XRD results of chamber experiments of pyrite
in a CO, atmosphere. Untreated pyrite is graphed at the bot-
tom, followed by pyrite heated to 380°C (55bar), followed by
pyrite heated to 460°C (95bar) b) XRD results of chamber
experiments of pyrite in the Venus simulated atmosphere.
Untreated pyrite is graphed at the bottom, followed by pyrite
heated to 380°C (55bar) followed by pyrite heated to 460°C
(95bar). (+) shows peaks of pyrrhotite, (*) shows peaks of
magnetite, and (*) shows peaks of sulfur.

Discussion: Similar to the findings in previous
thermodynamic models, pyrite was unstable and readi-
ly oxidized in a pure CO, environment at all pressures,
with the exception of the 460°C/95 bar experiment [5,
10]. However, when the samples were placed in a
mixed atmospheric environment, pyrite was found to
be more stable than expected with no oxidation. The
only experiments that demonstrated instability was the
460°C/1 bar and the 380°C/55 bar experiments.

The stability of pyrite in a Venus simulated atmos-
phere was unexpected. It appears that the SO, in the
atmosphere prevents the oxidation of pyrite. Addition-
ally, the identification of elemental sulfur in the 380°C
and 55 bar experiment was unanticipated. Possible
causes are that the sulfur was dissociated from the py-
rite, or from the SO, in the atmosphere. If the former
hypothesis is the case, then an iron byproduct would be

detected. However, the absence of iron as an observa-
ble byproduct strongly supports the latter conclusion.

Conclusion: Our results show that pyrite is stable
under Venusian temperature, pressure, and atmospher-
ic conditions, but only partially stable in a 100% CO,
atmosphere. Previous experiments did not account for
pressure which may in part explain the disparity be-
tween our results. The exact source of the solid sulfur
has not been determined, but it may originate from the
dissociation of SO, gas.

Future Work: The Center for Space and Planetary
Sciences at the University of Arkansas will be obtain-
ing a Venus simulation chamber that can be connected
to a gas chromatograph and will feature a sapphire
window. With these new accessories, we hope to
measure the atmospheric composition during the ex-
periments. An understanding of the change in atmos-
pheric composition will uncover more about the chem-
ical reactions that possiblytake place on Venus.
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Introduction: Radar studies completed as early as
the 1960s on the Venusian surface revealed unsually
reflective surfaces concentrated on the highlands and
mountain ranges [1-2]. These reflective regions gener-
ally manifest between 2.5 to 4.75 km above the plane-
tary radius of 6051.0 km [3-6]. However, above this
critical altitude the reflectivity rapidly decreases until it
matches the same reflectivity as the surface [3].

The origin of this phenomenon is currently un-
known, though it has been postulated that it occurs due
to surface roughness, some unknown interaction be-
tween the atmosphere and the surface, or condensation
of sulfides onto the surface [2, 7]. Modern researchers
believe that the latter scenario, the metal frost model, is
the most probable case [7, 8-11].

Potential candidates suggested in the literature of
the metal frost model include pyrite (FeS,), tellurium
(Te), galena (PbS), bismuthinite (Bi,S;) and a lead
bismuth sulfosalt [3-5, 7, 10]. Both bismuth sulfide and
tellurium have been suggested as potential candidates
in the literature and tellurobismuthite (Bi,Tes) is a like-
ly product between both [9]. It is a semiconductor
which would account for the high reflectivity [9].
However, preliminary experimentation completed by
my colleague on Bi,S; showed stability at all tested
temperatures, thus demonstrating that it can not be the
metal frost [9]. Te and Bi,Te; were also tested and it
was found that Te and Bi,Te; oxidize in a CO, envi-
ronment, but is stable in a Venus simulated atmospher-
ic environment [9]. We propose that some formation
created through a mixture of bismuth,tellurium and
sulfur might provide the same emissivity as observed
on Venus.

Methods: The two chosen mixtures were a 1:1 mo-
lar ratio of Bi,S; and Bi,Te; and a 1:3 molar ratio of
Bi,Sz; and Te, respectively. Each mixture was tested at
three different temperatures representing the tempera-
ture gradient from the Venus lowlands, to the critical
altitude, to the highest point on Venus, the top of
Maxwell Montes. These three temperatures were
460°C (Okm), 427°C (4.5km), and 380°C (11km).
Each mixture was first weighed and then inserted into
a CO; filled Lindberg tube oven for 24 hours. After
completion of each experiment, each sample was
weighed once more and run through an X-Ray Diffrac-
tion (XRD) which will inform us of any compositional
changes that occurred to the sample during the experi-
ments.

Results: The Bi,Ss/Bi,Te; and BiySs/Te mixtures
all exhibited a color change from a dark grey after each

experimental run. Samples run at 460°C were bright
silver, whereas the samples heated to 380°C and 427°C
only experienced a slight lightening in color. Table 1
displays the mass change for each of the experiments.
The Bi,Ss/Te mixture experienced a much greater mass
change than the Bi,Ss/Bi,Te; mix.

Table 1: The change in mass of the sample from before and
after the experiment.

| |as0c | 427°C 1 380°C

Bi,Si/Bi,Te; | -14mg 0Omg -5.4mg
Bi,S3/Te -290mg -85mg -79mg

XRD analysis showed that the 380°C and 460°C
heated Bi,Ss/Bi,Te; samples consisted of tetradymite
(Bi,Te,S), Bi,Tes, Bi»Ss, and tsumoite (BiTe), in order
of abundance. The Bi,Ss/Bi,Te; sample heated to
427°C had the same composition as when the sample
was heated to 380°C or 460°C, however there was
more BiTe than Bi,S; The Bi,S3/Te samples heated to
either 380°C or 427°C identified as a mix of Bi,Te,S,
Te, and Bi,Ss. The Bi,Ss/Te heated to 460°C only
identified as Bi,Te,S and Bi,Tes. The final products of
each experiment is summarized in Table 2.

Table 2: A list of the compounds identified by XRD in each
sample for each experiment.

460°C 427°C 380°C

Bi,Ss/Bi, Tes Bi,Te,S Bi,Te,S  Bi,Te,S
Bi,Te; Bi,Te;  Bi,Te;
Bi283 BizSg Bi253
BiTe BiTe BiTe
BizSg/Te BizTEzS BizTezs BizTEzS
Bi,Te; Bi,S; Bi,S;
Te Te
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Figure 1: a) XRD patterns of the Bi,S; and Bi,Te; mixture
experiments in a CO, atmosphere. Untreated mixture is
found at the bottom, followed by 380°C (bottom middle),
427°C (top middle), and 460°C (top). b) XRD patterns of the
Bi,S; and Te mixture experiments in a CO, atmosphere.
Untreated mixture is found at the bottom, followed by 380°C
(bottom middle), 427°C (top middle), and 460°C (top)..(*)
represents the formation of tetradymite and (") represents
tsumoite.

Discussion: The XRD patterns of our samples can
be found in Figure 1. In Figure 1a&b the peak at 27°
has a higher intensity than the peak found at 28° in the
untreated sample, however as the temperature increas-
es the intensities flip. This demonstrates the formation
of Bi,Te,S from Bi, Te, and S because the 27° peak is
representative of Bi,Tesand Te, and the peak located at
28° is Bi,Te,S. Also, in both figures the control pattern
does not exhibit a peak at 42°, but a peak does appear
after heating. This peak is also representative of tetrad-
ymite. Within both figures the Bi,S; signals noticeably
decrease from untreated up to 460°C. Tetradymite is
the most favored mineral in all experiments.

In the 460°C Bi,Ss/Te mixture Bi,Te; and Bi,Te,S
were both created demonstrating some replacement of
S with Te. However, the corresponding amount of sul-
fur is absent. This may be due to the vaporization of
sulfur. Based on the CRC handbook, gaseous sulfur at
this temperature is a definite possibility [12]. Unfortu-
nately at this time we cannot analyze the constituents
of the atmosphere in our experiments. Vaporization of
sulfur would also explain the loss in mass of the sam-
ple.

Conclusion: Though the Bi,Ss/Bi,Tez and Bi,S3/Te
mixtures do form other minerals such as Bi,Te,S and
BiTe, both Bi,S; and Bi,Te; are stable at both lowland
and highland conditions. However, our experiments
were completed at ambient pressure and in a pure CO,
atmospheric environment. It is possible that different
results could occur if experiments are completed at
Venus pressures and in a Venus simulated atmosphere.

Therefore it is important to carry out multiple experi-
ments at varying temperatures, pressures, and atmos-
pheric conditions to try to recreate the same patterns of
emissivity as seen on Venus.

Future Work: We plan to study a larger range of
pressures and temperatures using the oven and to run
experiments in a Venus simulated atmosphere (95.6%
CO,, 3.5% N,, and 150 ppm of SO,). We will be ob-
taining a Venus chamber in the near future that can
simulate temperature and pressure conditions on Venus
and will be attached to a gas chromatograph. With this
new equipment we hope to measure the atmospheric
composition during the experiments. An understanding
of the transformation of the atmospheric composition
will uncover more about the chemical reactions that
can take place on Venus.
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Introduction: Both historical and current inves-
tigations of Venus suggest that atmosphere/rock in-
teractions play a critical role in the evolution of its
atmosphere and crust. We have begun a series of
systematic experiments designed to further our un-
derstanding of atmosphere-driven weathering and
secondary mineralization of basaltic materials that
may be occurring on Venus today. Our experiments
expose representative igneous phases (mineral,
glasses and rocks) to a high-fidelity simulation of
Venus surface conditions using the NASA Glenn
Extreme Environment Rig (GEER) located at the
NASA Glenn Research Center in Cleveland, Ohio.

While recent observations of Venus' atmosphere
provide fantastic new insight into the history of vola-
tile elements for the planet (Titov et al., 2009), an
important component remains enigmatic—how cou-
pling of thermochemical processes between the at-
mosphere and surface materials may dramatically
effect the composition and/or stability of both over
time. Previous studies of possible reactions and
mechanisms have often been conducted under partial
surface conditions or focused on specific reactions of
interest using constrained gas and mineral composi-
tions (Fegley and Prinn, 1989; Fegley et al., 1995;
Johnson and Fegley, 2002). While providing im-
portant first-order knowledge concerning Venus'
climate history, these studies risk oversimplifying
the reality of that planet's surface, where complex
cycling of key elements (e.g. O, C, S, H) between the
atmosphere and crust are probably convoluted and
may involve a myriad of mineral and fluid species.

GEER is a very large (800L) vessel capable of
producing a long-term, high fidelity simulation of
both the physical conditions (750° K and 92 bar) and
atmospheric chemistry (down to the ppb-level) asso-
ciated with the Venusian surface (Fig. 1). As of this
writing we have just finished the first of several
planned experiments: a 42-day exposure of selected
mineral, rocks and volcanic glasses. Our goal is to
identify and prioritize the reactions taking place and
better our understanding of their importance in
Venus' climate history.

Samples: Our experiments are designed to simu-
late the exposure of fresh volcanic (basaltic) rock at
Venus' surface, on the premise that this would be a
common or even likely source of intense
crust/atmosphere interactions. The materials selected
for exposure to Venus surface conditions fall into
three distinct groups. The first group consists of
minerals that are either common in basaltic and calc-
alkaline volcanic rocks or have been identified as
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Figure 1. End view of the GEER chamber at NASA
Glenn Research Center. Inset shows the rail system
that attaches to one of the seven ports shown allowing
exposure to high-fidelity Venus surface conditions.

important in prior experiments or modeling (Treiman
and Bullock, 2011). The second group of materials
selected for exposure is a suite of representative ig-
neous rocks. These samples include extrusive and
intrusive lithologies ranging from basaltic to felsic
and from quartz-rich to feldspathoid- rich volcanic
classifications.

The third group of phases selected for exposure
consists of volcanic glasses representing quenched
magmatic liquids on the surface of Venus. These
allow us to explore the importance of non-crystalline
materials, which make up a significant proportion of
extrusive rocks on Earth and can support elemental
diffusion and reactivity orders of magnitude faster
than in crystalline materials. The included phases
include five well-characterized USGS standard
glasses ranging from basaltic to felsic compositions
and several natural Hawaiian surface lava volcanic
materials. These glasses are primarily mafic, under
saturated basalts, containing a minor crystalline
component (up to 40% olivine) and a few percent
water. A third category of phases included in our
experiments are 3 synthetic glasses that mimic the
basalt-like elemental compositions detected by the
Venera 13 and 14 and Vega 2 lander XRF instru-
ments (Barsukov, 1992).

The materials chosen for our experiments come
from a variety of sources including the National Mu-
seum of Natural History (Smithsonian Institution),
the Cleveland Museum of Natural History, CWRU's
in-house collections, the USGS, and the University
of Hawaii. Although most have been well character-
ized in previous studies, we conducted our own pre-
exposure analysis to verify chemical composition



Figure 2: Overview of the mineral and rock samples
for exposure.

il . ] .

Figure 3: Overview of the glass samples for exposure.
The ruler is provided for scale.

and mineralogy. We also included XRD to verify
both mineralogy and crystallinity (or lack thereof).
Representative optical and SEM imagery were also
collected, detailing the texture of mineral surfaces,
with EDS used to further identify localized phases.
These analyses were done on a mounted sample, and
representative samples of all materials were reserved
as an unreacted standard for comparison to the ex-
posed samples.

Experimental details:

Mounting: The recently finished experiment (a
42-day exposure) includes a total of 35 phases (14
minerals, 10 rocks, and 11 glasses). Chips of each
phase were polished on two sides to provide a stable
mounting surface compatible with pre- and post-
analysis as well as a preferred direction for devel-
opment of reaction profiles. Individual chips are ap-
proximately 1 cm with a width range between 2-
4mm. Three glasses and one mineral were not pol-
ished due to their low hardness and vesicular texture.
The average weight for the prepared samples is
40mg.

Individual chips were mounted on custom-made
stainless steel sample holders, with gold wire attach-
ing the chip to the mount (Figs. 2 and 3). The mount
is similar in form to a standard SEM mount but made
of more resistant material and with notches to allow

the gold wire to grip the sample. These mounts were
then loaded into a gold-coated sample tray with indi-
vidual 2.5 cm-deep wells designed to collect any
portion of the sample that might separate from the
main chip due to exposure.

Table 1: Simulated Venus atmospheric composition load-
ed into GEER for the 40-day exposure.

Gas Molar Mixing Ratio
CO, 96.5%

N, 3.5%

H,O0 30 ppm

SO, 180 ppm

CoO 12 ppm
OCS 51ppm

H,S 2 ppm

HCl1 0.5 ppm

HF 2.5 ppb

Conditions: The current experiment began on 20
November 2015 and ended on 7 January 2016.
Sample mounts (in two trays) were loaded into
GEER along a rail near the geometric center of the
main chamber (a cylinder roughly 2x3 m) (Fig. 1).
After purging with dry N, and several days of leak
tests, a simulated Venus atmosphere (Table 1) was
loaded into the chamber through GEER's polycontrol
gas mixing system, which offers dynamic accuracy
of 5 ppb = 0.7%, thermal mass flow controllers and
constant monitoring of temperature, pressure, gas
composition and flow rates. To avoid sublimation
loss H,0O was loaded in liquid form through a port in
the gas fill lines. After a few static days allowed for
mixing, internal heaters were turned on until temper-
atures reached our target value of 470°C and 92 bar
for Venus surface conditions a few days later. In
early January we turned off the heaters and did sev-
eral dry nitrogen purges as we cooled down to ambi-
ent conditions; samples are now stored in a "dry
box" and post-exposure analysis has begun.

Results / Discussion: A campaign of detailed
"before and after" analytical electron microscopy is
underway as of this writing. We hope to present a
full catalog of observed reactions at the meeting.
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Abstract

An earlier statistical survey suggested that the
flow-aligned component of upstream interplanetary
magnetic field (IMF) may play an important role in
controlling the lobe-asymmetries of the Venusian
magnetotail. The tail current sheet would be dis-
placed and the magnetic field configuration would
show asymmetries about current sheet. The asymme-
tries are expected to be more evident when the flow-
aligned component becomes dominant. Here, with
carefully selected cases as well as a statistical study
based on Venus Express observations in the near
Venus tail, we show that the lobe-asymmetries of
magnetic field as well as the displacement of current
sheet are common characteristics of Venusian mag-
netotail. However, the asymmetries and displacement
of current sheet do not show a significant depend-
ence on the flow-aligned component of the IMF. Our
results suggest that the flow-aligned component of
IMF cannot penetrate into the near magnetotail to
impact the magnetic field structure.
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Introduction

The study of Venus’ cloud layers is important in order to
understand the structure, radiative balance and dynamics
of the Venusian atmosphere. Polarization measurements
have given important constraints for the determination
of the constituents of the clouds and haze. From ground
based observations Hansen and Hovenier[1], using a ra-
diative transfer model including polarization, found that
the main cloud layers between 50 and 70 km consist
of r ~ 1 um radius spherical droplets of a H,SO, -H,O
solution. Inthe early 1980s, Kawabata[2] used the polar-
ization data from the OCPP instrument on the spacecraft
Pioneer Venus to constrain the properties of the overly-
ing haze. They found that the haze layer is composed
of smaller particles with » ~ 0.25 pm and similar re-
fractive indices. Our work reproduces the method used
by Hansen and Kawabata[l, 2]. We applied a radia-
tive transfer model with polarization on the data of the
SPICAV-IR instrument on-board ESA’s Venus Express.
Our aim is to better constrain haze and cloud particles
at the top of Venus’s clouds, as well as their spatial and
temporal variability.

SPICAV-IR

The SPICAV-IR spectrometer on Venus Express is based
on an Acousto-Optic Tunable Filter (AOTF) working in
the 0.65 - 1.7 um range, with two output beams lin-
early polarized in perpendicular directions, allowing us
to measure the degree of linear polarization for different
phase angles[4, 3]. The data give a good latitudinal and
phase angle coverage. Latitudinal variations in polar-
ization are visible in the observation data for orbits up
to #2733 (Oct. 2013) with a strong increase of polariza-
tion towards the poles. At lower latitudes, polarization
is quite homogeneous and we observe the glory in po-
larization at low phase angles, in accordance with VMC
observations in photometry[5].

Cloud model
We use a radiative transfer model taking polarization

into account in order to model the clouds[6, 7]. We
consider a two layered model: an optically thick cloud

layer of micrometric sulfuric acid particles. Above lies
the haze layer of r ~ 0.25um particles with a varying
column density C}.

The glory

At low phase angle, the main feature is the glory which
gives information about the main cloud particles. We
retrieve the effective radius and refractive index of the
particules and effective variance of the particle size dis-
tribution for a dozen glory observations. The retrieved
values are in agreement with previous results: the cloud
particles are spherical, with radii between 0.8 and 1.3 um,
vess < 0.15 and refractive indices between 1.39 and 1.44
at A = 1 um. We observe latitudinal variations with
higher radii and refractive indices being observed near
the equator. We also find a secular increase in the size
and indices during the duration of the mission (fig 1).
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Figure 1: Retrieved refractive indices at 1.101 um as a func-
tion of orbit number and latitude (in color). The indices in-
crease during the mission and reach values that are higher than
those expected from sulfuric acid at this wavelength (1.418 for
75% sulfuric acid and 1.425 for 95%).

The haze

At higher latitudes, the main contributor to polarization
is the submicrometric haze. The modeling allows us
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to measure the column density of the haze layer in the
northern hemisphere. We observe that the haze column
density stays relatively constant up to 50° of latitude after
which C}, increases sharply towards the poles. Cj, varies
from 10~2 pm~? at low latitudes up to 1 um~2 at higher
latitudes, in agreement with [8]. We also observe an
asymmetry with respect to local time with higher column
densities on the morning side than on the evening side.

Conclusion

SPICAV-IR provides global measurements of the po-
larization of Venus’ clouds and allows us to retrieve
the parameters of the cloud droplets, in agreement with
previous measurements. The refractive indices and ef-

fective radii are found to be higher near the equator.
Increase with mission time of these parameters is also
observed, which origin remains unexplained. The haze
column density is evaluated and a strong latitudinal vari-
ation is confirmed, along with a local-time variability.
A coming paper (Rossi et al. 2016, in prep) will present
these results in further details.
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Introduction:

Near the end of its life, the Venus Express space-
craft made a series of low-altitude passes as low as 130
km above the north pole of Venus. It is generally ac-
cepted since the Pioneer Venus mid-latitude surveys
that Venus has no discernible intrinsic magnetic field.
However, when Venus Express dipped below the iono-
sphere, it saw a steady weak field. This raises questions
about the origin of this field and the utilization of the
field to sound the planetary interior. In this paper, we
examine first the observations and then discuss whether
the magnetic field could be used to sound the interior
electrical conductivity.

Observations:

Venus Express was inserted into a 24-hour ellipti-
cal orbit with periapsis over the north pole in Spring
2006. In late 2014, with the end of mission approach-
ing, it was decided to use the spacecraft itself as an
atmospheric probe and drop its periapsis altitude suffi-
ciently low that aerobraking could be achieved. This
exercise was successful and it also provided some in-
teresting magnetic measurements at altitudes as low at
129.7 km. Figure 1 shows five passes for the 10
minutes surrounding lowest approach during this peri-
od. The top 5 panels show the magnetic field magni-
tude, and the lines mark the 140-km altitude point. The
bottom panel shows the altitude versus time. Our inter-
pretation of these data is that the spacecraft initially
and finally is in the Venus ionosphere where the mag-
netic field is determined by the interaction of the solar
wind with the ionosphere. This “induced” magnetic
field produces a variable field in the ionosphere. At
highest altitudes, the field is very responsive to solar
wind conditions, but at low altitudes within the iono-
sphere, it is very slow to change as the ion-neutral
coupling is strong and the time scale for convection
long.

The magnetic field at about 150 km altitude can
diffuse downward through the bottom of the iono-
sphere and enter the non-conducting ionosphere below.
When that occurs, there no longer can be electric cur-
rents bounding the edges of regions of particular mag-

netization. Further, the speed of magnetic waves be-
comes the speed of light and the amplitude of waves
drops as the velocity increases to preserve the Poynting
vector of any electromagnetic waves.

60
40

it
22 w‘\‘ ool WJ]ML‘W““WJ I U\l |L.al'L_N"ﬂ'Jvi\»JU\;'\b
B0

401
20

o0 \f\f‘wﬁﬂvﬂw Wy MM qulfwwﬂv

60~

2014-07-08

2014-07-09

JO‘I 4-0? ‘I 0

221»\ JL;\«J'L)%J w wwrm hr.| _‘|.'| *"t F'L‘ﬂﬂ

60
401
207 W

ok
60
40r

|
22 ;\L‘\N'hJ LIIUIULL'MI 'liiwkmnm% 'va MWWIMW‘ "#” i

) e O —
300 \

100

Magnetic Field Magnitude (nT)

2014-07-11

M\t "Jfr

201 4-0? 12

fo "L\tf"‘)ﬂwrmrh‘jrmf

Altitude (km)

Time from Periapsis (min)

Figure 1. Magnetic field strength as a function of time
from periapsis for five consecutive passes during Ve-
nus Express aerobraking period. The 10 min data inter-
val is corresponding to an spacecraft trajectory from
over 400 km altitude to periapsis around 130 km alti-
tude and back to over 400 km altitude as shown in the
lowest panel. Periapsis altitude for these orbits ranged
from 129.7 to 130.7 km and solar zenith angle from
93.6° t0 95.3°.

We examine this further in Figure 2 that shows 33
individual passes as a function of altitude for a total of
66 traces. Peak magnetic field in the ionosphere at 150-
km altitude are as high as 40 nT, but only 10 nT at 130
km. The median magnetic field is shown by the red
trace. It varies from 14 T at 150 km to 7 nT at 130 km.
Moreover, it becomes much more quiet. Panel b shows
the standard deviation of the magnetic from its average



value every 12 seconds. The time-varying field from 5
NnT to about 1 nT and the ratio of the time-varying field
to the steady field goes from about 35% down to 15%.
Not only is the magnetic field weaker at low atlitudes,
it is much quieter both absolutely and fractionally.

Electromagnetic Sounding: The existence of fluc-
tuating fields at low altitudes introduces the possibility
of sounding the crust electromagnetically. However,
the weakness of the fluctuations means that this must

be done close to the surface and not at altitudes such as
from a balloon or airplane. One promising possibility
was raised by Villarreal et al. (2015) that the steady
state component itself could serve as the inducing field
and that the spatial pattern of the induced field could
be used to sound the size of the core. This is illustrated
in Figure 3.

References: Villarreal M.N. et al. (2015) JGR, 120,
2232-2240.
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Introduction:

In the second half of the 20" century, an extensive
program of Venus exploration was launched by the
Soviet Union and by the United States. Both programs
searched for and reported successful detections of
lightning. Venera 9 found lightning flashes using the
visible spectrometer (Fig. 1), and electromagnetic sig-
nals using VLF search coils on the Venera 11-14
landers (Fig. 2). The Venera 11-14 signals were inter-
preted to show that lightning was occurring near 50-km
altitude, both near and far from the landing site. Pio-
neer Venus was sensitive to such signals only in the
dark ionosphere and reported electric signals, possibly
due to lightning in narrow-band channels at 100 and
700 Hz. The electromagnetic energy flux (Poynting
vector) of these signals was almost constant with alti-
tude, indicating that the altitude variation of the electric
wave amplitude was due to index of refraction changes
(Fig. 3).
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Figure 4. Wave amplitude versus rotation angle show-
ing that the maximum signal occurred perpendicular to
the magnetic field consistent with propagation parallel
to the field.

The Galileo spacecraft reported radio signals
above the ionospheric plasma frequency near 1 MHz
that were interpreted as lightning. And lightning flashes
were reported from an Earth telescope. Plots of the
wave amplitude versus the direction of the magnetic
field showed that the waves were transverse to the field
and the velocity along the field (Figure 4).

But not all searches were successful. A search for
scattered light from lightning with the PVO star sensor
was not successful, and a close pass of Cassini by Ve-
nus was much quieter than the subsequent close pass by
Earth.

In 2006, Venus Express was injected into orbit
with low-altitude approaches over the north pole. It
carried a dual magnetometer system digitized at 128
samples per second for each magnetometer. The 1-
meter separation between sensors allowed the varying
magnetic field fo the spacecraft to be removed, and the
ambient signals to be detected. The properties of the
resulting detected ELF signals showed that the waves
were right-handed electron magnetic waves of the type
expected to be generated by atmospheric signals prop-
agating through the ionosphere (Fig. 5).

In this review, we summarize the properties of
these waves and where and how often they are ob-
served.
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S. Pérez-Hoyos, I. Mendikoa, J. F. Rojas, Universidad Pais Vasco UPV-EHU, Bilbao, Spain, J. Peralta,

Japan Aerospace Exploration Agency, Japan

Introduction

Venus shows a spatially and temporally variable
cloud morphology allowing to track the winds and
wave motions as shown by the detailed images ob-
tained by the different missions to the planet since
1974 (Mariner 10, Pioneer-Venus, Galileo and Ve-
nus Express) [1-6]. However, reported ground-based
images of the Venus clouds are in general scarce in
time. They mostly concentrate in short periods due to
the intrinsic difficulties of observing the planet from
the ground. Since Venus is an inner planet, its orbital
position relative to the Sun and Earth (the phase
angle) restricts the visibility of the illuminated part
of the disk whose size varies from 64.5 arcsec (infe-
rior conjunction, full night side) to 9.9 arcsec (supe-
rior conjunction, full dayside illuminated disk) [7].
Most important are the angular separation between
the Sun and Venus in the sky, that reaches a maxi-
mum elongation ~ 48°, and its altitude above the
horizon. These two angles impose serious security
constraints to observe the planet from large tele-
scopes in most observatories. Taking together, these
conditions limit the observing periods to 2-3 months
around elongations, when Venus reaches a size of ~
37 arcsec and is half illuminated both for imaging of
the day-side and night-side parts of the planet [7].

However, this is not typically the case for ama-
teur astronomers or in the case of employing small
telescopes whose observing limits of proximity to
the Sun are not so strict. Moreover, the introduction
among the amateurs of high resolution planetary
imaging methods using the “lucky imaging” tech-
nique [8], allows monitoring Venus’s clouds with
small telescopes in the optical range (wavelengths
from 0.38-1 micron) during practically its whole
orbit. Therefore, long term evolution of the clouds
and their motions at the two spectral ranges where
they show enough contrast, i.e. ~ 0.4 um (UV) and
0.95 um (NIR), can be currently reached with the
regular participation of well equipped observers. The
Venus Amateur Observing Project (VAOP) coordi-
nate by ESA was launched in 2007, and is one of
such initiatives (http://sci.esa.int/\VVAOP) [9]. Here we
first report an initial study of the cloud morphology
and motions from 2007 to 2015 based on images
from dedicated observers [10].

We complement the present study reporting on
the first images of VVenus obtained with our new high
resolution camera PlanetCam UPV-EHU [11] that

works simultaneously in the visible (0.38-1 um) and
the SWIR (1-1.7 um) channels and that allows ob-
servations in the “lucky imaging” mode using short
exposure times and accumulation of several thou-
sand frames even using narrow band filters [11].

Data and methods

For the long-term study of the cloud morphology
and motions we used Venus images downloaded
from two public databases:

(1) ALPO Japan
med.ac.jp/Latest/\VVenus.htm)

(2) Venus Amateur Observing Project (VAOP),
ESA web address (http://sci.esa.int/\VVAOP).

We covered the period 2007 — 2015. The se-
lected images were obtained in two main spectral
ranges UV (350-400 nm) and NIR (950-980 nm)
sensitive to two altitude levels within the upper
cloud layer [3]. The images are navigated using the
WinJUPQOS free software [12]. We use the system 2
longitude for Venus that corresponds to the approx-
imate rotation period of the atmosphere (4 days).
Thus cloud features are quasi-stationary in this sys-
tem. The navigation allows determining the longi-
tude and latitude of any feature on the disk.

On the other hand, the PlanetCam images were
obtained in three observing runs in 2014 and 2015
using the 2.2 m telescope at Calar Alto Observatory
in Spain. They were processed with our own pipeline
for quality selection and re-centering of the image
series to construct the final scientific image. The
images are calibrated in absolute reflectivity I/F
using standard stars.

(http://alpo-j.asahikawa-

Results

Observing Venus from Earth implies that only
features between latitudes from ~ 60°N to 60°S are
accessible to measurements. In Figure 1 we present
an example of a full map of the Venus clouds in
2007 from UV images. The image composition from
several days using system 2 longitudes (where
clouds are approximately at rest) allows to make
visible the major features on Venus clouds. In par-
ticular the planetary-scale Y structure is clearly seen
[13].

In Figure 2 we show a wind velocity profile de-
rived from UV images obtained in 2007 and 2012.
We tracked the major cloud elements along few
days (typically between 1 and 10-15 days) yielding


http://sci.esa.int/VAOP
http://alpo-j.asahikawa-med.ac.jp/Latest/Venus.htm
http://alpo-j.asahikawa-med.ac.jp/Latest/Venus.htm
http://sci.esa.int/VAOP

velocity errors (~ £ 5 m/s) at the resolution from
ground (~ 500 km). These errors are smaller when
compared with the error velocities obtained from
individual tracer measurements on high resolution
spacecraft images (~ £ 15 m/s) whose temporal sepa-
ration is typically < 1 hr. However the major source
of velocity error on ground-based images comes
from the identification of the tracers themselves and
their size and pointing.

Longitudes in System 2, planstocentric latitudes
Cylindrical projection
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Figure 1. Cylindrical map projection of Venus
composed from ground-based images in the UV
obtained in April 2007.

As we can see in Figure 2 there are large differences
between the plotted profiles corresponding to a large
period (1974-2015) [1-6]. The ground-based profile
for 2007 and 2012 fall in between the spacecraft
profiles but its shape differs from the latitudinal flat
behavior shown in the spacecraft data. The large
differences between profiles shows the importance
of doing a continuous monitoring of the winds in
order to look, for example, for a relationship be-
tween speed and cloud morphology and their spatial
periodicities. This should allow us to discern be-
tween atmospheric mass flow and wave displace-
ments.

As a final result we show in Figure 3 a set of im-
ages obtained recently with PlanetCam UPV-EHU
near simultaneously at wavelengths from 0.38 to 1.7
um. When comparing the cloud morphology at the
selected wavelengths it becomes evident that we are
sensing different altitudes in the atmosphere. The
images are being analyzed in terms of absolute re-
flectivity calibration in order to fix the sounding
cloud levels in the atmosphere.
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-90° 9[“

Latitude (degrees)
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Figure 2. The zonal wind velocity profile from
ground-based images in 2007 and 2012 (blue dots
with error bars). For comparison we show the pro-
files from images from Pioneer-Venus OCPP (violet,
[1]), Galileo NIMS (red, [2]) and Venus Express
VIRTIS (green and magenta, [3-5]). The spacecraft
wind data have a typical uncertainty of + 15 m/s.

Future research

Ongoing research includes the reanalysis of
2007-2012 datasets and new wind measurements of
the 2014-2015 observing campaigns, both for the
UV and NIR spectral ranges. We want also to per-
form a photometric calibration and radiative transfer
modeling of the PlanetCam images at selected wave-
lengths in the range 0.38-1.7 um. In addition we are
currently installing a Meade 14” (36 cm) at Calar
Alto Observatory equipped with “lucky imaging”
cameras and different magnifications for the optical
range that will be remotely controlled from our Uni-
versity (~ 1,000 km away). This telescope will be
dedicated to monitor the Solar System planets and
Venus will be one of its main targets, allowing us to
observe without the severe restrictions imposed to
major telescopes, as described above. We hope these
observations also serve as a support to the Japanese
JAXA mission currently in orbit around Venus.
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Figure 3. Images from PlanetCam UPV-EHU
obtained the 30" December 2015 with the 2.2 m
telescope at Calar Alto Observatory (CAHA, Spain).
The wavelengths corresponding to the filter nomen-
clature are approximately: 380-410 nm (U+Vio), 890
nm (methane absorption band), 725-950 nm (John-
son 1), 1.435 um (CO, absorption band).
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OBSERVATIONS OF VENUS MESOSPHERIC HDO WITH THE JAMES CLERK

MAXWELL TELESCOPE (JCMT): IMPLICATIONS FOR H,O TEMPORAL

VARIATION.

B. J. Sandor, R. T. Clancy, Space Science Institute, Boulder, CO, USA (sandor@spacescience.org).

Introduction

Sixty submm spectroscopic observations of Venus meso-
spheric HDO were made in the eleven year period 2005-
2015 with the James Clerk Maxwell Telescope (JCMT),
located on Mauna Kea, Hawaii. Observations were of
the 335.3955 GHz (primarily) and 225.8967 GHz tran-
sitions. HDO is seen as an absorption feature, corre-
sponding to spectrally resolved absorption in the (colder)
Venus mesosphere (70-100 km) from the spectrally fea-
tureless blackbody continuum emission of the (hotter)
deep atmosphere. HDO abundance is retrieved based
upon fractional (percent) absorption at the HDO transi-
tion frequency from the blackbody continuum. Shape of
the pressure-broadened absorption line supports retrieval
of the HDO vertical distribution within the 70-100 km
range with altitude resolution 10 to 30 km (depending
upon s/n of the observation). These 2005-2015 obser-
vations extend the previously reported [1] 1998-2004
submm HDO measurements.

Discussion

The motivation for ground-based submm measurements
of HDO is that HDO can be used as a proxy for wa-
ter (H20) abundance in the Venus mesosphere, and the
much larger HDO/H 2O ratio in the Venus vs terrestrial
atmosphere supports significantly greater sensitivity to
HDO spectroscopic transitions than to those of H>O.
For a fixed HDO/H-O ratio in the Venus mesosphere,
H,O abundance is connected to the measured HDO by
a simple scaling factor. While there is controversy re-
garding the best value of the Venus HDO/H2O ratio
[2, 3, 4], time variation of measured HDO in combina-
tion with any time-invariant ratio directly corresponds
to time variation of total water. Any temporal vari-
ation of the HDO/H,O ratio would be much smaller
than observed variation of HDO, contributing a small,
quantifiable source of uncertainty to inferrence of water
abundance behavior.

The unique value of these ground-based submm ob-
servations is two-fold. First, they constitute an 18-year
record of HDO (H;O) abundances determined with a
single measurement system. Second, these measure-

ments are essentially global, owing to the coarse (14
arcsec at best) spatial resolution of the data. HDO and

H-O abundances at 70-100 km altitude have been mea-
sured at much higher spatial resolution with Venus Ex-

press (VEX) instruments [e.g. 3], data which are them-
selves uniquely valuable for that reason. However each
VEX observation is of a spatially discrete location (local
time and latitude), such that distinguishing spatial vari-
ation from any global temporal variability with VEX
data alone is challenging. In contrast, each JCMT mea-
surement characterizes global abundance at the time it
was made. Ground-based observations are thus com-
plimentary with those obtained from a Venus-orbiting
platform. The one caveat to JCMT’s characterization of
global conditions is that the ground-based data have very
little weighting poleward of 50° latitude, and none at all
poleward of 70°. Whether the global context provided
by JCMT is appropriate for interpretation (or compar-
ison) with VEX measurements made within the Venus
polar vortex is therefore uncertain.

Analysis to date indicates factor-of-20 temporal vari-
ation of HDO within the period 2005-2015, with a range
of abundances similar to that observed in 1998-2004
[1]. For a Venus D/H ratio 157x greater than the terres-
trial ratio [2] the JCMT HDO data indicate H2O abun-
dances ranging from 0.13+0.02 ppm to 2.6+0.3 ppm.
For Venus D/H ratios 240x [3] or 95x [4] the terres-
trial value, interpreted Venus water abundances would
be smaller or larger (respectively), but the time varia-
tion of water is 20x for any assumed (time invariant)
D/H ratio. Largest 2005-2015 HDO abundances were
observed in 2010. A detailed time series analysis will
be presented.
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Mid-infrared spectroscopy of Venus obtained by Subaru/COMICS
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Introduction:

Venus is completely shrouded by a curtain of
dense clouds (50-70 km) with total optical thickness
of 20-40 at visible wavelengths. The upper sulfuric
acid (H,SO,) clouds reflect ~76% of the incident
solar radiation back to space [1]. Approximately
50% of the solar energy absorbed by Venus is de-
posited at altitudes higher than 64 km mainly due to

unknown UV absorber mixed in the upper clouds [2].

The resultant solar heating in the cloud layer excites
thermal tides, which may play key roles in the
maintenance of the atmospheric super-rotation [3].
The mid-infrared images obtained by the Cooled
Mid-Infrared Camera and Spectrometer (COMICS)
mounted on Subaru Telescope provided several im-
portant findings in the cloud top altitudes (~70 km),
such as the possibility of the synchronization in
brightness temperatures between the northern and
southern hemispheres, and temporally variable
small-amplitude patterns in the entire disk [4]. In this
conference, we will show the mid-infrared spectra of
Venus obtained by Subaru/COMICS and primitive
results of atmospheric parameters retrieved from the
observed spectra with an inversion technique [5].

Observations:

A ground-based spectroscopy of Venus was car-
ried out at the solar phase angle of ~90°, with the
morning terminator in view, with Subaru/COMICS
on October 29, 2007 (UT). The entire N-band (8-13
pm) spectra were obtained with a spectral resolving
power of R ~ 250, which is equivalent to that of the
Fourier Spectrometer onboard Venera 15 [6]. The
slit, which was sufficient to capture the northern and
southern limbs of Venus (angular diameter ~25
arcsec), was set to be parallel to the central meridian
of Venus just off the nightside limb and Venus was
scanned toward the dayside limb. The observed
thermal radiation in this wavelength coverage is sen-
sitive to altitudes ~65-70 km.

Results:

Slit-scan images were made from a total of 78
spectra. Figure 1 is a slit scan image at 8.663 pum.
Polar hot spots and cold collars in both hemispheres
are clearly seen and day-night asymmetry is also
found from this slit-scan image, which are consistent

with the characteristics of snapshots at 8.66 um tak-
en by imaging observations on the same date [4].
Figure 2 is examples of spectra obtained at the equa-
torial region and the southern cold collar indicated
by circles in Figure 1. The spectra near 9.6 um are
unavailable due to the contamination of ozone (O3)
in the Earth’s atmosphere even after the careful data
reduction. There are two identifiable carbon dioxide
(CO,) bands (12.1 and 12.7 pm). For both bands, the
spectral features appear in absorption for the equato-
rial region and in emission for the southern cold col-
lar. This qualitative characteristic is consistent with
our knowledge obtained from Venera 15 [6]. Such
information as well as overall spectral shape is use-
ful to retrieve atmospheric parameters, for example,
cloud top temperature, cloud top altitude, and cloud
scale height.
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Figure 1. Slit scan image at 8.663 um.
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Figure 2. Examples of the spectra obtained at the
equatorial region (top) and the southern cold collar
(bottom) indicated by circles in Figure 1.



Summary:

We present the ground-based mid-infrared spec-
troscopy of Venus obtained by Subaru/COMICS.
The spectral features are generally consistent with
those by the measurements of Venera 15. The at-
mospheric parameters will be retrieved from the ob-
served spectra with an inversion technique [5] and a
radiative transfer model used in [4].
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INITIAL SCIENTIFIC RESULTS WITH IR2 ONBOARD AKATSUKI.
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Introduction:

Japan's Venus Climate Orbiter, Akatsuki,
successfully has become an orbiter around Venus on
7 Dec 2015, VOI-R1 (Nakamura et al., submitted to
Earth, Planets, and Space). Three cameras, UVI,
IR1, and LIR were switched on and carried out the
first imaging observation soon after the VOI-R1 but
IR2 needed more time than these 3 cameras, to
achieve the desired cooling of the sensor (< 70 K)
and optics (< 190 K). The first in-orbit image of
Venus by IR2 was obtained on 11 Dec 2015 at the
wavelength of 2.02 pm (Figure 1).

About IR2:

IR2 is designed to work in the wavlength region
of 1.5 — 2.4 mm as indicated by its name, IR for
infrared and 2 for 2-mm region. The available filters
on IR2 are 1.65 um (astronomical H band for the
zodiacal light), 1.735 um (window of CO,
atmosphere for night-side observations), 2.02 pum
(CO2 absorption band for day-side cloud-top
altimetry), 2.26 pm (night-side), and 2.32 pm
(night-side but in the CO absorption band).

With these passbands, IR2 will allow various
studies of Venus atmosphere: dynamics in the
middle to lower atmosphere (zonal and meridional
circulations, turbulences and eddies) as tracked
using the cloud features seen in 1.735 and 2.26 um;
aerosol properties and their spatial and temporal
variabilities; cloud-top altimetry by analyzing
intensity variations of 2.02-um images as they are
manifestations of different path lengths of reflected
sunlight in the strongly-absorbing CO, atmosphere;
transportation and chemical processes by mapping
and tracking the spatially inhomogeneous CO under
the main cloud deck, as visualized by differentiating
the 2.26- and 2.32-um image pair.

To best achieve these scientific themes, IR2 was
carefully designed and developed (Satoh, et al.,
submitted to Earth, Planets, and Space). The most
notable feature is the usage of the one-stage Stirling
cycle cryo-cooler and the PtSi CSD/CCD sensor
(IM pixels) both of which are manufactured by
Japanese companies (the sensor by MELCO and the
cryocooler by SHI).

Operation is on-going:

As of this writing, Akatsuki is still in the initial
check-out phase and IR2 is under charactrization of
its cooling system. As the cooler is affected by the
incident heat by the sunlight to the compressor and
the cold head, the responses of the system to various

space craft attitudes and solar-incident conditions
(sometimes hours of long umbra passage) for long
and stable operations.

We expect to acquire images of Venus, both day-
side and night-side, with IR2 soon after these check-
outs and characterizations are done. At the
conference, findings and initial results from such
data will be presented.

Figure 1: The first 2.02-mm image of Venus
acquired with IR2 onboard Akatsuki in orbit. The
distance from Venus was about 0.41 million km.



Dynamics and Circulation of the Venus Atmosphere: Expected Contributions
of Akatsuki Observations.

G. Schubert, Department of Earth, Planetary and Space Sciences, (schubert@ucla.edu), University of Califor-
nia, Los Angeles, CA, USA, S. Lebonnois, Laboratoire de Météorologie Dynamique, Paris, France, F. Lefevre,
and A. Solzenbach, Laboratoire Atmospheéres, Milieux, Observations Spatiales, Paris, France.

New data from the Akatsuki VVenus mission
will help us better understand the dynamics and cir-
culation of the planet’s atmosphere. Comparison of
Akatsuki observations with the characteristics of a
Venus General Circulation Model (VGCM) will fa-
cilitate the interpretation of the observations and
provide an assessment of the realism of the VGCM
predictions. The Laboratoire de Météorologie Dy-
namique (LMD) VGCM will be used for this pur-
pose.

Akatsuki will provide very good coverage
of cloud-top winds and temperatures in the equatorial
region, both on the dayside and nightside. This will
put constraints on wave properties and activity at this
level that can be compared with previous observa-
tions and results from the VGCM and other theoreti-
cal studies. Compared to Venus-Express, Akatsuki
will give much better coverage of the equatorial re-
gions.

Akatsuki will also provide winds in the
lower regions of the cloud on the nightside. This data
set will supplement VVenus-Express data and give
additional temporal coverage of long-term wind vari-
ations. The precision of wind retrievals should be
better than VVenus-Express for the low- to mid-
latitude region, with both north and south hemi-
spheres at the same time. The north-south wind will
be of specific interest both at cloud-top and in the
lower cloud to better constrain the largely unknown
meridional circulation.

Monitoring of SO, and CO by Akatsuki will
also contribute to understanding the circulation and
discriminate among proposed explanations for the
observed long term variations in SO, concentration
above the clouds. The LMD VGCM includes a pho-
tochemical model that allows study of these distribu-
tions in a coupled dynamics/photochemistry analysis.

Akatsuki's images should help constrain the
mixing processes going on in the upper cloud near
the subsolar point. The Akatsuki observations will
supply information on the sizes and shapes of the
small-scale cells, their time evolution and their rela-
tion to the UV absorber and SO- distributions.
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EXCITED NITRIC OXIDE EMISSION

TERRESTRIAL-LIKE PLANETS

IN THE ATMOSPHERES OF
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(tom.slanger@sri.com) and Konstantinos S. Kalogerakis, Center for Geospace Studies, SRI International,
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Abstract

Emission from electronically-excited NO has
been observed from all the terrestrial planets, typical-
ly from the v’ = 0 progressions of the C-X and A-X
transitions in the ultraviolet (UV), commonly re-
ferred to as the NO & and y bands. Figure 1 shows
such an example obtained during the Venus Express
(VEX) mission [Gérard et al., 2008]. The source is
two-body recombination of N- and O-atoms, and the
two band systems are not independent—NO(A) is fed
by NO(C) via the infrared NO(C-A) 0-0 band at
1.22 um. This latter emission has been identified by
VEX in the Venus nightglow on the shoulder of the
much stronger O, Infrared Atmospheric 0-0 band
at 1.27 pum, as shown in Figure 2 [Garcia-Mufioz et
al., 2009]. This observation lends encouragement to
the idea that the 1.22-um emission ought to be dis-
cernible in the terrestrial nightglow, thereby making
it possible to carry out ground-based detection of
NO. The three NO systems—C-X, A-X, C-A—are
expected to have similar intensities, suggesting that
the principal impediment to observing the IR emis-
sion is detector sensitivity. Figure 3 shows an exam-
ple of a laboratory spectrum of the 1.22 um emission
[Amiot and Verges, 1982]. In addition to the NO UV
bands in the nightglow, a much stronger source of
these bands was found in a meteor train from Pioneer
Venus data [Huestis and Slanger, 1993]. This feature
extended for at least 1000 km, and was evidently
caused by a grazing meteor. Detection of meteors by
NO emission may be a useful technique.
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Figure 1. VEX spectrum of NO UV nightglow
at 90-120 km (adapted from Gérard et al., 2008)

Figure 2. VEX spectrum of the NO 1.22-pm emis-
sion (adapted from Garcia-Mufioz et al., 2009).
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Figure 3. High-resolution laboratory spectrum of the
NO 1.22-um C-A emission (adapted from Amiot and
Verges, 1982). The Q branch is the most prominent
feature.
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Introduction: VERITAS addresses one of the most
fundamental questions in planetary evolution: How
Earth-like is Venus? These twin planets diverged
down different evolutionary paths, yet Venus may
hold lessons for past and future Earth. For example,
Venus’ hot lithosphere may be a good analog for
early Earth, which may limit the development of
plate tectonic [1]. Determining the factors that lead
to the initiation of plate tectonics would inform our
predictions for rocky Earth-sized exoplanets. The
conditions leading to Venus’ greenhouse atmosphere
may also inform our understanding of Earth’s future.
VERITAS would answer key questions about Venus’
geologic evolution, determine what processes are
currently active, and search for evidence for past or
present water.

Mission Overview: VERITAS accomplishes its
2.4 [Earth] year mission over the course of three
Venus rotations, or cycles. The slow rotation of Ve-
nus allows data swaths to be acquired sequentially,
with overlap from orbit to orbit. Most of the planet
will be mapped in cycle 1, with gaps filled in cycles
2 and 3. Cycles 2 and 3 also permit (RPI) pass inter-
ferometry for change detection and repeat VEM cov-
erage. VERITAS carries two instruments: 1) Venus
Interferometric Synthetic Aperture Radar (VISAR)
and 2) Venus Emissivity Mapper (VEM, plus a grav-
ity science investigation.

Payload: The VISAR X-band [2] measurements
include: 1) a global digital elevation model (DEM)
with 250 m postings, 5 m height accuracy, 2) Syn-
thetic aperture radar (SAR) imaging at 30 m horizon-
tal resolution globally, 3) SAR imaging at 15 m reso-
lution for targeted areas, and 4) surface deformation
from RPI at 2 mm precision for targeted, potentially
active areas.

VEM [3] will produce surface coverage of ~88%
of the surface in six NIR bands located within five
atmospheric windows and of eight atmospheric
bands for calibration and water vapor measurements.

VERITAS will use Ka-band uplink and downlink
to create a global gravity field with 3 mgal accuracy /
145 km resolution (130 spherical harmonic degree
and order or d&o) and providing a significantly
higher resolution field with much more uniform reso-
lution than that available from Magellan.

Geologic Evolution: VERITAS answers key sci-
ence questions via: 1) examining the origin of tesser-

ae plateaus -possible continent-like features, 2) as-
sessing the history of volcanism and how it has
shaped Venus’ young surface, 3) looking for evi-
dence of prior features buried by volcanism, and 4)
determining the links between interior convection
and surface geology. In particular, VERITAS will
examine the stratigraphy and nature of tesserae de-
formation features, determine the processes modify-
ing impact craters, search for evidence of pre-
existing features such as buried impact basins, and
determine the origin of tectonic features such as huge
arcuate troughs that have been compared to Earth’s
subduction zones.

Water and Surface Composition: VERITAS
looks for the chemical fingerprint of past water in the
form of low Fe, high Si rock in the tessera plateaus
and larger tesserae inliers, and for present day vol-
canic outgassing of volatiles in the form of near sur-
face water variability associated with recent or active
volcanism. The thick cloud layer on Venus does not
allow for classic spectroscopy methods. But the five
atmospheric adsorption windows in the CO, atmos-
phere near 1 um allow the Fe mineralogy to be inves-
tigated [3-5]. In comparison, the VIRTIS instrument
mapped <50% of the surface using broader spectral
windows. To date only one band at 1.02 microns has
been successfully reduced over the southern hemi-
sphere. VIRTIS was not designed with surface spec-
troscopy in mind, whereas VEM is optimized for this
purpose [3].

VEM will address key scientific questions by
providing a near global map at six spectral bands
sensitive to iron mineralogy. This data set can be
used to discriminate between weathered and un-
weathered basalt, search for recent volcanism, and
distinguish between different hypotheses for surface
weathering processes and products. VEM will also
determine if tesserae plateaus have compositions
distinct from the plains. Tessera plateaus are pro-
posed to be equivalent to Earth’s continents, which
may require basalt to be melted in the presence of
water to form. VEM will determine if tesserae glob-
ally are more felsic or mafic, and thus analogous to
continental crust or not.

In addition to surface mineralogy, specific VEM
bands are dedicated to detecting near-surface water
vapor [3]. Venus Express has found the distribution
of water vapor in the atmosphere to be quite uniform.
Thus any new near-surface variations are highly like-



ly to indicate outgassing. Observations would be
correlated with other indicators of surface change
(see below) to provide convincing evidence of pre-
sent day outgassing. Due to the high surface pressure
on Venus, observable outgassing would require sig-
nificant interior water and thus be an extremely valu-
able constraint on Venus’ overall evolution.

Current Activity: Several studies have found ev-
idence of current or recent volcanism on Venus. [6]
used Magellan emissivity data to argue for active
volcanism. [7] found bright regions interpreted as
active volcanism using Venus Monitoring Camera
data. Several studies [8,9] used atmospherically cor-
rected NIR data from the VIRTIS spectrometer to
identify regions with iron mineralogy different from
typical plains basalt. Regions with high NIR surface
emissivity have been interpreted as unweathered and
thus geologically recent volcanism [10].

VERITAS uses a variety of approaches to search
for present day activity, including 1) tectonic and
cm-scale volcanic surface deformation, 2) chemical
weathering, 3) thermal emission from recent or ac-
tive volcanism, 4) topographic or surface roughness
changes, and 5) comparisons to past mission data
sets including Magellan radar images and Venus
Express surface imaging. VERITAS has numerous
means of identifying surface activity. VERITAS can
compare X-band to Magellan S-band SAR imaging
after accounting for look and wavelength differences.
This methodology will be validated using Tandem-X
X-band and S-band data acquired simultaneously in
Iceland. This approach further requires that new fea-
tures such as lava flows have a different radar
backscatter than the pre-existing flows. VEM data at
1.02 pm will also be compared with VIRTIS data
acquired at that wavelength. Again, instrument char-
acteristics will need to be accounted for to permit
accurate comparisons.

VERITAS can also detect very small changes in
surface elevation using targeted RPI. Larger varia-
tions, such as new lava flows, could be seen in to-
pography data or surface correlation of radar images.
These detection methods are key to obtaining a more
global view of surface activity because ~40% of the
surface consists of ‘featureless’ plains — areas where
radar backscatter does not reveal specific flows. New
flows in these areas might resemble prior flows in
backscatter, but could be detected based on their
unweathered composition with VEM or as a different
elevation or surface correlation with VISAR.

Gravity Science: The Magellan spherical har-
monic gravity field was expanded to d&o 180 [11] to
~d&0 d&o 100, available only over very limited
equatorial regions. The average resolution is only
d&o 70. These long wavelengths contain no infor-
mation on elastic thickness [12]. Similarly methods
such as gravity gradiometry are not viable at the av-
erage resolution [13]. VERITAS data, with an aver-

age resolution of 145 km, will enable estimation of
elastic thickness (a proxy for thermal gradient) and
resolution of tectonic features indicative of specific
processes [13].

Targeting approach: Imaging. VERITAS will
obtain global imaging at 30 m, and ~23% of the sur-
face at 15m resolution. The high resolution images
are limited only by downlink volume. Thus an ex-
tended mission would provide an opportunity to ob-
tain extended, possibly global 15 m coverage. Initial
targets will be proposed by science team members
responsible for assuring each level 1 science objec-
tive. This list will be expanded through community
input acquired via both workshops and a target sug-
gestion website, similar to that developed for
HiRISE images of Mars.

RPI Targeting. This resource is also limited only
by data volume, as it requires full resolution data,
and by delta-V needed to maneuver into position for
the 2" pass [x]. Thus the initial allocation is for 12
200km x 200 km targets. The exact dimension and
number of possible targets will be assessed during
Step Il. Mission design considerations that could
enhance the delta-V budget will be considered. Ini-
tial RPI targets will focus on those regions proposed
to be currently or recently active based on Venus
Express data. These targets will very likely expand
as VERITAS discovers active regions using the
methods described above.

Conclusions: VERITAS will create a rich data
set of high resolution topography, imaging, spectros-
copy, and gravity. These co-registered data [x] will
be on par with those acquired for Mercury, Mars and
the Moon that have revolutionized our understanding
of these bodies. VERITAS would be an extremely
value asset for future Venus missions, providing a
very accurate topography plus surface composition
map to optimize targeting of probe or lander mis-
sions as well as for later investigations of surface
change.
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Introduction:

Interpretation of the crater population on Venus
is fundamental to understanding its geologic evolu-
tion. The crater population has been used to argue
that Venus under goes episodic mobile lid tectonics
[e.g. 1], that it has experienced voluminous volcanic
outgassing events capable of inducing surface tem-
perature changes of +100°C [2], and that has had
either directional or non-directional geologic events
[3,4]. The key to interpreting Venus crater popula-
tion is the interaction between volcanism, craters,
and crater ejecta.

Our objective is to follow up on the work of Phil-
lips and Izenberg [5], who used the removal of the
extended ejecta, the fine grained halos and parabolas
to investigate resurfacing and relative age. We use
spatial point processes to examine halo and parabola
removal. Rather than using Monte Carlo methods to
simulate volcanism, we compare actual volcano
populations and geologic units to the relative age
units defined by crater density and halo removal.

Background:

Halo removal and relative age. Impact craters
on Venus larger than ~10 km all have fine grained
deposits termed halos and parabolas (Fig. 1). The
parabolas are all carried downwind to the west by up
to ~2000 km. Halos are generally somewhat larger
particles with radii of several hundred km. The pa-
rabolas cover a much larger area than impact craters,
thus making them a indicator of regional resurfacing.

Central Peak Dark floor materials
FRESH DEGRADED

Fig. 1. Impact ejecta degrades from a full parabola,
to a halo, to a degraded or absent halo.

Phillips and Izenberg [5] proposed that the com-
bination of crater density (n) and ratio of the number
of craters without halos to the total number of craters
(p) could be used to infer how parabolas and halos
are removed. The hypothesis is that the youngest
regions are those that have experienced sufficient
volcanism to both fill and thus remove craters as
well as halos & parabolas, that old regions have little
volcanism but that halos & parabolas are removed
via aeolian or chemical weathering. This hypothesis
leads to the definitions of relative age regions in Ta-
ble 1. Rather than the 3 age bins considered by [5]
we have 5 bins. Very young differs from young in
that the halos have not yet been removed. An addi-
tional category has both high n and high p. Such a

region might develop if there is little removal of ha-
los via either volcanism or erosion.

Relative Crater Ratio of craters w/ ha-
age Density (n) | los to total craters (p)
Very Low High
Young
Young Low Low
Intermed. Average Average
Old High Low
Unmodified | High High
Table 1. Relative age unit definitions.
Method:

We use 60,000 evenly spaced points over the
sphere as the counting centers. For the radius of the
counting bins, we try 875, 1750, 4000, 6000 km to
assess the relevant size of the geologic unit. The
numbers of craters, halos, as well as volcanoes in
each circular counting bin are recorded in order to
study the relative age.

Data Sets: The data sets we use are: 1) The LPI
crater database, 2) the Brown volcano database
(http://www .planetary.brown.edu/planetary/databases/ven
us_cat.html) 3) a corona database (Ellen Stofan, pers.
comm.) and 4) the geologic map of Ivanov and Head
[6] to determine those craters located on plains units.
Roughly 40% of the surface consists of volcanic
plains regions where distinct volcanoes cannot be
resolved. In this analysis coronae are grouped with
volcanoes.

Results:

The density of craters versus the proportion of
craters with halos (Fig. 2) forms the basis for the
relative age units. Young units have n <~1.1

3 Intermediate

Very Young Unmodified

proportion of halo.

Young

0 1 2 3 4 5

crater density (per million sq. kms)

Fig. 2. Total crater density versus the ratio of cra-
ters with halos to the total number of craters for a
counting region with a radius of 1750 km. Solid line
is the mean value within each bin. Dashed lines are
the 25™ and 75" percentiles.

craters/10° kmz, and old units have n> ~2.7 cra-



ters/10° km®. For comparison, we plot volcano den-
sity versus crater density (Fig. 3). Figure 4 shows the
map distribution of these units.

Fig. 3. Density of identified volcanoes (v) versus
n.Left:counting radius 1750km; Right: counting ra-
dius 4000km.

Discussion & Preliminary Conclusions:

The density of identifiable volcanoes (v) shows
is greater at low n, and is somewhat greater at high
n, corroborating the hypothesis that volcanic resur-
facing is operating to remove halos and craters in
those regions identified as young. In ‘old’ regions,
those with high n, volcanism may removing halos in
some areas, but not craters. Chemical or aeolian
weathering may also be removing halos. This will be
investigated further. The role of featureless plains
will also be investigated.

Note that these results are sensitive to the radius
of the counting region. The shape of the curve in
Fig. 2 is only seen for a radius of 1750 km. This ra-
dius corresponds to the scale of the parabola depos-
its. However, volcano density is seen to be larger in
regions with lower crater density at all scales, and
low to average in regions with high crater density.
This is consistent with the role of volcanism as the

Relative age map

primary means of lower crater density at all scales,
and low to average in regions with high crater densi-
ty. This is consistent with the role of volcanism as
the primary means of removing both craters and their
extended ejecta blankets.

Identification of relative age units provides valu-
able insights into Venusian geology. We note that
areas with high emissivity from VIRTIS data are at
least partially within young or very young units,
supporting the interpretation of these regions as rela-
tive young [7]. areas could be used to aid targeting
of high resolution imaging, interferometry as pro-
posed for VERITAS [8] and planning landing sites.
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THE O,(a'A) VENUS NIGHTGLOW INTENSITY: INTERNAL VERSUS

SOLAR ACTIVITY CONTROL
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Introduction:

The O»(a'Ay) Venus nightglow emission at 1.27
pm occurs in the atmospheric region governed by the
subsolar to antisolar circulation. Several studies
showed that the intensity of this emission is highly
variable on a timescale of hours. Here, we study the
possible correlation between the solar flux and the O,
infrared emission using VIRTIS-VEX spectral images
at 1.27 pum that has been predicted to exist by the
VTGCM model calculations by Bougher and Borucki
(1994).

VIRTIS data:

Using the entire VIRTIS-M-IR nadir database,
Soret et al. (2014) generated seven statistical maps of
the Ox(a!Ay) emission, each containing 500 observa-
tions. The purpose was to analyze the location of the
brightest spot of the emission and its variations over
time. Here, we analyze the intensity of the emission
over time. Several methods have been used by Soret
etal., (2015) to do so (evolution of the emission max-
imum, evolution of the average intensity, ...) Here we
present the results of a new analysis using a masking
technique to calculate the time evolution of the
nightglow brightness. However, none of them follow
the same trend over time.

Solar flux data:

We now focus on solar flux variations in the time
of VIRTIS observations (between May 2006 and Oc-
tober 2008), which were collected during a deep solar
minimum. We use the SOHO-CELIAS/SEM (Judge
et al., 1998) EUV daily average full solar disk fluxes
at 1 AU between 0.1 and 50 nm available from the
Space Sciences Center of the University of Southern
California. EUVy, 150 daily average fluxes decrease
from 2.6 in May 2006 to 1.9 in October 2008 at the
Earth. These values have been adapted to Venus by
taking into account the distance from the Sun to the
planet, but also the shift in date, considering the dif-
ference in solar longitude of the two planets. Values
at Venus vary from 4.4 to 3.4, which corresponds to a
decrease of 10.4% of the solar flux at Venus com-
pared to a complete solar cycle (ranging from 13.5 to
3.9)

Comparison of VIRTIS and SEM datasets:

The linear correlation coefficient between the so-
lar flux and the intensity peak is found to be 0.62,
which expresses the global decreasing trend for both
quantities. This coefficient is not higher because in-
ternal variations of the two studied variables do not

occur simultaneously. More significantly, the correla-
tion coefficient between the solar flux and the aver-
aged intensities is found to be 0.35, meaning that no
relation-ship exists between the Oa(a'A,) brightness
and the solar activity.

Conclusions:

Contrary to the VTGCM calculations, we do not
observe here a correlation between the Oa(a'Ay)
brightness and the solar flux. However, VIRTIS data
were acquired during a deep solar minimum and,
more importantly, during a relatively stable phase of
the solar activity. A high level of variability of the
01(a'A,) emission has been detected in the same da-
taset from day to day though (Hueso et al., 2008; Soret
etal., 2014). It thus appears that the variability is more
controlled by internal than external conditions:
transport appears to play a major role in the nightglow
emissions than the solar activity eventually does. This
conclusion is at least valid for solar minimum condi-
tions. A space mission with global imaging capabili-
ties over an entire solar cycle would definitely allow
determining the relative role played by solar activity
and internal factors.
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Abstract

An experimental setup employed to study the optical
properties of gases at “typical” planetary conditions,
in particular CO», the principal absorber of the Venus
atmosphere, has been developed. Two dedicated gas
cells have been integrated with a Fourier Transform
InfraRed (FT-IR) spectrometer. The first cell, a High
Pressure High Temperature (HP-HT) gas cell, is
designed to sustain a pressure up to 200 bar and a
temperature up to 570 K with an optical path of about
2 cm. The second cell, a Multi Pass (MP), is a cell
with a variable optical path from 2.5 to 30 m, able to
work with pressure up to 10 bar and temperature up
to 473 K. Another cell, independent from the FT-IR,
is designed to sustain a pressure up to 100 bar,
presently working at ambient temperature (300 K),
and makes use of the Cavity Ring Down (CRD)
technique with a tunable laser, able to mimic an
optical path of up to 25 km, thus suitable for weak
absorptions in thin or dense atmosphere.

1. Introduction

The study of the optical properties of gases at
planetary conditions are very important to interpret
the remote sensing data, in particular those acquired
by the VIRTIS instrument on board VENUS-
EXPRESS (G. Piccioni e al Eur. Space Agency Spec.
Publ., ESA SP-1295, 2007). For this purpose, we
have built up an experimental apparatus which allows
us to reproduce similar physical conditions found in
the deep atmosphere of Venus. The experimental
data obtained are used to update the database for the
radiative transfer calculations in order to improve the
accuracy of the composition parameters retrieval
from remote sensing data analysis.

2. Experimental setup

The HP-HT gas cell, shown in figure 1, allows us to
simulate in the lab similar physical conditions found
in the deep atmosphere of Venus below the clouds.
In this way it is possible to measure the optical
properties of CO, from 50 down to 16 km of
equivalent altitude above the Venus’ surface.

Figure 1: HP-HT gas
cell coupled with the
FT-R, used to acquire
the CO2 absorption
coefficients

This cell, however, characterized by an optical path
of 2 cm, is not sufficient to study the weak
absorptions. For this reason, we use the Cavity Ring
Down (CRD) technique to record precisely the loss
rate of the gas and then the absorption coefficients.
The cell is shown in figure 2. It is not coupled with
the FT-IR but uses dedicated tunable lasers at
different wavelengths, allowing to obtain very long
absorption path lengths of several tens of km. Thanks
to this setup, we have studied in an unprecedented
way the 1.18 pm transparency window of Venus’
atmosphere.

Figure 2: CRD gas cell
employed to study the -
COz loss rate @ 1.18 pm._ :

Another cell, a Multi Pass (MP), has a variable
optical path from 2.5 to 30 m, able to work with
gases at a pressure up to 10 bar and temperature up to
473 K (see figure 3).

Figure 3: MP gas
cell used to acquire
the CO; CIA bands.




This is suitable to study in more details weak but
important absorptions such as the Collision-Induced-
Absorption (CIA), line mixing and far wings,
particularly relevant for the Venus atmosphere and
data interpretation.

2.1 Results and discussions

We reproduced in our HP-HT gas cell the real
Venusian physical conditions for CO» in a grid from
the VIRA profile (Seiff A. Adv. Space Ree. Vol.5,
No.11, pp.3-58, 1985). For each point of the grid we
measured the absorbance of the gas (JQRST, vol. 117,
pp21-28, 2013). Some results are
shown in figure 3.

7 /J@ Figure 3: CO; absorption

coefficients acquired according to
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the VIRA profile

Using a DFB laser to illuminate
the CDR gas cell, we measured the
carbon dioxide loss rate in the spectral range from
1179 to 1182 nm, varying the pressure from 1 up to
38 bar and maintaining the temperature constant at
294 K. As shown in figure 4, the attenuation due to
CO; varies quadratically with the density (Snels M. et
al., JQRST, vol. 133, pp. 464-471,2014).

Loss Rate= 1.93*10-6+1.17*10-8 D+5.47*10-10 DA2

|Figure 4: CO>
loss rate measured
jusing the CRD gas
icell

0‘0 0.‘5 1.0 15 2.0
density [mol/l]

Finally, using the MP gas, we have performed the
relevant measurements on the Collisional Induced
Absorption bands. The spectra obtained in the
spectral range of interest at different pressures and
room temperature, are shown in figure 5.

T=204K

Absorption Coefficient (cm”)

Figure 5: CIA CO; bands acquired at different
pressures and room temperature.

3. Summary and Conclusions

The CO; spectra have been measured for a wide
range of temperatures, pressures and for a large
spectral range. All data are now available and can
been downloaded from: http://exact.iaps.inaf.it. A
theoretical model including line mixing effects as
well as far wings corrections for the strongest
absorption bands reproduces satisfactory the
laboratory spectra, for all pressures and temperatures
explored so far (H. Tran et al. JQRST vol. 112, 925-
936, 2011). First measurements obtained using the
innovative design of the Cavity Rind Down
technique, have been performed on carbon dioxide in
the 1180 nm transparency window of Venus. The
quadratic component measured varying the pressure
from 38 down to 1 bar is in good agreement with
analyses performed by (Bézard B. et al. Journal of
Geophysical Research (Planets) vol. 114, pp 12,
2009, Bézard B. et al. Icarus vol.216, Issue 1, pp
173-183, 2011) by using the data acquired by
VIRTIS at Venus on NADIR looking geometry. For
what concerns the Collisional Induced Absorption
(CIA) bands, the band integrated intensity shows a
quadratic dependence versus density in the spectral
range [1150-1550] cm” and [2900-3100] cm'
opposed to the absorption by isolated molecules,
which follows Beer’s law. This behavior suggests an
absorption by pairs rather than by individual
molecules.

4. Work in progress

In order to extend further the temperature and
pressure range, and to overcome some present
limitations, we designed a new heatable\coolable cell
placed inside a vacuum chamber. With the new cell
we plan to develop a setup valid for both FT-IR and
CRD techniques, allowing us to measure the optical
properties of gases with pressure from 50 down to a
few bars and a temperature from -200 up to 250°C.
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SOLAR WIND PRECIPITATION - A COMPARISON BETWEEN MARS

AND VENUS.
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Introduction:

The induced magnetospheres of Venus and Mars,
constitute obstacles to the solar wind flow. Induced
currents are set up in the ionosphere and the inter-
planetary magnetic field lines drape around the plan-
ets, forming a magnetic barrier on the dayside and an
elongated magnetotail on the nightside. The magnetic
barrier is not impermeable; the gyro radii of typical
solar wind ions are comparable in size to the thick-
ness of the barrier and some ions gyrate down to the
upper atmosphere, where they collide with the at-
mospheric particles and are captured. The precipitat-
ing ions transfer energy, momentum and matter from
the solar wind to the upper atmosphere.

Instrumentation:

The plasma instrument packages ASPERA-3 and
ASPERA-4 on the two spacecraft Mars Express and
Venus Express are very similar and invite to a com-
parison between the two plasma environments. We
used the lon Mass Analyser (IMA) on both space-
craft to investigate the solar wind precipitation onto
the upper atmospheres.

Results:

We estimate the net precipitation of solar wind
ions on both planets. Models suggest that an inflow
of alpha-particles from the solar wind is necessary to
explain the amount of Helium observed in the at-
mospheres.

We compare the inflow of He?* ions with the es-
timated escape of He* and conclude that the solar
wind contribution is negligible on both planets.

We also compare the characteristics of the pre-
cipitation on the two planets. We conclude that on
Mars we regularly observe precipitating solar wind
ions inside the induced magnetosphere boundary
(IMB). The precipitation is clearly guided by the
solar wind convection electric field and He?* and H*
are seen independently of each other. On Venus pre-
cipitation of He?* is only observed close to the IMB
and always together with H*. The precipitation
events on Venus have no clear correlation with the
solar wind electric field.
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ION HEATING FROM WAVE PARTICLE INTERACTION ON VENUS.
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Introduction:

We are using Venus Express observations of ox-
ygen ions and magnetic fields inside the bowshock of
Venus to investigate if waves at the oxygen cyclotron
frequency are likely to result in perpendicular ion
heating in a similar way to what happens at Earth.

We also compare cases with an undisturbed solar
wind with cases when the Venusian induced magne-
tosphere is hit by a CIR (corotation interaction re-
gion) or a CME (coronal mass ejection). The initial
results suggest that there is an increased wave activi-
ty on the dayside of Venus when the planet is im-
pacted by CIRs and CMEs.

Instrumentation:

We use the lon Mass Analyzer (IMA), which is
part of the sensor package ASPERA-4 on Venus
Express, and the magnetometer, MAG on the same
spacecraft.

Preliminary results:

Our initial results suggest that

1. The wave activity at a given frequency in-
creases during CME/CIR.

2. The wave frequency at the gyrofrequency
sometimes increases and sometimes stays constant.

3. The available wave energy is sufficient to ac-
celerate O* ions to 1 keV.
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Introduction:

The Venus Express mission was launched by a
Soyuz-Fregat launcher from Baikonur, Kazakhstan,
on 9 November 2005 and arrived at Venus and per-
formed a Venus orbit insertion main engine burn on
11 April 2006. After a sequence of orbit control ma-
noeuvres the operational 24 h period, highly ellipti-
cal near polar orbit was reached in May 2006. Scien-
tific operations continued until the end of the mission
in December 2014, with only short breaks during the
solar conjunction periods.

Conditions characterising the mission :

A large number of parameters are defining what
observations can be done during the mission and
when they are best performed. In the early years of
the mission the observations were in general divided
in a constant ratio between the different instruments
on board, taken into account the respective opera-
tional constraints. In the latter phase of the mission
more campaign related observations were performed,
focussing on a limited number of scientific objec-
tives. Some of these campaigns were performed as
joint observations with ground telescopes.

Parameters of importance for the scheduling and
prioritisation of observations include (among others):
pericentre location and altitude, solar aspect angle,
pointing restrictions and data rate. Periodic orbit
maintenance (pericentre rising manoeuvres) were
required and at times limited the time available for
observations. Specific types of observations require
specific conditions like Earth occultation for Radio
science, and Eclipses for solar occultation measure-
ments and for surface observations. Such Earth oc-
cultations and Eclipses occur in seasons of variable
duration, distributed in a semi regular pattern during
the mission.

Unaccounted events: During the mission a
number of unplanned events and equipment failures
occurred. After launch during the instrument check-
out it was discovered that the turnable mirror of the
PFS pointing mechanism did not rotate, resulting in a
non-functional instrument. Despite several latter at-
tempts this was never solved. At the arrival at Venus
it became obvious that the VMC detector had been
partly burned in an irreversible way, by being exces-
sively exposed to the Sun during the cruise to Venus.

It was discovered that the S-Band signal of the com-
munication system, which is also used for certain
radio science applications, had a loss of about 15dB
in the receive and transmit chain. The cryo-cooler of
Virtis-M failed in 2008 and of Virtis-H in 2011,
leaving only the visible-UV channel operative after
this date.

A (limited) number of safe mode transitions of
the spacecraft system took place, mostly related to
the solid state mass memory, SSMM, primarily dur-
ing the first years of the mission. This led to interrup-
tion of science operations for a number of days each
time. Occasionally the Star trackers lost track and
orientation was taken over by the inertial navigation
system, but with pausing of science operation at
these times. The likely cause for this is high energetic
radiation due to solar flares.

This presentation will cover the basic timeline of
the mission and the unexpected events. Possible
causes and resolutions to these events will be dis-
cussed as well as the related consequences for the
mission and the science at large.



SLOW ROTATING PLANETS WITH DIURNAL CYCLE: A PARAMETER STUDY

OF THE ATMOSPHERIC DYNAMICS USING A SIMPLE GCM.
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Introduction

Parameter studies of slow-rotating planets aim to charac-
terise the effect of rotation rate, friction, radiative prop-
erties, and other factors to understand the emergence
and maintenance of equatorial super-rotation on bodies
similar to Venus and Titan. To analyse and compare
the dominant contributions to their circulation in the
most general way, it is beneficial to study the properties
of different circulation regimes with reference to non-
dimensional parameter spaces. Recently, Mitchell et al.
(2014) have studied the effect of the seasonal response of
an idealised planet, finding that strong seasonal forcing
can hinder the emergence of equatorial super-rotation
due in part to an increased cross-equatorial momen-tum
advection.

In the current work, we focus on simulations per-
formed within a large set of parameters that aims to
examine the effect of the diurnal cycle on slow rotating
bodies. While such studies often do not reach into the
peculiar parameter regime of Venus, they aim to shed
light on the fundamental dynamical mechanisms that
enable equatorial super-rotation.

Model Description and Parameters

For this study we use a hierarchy of simple GCMs with
increasing temporal resolution in thermal forcing (i.e.
annually averaged, seasonal cycle, diurnal cycle) us-
ing a simple 2-band, semi-gray radiation scheme for
a terrestrial-style planetary atmosphere. We use the
PUMA model a simplified GCM with a pseudo-spectral
core developed by the University of Hamburg (Fraedrich
et al., 2005).

The following non-dimensional parameters are var-
ied:

e Thermal Rossby number: Ro = RAp/(2Qa)?
, where R is the universal gas constant, Ay is
the relative equator-to-pole potential temperature
difference, 2 is the planetary rotation rate, and a
is the planetary radius.

e Ekman number: Ek = (2Qr;)~!, where 7; is
the frictional time-scale of the Rayleigh friction
scheme

e Thermal relaxation number: At = 2Q74¢,,, Where

the atmospheric thermal equilibrium timescale 74,
can be approximated via psc, / (4(2 — €)oT?g), where

a variation of the surface pressure p, shows most
promise at varying At.

e Seasonality parameter o = (w7s)~" , where w is
the angular frequency of the planet’s orbit and 7,
is the thermal inertia timescale of the planetary
surface.

e Greenhouse Parameter: G = 74 /71w, Where 7w
and 7, are short- and long-wave optical depths.

Results

While in many cases the effect of adding diurnal in-
solation is negligible, in certain cases we find strong
prograde equatorial winds when activating the diurnal
cycle. Figs. 1 and 2. show one such case. In this case
the parameters that vary from their Earth equivalents are
the planetary rotation rate with = $Qp and the Green-
house parameter with G = 1. Figure 1 results in an at-
mosphere that is expected for these parameters: there is
weak equatorial super-rotation in the upper atmosphere
and the temperature profile is nearly constant in pres-
sure (due to the enhanced short-wave optical thickness).
When the diurnal cycle is activated (see Fig. 2) a nonlin-
ear mechanism enhances the equatorial super-rotation
with velocity values of over 100 m/s.

We aim to find the parametric dependence of this
lonlinear mechanism within our parameter space and
further analyse the evolution of momentum and energy
transfer during spin-up and equilibrated phases.
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Figure 1: Simularion without diurnal cycle with 0 = %Q IoR
7s = 360 days and G = 1 after 10 model years. All other
parameters were set to Earth equivalents. The plots show (a)
the zonal-mean meridional mass streamfunction (colours) and
the zonal-mean zonal wind (contours); and (b) the zonal-mean
temperature.
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Introduction:

The Longwave Infrared Camera (LIR) onboard
Akatsuki took Venus images just after the first chal-
lenge in Venus orbit insertion (VOI) in December
2010Y. They showed several interesting features in
the brightness temperature distribution at the cloud
top, however, quality and quantity of the data were
far insufficient for studies in details. Akatsuki was
finally thrown into a Venus orbit at the second at-
tempt at VOI (VOI-R1) in December 2015 after the
unwilling five year cruise around the Sun. It had
been confirmed before VOI-R1 that LIR as well as
the other cameras onboard Akatsuki was still very
good in health. Observations of Venus were started
immediately after the VOI-R1 operation. More than
20 Venus images in thermal infrared have been ac-
quired by LIR so far, and observations are continu-
ing to accumulate Venus images day by day.

This presentation will introduce initial results of
observation of Venus by LIR, and also show a per-
spective in future studies in the atmospheric dynam-
ics using brightness temperature and wind distribu-
tions derived from the LIR data.

Instrumentation:

LIR is a small light-weighted thermal infrared
camera using an uncooled micro-bolometer array
with 320 x 240 effective pixels as an image sensor,
and acquires a snapshot of thermal radiation emitted
from the cloud top of Venus in the wavelength re-
gion of 8 to 12 um?. The FOV of LIR is designed to
fit the full Venus disk to it from the distance of 4.8
Ry from the center of Venus. Since Akatsuki is or-
biting in a far elongated elliptical orbit compared to
the originally planned orbit, LIR can capture the full
Venus disk in most of an orbiting period. The pixel
field-of-view is 0.05°, which is four times larger
than those of UVI, IR1 and IR2.

LIR has an internal image accumulation function
to improve noise-equivalent temperature difference
(NETD). This function is called as primary accumu-
lation, which is performed during each exposure.
Image data are sent to DE, and up to 32 images can
be accumulated. This is called as secondary accumu-
lation. In the nominal observation sequences both
primary and secondary accumulation numbers are set

to be 32 which gives the best NETD according to the
pre-launch test results, and an image acquisition se-
quence takes about two minutes. An image acquisi-
tion sequence without accumulation is also equipped
to take an image with a very short exposure time of
1/30 sec, and used when the ground speed of space-
craft is large.

Observation:

In the first orbiting period LIR took 19 images
from Dec. 7 to Dec. 11. The shortest time separation
between successive images was two hours. This is
chosen so that a wind vector field can be properly
derived by a cloud-tracking method. From Dec. 12
to Jan. 14 observation was suspended due to im-
portant operations on spacecraft which did not allow
the observations in parallel. Observation restarted on
Jan. 15.

As a matter of course data amount that can be
transferred from spacecraft to ground is limited by
bit rate of telecommunication. In the nominal obser-
vation plan time interval of image acquisition by LIR
is two hours, and it can be shortened to be one hour
in a special observation period.

Initial Results:

In the first shot by LIR after VOI-R1 several
amazing features which have never been seen before
are identified at a glance. A huge bow-shape high
temperature region extending from the northern
high-latitudes across the equator to the southern
high-latitudes exists around the evening terminator.
The temperature in the southern polar region seems
to be the highest in the snapshot. Dark filament-like
streaks aligned north-south direction are found in the
low latitudes. They are also identified in the UV
image. Interpretation of these interesting features
will be discussed in the presentation.
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Introduction

It has been pointed out that the Venus atmospheric su-
perrotation may be generated and maintained by the
momentum transport associated with the vertical prop-
agation of the thermal tide (Fels and Lindzen, 1974;
Plumb, 1975; Newman and Leovy, 1992; Takagi and
Matsuda, 2007). However, spatial distributions of winds
and temperature deviations associated with the thermal
tide, which may be also important to the material trans-
port at the cloud levels, have not been fully investigated
so far.

Recently, the thermal tide has been detected in obser-
vational data obtained by the VIRTIS-M onboard Venus
Express (Peralta et al., 2012). The result shows that
the diurnal tide is predominant in high latitudes, whose
meridional wind is about 4.7 m/s. It is strongly ex-
pected that detailed wind distributions associated with
the thermal tide will be obtained by the Venus Climate
Orbiter “Akatsuki” in the near future. It is necessary to
investigate the structure of the thermal tide theoretically
and/or numerically so that the observational results can
be interpreted in terms of dynamics.

In the present study, we investigate the winds and
temperature distributions associated with the thermal
tide by using a Venus general circulation model (GCM).

Model

The GCM used in the present study is AFES for Venus
(Sugimoto et al., 2014a, b). The resolution is set to
T63L120, where T and L denote the truncation number
for spherical harmonics and number of vertical levels.
The model atmosphere extends from the ground to 120
km. The vertical eddy diffusion coefficient is assumed to
be constant, 0.15 m?s™ . The horizontal eddy viscosity is
represented by the second-order hyper viscosity, whose
damping time for the maximum wavenumber compo-
nent is 0.03 Earth days. Rayleigh friction is used at
the lowest layer to mimic the surface friction. In the
upper atmosphere above 80 km, a sponge layer is used
only for eddy components. The solar heating is based
on the work of Tomasko et al. (1980). The infrared
radiative process is simplified by the Newtonian cool-
ing approximation, where the temperature is relaxed to
a prescribed horizontally uniform distribution based on
Venus International Reference Atmosphere (VIRA).
The initial state is assumed to be an idealized super-

rotating flow in solid body rotation. It is assumed that
the zonal flow increases linearly with height from the
ground to 70 km, and is constant above. The velocity
at the equator is 100 m/s at 70 km. The initial temper-
ature distribution is balanced with the zonal flow. It is
assumed that the direction of the planetary rotation and
the basic zonal flow is eastward (positive) in the present
study, as in the Earth condition. The GCM is integrated
for 5 Earth years. A quasi-equilibrium state is obtained
after 1 Earth year at the cloud levels. Data used in the
following analysis is sampled after 4 Earth years.
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Figure 1: Wind distributions of the thermal tide: (upper)
zonal, (middle) meridional, and (lower) vertical wind. The
planetary rotation is eastward. The subsolar point is located at
the center of the panels (0 degree longitude on the equator).
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Results

Figure 1 shows horizontal distributions of the zonal,
meridional and vertical winds associated with the ther-
mal tide at 70 km. The semidiurnal tide (with a zonal
wavenumber of 2) is predominant in low latitudes, as
shown in the zonal and vertical wind distributions. How-
ever, in high latitudes poleward of 60 degrees, the di-
urnal tide is predominant in the wind distributions. The
meridional wind velocity in high latitudes is about 10
m/s. This result is consistent with the work of Peralta
et al. (2012). It is noted that the center of the upward
wind is not located at the subsolar point. The strong
upward wind is observed at early afternoon and near the
morning and evening terminators. It is also interesting
that Y-shape structures can be seen in the vertical wind
distribution. The dayside Y-shape structure associated
with the upward wind is formed mainly by the diurnal
and semidiurnal components. However, in the nightside
Y-shape structure with the downward wind, a tidal com-
ponent with zonal wavenumber 3 is important, which
may be excited by the nonlinear interaction between the
diurnal and semidiurnal tides.

Figure 2 shows a zonal-vertical distribution of the
vertical wind associated with the thermal tide on the
equator. Above 55 km, it seems that the thermal tide
(the diurnal tide) is trapped; the phase is almost un-
changed in the vertical direction. This result indicates
that the subsolar-antisolar (SS-AS) circulation is pre-
dominant at these levels. The vertical velocity of the
SS-AS circulation is 0.04 m/s at the cloud top level,
which is about 10 times as strong as that of the mean
meridional circulation (not shown). It is inferred that
the SS-AS circulation is quite important to the material
transport at the cloud levels in the Venus atmosphere.
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Figure 2: Zonal-vertical distribution of the vertical wind as-
sociated with the thermal tide between 40 and 80 km on the
equator.

It is also noted that small scale disturbances with

short periods less than 10 Earth days are strongly ex-
cited at the cloud top levels. Horizontal distributions of

their vertical wind indicate that these disturbances are
strongly affected by the thermal tide.

Concluding remarks

The distributions of winds and temperature deviations
associated with the thermal tide have been investigated
by using the Venus GCM. At the cloud levels, the diur-
nal and semidiurnal components are predominant. How-
ever, the component with zonal wavenumber 3 is strongly
excited in the vertical wind distribution related to the Y-
shape structure. The vertical wind of the diurnal tide or
the SS-AS circulation is much stronger than that of the
mean meridional circulation.

It is also found in our simulation result that fast
traveling waves with a period of about 5 Earth days are
excited in the equatorial region, which may be related to
the so-called Kelvin wave. The excitation mechanism
of these fast waves should be investigated in detail.

The preliminary analysis also indicates that the mean
meridional circulation at 50-90 km levels is strongly
affected by the thermal tide and fast traveling waves
excited by the baroclinic and/or barotropic instabilities
in mid- and high-latitudes. In order to elucidate the
dynamical balance, the EP-flux and the residual mean
meridional circulation associated with these waves are
investigated in detail.

References

[1] Fels, S.B.,andR. S. Lindzen (1974), The interaction
of thermally excited gravity waves with mean flows,
Geophys. Fluid Dyn., 6, 149191.

[2] Plumb, R. A. (1975), Momentum transport by the
thermal tide in the stratosphere of Venus, Quart. J. R.
Met. Soc., 101, 763-776.

[3] Newman, M., and C. Leovy (1992), Maintenance of
strong rotational winds in Venus’ middle atmosphere
by thermal tides, Science, 257, 647650.

[4] Peralta. J., D. Luz, D.L. Berry, C.C.C. Tsang, A.
Séanchez-Lavega, R. Hueso, G. Piccioni, P. Drossart
(2012), Solar migrating atmospheric tides in the
winds of the polar region of Venus, Icarus, 220, 958-
970.

[5] Sugimoto, N., M. Takagi, and Y. Matsuda (2014),
Baroclinic instability in the Venus atmosphere
simulated by GCM, J. Geophys. Res. Planets,
doi:10.1002/2014JE004624.

[6] Sugimoto, N., M. Takagi, and Y. Matsuda (2014),
Waves in a Venus general circulation model,
Geophys. Res. Lett., 41, 74617467, doi:10.1002/
2014GL061807.



A plan to study the Venus’ upper haze based on SOIR/Venus Express and
AKATSUKI.

Seiko Takagi, Tokai University Research and Information Center, Japan (seiko@tokai-u.jp), Arnaud Ma-
hieux, Belgian Institute for Space Aeronomy; Fonds National de la Recherche Scientifique, Bruxelles, Belgium,
Valérie Wilquet, Belgian Institute for Space Aeronomy, Bruxelles, Belgium, Séverine Robert, Belgian Institute
for Space Aeronomy, Bruxelles, Belgium, Rachel Drummond, Belgian Institute for Space Aeronomy, Bruxelles,
Belgium; IndoSpace Ltd., 6 Nuneham Square, Abingdon,Oxon, OX14 1EH., UK, Ann Carine Vandaele, Bel-
gian Institute for Space Aeronomy, Bruxelles, Belgium, Naomoto Iwagami, Department of Earth and Planetary
Science, the University of Tokyo

Abstract:

The Venus cloud consists of a main cloud deck
at 47 — 70 km, with thinner hazes above and below.
The upper haze on Venus lies above the main cloud
surrounding the planet, ranging from the top of the
cloud (70 km) up to as high as 90 km.

The Solar Occultation in the InfraRed (SOIR) in-
strument onboard Venus Express (ESA) was de-
signed to measure the Venusian atmospheric trans-
mission at high altitudes (65 — 165 km) in the infra-
red (2.2 — 4.3 pm) with high spectral resolution. We
investigated the optical properties of the Venus’s
haze above 90 km using the SOIR solar occultation
observations. Vertical and latitudinal profiles of ex-
tinction, optical thickness, and mixing ratios of aero-
sols were retrieved. We find that haze extinction and
optical thickness at low latitudes are two times high-
er than those at high latitudes. One of the noticeable
results is that aerosols mixing ratio increases with
altitude above 90 km at high and low latitudes.
Therefore we speculate that aerosols could be pro-
duced at such high altitudes.

On December 7, 2015, AKATSUKI (JAXA) ar-
rived at Venus after orbit insertion. Some instru-
ments onboard AKATSUKI will observe characteris-
tics of haze particles. In this presentation, a plan to
elucidate Venus cloud including haze layer creation
and maintain process in using observation data of
SOIR/Venus Express and AKATSUKI will be pro-
posed.
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Introduction:

In order to detect the signature of lightning ac-
tivity in Venus, extensive investigations using
data obtained with spacecraft and ground-based
telescopes have been carried out. However, we
don’t reach consensus on the existence of light-
ning in that planet. Indeed there exist some
strong indications of electrical discharge both in
optical and radio wave measurements. But these
“evidences” are sometimes not accepted in the
majority of researcher community. For example,
it is reported that the magnetometer on board
Venus Express recorded whistler mode waves
whose source could be lightning discharge oc-
curring well below the spacecraft. On the other
hand, it is also pointed out that such radio wave
can be generated by a kind of plasma instability
other than lightning discharge. An infrared sen-
sor, VIRTIS of Venus Express, doesn't show the
positive indication of lightning flash at this
moment. LAC is the first sensor designed for
the lightning detection in Venus.

Strategy:

In order to identify the optical flash caused by
electrical discharge in the atmosphere of Venus,
at least, with an optical intensity of 1/10 of the
average lightning in the Earth, we built a high-
speed optical detector, LAC (Lightning and
Airglow Camera), on board Akatsuki spacecraft
(Figure 1). Unique performance of LAC com-
pared to other equipments is the high-speed
sampling rate at 32 us interval for all 32 pixels
of APD matrix, enabling us to distinguish the

optical lightning flash from other pulsing noises.

We selected Ol 777 nm line, the most expected
emissions in CO2 atmosphere based on the la-
boratory experiment. The light curve will be
stored for each optical by pre-triggering with
maximum length of 2 seconds.

Though, unfortunately, the first attempt of the
insertion of Akatsuki into the orbit around Ve-
nus was failure in December 2010, the second
one carried out in December 7 in 2015 was
quite successful. We checked out the sound
condition of high voltage system of LAC on
January 20, 2016 for the first time after the

launch. Due to some elongated orbit than that
planned originally, we have umbra for ~30 min
to observe the lightning flash in the night side of
Venus every ~10 days after April 2016. Here

we would report the instrumental status of LAC
and the testing result together with future plans
and strategy of LAC operation.
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Fig.1 Structure of LAC.
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Introduction: The existence of a Venusian at-
mosphere was first revealed during a Venus transit in
front of the Sun, more than 3 centuries ago. The
fascinating aspect of the planet at the beginning and
end of a transit, surrounded by a thin ‘aureole’ of
illuminated atmosphere, has been constantly reported
since then, but only modern imaging devices have
allowed to exploit this circumstances to remotely
measure significant physical quantities.

After a first attempt with the data relative to the
2004 transit (Tanga et al. 2012a), we organized a
more extensive campaign in 2012, involving obser-
vations through both space- and ground- based tele-
scopes (Pasachoff et al. 2013).

A specific coronagraph design based on the Lyot
scheme was also conceived and replicated in several
copies in the attempt of improving the SNR of the
aureole signal in proximity of the solar disk (Venus
Twilight Experiment, Tanga et al. 2012b).

Here we report on the different data sets collect-
ed during the 2012 transit, and present conclusions
based on imaging from the Solar Dynamic Observa-
tory (SDO), from Hinode, and by the instruments of
the Venus Twilight Experiment.

Our goal is to provide an updated review of the
results obtained during the Venus transits of the XXI
century.

Image analysis: The analysis of the aureole
brightness has required the development of specific
techniques, in order to extract the photometry at
different latitudes and to manage the strong back-
ground gradients that are usually present close to the
solar limb.

The data sets above have been analyzed, thus ex-
tracting the photometry from about 300 images.

In 2012 we have been able to trace the whole
evolution of the aureole, from the faintest portion
visible only close to the rotational pole of the planet,
before the 1 or after the 4™ contact, to the brightest
illumination occurring very close to the 2™ and 3™
contact, a few arcseconds from the solar limb.

Modeling: The aureole is a refracted, extremely
flattened image of a portion of the solar photosphere,
having the same surface brightness if the atmosphere
is totally transparent. The thickness of the refracting
layer, is unresolved in remote observations.

We explored different approaches to model the

Fig. 1 - The aureole of Venus (upper left limb por-
tion) superimposed to planetocentric coordinates
during the ingress of the 2012 transit. It appears as
an extremely thin line against the lower solar corona
in this image obtained by the Hinode satellite at the
550 nm continuum).

variation of the aureole brightness, ranging from
simple isothermal modeling to multi-layer. We im-
plemented both direct (starting from an imposed
vertical profile) and inverse modeling (iteratively
determining the vertical profile).

Our final model results provide at the same time
the vertical density profile (from which temperature
can be derived), the altitude of the absorbing clouds
(optical thickness t=1) and the maximum altitude
that we can probe with aureole.

Results: The various data sets available have
proven to be complementary to each other, in terms
of time sampling, spatial and spectral resolution.

While less accurate than the local terminator
measurements obtained by SOIR on board Venus
Express, aureole modeling has the advantage of
being able to cover simultaneously a wide range of
latitudes.

During the 2012 event only the extreme southern
latitudes were not observable, due to the relative
geometry of Venus at the ingress and egress of the
event.

We were able to favorably compare the aureole-
derived vertical profiles to those obtained by the



Venus Express/SOIR experiment (Mahieux et al.
2015), performed during the transit itself. This was
done at the single latitude (+49°) sampled by SOIR
during the event, however providing a suitable vali-
dation to our approach (Pere et al. 2016a).

Our inverse model, retrieving the vertical tem-
perature profiles at all altitudes (Widemann et al.
2014, Pere et al. 2015, Pere et al. 2016b), detects a
cold layer (at ~86-94 km altitude on average) whose
thickness seems to be dependent on latitude (thicker
towards the N pole than at the equator). The opaque
layer altitude (t=1) is also latitude dependent, being
lower at high altitudes (minimum of 86 km at +82°)
than at the equator (91 km).

Eventually our model shows that a relevant con-
tribution to the aureole flux comes from deep layers
where aerosol absorption cannot be neglected, allow-
ing us to put some constraints on the aerosol disper-
sion scale height.

Aknowledgements - PT, TW, CP acknowledge sup-
port from the European Union Grant G.A. 606798
EuroVenus.
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Fig. 2 — Temperature along the morning termina-
tor, as determined during the transit of Venus on
June 5-6 2012, from aureole observations (HMI -
SDO data set). The presence and extension of the
cold layer at ~90 km is mapped at the same time at
all latitudes from the North pole to the Equator.
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Introduction:

Winds in the Venus atmosphere can only be de-
termined directly by in situ measurements from entry
probes or by the tracking of cloud features in the UV
or infrared at the top of the cloud layers. These me-
thods provide wind estimates from the surface of the
planet to the top of the cloud layer. Above the
clouds, Zonal winds can only be inferred from meri-
dional cross sections of temperature assuming cyclo-
strophic balance (Newman et al., 1984; Piccialli et
al., 2008, 2012).

VeRa temperature profiles from two special
campaigns sensed the upper troposphere and mesos-
phere of Venus at almost the same position on con-
secutive orbits. Certain temperature characteristics
seen repeatedly after a couple of orbits clearly indi-
cate the rotation rate of the atmosphere at different
altitude levels. These temperature markings can be
used to deduce zonal winds at certain positions and
local times in the Venus atmosphere.

The VeRa Experiment:

The Venus Express Radio Science Experiment
VeRa regularly sounded the Venus neutral atmos-
phere and ionosphere using the spacecraft radio sub-
system in the one-way radio mode at X-band (8.4
GHz) and S-band (2.3 GHz) in Earth occultation
geometry. An Ultra-Stable Oscillator (USO) pro-
vided a high quality on-board frequency reference
for refractivity measurements, from which electron
density profiles in the ionosphere and profiles of
pressure, temperature and neutral number density of
the neutral atmosphere are derived [Hausler et al.,
2006; Péatzold et al., 2007]. Radial profiles of neutral
number density from the atmospheric-induced Dop-
pler shift during the occultations cover the altitude
range 40-90 km. These are then used to derive verti-
cal profiles of temperature and pressure [Tellmann et
al., 2009]. The VeRa data set, consisting of more
than 800 atmospheric profiles, covers almost all lati-
tudes and local times with a high vertical resolution.

During two special measurement campaigns
VeRa could analyse the atmosphere in the low lati-
tudes (20° N, -35° S) and high latitudes (65° N) dur-

ing consecutive orbits at the same position and local
time for a couple of days. The rotation of the atmos-
phere can clearly be identified in these measure-
ments, providing valuable information about the rota-
tion rate of the atmosphere.

Zonal Winds:

Zonal wind speeds deduced from the two special
VeRa campaigns can be compared with zonal winds
speeds inferred from meridional temperature cross
section assuming cyclostrophic balance. Both meth-
ods reveal maximum wind speeds at the top of the
clouds with decreasing velocities above and below.

The results are in general good agreement with
findings from Piccialli et al., (2008, 2010, 2012),
using VIRTIS measurements and VeRa measure-
ments from the first occultation seasons.

The vertical and latitudinal structure of the tem-
perature and zonal wind field provides valuable in-
formation about the dynamical state of the atmos-
phere and can be used to get insight into possible
regions of baroclinic and/or barotropic instabilities.
These instabilities are correlated with the generation
of eddies in the Venus atmosphere.
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The past decade demonstrated significant pro-
gress in understanding of the Venus cloud system.
Venus Express observations revealed significant lati-
tudinal variations and temporal changes in the global
cloud top morphology. The cloud top altitude varies
from ~72 km in the low and middle latitudes to ~64
km in the polar region, correlated with decrease of
the aerosol scale height from4 + 1.6 kmto 1.7 £ 2.4
km marking a vast polar depression. The UV imag-
ing shows the middle latitudes and polar regions in
unprecedented detail. The eye of the Southern polar
vortex was found to be a strongly variable feature
with complex morphology and dynamics.

Solar and stellar occultations give access to a
vertical profiling of the light absorption by the aero-
sols in the upper haze. The aerosol loading in the
mesosphere of Venus investigated by SPICAV ex-
periment onboard Venus Express between 2006 and
2010 was highly variable on both short and long time
scales. The extinction at a given altitude can vary
with a factor of 10 for occultations separated by a
few Earth days. The extinction at a given altitude is
also significantly lower towards the poles (by a fac-
tor 10 at least) compared to the values around the
equator, while there is apparently no correlation be-
tween the extinction and the latitude in the region
comprised between £40° around the equator.

Based on Mie theory and on the observed spec-
tral dependence of light extinction in spectra record-
ed simultaneously in the UV (SPICAV-UV), in the
near IR (SPICAV-IR), and in the short-and mid-
wavelength IR (SPICAV-SOIR), the size distribution
of aerosols in the upper haze of Venus was re-
trieved, assuming H,SO,/water composition of the
droplets]. The optical model includes H,SO, concen-
trations from 60 to 85%. A number of results are
strikingly new: (1) an increase of the H,SO, concen-
tration with a decreasing altitude (from 70-75% at
about 90 km to 85% at 70 km of altitude) and (2)
Many SOIR/SPICAV data cannot be fitted when
using size distributions found in the literature, with
an effective radius below 0.3 um and a variance of
about 2. The scale height of the upper haze is found
to be 6.9 £ 5.1 km.

The lower & middle cloud layers — those at 48 —
60 km altitudes — are difficult to observe, as they are
hidden by upper clouds. Nevertheless, both nightside
near-IR sounding and radio occultation has provided
valuable insight into cloud processes in this region.
Near IR sounding reveals the morphology of the

lower/middle clouds ‘backlit’ by thermally emitted
photons from the lower atmosphere. The morphology
of these clouds changes on timescales of order of 24
hours. The vertically integrated cloud optical depth is
twice as great in the polar collar (at 75 degrees lati-
tude) compared to low latitudes. Spectral band ratio
analysis, if interpreted strictly in terms of Mode 1/ 2/
2’/3 particles of H,SO4:H,O mixtures, suggests that
the acidity of the cloud particles is higher near the
polar collar and in regions of optically thick cloud.
Particles in the centre of the polar vortex exhibit
anomalously high band ratios so are significantly
larger and/or of different composition than those at
low latitudes.

Radio occultation from Venus Express confirms
that the atmosphere is in convective equilibrium from
50-60 km. Sulphuric acid vapour profiles calculated
from the absorption of the radio signals show an at-
mosphere saturated with sulphuric acid in the cloud
layer. Both of these results are consistent with the
understanding of convective condensational cloud at
altitudes of 50-60 km.

Microphysical simulations of the aerosol popula-
tions in the atmosphere of Venus have received a
boost from the recent exploration of particle proper-
ties carried out by various teams using Venus Ex-
press over the last decade or so. Numerous groups
are applying separate models to the coupled prob-
lems of the Venus clouds. Quasi-periodic variability
of aerosol population properties has been found in
model simulations by several groups under both
forced and unforced conditions. Since the clouds
play such a significant role in the energy and momen-
tum balance of the atmosphere of Venus — which
then feed back into variations in the aerosols them-
selves — constraining the magnitude and timescales
of these variations is a key to understanding the cur-
rent, past, and future Venusian environment. This
paper gives a summary of new observations and
modelling efforts that will form the basis for a rele-
vant chapter in the Venus I11 book.
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Introduction: Unlike Earth, Venus lacks a global
system of plate tectonics; a process directly related to
heat loss and likely related to planetary habitability.
This makes the factors influencing the initiation of
plate tectonics an important study in rocky planet evo-
lution. Given Venus’ similiarity to Earth in size, com-
position, and heat production; fundamental questions
include: why does Venus lack plate tectonics and how
does Venus lose its heat through a single plate? Here
we study plume induced subduction, a process which
could be related to the early stages of plate tectonics.
To do this we study subsurface density variations in-
ferred from modeling gravity and topography data at
two corona, Artemis and Quetzalpetlatl to look for sim-
ilar density variations predicted by recent laboratory
expirements (Fig. 1). In these expirements, one sided
subduction is achieved via a mechanism similar to a
concept proposed by [1]. (F1) shows the experiment in
an aqueous dispersion
of colloids dried from
above and heated from
below. The side views
(1B-C) show the verti-
cal cross-section along
the green line in the top
view (1A). The hot
plume has been high-
lighted in red. Its im-
, pact under the surface
s skin results in three
il o arcuate bulges (in yel-
low on (1A)) and three
subduction zones along
those bulges (in bright
white on (1B-C)).

Background: Coronae are featrues unique to Ve-
nus. One possible formation mechanism consists of an
upwelling mantle plume interacting with the litho-
sphere. Although there is no evidence of distinct plates
on Venus, [2] showed many trenches occuring at some
coronae are strikingly similar to terrestrial ocean-ocean
subduction zones, and several studies have provided
mechanisms which could link plumes to subduction
zones. [1,3-4] Whether subduction is occurring on Ve-
nus despite its single plate is not well understood and
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could be happening via a plume induced subduction
process. This form of localized subduction provides a
mechanism to initially break the lithosphere, potential-
ly allowing plate tectonics to follow.

Methods and Results: To model subduction, we
calculate geoid-to-topography ratios (GTRs) for specif-
ic features at each corona and fit a profile of the
Bouguer gravity data across each corona’s trench using
a model of a cold, dense subducting thermal
lithorsphere with a low density basaltic crust.

Data analysis-GTR. The geoid anomaly decreases
as the compensation depth increases, giving a larger
GTR. GTRs for two of the largest coronae are shown
in (Fig. 2-3). GTRs at the trenches (31.4£11.6 m/km
(Artemis) and 19.5+5.6 m/km (Quetzalpetlatl)), are far
greater than other regions at each coronae- consistent
with a slab at depth.

Artemis Results-GTR. (Fig. 2). (2A) Regionally
corrected Bouguer gravity (gravity due to topography
removed from free air gravity) showing subsurface
' density varia-
tions for Ar-
temis corona.
Due to a

topographic
plateau to the
north, a best
fitting plane
is  removed
from the free
air  gravity,
o topography,
and geoid separately before performing the GTR and
slab model analysis. Black crosses show the trench
location, red markers show the profile location in (Fig.
5). (2B) shows the GTRs for regions indicated by cir-
cles in (2A): Black, red, green, and grey points show
the GTRs for the entire coronae, the region of the
trench, and the rifts to the north and northwest, respec-
tively

Quetzalpetlatl Results-GTR (Fig. 3). (3A) shows
the Bouguer gravity for Lada Terra. Black and red
crosses as in (Fig. 2). The large negative anomaly in
the center is accounted for in the slab model analysis



(see Fig. 5B). (Fig. 3B) shows the GTR for circular
regions in (3A). Green markers indicate Boala coronae.
Data analysis-Slab model. The subducting slab
model consists of a low density crust and high density
thermal lithosphere. (Fig. 4) shows a diagram of the
slab model (not to scale), where only shaded region is
modeled.
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&pg, crustal thickness, Z¢, lithospheric thickness, Zr,
plate length, L, and subduction angle, 8. The crustal
and mantle densities are based on Earths measure-
ments, 2900 and 3300 kg/m?, respectively. The ther-
mal density contrast is estimated by Aprhegma =
puaAT/2, where 0=2.4x10~% K1, is the coefficient of
thermal expansion and AT/2 is the mean temperature
difference across the lithosphere; based on the surface
(~460C) and estimated mantle temperatures (~1300C),
giving &p; = 32 kg/m?. The other four parameters
vary incrementally. £ is 30, 60 or 90°, based on lab
experiments (Fig. 1 & [6]). Z¢ and £;, range from 10 to
50 km and 75 to 200 km, in increments of 10 and 25
km, respectively. The plate length increases in incre-
ments of 250 km, ranging between 20-80% of the co-
rona diameter [6]. This corresponds to 500-2000 km
for Artemis and 250-1000 km for Quetzalpetlatl. The
resolution of each model was lowered to match that of
the data using a running average technique and then
compared to the data via RMS error analysis.

Slab mode results. All prefered models have an
RMS < 10 mgal, a crustal thickness of 10 km and sub-
duction angle between 60-90° for Artemis, and 30-90°
for Quetzalpetlatl. For Artemis (radius=1300km), pref-
ered models have a lithospheric thickness and slab
length between 75-100 km and 500-1500 km, respec-
tively. For Quetzalpetlatl (radius=650km), prefered
models have a lithospheric thickness and slab length
between 100-150 km and 250-750 km, respectively.
(Fig 5) shows the results of the slab model analysis.
The origin indicates the lowest topographic point in the
trench. Distance increases from the trench toward the
corona center. Artemis (5A). The regional slope in
gravity and topo due to the plateau to the north is re-
moved. At Quetzalpetlatl (5B), a 30 mgal correction is
added to account for the large negative anomaly in the

corona center, likely due to a low density plume. Be-
cause the model
anomaly goes to
zero at large dis-
tance from the
trench, the 30
mgal  correction
was chosen to
align the model
and data far from
P, L. the site of subduc-
) / tion. The same
models are pre-
ferred without the
i correction but
B have an RMS
greater by approx-
imately 10 mgal.

Discussion and Conclusions: The GTR uncertain-
ties are relatively high, which could be caused by the
low resolution of the gravity data relative to the size of
the specific features. In both cases, the GTR of the
trench region is much larger than other regions of the
corona. The density anomalies at Quetzalpetlatl are
consistent with a subducting slab in the presence of a
hot mantle plume. This finding offers support to sur-
face thermal emissivity data interpreted as indicating
volcanism < 2.5 mya and probably much younger,
250,000 years or less. [7] At Artemis, there is strong
evidence that the topography has been uplifted from
below, and the negative gravitational anomaly is con-
sistent with low density material such as a plume.
Gravitational anomalies at both coronae can be fit us-
ing a dipping slab model over a large parameter space
with plate lengths constrained by laboratory experi-
ments. This suggests that Artemis and Quetzalpetlatl
could be active sites of plume initiated subduction;
causing local resurfacing in the corona centers.
Plume-initiated subduction could lead to the develop-
ment of plate tectonics, but may require cooler, strong-
er lithosphere to allow plates to develop [6].
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Introduction: Venus and Earth, originated a re-
markably similar distance from the Sun during early
solar system formation, have similar size and density;
therefore composition, internal structure, and heat
budget should be similar. Plate tectonic processes play
a key role in dissipating heat on Earth. According to
data provided by NASA’s Magellan mission, it has
been broadly accepted that Venus lacks plate tectonics
based on comparative hypsometry analysis; hence a
fundamental question arises: how does Venus dissi-
pate heat? Similarities in the hypsometry of Earth’s
oceans and Venus’s surface (except for crustal pla-
teaus and Ishtar Terra) suggest thermal isostasy is
currently operative at the global scale on Earth and
Venus [1]. Venus’ extensive fracture zones might be
conceptually correlative to Earth’s divergent bounda-
ries that might be correlated with regions of significant
heat transfer. Extensive fracture zones are located in
southern Aphrodite Terra, characterized by well
developing as well as varied surficial expressions.
Fractures may interact at depth creating a subsurface
magmatic plumbing system [2]. We are developing a
detailed structural analysis of a targeted portion of an
Aphrodite fracture zone in order to gain insight about
the architectural evolution through time and space and,
ultimately, to construct thermal models to investigate
possible mechanisms of heat diffusion on Venus. The
map area (15S-20S/110E-124E), characterized by
extreme density of fractures and pit chains, encloses
over 700,000 km®. Right-look, left-look and stereo
coverage by Magellan SAR imagary offers an excel-
lent data set, which we employ in mapping.

Map Area: The fracture zone (FZ) includes two

zones characterized by E- and NW-trending linea-
ments; a coronae-like feature with concentric and
radial lineaments marks the intersection of the main
fracture trends (Fig 1). The SW part of the map area
encompasses the FZ boundary. FZ is located topog-
raphically high in contrast to its surroundings. Using
radar Magellan SAR and altimetry data we mapped
lincaments, lineament trends and structural domains.
We focus here on tectonic lineaments, which charac-
terize the FZ.

Tectonic lineaments. They define four broad suites
based on orientation and/or patterns. We map linea-
ments according to width; wider lineaments, which are
easy to map, clearly represent pit chains with well-
developed troughs; narrower lineaments appear to
mark fractures, although detailed element interpreta-
tion is limited by data resolution. Wide lineaments are
widely spaced, facilitating their mapping, whereas

narrow lineaments are so closely spaced, i.e. at or near
data resolution, as to define a penetrative fabric across
the map area. The northern part of the FZ is defined by
intersecting suites of penetratively-developed fractures
that define scallop-like packages with ~30° of curva-
ture over ~500 km; the eastern FZ is dominated by the
corona structure.

Structural domains. Four structural domains (A-D)
defined based on lineament density, represent struc-
tural facies and not material units (Fig 1). Domains A-
D define regions of decreasing fracture density and,
together with cross-cutting relations, provide a record
of progressive evolution of the FZ architecture and, by
extrapolation, the magmatic plumbing system. Domain
D (lowest lineament density) occurs outside and along
the boundary of the FZ. Domain D lies at the lowest
elevation in the map area, and slopes away from the
FZ preserving lava flow structures and canali, which
clearly indicate that local tectonic lineaments served as
magma conduits; pit chains leak, cut, and are buried
by flows. Domain C occurs within the FZ and along
the inside of the FZ; lineaments are widely spaced, yet
clearly cut across domain boundaries. Domain A, with
the highest fracture density, typically includes interest-
ing suites of fractures. Domain B is transitional be-
tween A and C. Topographically, domains A-C cross
topography; that is, there is no a simple relationship
between topography and domain boundaries, as with
domain D. The FZ preserves a record of time-
transgressive lineament (suite) development, and local
surface burial occurring during FZ evolution.
Observations: All of the lineaments are long narrow
structures with extreme aspect ratios; lineament length
scales vary from meters to hundreds of kilometers.
Lineaments are characterized by varying in shape,
length, width, border geometry, and floor smoothness.
Pit chains vary from isolated pit craters sequence to
coalescing pit. Troughs are characterized by smooth
floor delimited by walls that vary from curved to
straight borders; also are commonly associated to long
lengths (hundreds of meter to kilometers) rather than
short lengths (meters). The spatial distribution and
variation of both pit chains and troughs might be
interpreted as evolutionary stages of the same structure
created by either a single mechanism or many mecha-
nisms acting at depth. Cross-cutting relations indicate
that the lineaments formed time transgressively and
preserve a record of FZ evolution.

References: [1] Rosenblatt, P. et al. (1994) GRL,21,
465-468. [2] Le Corvec, N. et al. (2013) JGR SE, 118,
968-984.
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Figure 1: Mercator projection of structural domain and lineament maps of a portion of a fracture zone (15S-20S/110E-124E), southern
Aphrodite Terra, Venus. Four targeted area illustrate detailed relations. Maps shown with and without SAR base.
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Introduction:

The exploration of Venus has the potential to in-
form our understanding of the origin and diversity of
terrestrial planets, understand how the evolution of
terrestrial planets relates to the evolution of life, and
explore the processes that control climate on Earth-
like planets [1]. For one, despite the gross similari-
ties between these “twin planets”, Venus and Earth
present quite differently in their current states. It is
unknown if this apparent divergence was intrinsic,
programmed during accretion from distinct nebular
reservoirs, or a consequence of either measured or
catastrophic processes during planetary evolution.
Even if the atmosphere of Venus is a more “recent”
development, its relationship to the resurfacing of
the planet’s enigmatic surface is not well understood.
Resolving such uncertainties directly addresses the
hypothesis of a more clement, possibly water-rich
era in Venus’ past as well as whether Earth could
become more Venus-like in the future.

Origin, evolution, and noble gases:

A key issue that remains after more than 50 years
of planetary exploration is the formation and evolu-
tion of the Venus atmosphere, particularly in the
context of the other terrestrial planets [2]. For in-
stance, the discovery that Ne and Ar on Venus are
nearly as abundant as they are in the most gas-rich
(CI chondrite) meteorites (Figure 1) suggests differ-
ences in formation materials or evolutionary path-
ways for Venus and Earth. In particular, these abun-
dances suggest: 1) chondrites have little to do with
how Venus got its noble gases, or 2) Venus has suf-
fered very little atmospheric escape compared to
Earth. The first is a profound question of origins, the
latter of divergent evolution. To test either hypothe-
sis requires knowing substantially more about noble
gases within the Venus atmosphere.

Previous Measurements and Current Needs:

Noble gas data for Venus' atmosphere are woe-
fully incomplete. We will review the current state of
knowledge regarding the noble gas inventory in Ve-
nus’ atmosphere, based on in situ measurements over
30 years ago. Measurements of Kr from separate
mission campaigns are discrepant by a factor of 15
(Figure 1), and prohibit the discrimination between
solar and chondritic sources. Xenon has not been
measured at Venus, but is needed to resolve uncer-
tainties among models of the original atmospheric
composition and potentially lead to a more refined
understanding of the relative importance of planetary
degassing on Venus, Earth, and Mars [3].
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Y axis:
-2 — Absolute abundances
relative to solar
(normalized tﬂo Si)
Log of (MJ"[O Si)
(M710° Si),,, adrites
4= %\“ %{‘e%ﬂ(\c\

&
—12 Ny

-14 = Neon Argon Krypton Xenon

Figure 1. Noble gas abundances for Earth, Mars, Venus, chon-
drites, and the Sun. Missing Xe and poorly constrained Kr data
for Venus are critical for understanding the history of its early
atmosphere. From Baines et al. [4].

The abundance and isotopic distribution of this
heavy noble gas in particular provide insight into
mysteries regarding the terrestrial planets, such as
the relative depletion of radiogenic '*’Xe on Earth
and the striking mass fractionations of non-
radiogenic Xe isotopes on Earth and Mars with re-
spect to solar wind and meteorites. Venus is the
missing puzzle piece needed to understand the histo-
ry of the terrestrial planets, in addition to deconvolv-
ing its own story of evolution.

Future In Situ Investigations with Heritage
Instrumentation and Approach:

Noble gas measurements are only possible
through in situ investigations. Given the transitional
nature and uncertainties regarding the location of the
homopause, above which gases fractionate by mass,
measurements from orbit cannot capture the repre-
sentative composition of these species. Further, the
low abundances of heavy noble gases in planetary
atmospheres present an analytical challenge for any
in situ instrument to achieve accurate measurement
of both elemental and isotopic compositions. Such
measurements have been demonstrated during probe
descent has been demonstrated previously by the
Galileo Probe Mass Spectrometer (GPMS) investiga-
tion at Jupiter [5,6]. GPMS used two enrichment
cells to scrub the ingested atmosphere of H, and oth-
er active gases in order to enhance noble gases and
their isotopes. These ground-breaking measurements



were acquired with < 10 minutes of MS time, fol-
lowing ~10 minutes of gas processing during which
direct MS measurements of the atmosphere were
made.

For a future Venus mission, improvements to the
enrichment process, pumping throughput, and in-
strument sensitivity over GPMS and Pioneer Venus
MS would result in successful measurement of noble
gas targets. Such advancements have been imple-
mented on the Mars Science Laboratory Sample
Analysis at Mars (SAM) investigation [7]. SAM’s
wide dynamic range quadrupole MS, and the incor-
poration of both scrubbers and getters into the gas
manifold, effectively remove chemically active gases
such as CO,, trace noble gases from sub-picomole to
nanomole abundances to be measured. In particular,
following enrichment of noble gases relative to the
atmosphere, static mass spectrometry is utilized to
maximize the signal from these low abundance, inert
species. This capability has been recently demon-
strated on Mars to secure in situ measurements of Xe
and Kr [8,9]. Further, these measurements can be
secured in concert with critical accurate profiles of
trace gases, as planned for the Deep Atmosphere
Venus Investigation of Noble gases, Chemistry, and
Imaging (DAVINCI) mission concept [10]. Meas-
urements of trace species such as SO,, H,S, and H,O
in the lower atmosphere will help to elucidate the
sulfur cycle and gain insight into crustal oxidation
and volcanism, which can speak to the probability of
past surface water.

References: [1] NRC (2011) Visions and Voyag-
es for Planetary Science in the Decade 2013-2022,
National Academies Press, Washington, DC. [2]
VEXAG (2014) Goals, Objectives, and Investiga-
tions for Venus Exploration. [3] Pepin, R. O. (2006)
Earth Planet. Sci. Lett. 252, 1-14. [4] Baines K. H. et
al. (2013) in Comparative Climatology of Terrestrial
Planets, Mackwell et al., eds., 137-160. [5] Niemann
et al. (1992) Space Sci. Rev. 60, 111-142. [6] Ma-
haffy et al. (2000) JGR, 105, 15061-15071. [7] Ma-
haffy P. R. et al. (2012) Space Sci Rev 170, 401-478.
[8] Conrad et al. (2014) LPS XLV, Abstract #2366.
[9] Conrad et al. (2016) submitted to Nature Geosci-
ence. [10] Glaze et al. (2016) Abstract, this meeting.
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Introduction:

The understanding of spatial and temporal varia-
tions in tropospheric abundances of trace gases such
as carbon monoxide (CO) is key to understanding
the deep atmosphere of Venus. These gases are en-
trained in the global circulation, as well as being key
ingredients to creating the sulfuric acid clouds.
Long-term temporal variations of these species
across Venus’s disc would be provide key insights
into the large-scale circulation and cloud forming
processes in the troposphere. CO used as an atmos-
pheric tracer provides the deepest probe into the at-
mosphere where circulation patterns can be studied.

Background:

The Venus Express spacecraft orbited Venus
from April 2006 to December 2014. The Visible and
Infrared Thermal Imaging Spectrometer (VIRTIS) is
an imaging spectrometer that covers 0.3 to 5.0 pm.
Nightside thermal emission at 2.35 um is sensitive to
CO (2-0 vibrational band) at 35 km above the sur-
face, approximately 15 km below the lower cloud
layer. Previous measurements prior to Venus Ex-
press, largely ground-based studies, have focused on
the general equator-to-pole trend of CO, up to lati-
tudes of ~60N/S [1, 2]. After arriving at Venus, Ve-
nus Express measured abundances of CO and other
trace abundances systematically. Measurements by
VIRTIS of the near-infrared nightside thermal emis-
sions were conducted from April 2006 through Oc-
tober 2008, when the MIR channel ceased opera-
tions. Until now, this has lead to small-scale maps of
CO being produced [3] and examination of correla-
tions between CO and OCS [4, 5]. Longer term and
more global studies have also been conducted. Band-
ratio techniques were developed so that studies into
CO over the large number of observations could be
possible [6], and global synoptic picture of CO and
other species could be conducted [7]. Further
ground-based observations have confirmed some of
these findings [8, 9].

Motivation:

However, global maps of CO as a function of lat-
itude, longitude, local solar time, and solar time,
using the full dataset from Venus Express have yet to
be produced. Here, we produce the first full 2D maps
of this kind over a number of years, to get as global a
picture of CO at 35 km as possible, thereby allowing
constraints to be placed on future general circulation

models. This work is also being conducted in con-
junction with a study of long-term variations of 1.73
pm thermal emission brightnesses, a proxy of cloud
optical depth in the lower atmosphere, with the same
data [10]. This will allow us to search for potential
correlations between time varying features in the
zonal wind at the cloud base, and the CO abundance
lower down in the atmosphere.

Data and Method:

We have analyzed almost 1 year of data, from
April 2006 through March 2007, which includes all
observations with integration times greater than 0.3
seconds. Values of radiances and CO are averaged
over 1°x1° in longitude and latitude, and lhr local
time. To be conservative, we reject pixels with inci-
dence angles less than 100 degrees, and emission
angles greater than 80 degrees. We also reject values
with high cloud opacity that have 2.30 um radiances
below 0.02 W/m?/sr/um. This produces a dataset that
includes a total of 816 individual observations, span-
ning 255 unique days. Following a validated method
[7], we derive the CO concentration by ratioing the
2.32um flux to the 2.29 pm flux. Maps of CO, from
20°S to 75°S, as a function of latitude, longitude,
local solar time and time are created.

Results:

A map of CO in local solar time during the even-
ing and morning hemispheres is produced. Initial
results indicate the evening hemisphere shows the
strongest equilibrating flow of CO from pole to
equator, is at 22hr. The weakest flow seems to be at
04 hr on the morning side, where the gradient is
strongest. A map of CO in longitude shows the gen-
eral expected equator-pole trend. However, tentative
indications show a minimum at longitudes centered
around 0°.
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A time varying nature of CO is also discovered,
where on one hand, the CO gradient is completely
absent in the troposphere, and on other days, the CO
gradient is incredibly strong. These results need to be



confirmed with further scrutiny of the data, not least
because the data analyzed in this presentation only
comprise approximately half of the total data availa-
ble.
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Conclusions:

We are in the mist of conducting a large-scale
study of CO in the troposphere of Venus with 50%
of the VIRTIS-MIR data analyzed. We confirm a
correlation of CO with LST, and potential correla-
tions of CO with certain planetocentric longitudes.
Day to day variation of CO is also seen, as observed
in previous works. Future work will confirm these
observations, including the search for potential peri-
odic features seen in the day-to-day data.
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Introduction: The Solar Occultation in the In-
frared (SOIR) instrument on-board Venus Express is
an infrared spectrometer covering the 2.2 - 4.3 um
spectral region. This instrument allows the detection
of several key species of the Venus atmosphere, in-
cluding CO2, CO, H,O/HDO, HCI, HF and SO.
From the CO; density measurements, temperature is
inferred giving information on the thermal structure
of the atmosphere. Here we described the kind of
data (profiles, latitudinal average, etc.) that have
been obtained during the complete duration of the
mission.

SOIR dataset: The Royal Belgian Institute for
Space Aeronomy (BIRA-IASB) was in charge of
SOIR’s development and operations as well as its
data pipeline.

BIRA-IASB carried out several studies on the
composition of Venus mesosphere and lower ther-
mosphere The retrieval method has been described in
detail in several papers introducing the solar occulta-
tion method [1], deriving CO. densities [2, 3] and
trace gases such as CO [4, 5], HCI and HF [6], SO
[7-9], H20O and HDO [10]. Temperature and total
density, and therefore structure, has been retrieved
from the CO; observations [2, 3, 11, 12]. Density
and temperature profiles of the upper atmosphere of
Venus (60 km to 170 km) at the terminator have been
retrieved from SOIR’s spectra using different as-
sumptions, wherein the hydrostatic equilibrium and
the local thermodynamical equilibrium in the radia-
tive transfer calculations.

The SOIR spectra give also access to information
on the aerosol content in the upper haze. Light ex-
tinction due to aerosols and cloud top altitudes have
been obtained [13, 14] as well as the H,SO. concen-
tration in the droplets [15].

These results allow us to produce an Atmospheric
model of Venus called Venus Atmosphere from
SOIR measurements at the Terminator (VAST). Data
obtained by SOIR will also contribute to update the
Venus International Reference Atmosphere (VIRA)
[16].

Recently, the treatment of the raw data to trans-
mittance has been optimized, and a new dataset of
spectra has been produced. All raw spectra (PSA
level 2) as well as calibrated spectra (PSA level 3)
have been delivered to ESA’s Planetary Science Ar-
chive (PDS). Consequently the re-analysis of all
spectra has been undergone. We will describe in de-
tail the new derivation of the transmittances, and the
updated dataset.

Results: In the following of the paper, we will
describe in detail the data derived from the SOIR
instrument, their coverage in terms of latitude, local
solar time and altitude. As a general comment, solar
occultation observations provide information on a
very important region of the atmosphere, i.e. the ter-
minator, the limit between the day and night sides of
the planet. As a consequence the observations of
SOIR correspond either to 6 am or 6 pm, even if at
high latitude the definition of time starts to be mean-
ingless. This region is crucial because it is a place of
large longitudinal gradients in temperature and densi-

ty.
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Introduction:

SO, is strongly related to the formation of the
cloud and haze layers on Venus, which are mostly
composed of complexes of sulfuric acid and water.
The presence of SO, in the atmosphere and its varia-
bility could be proof of active on-going volcanism on
Venus. The variability of the SO; is a topic of high
intrigue. For example, consideration of SO, cloud-
top abundances derived from the time of the Pioneer
Venus (~1978) through to the end of the Venus Ex-
press Mission in 2014, suggests that long-term varia-
tions of the SO, abundance on the scales of several
years may be cyclical in nature, with no direct rela-
tion to local time variations. Temporal changes are
also observed in the super-rotation period and global
cloud cover, which may indicate a strong coupling
between circulation and SO, abundance above
cloud-tops.

Recent observations of sulfur oxides (SO2, SO,
OCS, and H;S04) in Venus’ mesosphere also have
generated controversy and great interest in the scien-
tific community. These observations revealed unex-
pected spatial patterns and spatial/temporal variabil-
ity that have not been satisfactorily explained by
models. Particularly intriguing are the layer of en-
hanced gas-phase SO, and SO in the upper meso-
sphere, and variability in the maximum observed
SO, abundance and the sign of the equator-to-pole
SO, abundance gradient that are also not uniquely
linked to local time variations. Because sulfur oxide
chemistry on Venus is closely linked to the global-
scale cloud and haze layers, sulfur oxide observa-
tions provide important insight into the ongoing
chemical evolution of Venus’ atmosphere and its
dynamics.

Motivation:

Existing observations have been obtained using
multiple platforms, observing techniques, and wave-
lengths. Each has its own unique strengths and limi-
tations. Although there is strong agreement on some
features, there are significant unresolved apparent
disagreements among current observations and be-
tween observations and models. These apparent dis-
agreements need to be analyzed and assessed careful-
ly to synthesize a clear understanding of sulfur oxide

chemistry on Venus. These investigations have been
performed via 1) the comparison and validation of
observations obtained between ~1978 and 2014, in-
cluding observations from the Pioneer Venus, Vega,
Venera-15 and Venus Express missions, as well as
observations from Earth-based telescopes and the
Earth-orbiting Hubble Space Telescope; and 2) mod-
elling of the SO, and sulfur-oxide family photochem-
istry. To facilitate this work, an ISSI international
team entitled ‘SO, variability in the Venus atmos-
phere” was formed to enable a detailed investigation
of each of the different aspects of Venus’ sulfur
chemistry cycle.

Data sets:

In this study, we tried to reconcile the following
different observations: previous measurements per-
formed by the Venera probes and Pioneer Venus, as
well as more recent observations carried out from
Earth or from space-borne instruments, both those on
board Venus Express (SPICAV, SOIR, and VIRTIS)
or those on the Hubble Space Telescope.

A first step was the direct comparison of SO»
abundances obtained by these various instruments.
This led to a better understanding of the limitations
of each technique used to determine the SO, abun-
dance, either at localized altitudes, as profiles or as
integrated column values. In a next step, the SO,
abundance was investigated in terms of spatial and
temporal variability, on small/short and large/long
scales, as well as relative to local time. In addition,
the most recent findings from photochemical and
dynamical modeling schemes designed to investigate
the observed vertical and horizontal (both latitudinal
and local time) gas density distributions were consid-
ered.

Results:

There are a number of trends that were deter-
mined from the detailed comparison of the observa-
tions. For example, comparison of the individual
datasets indicates that dayside gas abundance detect-
ed in the 60-100 km altitude range was observed to
vary by a factor of 2-5 as a function of local time;
similarly, one-to-one comparison of observations
made in the 60-100 km altitude range at specific lati-



tudes and local times indicates that the SO, gas
abundance varied by a factor of 2-10 on the time
scale of a few Earth days.

At the cloud tops the long-term average of the
SPICAYV data shows that during the VEx campaign
the 70-80 km dayside SO, gas abundance was typi-
cally highest in the equatorial region and decreased
with increasing latitude. At the same time, both the
SPICAV and HST observations indicate that the lati-
tudinal SO, gradient in the 70-80 km altitude region
was variable, that the sign of the latitudinal gradient
could change, and that the variation in the latitudinal
gradient was correlated with the overall abundance
of the SO, gas. The remaining trends associated with
the variability in the altitude profiles of Venus’ sul-
fur-oxides will be presented at conference. Likewise,
a summary of the correlation and contradictions be-
tween the observed and modeled behavior as func-
tion of altitude, latitude and local time will be pre-
sented.

Summary:

The analysis undergone within the ISSI Interna-
tional Team has been the subject of a publication,
whose main conclusions will be presented and dis-
cussed here. This presentation will summarize the
results obtained from the comparison of the individ-
ual data sets, and between the observations and dif-
ferent models. Lessons learned regarding the de-
pendence and variations of SO, with latitude, as well
as with time will be presented. Lastly, these studies
have highlighted areas where additional laboratory
and/or observational measurements are needed.
These details will also be discussed.
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DEFINITIVE MINERALOGY FOR A VENUS LANDING MISSION.

Alian Wang, Dept. Earth and Planetary Sciences and McDonnell Center for Space Sciences, Washington Uni-
versity in St. Louis, MO, USA; James Lambert and Steve Monacos, Jet Propulsion Laboratory, Los Angeles,
CA, USA; lan Hutchinson and Melissa McHugh, University of Leicester, Leicester, UK.

The key questions for a Venus lander:

A Venus landing mission is long over-due, since the
success of Vega 1 and Vega 2 in 1985, and those of
Venera 8, 9, 10, 11,12, 13, and 14 (1972-1981). The
geochemical data from Venera and Vega landing
sites suggest a basaltic crust, but rich in incompatible
elements (K, Th, U), similar to alkali-rich terrestrial
oceanic island [1]. Based on those data, we can make
limited estimations on Venus surface mineralogy.
Very different from Mars and Moon, Venus has the
youngest surface built through relatively recent vol-
canic activities, and a dense atmosphere of high pres-
sure and high temperature near the surface. Venus
would have the most interesting atmosphere-surface
interactions. These characters make_the mineralogy
of the surface of Venus to be “the single most fun-
damental _question” faced by any Venus landing
mission [2]. The other two key questions are the
chemical composition of the lower 22 km of Venus
atmosphere, and the oxidation state of the surface of
Venus [2, 3].

Definitive mineralogy by microbeam in situ Ra-
man:

A microbeam Raman system on a Venus lander
could provide finger-print spectra of silicates, car-
bonates, sulfates, phosphates, oxides, sulfides, hy-
droxides, etc. for definitive mineral phase identifica-
tions. In addition, the Raman peaks of minerals are
very sharp and non-overlapping in most cases even
in the spectra of mineral mixtures (rocks and rego-
lith), thus the mineral ID can be made by direct in-
spection of raw spectra.

Furthermore, a Raman system working in visible
spectral range (i.e., using 532 nm excitation) allows
the laser beam and Raman photon collection through
a transparent window (fused silica or sapphire). This
character will enable Raman measurements to be

Raman
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original rough surface

Data from a broad
-beam system
show mainly the LT~ ‘—/

major phases / X ~

A microbeam can pick up
minor & trace phases. -
Scan plus microbeam 3 Q.
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phase proportion and =
rock texture

olivine in matrix of
Martian meteorite
EETA79001

calcite found as
trace species

600 700 800 900 1000 1100

Raman shift (cm'w)
Fig. 2. The detection of a trace calcite in EETA79001
matrix by microbeam in situ Raman

1200

made behind a window in a Venus lander. The Venus
surface/subsurface samples could be delivered onto
that winder from outside. In addition, it takes 10 s to
< 1 minute to obtain a Raman spectrum (using
MMRS or CIRS, to be described later), thus to get >
100 spectra in 2 hours during a landed Venus mis-
sion.

Complete Mineral ID: The first-order mineral 1D by
Raman spectroscopy can address extremely im-
portant Venus science questions.

For example, thermodynamic equilibrium calcula-
tions predict many rock-forming hydrous silicates are
unstable at Venus surface, but some Fe-free mica
(eastonite, phlogopite), some alkali-

|-M Eastonite KMg;(AlSi;044)(0H),
I L ,ﬁ,, —

. Tremolite Ca,(Mg, Fe)sSig0,,(0OH),

—

Scapolite (NaCa), [AI(AISi)Si,0¢]5(Cl, F, OH, COs, SO,)

i

amphiboles (tremolite), and chloride-
bearing scapolite might be stable [3, 4].
They all have characteristic Raman spec-
tra (Fig. 1) that distinguish them from
many other silicates [5, 6].

f‘u:\ I Furthermore, it is critical to determine

whether or not the minerals which can
buffer CO,, HCI, and HF are present at
surface of Venus. XRF on Venera and

3500
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2500 2000
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Fig. 1. Raman spectra of three hydrous silicates that may be stable at Venus surface
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500 Vega provided indirect evidence for the

present of carbonates by the mass deficits
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[2]. While using in situ microbeam Ra-
man, direct ID of a trace carbonate
phase (calcite) was achieved in a study
of martian meteorite EETA79001 [7,
Fig. 2]. Past study has demonstrated that
F-, Cl-, and OH-bearing apatite can be
distinguished by their Raman peaks [8].

The highly active volcanic processes
and dense Venus atmosphere all make
the sulfur-cycle to be a key player in
Venus surface-atmosphere interaction.
For which, to identify and to quantify
the products of S-cycle (Ss Fe,S,,
H,SO,-H,0, HSO0;-H,0, and sulfate
minerals) in Venus surface/ subsurface

A \CaS0,2H,0

\

\
'€aS0,-0.5H;0

1040 1020 1000 980 960
Raman shift (cm-1)

Fig 3. Variety of Ca-sulfates may
exist at Venus surface.
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regolith bear great scientific signifi-
cance, and they are all very strong Ra-
man scatters (Fig. 3).

For a Venus landing mission, a Raman

system with very tight laser spot (microbeam Raman)
is a necessity for the detection of trace minerals, in
order to provide a complete mineralogy (major, mi-
nor, and trace minerals) for rocks or regolith.

Mineral Chemistry: Planetary Raman spectroscopy
reveals cation speciation and cation ratio in a min-
eral through accurate Raman peak position read-
ings, e.g., Mg/(Fe+Mg) in olivine [9]; Mg/(
Mg+Fe+Ca) in pyroxene [10, Fig. 4]; Or-Ab-An
endmembers and intermediate feldspar [11]; Fe-Ti-
Cr solid-solution oxides [12]; cation speciation in
carbonates [13]; and the cation speciation & hydra-
tion degrees in sulfates [14].

For a Venus landing mission, a Raman system with
spectral resolution better than 10 cm™ is required
to provide the cation ratios within + 0.1 uncertainty

[9-14].

Rock Characterization: The intensity of a Raman
peak in the Raman spectrum of a rock (or a regolith)
is affected mainly by the crystal orientation of the
mineral grain (against the incoming laser beam),

Fig 5. Compositional distribution of pyroxene in martian meteorite
EETAT79001
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peak positions.
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which would be very hard to know during a robotic
planetary mission.

Therefore, it is practically impossible to extract the
mineral proportions information, using the peak in-
tensities in a Raman spectrum collected from a large
sampling spot on a mineral mixture (rock or rego-
lith). Nevertheless, the mineral proportions infor-
mation can be obtained from Raman spectra collect-
ed from > 100 tiny spots on a rock (or regolith), i.e.,
by using a microbeam Raman system with scan ca-
pability. The proportion of a mineral in a rock (or
regolith) could be counted approximately on the ba-
sis of the occurring frequency of its major Raman
peak among > 100 Raman spectra [15]. The more
sampling spots would give the higher statistical accu-
racy in the counts. In this way, we avoid the uncer-
tainty in Raman peak intensity and relay only on the
detection of the major Raman peak of a mineral. The
difference among the Raman cross sections of miner-
als would be used as weighting factor in the counts.

When using a highly condensed laser beam spot (6-
25 um), it encounters single (or 2, or 3) mineral
phase (s), and generates high quality Raman spec-
trum. A spectrum with high S/N would facilitate de-
finitive phase ID and a high accuracy in mineral
chemistry extraction. A combination of above two
would provide the compositional distribution a min-
eral phase within a rock (e.g., pyroxene in a martian
meteorite shown in Fig. 5), which can be a direct
reflection of the formation history of the rock [7].

For a Venus landing mission, a Raman system with
high optical throughput that can generate a good
S/N spectrum in < 1 min, i.e., to accomplish a >100
spots Raman line scan in 1-2 hours, is required.
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A high TRL microbeam Raman system:

Planetary Raman spectroscopy can provide rich and
powerful information. However, Raman scattering is
an intrinsically weak process with Raman cross sec-
tions of minerals < 10, A Raman system for robot-
ic planetary surface exploration requires carefully
crafted optical configurations, with high Raman effi-
ciency and robust optical-electronic-mechanic com-
ponents/subsystems. Our studies of extraterrestrial
materials and terrestrial field tests led to a conclusion
on the best Raman system architecture, to satisfy the
need of fine-scale, definitive, and comprehensive
mineralogy for planetary surface
exploration.

MMRS & CIRS configurations
use the simplest, the most mature
and effective techniques, i.e. con-
tinuous wave, low power 532 nm
laser, optics in visible spectral
range (532-676 nm), and con-
ventional CCD. They both satisfy
the requirements mentioned in
above sections, i.e., < 25 pm la-
ser beam size, better than 10 cm™
spectral resolution, line-scan ca-
pability, and especially, a f/2 op-
tical chain to provide high Raman
throughput [16, 17].

Desert (2012-2015)

MMRS (Mars Microbeam
Raman Spectrometer) develop-
ment was supported by PIDDP,
MIDP, ASTEP program and ear-
ly MER mission development. It
has a separate Raman probe con-
nected through optical fiber to
Raman spectrometer. MMRS was
tested during three field seasons
(2012-2015) in Atacama Desert,
twice on Zoe rover (> 50 km traverse each time) and
once stand-alone. These field studies [18, Fig. 6]
demonstrated a solid science performance and robust
engineering of MMRS (TRL 5).

context imager)

CIRS (Compact Integrated Raman Spectrome-
ter) was developed on the basis of mature MMRS
technology but having an all-optics-in-one architec-
ture (i.e., without optical fiber). CIRS was supported
by MatISSE program since 2013, with a goal to
reach TRL 6 [17]. Currently, a prototype of CIRS
was built [Fig. 7] and preliminary tests were done.
Further system optimization is in progress. The envi-
ronmental tests of major optical components (and
some sub-systems) were accomplished (TRL 6) or
on-going.

Comparison with remote-Raman_architecture: In

Fig 6. MMRS on Zoe rover in Atacama

Fig 7. Current breadboard of CIRS
(includinga Raman spectrometer and a

the aspect science return, a microbeam in situ Raman
architecture is much more advantageous than a re-
mote-Raman in following three aspects. (1) A 25-50
pm sampling spot [16, 17, 19] enables the detection
of minor and trace minerals in a rock, while the large
sampling spot (0.5-1 mm) of a remote-Raman allows
only the detection of major or light-toned minerals.
(2) The Raman photons throughput of a /2 optics is
10? to 10* times that of a f/20 to /100 optics used by
remote-Raman architecture [20]. (3) the adjustable
low power cw laser avoids the over-heating-
damaging (or the generation of LIBS) of the target
minerals, when compared with the
pulse laser used by remote-Raman
architecture.

These are exactly the reasons
that the publications by WUSTL
Raman science team in past > 25
years were all based upon the use
of microbeam Raman architecture,
which demonstrated the wide and
deep planetary applications. For the
exactly same reason, before the
realization of microbeam Raman
architecture in 1980s, there were
practically no geological applica-
tions of Raman spectroscopy, none
for planetary applications.

Conclusion:

A Venus landing mission is long
over-due. The mineralogy of the
surface of Venus is the most im-
portant question for developing the
least understanding pf Venus sur-
face-atmosphere interaction. Mi-
crobeam in situ Raman could an-
swer this essential question. A high
TRL (5-6) microbeam Raman sys-
tem on a Venus lander can provide rich information
within short mission duration.
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HIGH PRECISION GAS ISOTOPE RATIOS: LEVERAGING CURIOSITY’S
SUCCESS ON MARS TO VENUS EXPLORATION

C. R. Webster, L. E. Christensen, G. J. Flesch, J. Blacksberg, D. Keymeulen, S. Forouhar, Jet Propulsion
Laboratory, Pasadena, CA (Chris.R.Webster@jpl.nasa.gov), P. R. Mahaffy, M. G. Trainer, P. Conrad, A. A.
Pavlov, L. S. Glaze, NASA Goddard Space Flight Center, Greenbelt, MA, and S. K. Atreya, University of

Michigan, Ann Arbor, MI.

Mars Climate Evolution Investigated by the
Sample Analysis at Mars (SAM) Instrument Suite
on the Mars Curiosity Rover:

For three years, the SAM suite has been making
measurements of atmospheric composition and ana-
lyzing solid samples using its Quadrupole Mass
Spectrometer (QMS), Gas Chromatography (GC)
columns and the Tunable Laser Spectrometer (TLS).
High-impact science results have included: high pre-
cision isotope ratios in a variety of gases! including
noble gases?? that reveals the extent of atmospheric
escape; detection and variability of atmospheric me-
thane?; age-dating and galactic cosmic ray exposure
determination®; the detection of organic molecules®;
and the measurement of D/H in Hesperian mudstone’
to assess the size and loss of ancient water reservoirs.

The measurement of isotope ratios and compari-
son of present-day values with the meteoric record
has been critical to unlocking the time sequences of
the martian planetary evolution. Recently, the meas-
ured present day value of *3C/*?C in CO., for exam-
ple, can be generated in models® balancing the at-
mospheric loss that enriches atmospheric *CO;
against carbonate formation that depletes it.

Venus Climate Evolution will be studied by
DAVINCI Discovery Mission, with Strong Herit-
age from SAM-MSL.:

NASA GSFC’s Deep Atmosphere Venus Investi-
gation of Noble gases, Chemistry, and Imaging
(DAVINCI) mission is under consideration for the
next Discovery Mission selection. DAVINCI will
focus on atmospheric origin and evolution, composi-
tion and surface interaction, and surface properties,
with a goal to place Venus in context with our solar
system and to provide a basis for interpreting recent-
ly discovered exoplanets. Through science traceabil-
ity matrices, DAVINCI has identified numerous spe-
cific requirements for measurement of gas abundanc-
es and precision isotope ratios in noble gases, C, H,
N, O and S species during the descent to the surface
of an atmospheric entry probe.

Capability of TLS for Measurement of Abun-
dance and Stable Isotope Ratios of Key Gases in
the Venus Atmosphere:

Atmospheric composition and precision isotope
ratios will be measured by DAVINCI’s Venus Mass
Spectrometer (VMS) and Venus TLS (VTLS) in-

struments, with some planned duplication. The
VTLS will have 3 channels focusing on abundances
and the isotopic ratio measurements given in Table 1.
The predicted spectrum for the second channel is
also shown in Figure 1.

Table 1. Isotope ratios to be measured by VTLS

VTLS | Wave | Gases Isotope Ratios
channel | length

1 2.78 CO2, H,0 Bc/2c, D/H,
and 80/Y70/*0

2 4.83 CO, OCS, CO, | **S/*35/%%s,
13Cl12C

3 7.4 SO, 34G/335/%23

Venus TLS: CO, OCS=20 ppmv; H20=30 ppmv, CO2=96%
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Figure 1. Example spectrum for a single VTLS channel at
Venus conditions showing the rich spectral information.

We will discuss the Venus science drivers behind
the measurement requirements, and the ability to
meet or exceed those requirements as demonstrated
by laboratory measurements of isotopic standards.
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Venus and Earth: Is the Divergence a (Natural) €Egusence of Planetary Evolution?
M.B. Wdlerl, (matt.b.weller @rice.edu), A. Lenardict, 1Departrr‘ent of Earth Science, Rice University, Houston, Tx, USA.

small perturbation of the system. Taken together,

Introduction: A key observation is that the these results suggest that transitions betweeortiect
Earth is seemingly unique in that it exhibits plate regimes can occur at the same thermal time (e.g.,
tectonics and a buffered climate allowing liquid-wa temperature), but due to different evolutionarytdis
ter to exist at the surface over its geologic ilifet. ries (e,g,, internal heating, surface temperature),
An important aspect that has long been in consensusthese regime shifts can occur at very differentpem
is that as Earth cools, plate-tectonics will evaliyu ral times.
wane and the Earth will begin to move into staghant Diverging Venus and Earth, Transitions in
lid regime, similar to observations for current day Tectonics: A framework of bi-stability and evolu-
Mars. However, while the end-state is generally tionary pathways offer insights into the apparent
agreed upon, the nature of tectonics that the earlyEarth/Venus paradox. Early planets are highly jikel
Earth, exhibited is still hotly debated [e.g., This to operate within a stagnant-lid regime. As radiege
uncertainty about the initiation, potential, anah-lo  ics decrease, all things being held equal, it may b
gevity of plate tectonics has been extended taaextr expected that an early stagnant-lid would yield
solar terrestrial planets and ‘Super-Earths’ [e2g:, through a transitory episodic-lid before settlingpia
8]. In order to understand the potential for plate- more mature stage mobile-lid. Evidence suggests tha
tectonics in our own Solar System, let alone extra- this is perhaps the evolution of the Earth [e.g- 17
solar planets, the evolution of early planets, pad 19], but evidence for early lid transitions arefidiflt
ticularly the apparent divergence in the evolutidn  to determine for Venus, which may currently operate
Earth and (Earth's twin) Venus needs to be explored within a stagnant-, or episodic-lid regime [20-22].

Convective Regimes, Thermal Evolution, and However, observations of Venus' surface may offer
Bi-Stability: Planetary tectonic evolution has re- clues to if, and when, a transition may have oelirr
cently been suggested to be complex, with strong It has been shown that ~ 80% of the surface of ¥enu
temperature induced feedbacks possible. Recentis covered by volcanic plains, which have been sug-
studies have shown that systems with high levels of gested to have been emplaced, potentially ‘catastro
internal heating strongly favor early immobile,gsta  phically’ [23, 24], within the last ~300 - ~1000 My
nant-lid, or heat-pipe states [4, 9—10]. As radinge [23-25]. This observation, in addition to the 92 ba
are depleted, the lithosphere can yield through anVenusian atmosphere, with its strong greenhouse
intermediary episodic-lid, into a mobile-lid regime climate, and ~740 K surface temperature, are
Increasing surface temperatures, operating on geo-strongly indicative of late-stage episodic-lid s&n
logic time scales, have also been shown to cause aion.
transition from mobile-lid convection, into and It has been suggested that the transition from an
through an episodic-lid regime, before settlingpint early stagnant-lid for the Earth occurred ~3 G4d.[26
stagnant-lid behavior [9, 11-13]. In contrast te th Assuming a nearly identical size and composition
intermediary episodic-lid associated with decregisin Earth and Venus, canonical models would predict a
internal heating rates and low surface temperatures similar temporal transition for Venus. However, re-
episodic regimes associated with increasing surfacecent work has suggested that the bulk silicate @@mp
temperatures indicate long-lived and robust eptsodi sition of the Earth may be nonchondritic, with a-30
activity [9]. 50% reduction in heat producing elements [27]. A

While planets can transition between tectonic re- reduction of radiogenic heat input of up to ~1/2 re
gimes overtime, the path of this evolution may be sults in a decrease of internal temperature ofaup t
complex. Nonlinearities inherent in the convective 41%, following established internal heating scaling
system lead to a hysteresis of states in whichiphellt ~ laws [e.g. 28 — 30]. Lower heating rates for thdyea
stable tectonic regimes are possible for the sameEarth result in lower temperatures relative to an a
planetary parameter values (or bi-stability) [9-14 sumed chondiritic (heating rate) Venus. The net re-
16]. The range in parameter space in which multiple sult is to thermally age (mature) the Earth in memi
stable solutions exists increases with increasing diagram space, which acts to alter transition times
Rayleigh numbers or increasing viscosity contrasts absolute ages (Fig. 1). Accounting for a non-
[15]. Both factors are expected to increase for in- chondritic Earth, a near chondritic Venus, and a
creasingly energetic planets. Within the bi-st&pili  change in lid regimes for the Earth at ~ 3 Ga [26]
window, the tectonic regime of the system becomes asuggest that an otherwise comparable Venus should
function of a planet's specific geologic and climat begin to transition out of a stagnant-lid and iato
history, indicating that two otherwise identicalssy  episodic-lid at ~ 2.2 — 1.6 Ga, which is near tpe u
tems can exist in different states as a functiom of per age limit of potential volcanic plain emplacerne



ages at ~1 Ga [23, 24]. This implies that Venus po- ~20 K difference in surface temperatures results in
tentially remained in a stagnant-lid longer thae th stagnant or mobile-lids. These results offer insigh
Earth, with potentially has profound implications. into the Venus/Earth divergence, and may explain
Long lived stagnant-lids will tend to favor the sup observables of Venus today.

pression of a thermally driven core dynamo, and can

also allow for a longer build up of volcanic prothic
(e.g. CQ) without significant volatile cycling into
the interior. The longer build-up time of greenh®us
gases (e.qg., higher surface temperature), cougtad w
higher internal temperatures due to the potential o
higher radiogenic abundances, in addition to in-
creased proximity to, and increasing Solar lumityosi
may have allowed for Venus as we see it today.
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While both planets may have evolved along a
similar initial pathway (e.g., an initial stagndiat},
the possibility of decreased internal heating réoes
the Earth allowed for Venus to remain within a stag
nant-lid for a longer period of time. Over an addi-
tional ~ 1-2 Gyr, volcanic processes continualljtem
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Figure 2: Numerical experiments demonstrating divergence
in tectonic states near a transition to bi-staleledvior. An initial
stagnant-lid (single plate) system is allowed tole¥ into a mo-
bile-lid by decreasing internal heating (from aiti@h high to a
later intermediate stage — a proxy for system ageiee [9] for
background and discussion of numerical approachesyrface
temperature (Ts) increase is applied near a tiansit tectonic
behaviors (perturbed system responses). High Mylildicates
mobile-lid states (blue field), while low Mobilitydicates stag-
nant-lid states (red field), where Mobility = SwéaVrms/ Total
System Vrms (Vrms is the root mean square velaclige dark
blue line indicates the original, unperturbed sys&volution. Ts
is non-dimensional following the total system tengpare con-
trast scale [0 to 1], where 1 is the core mantlenblary tempera-
ture. All cases result in long-lived stable states.
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Introduction:

The prime objective of such multi-year coordina-
tion campaigns is to provide direct measurements at
several levels in the Venus’ atmosphere, in order to
complement and to help interpreting the massive but
sometimes indirect information obtained by the or-
biting spacecraft, with a particular emphasis on mes-
ospheric dynamics and chemistry.

The work plan for Ground-based observations of
Venus is governed largely by the orbital cycles of
Venus and the Earth, which constrain the observing
opportunities. Since VCO/Akatsuki successfully
inserted into Venus orbit on Dec. 7, 2015, a new
international campaign is in preparation for the next
cycle of Venus maximum elongations (East, Jan 12,
2017 ; West, June 3, 2017).

2007 Campaign:

In 2007, ESA selected a Support Investigation
activity to complement the data acquisition from the
Venus-Express mission [1] with ground-based ob-
servations with the following science objectives: (i)
performing coordinated measurements not feasible
by Venus Express, (ii) obtaining cross-validation of
measurements by different techniques and record
different diagnostics of similar phenomena, (iii) ob-
taining simultaneous measurements sampling a large
range of altitudes and (iv) improving the latitudinal
coverage and temporal baseline on rapidly variable
phenomena. A first campaign was coordinated one
year after Venus Express VOI [2] and resulted in a
special issue of Planetary and Space Science (Vol.
56, August 2008).

Hubble Space Telescope:
Hubble Space Telescope Imaging Spectrograph
(HST/STIS) UV observations of Venus’ upper cloud
tops were obtained in Dec. 2010 — Jan. 2011 in coor-
dination with Venus Express (VEx). Thesse data
were obtained simultaneously with ground-based
James Clerk Maxwell Telescope sub-mm observa-
tions and 0.36 um VEx/VMC images of Venus’
cloud-tops. They allowed direct comparison and
colocation of SO2 and SO gas column densities with
cloud top brightness and haze particles properties

[3].

Wind field:

VMC and VIRTIS-M have measure long-term
behavior of wind flow regimes in Venus at different
vertical levels with the use of manual or automatic
cloud-tracking algorithms [4,5]. In parallel, ground-
based Doppler measurements on the dayside cloud
tops (Fig. 1) have shown that cloud features actually
track actual atmospheric motion as evidenced by
line-of-sight Doppler velocimetry of solar lines [6,
7].
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Fig. 1 - Canada-France-Hawaii telescope (CFHT) Dop-
pler winds (green) compared to cloud-tracking wind mea-
surements of VEx/VIRTIS-M on Feb. 21,2011 [6].
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2012 Transit of Venus:

Photometry of the thin aureole, a refracted image
of the solar limb probing the terminator mesosphere
during the transit, was compared to a simultaneous
SOIR occultation profile obtained during the transit
[8, 9, 10]. The vertical temperature profiles at all
altitudes detect a cold layer at ~86-94 km altitude on
average, whose thickness seems to be dependent on
latitude. The opaque layer altitude (t=1) is also lati-
tude dependent, being lower at high altitudes (mini-
mum of 86 km at +82°) than at the equator (91 km).

Atmospheric structure, trace gases :
Millimeter and sub-millimeter wave observations
330-360 GHz line absorptions for *CO, '*CO, HDO,
SO, and SO,, bring independent coverage and moni-
toring of rapidly variable temperature and density
measurements across the upper atmosphere of Venus
[e.g. 11, 12]. Since 2012, maps of HDO and SO,

have been obtained at 7 and 19 um using the Texas



Echelon Cross Echelle Spectrograph (TEXES) at the
Infrared Telescope Facility (IRTF). Different atmos-
pheric levels are probed atop and within the upper
cloud layer. Strong short-term spatial variations
(within two hours) were observed in the SO2 maps,
while no significant spatio-temporal variations were
observed in the HDO maps [13,14]. From AAT, Spa-
tially resolved measurements of H,O, HCI, CO,
OCS, SO,, cloud opacity, and acid concentration in
the IR spectral windows are also monitored [15].

Coordination with Akatsuki in 2017:

VCO/Akatsuki [14] successfully inserted into
Venus orbit on Dec. 7, 2015. In general, coordinated
observations will improve the latitudinal coverage
and temporal baseline, while allowing cross-
validation of measurements by different techniques.
HST will potentially observe near maximum elonga-
tions in Dec 2016-Feb 1 2017 and May 21-June 21
2017, while requests for observing Venus will be
submitted to major ground-based facilities (ALMA,
JCMT, CFHT, IRTF, AAT, APO)
- Akatsuki LIR camera will observe nightside cloud-
top temperature to map of global cloud-top tempera-
ture, if one assumes that the large-scale structures
(e.g. associated with Y-feature) lasts this long. This
can be compared to any spatial structures seen in
IRTF/TeXes retrieved parameters (temperature
structure, SO,, HDO retrievals), and with wind re-
trievals. If wind tracking from LIR data are also
available, this can also be compared with dayside
wind retrievals such as those obtained with
CFHT/ESPaDOnS.
- Akatsuki IR2 will observe middle/lower cloud
winds through feature tracking. In principle, one
could look for correlations between mean cloud
opacity (as measured by mean brightness at 1.735 or
2.26 um channels) and mesospheric SO, and/or
HDO levels observed using various techniques from
the ground (IRTF, sub-mm and mm wave), balloon-
borne experiments and Earth's orbit (HST) [15, 16].

Several new international science collaborative
opportunities will be discussed at the meeting.
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Introduction

SPICAV/SOIR is suit of spectrometers on-board Venus
Express that was orbiting Venus for 8 years. It oper-
ates, a.0., in the solar occultation mode in the spectral
ranges of 118-320 nm for SPICAV-UYV, 0.65-1.7 um for
SPICAV-IR and 2.2-4.3 um for the SOIR channel. Each
channel has proven to be able to target the Venus up-
per haze at the terminator and to deliver vertical profiles
of the light extinction due to aerosols over the broad
spectral range covered by the instrument [1].

While the considerable number of data obtained
since the arrival of VEx at Venus allows to study the
geo-temporal variability of the aerosol loading [2,3], the
spectral dependence of the extinction in particular orbits,
directly related to the size distribution and composition
of the particles, has the potential to characterize the
aerosols in the mesosphere. An independent analysis of
the extinction coefficients from the three channels for a
limited number of observations and a recent analysis of
the SPICAV-IR data [1,3] demonstrated that submicron
particles consisting of concentrated sulfuric acid (75%)
is not sufficient to explain the recent SPICAV/SOIR ob-
servations.

In this work we propose a global analysis of the up-
per haze by combining the data obtained with the three
channels in one single retrieval of the particle character-
istics.

Data Set

Since March 2007, the three channels can operate simul-
taneously in solar occultation, a self-calibrated mode of
observation, allowing to estimate the particle size dis-
tribution and the concentration of sulfuric acid in the
droplets from the spectral dependence of the extinction
coefficients. We focus on a subset of about 120 obser-
vations, spread over six years of the mission, for which
the retrieval of the extinction coefficients in the three
channels is of good quality. These observations cover
all latitudes but high latitude North (60° — 90°) are over-
represented (75%), due to the geometry of the orbit.
The targeted altitude range depends on the latitude
of the observation as the upper haze lies higher at the
equator than at the poles [2,3], but it also depends on
the wavelength of the measurement, typically from 70
to 95 km in the IR and from 90 to 105 km in the UV.

Therefore the overlap in altitude range covered by the 3
spectrometers is limited.

Methods

A Mie-based optical model has been built for the wave-
length range covered by the suit, for various uni- and bi-
modal log-normal size distributions and for several con-
centrations of H.SO4 comprised between 70 and 90%.
For various altitudes of the extinction profiles obtained
at different wavelength, the experimental values of the
extinction are normalized towards the extinction at a ref-
erence wavelengths, chosen to have the smallest relative
error on the retrieved extinction. The spectral depen-
dence of the experimental normalized extinctions was
fitted using a Levenberg-Marquardt algorithm, which
minimizes statistically x? weighted against the uncer-
tainty of the measurements.

Results

The number of parameters to retrieve is large: 1 (uni) or
2 (bimodal) values for the effective radius and respective
effective variances, as well as the ratio of the numeri-
cal densities between the two modes (bimodal only) and
the sulfuric acid concentration. Therefore, a sensitiv-
ity study of these parameters on the retrieved aerosol
characteristics was performed.

From this subset of data, we aim at defining a num-
ber of constraints in order to broaden the analysis to
observations for which only one or two of the channels
delivered valuable profiles of the extinction coefficients.
Attempts to deduce the number densities profiles will
also be presented. This work also confirms frequent de-
tached layers in the upper haze at latitudes for which the
vertical resolution is high. As showed in previous stud-
ies [1,3], a bimodal size distribution is often necessary
to fit the experimental values.
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Introduction:

Venus EXpress (VEX) orbited Venus from 2006-2014, in
a highly eccentric polar orbit with a pericentre near the
North Pole. During several campaigns, the pericentre alti-
tude was lowered allowing the spacecraft to travel inside
the thermosphere at altitudes as low as 165 km. During
these VEX Atmospheric Drag Experiments (VEXADE)
campaigns, atmospheric drag was measured in two ways,
using radio tracking for precise orbit determination
(VEXADE-POD) [Rosenblatt et al. 2012] and, secondly,
using the Attitude Control System to measure the aerody-
namic torque exerted on the spacecraft when orienting the
solar arrays asymmetrically (VEXADE-TRQ), a technique
first developed for the Magellan orbiter [Tolson et al,
1995]. While the POD measurements gave a single density
value per flyby (equivalent to the density at closest ap-
proach), the TRQ measurement obtained time-resolved
measurements of thermospheric neutral density over an
altitude range of 165 — 200 km altitude. It was not possible
to use the onboard accelerometers to measure densities at
these high altitudes — that was only possible in the later
aerobraking campaign where pericentre altitude was low-
ered to 130 km altitude [Miiller-Wodarg et al. 2016]. We
present data from the TRQ measurements.

Data reduction

The method of calculating the densities from measured
torques is described by Damiani et al. (2012). The meas-
ured torque exerted on the spacecraft contains not only
aerodynamic torque but also gravity gradient and solar
radiation pressure torques, all of which are considered
when inferring thermospheric densities.

Several sources of systematic error have been considered.
Damiani et al (2012) showed that almost all of the aerody-
namic torques are due to forces on the solar arrays, due to
their large area and large distance from the spacecraft
mass, and that ignoring flow on all other faces of the
spacecraft lead to uncertainties of at most 5% in the calcu-
lation of density — this simplification was therefore adopt-
ed in the present study. Following the analysis of Arona et
al. (2011), we assumed an accommodation coefficient of
0.886 +/- 0.02. Including other systematic errors and the
possible effects of thermospheric wind speeds, we estimate
the combined systematic uncertainties to be typically <
15% at 165 — 185 km altitudes

During some passes of Venus Express we obtained ther-
mosphere densities both from the POD and TRQ methods,
allowing cross-validation of their densities. To extract a
more accurate closest approach density value in the TRQ
data and thereby permit cross-validation between the da-
tasets, a Gaussian function was fit to the measured torque

curve. Figure 1 shows the peak densities, simultaneously
measured using the torque and POD techniques. It can be
seen that the results are clearly correlated, which increases
confidence in the torque technique. Densities obtained
from torque measurements are typically 20% lower than
those from the POD data; however, this disagreement is
considered to be acceptable given the very different nature
of the two methods.
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Figure 1: Comparison between torque and tracking peri-
centre density values for matching orbits. Error bars in-
clude systematic and random noise. (Persson, 2015).

Results

An example of a density profile inferred from one of the
torque passes is shown in Figure 2, using data from 18
May 2011 The pericentre of this orbit was at latitude 84.8
deg N, above the dayside near the evening terminator
(SZA =85.9 deg) and the spacecraft approached pericentre
travelling northwards above the dayside, crossing the ter-
minator (defined in this case as SZA = 90°) into the
nightside at 58.9 seconds after pericentre. The significant
change in mass densities before and after pericentre occurs
due to this passing from the dayside to the nightside, lead-
ing to a rapid collapse in density.

Data from the thermospheric density model of Hedin et al.
(1983) were extracted along the spacecraft trajectory and
are shown in Fig. 2 by the dotted line. It can be seen that
the Hedin model also reproduces a collapse of thermo-
spheric density from dayside to the nightside, although the
gradient of this decrease ( dp/d(SZA) ) is smaller in the
model than in the observations.
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Mean density profile

The density profile from all of the torque passes was
binned by altitude and corrected for the observed horizon-
tal density gradient with respect to solar-zenith angle
(Persson 2015). The resulting vertical profiles, binned
separately for morning and evening terminators, are shown
in Figure 3.
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Figure 3: Mean densities along the morning (red) and
evening (blue) terminators averaged in 1 km altitude bins.
Error bars show measurement errors, and solid lines show
1o variability of measured values within each altitude bin.

The error bars denote the measurement error as a function
of altitude; the solid lines show the +/- 1 sigma dispersion
of measured densities in each altitude bin, i.e. the standard
deviation of mass density variability in each altitude bin.
Mass densities were found to be 40 - 45% lower than those
of the Hedin model, in agreement with the results from
POD measurements (Rosenblatt et al., 2012). This finding,
combined with the finding that the gradient do/d(SZA) is
greater in observed data than in the Hedin model, means
that observed densities at SZA > 90° in particular were
much smaller than predicted by the Hedin model. We
found no significant density difference between morning
and evening terminators.

Wave structures

Many profiles exhibit strong oscillations in density such as
those seen near pericentre in Fig. 1, with Ap/p of up to
20%. The spacecraft is travelling nearly horizontally when
passing through these structures; the horizontal wave-
length is calculated to be typically in the range 100 — 400
km. This is similar in scale both to waves reported at 135
km altitude during aerobraking (Mdller-Wodarg et al
2016) and waves observed near 120 km in CO; non-LTE
emission observed by VIRTIS (Garcia et al., 2009).
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We investigate the nature of the UV contrasts exhibited
by Venus clouds by examining co-located radio occulta-
tion and UV imagery data obtained from Venus Express.
The images are obtained up to twelve hours away from the
time of the radio occultation, so a correction scheme is de-
veloped to account for advection of clouds by winds. Also,
a phase angle correction scheme is developed to compen-
sate for the changing viewing geometry of the cloud.

We find a weak correlation between UV darkness and
temperature in the 65-75 km altitudes, consistent with an
explanation that UV-dark regions absorb more sunlight
than UV-bright regions. The altitude region of maximum
heating apparently increases with latitude, as the solar zen-
ith angle increases, but statistical significance of this find-
ing is low due to a small number of observations.

We find no evidence for correlations of UV brightness
with static stability at any altitude. However, this may be
due to the relatively low number of observations available,
particularly in low-latitude regions where UV contrast
formation is thought to be strongest.

The method developed here, if applied on a greater
number of observations in future, shows possibilities for
constraining the vertical distribution of solar UV absortion
in the clouds of Venus.

Acknowledgement: Some of this work was funded from
the European Union Seventh Framework Program (FP7)
under grant agreement n°606798 (EuroVenus).

Figure: Example of VMC images showing VeRa sounded
location on 25 Dec. 2013 (Orbit 2805). The three images
were taken respectively 10, 7, and 4.5 hours before the
VeRa sounding. In each image, the diamond indicates the
actual location sounded by VeRa; the square shows the
position of the sounded atmospheric region at the time the
image was taken, taking into account the mean winds at
this latitude and altitude.
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ASCENT AND ERUPTION OF MAGMA ON VENUS: CHANGES OF

STYLE WITH GEOLOGIC TIME.
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Introduction: The nature of the basaltic [see re-
view in 1] volcanic activity recorded in the surface
geology of Venus has been dictated by the extreme
(by Earth standards) environmental conditions com-
bined with the variations over geologic time of the
state of the crust and mantle. Here we summarize our
current thinking on these issues.

Environmental factors: The massive CO»-
dominated atmosphere of Venus leads to both a high
surface pressure (~4-9 MPa) and a high surface tem-
perature (~650-730 K), both decreasing with increas-
ing elevation [2]. Each of these leads to predictable
consequences for eruptive processes and volcanic
landforms.

Pressure effects. The pressure gradient in the
crust on Venus is only slightly less than that in the
Earth because the acceleration due to gravity is
~90% that of Earth, but the absolute pressure at the
surface on Venus is so high that the exsolution of
magmatic volatiles is greatly inhibited, making ex-
plosive volcanic activity less likely than on Earth and
effusive activity more likely. The high pressures in
the Venus atmosphere should influence the thermo-
dynamics of the H-C-O-S-N system in such a way
that CO; is the main constituent of the gas phase
released from erupting mafic magmas there [3], with
water (and SO;) present as minor components.

We use one-component solubility functions for
water and CO; in basalt from [4] to illustrate the
relative behaviors of these species on Venus. Steady
(i.e., Hawaiian-style) explosive activity requires that
the volume fraction of the gas bubbles formed in a
magma as the volatile is exsolved should equal or
exceed a critical threshold of order 75-80%. We find
that to have steady explosive activity on Venus,
magmas would need to have the minimum total con-
tents of either water (~1-2 wt%) or CO; (~2-4 wt%)
shown in Table 1 (these values are ~10x greater than
the amounts needed on Earth). To be able to contain
these large amounts of volatiles, Venus magmas
would need to have been generated by partial melting
at depths of at least the values shown in the Table.
Whatever the thickness of the Venus crust, the ~1-3
km depths implied if water were the volatile driving
potential explosive activity present no problems -
partial melting is likely to have taken place at greater
depths so the only limitation is the presence of
enough water in the Venus mantle. However, the
~30-70 km depths required for CO, might represent
more of a challenge depending on the thermal state

of the mantle. More important is the fact that the
calculations of [3] imply that under Venus surface
conditions no magma with a composition resembling
those of typical mid-ocean ridge basalts on Earth
would release more than ~ 600 ppm, i.e., 0.06 wt%,
of CO, and ~10 ppm water These amounts are too
little by factors of 30-70 to permit steady explosive
volcanism, and some kind of volatile concentration
process would be needed to allow such activity.

One such process is the slow rise of magma that
allows gas bubbles to migrate upward through the
rising melt and coalesce to form much larger bubbles
that burst in the vent to drive Strombolian activity.
Another is the stalling of magma beneath a chilled
carapace allowing accumulations of volatiles to
eventually drive a Vulcanian explosion. However,
neither of these processes leads to the kind of high
magma injection rate into the atmosphere that leads
to wide dispersal of voluminous deposits. Few ex-
amples of explosive volcanic eruption deposits on
Venus have been suggested [5-7]. The most recent
proposal is a pyroclastic flow near Diana Chasma [8]
covering an area of at least 5000 km? and having a
volume of order 500 kmd3. A deposit of this scale
would require a protracted relatively steady eruption
[9] and extreme volatile concentration [8] and an
elongate fissure vent would encourage column col-
lapse to form a flow rather than fall deposit [10].

Table 1: Minimum total volatile contents, N,
and minimum mafic magma source depths, D, to
ensure steady explosive activity on Venus for 4 MPa
and 9 MPa surface pressures.

Volatile 4 MPa pressure 9 MPa pressure
Species Nyt /Wt% D /km  net /wt% D /km
H20 1.07 1.05 226  3.03
CO; 192 327 422 7138

Temperature effects. The cooling of lava flows
on Venus was modeled by [11]. Their results show
that the increase in thickness with time of the
chilled crust is nearly the same as on Earth in both
high and low elevation areas on Venus, despite the
variations in atmospheric properties, because the
limiting factor is heat flow through the lava rather
than heat removal by the atmosphere. Also the sur-
face temperatures in all three cases decrease in the
same way for about the first hour after eruption.
However, at later times the Venus flow surfaces are
hotter, and so the mean internal temperature is also
greater, by about 400 K. Flows cease to advance



when the wave of cooling from their boundaries pen-
etrates far enough into the flow body. However,
analysis of flow cooling in terms of the dimension-
less Gratz number [12] shows that cooling does not
have to penetrate to the center of a flow to cause its
advance to stop. This implies that flow cessation
depends, at least in part, on the details of the cooling
of the flow front material and the dynamic lateral
displacement of this cooled material to form the lev-
ees between which the flow advances. Although the
details of these interactions have not yet been quanti-
fied, we now anticipate that flows on Venus should
advance to greater distances, possibly much greater
distances, from the vent than flows on Earth for a
given volume eruption rate. This must encourage the
formation of long, volume-limited lava flows rather
than the development of compound flow fields con-
sisting of multiple shorter cooling-limited flows. This
seems qualitatively in agreement with the presence of
the major fluctus systems on Venus.

Volcanic History of Venus: The stratigraphical-
ly oldest terrains on Venus, the tesserae, appear to be
formed by deformation of volcanic plains units in
places [13] but pervasive deformation of tessera ter-
rain obscures the nature of the earlier volcanic units.
The oldest post-tesserae units are also very deformed
volcanic plains.

Superposed on this unit are relatively undeformed
plains characterized by abundant small volcanic
shields [14]. These features probably represent a
phase of low-effusion rate, cooling-limited flows,
and are evidence for widespread shallow volcanic
sources [11]. Following this, widespread radar-dark
volcanic plains were emplaced globally (>70% of the
surface). These plains show little evidence for abun-
dant distributed volcanic sources; instead, source
regions are not obvious, and the major features are
long sinuous channels [15] many of which are similar
to lunar sinuous rilles formed from high effusion
rate, long duration eruptions [16]. Stratigraphic evi-
dence suggests that these plains were initially em-
placed in widespread flood events involving very
high effusion rate volume limited flows, and partially
through canali, which may represent picritic or ko-
matiitic lavas formed by large degrees of partial
melting [17].

After a period of compressional deformation
forming wrinkle ridges, another change in style and
mode of occurrence of volcanism took place, with
the widespread plains units largely followed by the
formation of broadly distributed centralized volcanic
edifices and sources [18]. The latest activity is local-
ized at edifices on broad volcanic rises [19], and at
rifts where lithospheric thinning has permitted locally
enhanced melting and volcanism [20] producing both
cooling limited and volume limited flows.

Implications for the mantle: Neither plate tec-
tonic models [21] nor monotonic thermal decay [22]

readily account for the major changes in volcanic
style. A depleted mantle layer overturn model [23] is
consistent with many of the observations. In this sce-
nario, a depleted mantle layer underlying a vertically
accreting crust becomes unstable and overturns,
causing localized crustal thickening (tessera) and
extensive volcanism linked to crustal thinning and
pressure-release melting of upwelling fertile mantle
at a range of depths. Mantle upwelling would favor
komatiitic magmas produced at deeper levels and
high effusion rate fluid lavas at the surface producing
long flows. In this scenario this near-surface thermal
and magmatic pulse is followed geologically rapidly
by stabilization, cooling and lithospheric thickening,
widespread compression, and localization of volcan-
ism to sources related to deeper mantle convection,
plumes, and lithospheric thinning, marking the most
recent phase of Venus volcanism. Recent analysis of
Venus Express data suggest that volcanism may still
be ongoing in these young rift-related areas such as
Atla Regio [24].
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Introduction:

The beautiful UV images of the Venusian cloud
top were previously performed by several Venus
satellites such as Mariner 10 [Bruce et al., 1974],
Pioneer Venus [Travis et al., 1979; Rossow et al.,
1980], Galileo [Belton et al., 1991], Venus Express
[Markiewicz et al., 2007a, 2007b; Titov et al., 2008].
These previous instruments have taken images at the
wavelength around 365-nm, but what material distri-
bution reflects the contrasting density has been un-
known yet. There is the SO2 absorption band around
the 283-nm wavelength, and the 283-nm images clar-
ify the distribution of SO2.

The ultraviolet imager (UVI) on the AKATUSKI
satellite takes ultraviolet images of the solar radiation
scattered at the Venusian cloud top level at the both
283- and 365-nm wavelengths. There are absorption
bands of SO2 and unknown absorber in these wave-
length regions. UVI result into measurements of the
SO2 and the unknown absorber distributions, and the
sequential images lead to understand the velocity
vector of the wind at the cloud top altitude.

Instrumentation:

The UVI is equipped with fast off-axial catadiop-
tric optics, two bandpass filters and a diffuser in-
stalled in a filter wheel moving with a stepping motor,
and a high-sensitive CCD devise with a UV coating.
The UVI takes images of the ultraviolet solar radia-
tion scattered from the Venusian cloud top in two
wavelength ranges at the center of 283nm and 365nm.

The optics has a composite focal length of
63.3mm with an f-number of 16, and the field-of-
view (FOV) of 12°. Two interference filters installed
in the filter wheel select the observational wave-
length of 283nm and 365nm. One diffuser also in-
stalled is used for the onboard calibration such as
measurement of flat field and modification of relative
sensitivity. As the detector a back illuminated type of
a frame-transfer CCD with a UV sensitive coating is
adopted. Its pixel size is 13um, and the effective area
is 1024 x 1024 pixels. Therefore UVI has the angular
resolution of 0.012°. The output count of the CCD
has the data depth of 12bit by the analog-to-digital
converter. The onboard digital data processing cre-
ates make one image with the 16-bit data depth. The
data size is diminished with the onboard compression
to be several hundred kilo-bytes.

The nominal exposure time is 128 msec and 46
msec at the observations of the 283- and 365-nm
wavelengths, respectively. CCD has no mechanical

shutter, so a smear noise in transferring from the im-
age area to the storage area degrades the signal-to-
noise ratio of the signal image especially in the short
exposure operation. The images have a signal-to-
noise ratio of over 100 after desmearing of onboard
data processing. The cooling radiator for the CCD
device cools down the instrument temperature below
9°C in the observation mode to reduce the dark cur-
rent. The UVI nominally take one image of the Ve-
nus cloud top level every two hours.

First Image of Venus:

UVI has taken the two UV wavelength images of
Venus immediately after the operation of the Venus
orbit insertion last year. The first memorial images
by the AKATSUKI “satellite” of Venus were taken
at the positions of ~72,000 km far from the Venus
center. The solar phase angle at the sub-observer
point was ~45° with the evening terminator. The im-
age without any data reduction except for desmearing
is very desirable for scientific analysis without dam-
age such as radiation effect.

The UVI image at a wavelength of 283 nm pre-
sents solar radiation attenuated by SO2 absorption
near the cloud top altitudes This is the first time to
capture the snapshot of Venus with this wavelength.
Together with the 365-nm images, the continuous
UVI images will be used to derive horizontal cloud-
tracked velocities near the cloud top altitudes (62—
70 km) [e.g., Ogohara et al., 2012; Kouyama et al.,
2013].

Summary:

The UVI imager on the AKATSUKI satellite can
detect two wavelength ultraviolet radiations reflected
at the cloud top, and it has also taken sequential im-
ages every two hours. The image quality is very com-
fortable suite to study scientific objectives before
launch. We expect the interesting results from the
UVI images of Venus.
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