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VENUS INTERIOR AND SURFACE TODAY

S. Smrekar', A. Davaille?, and N. Mueller', (1) Jet Propulsion Laboratory/Caltech, 4800 Oak Grove
Dr., Pasadena CA, 91109 USA (ssmrekar@)jpl.nasa.gov) (2) Laboratoire FAST, CNRS / Univ. Paris-
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Introduction: Some of the key questions for
understanding the evolution of Venus are: Why
does Venus lack plate tectonics? How does it lose
heat? Did it resurface catastrophically? How are
the interior, surface, and atmosphere coupled?
What geologic processes are active today? We
discuss these questions in light of VIRTIS surface
emissivity studies of coronae, hotspots, proposed
subduction zones, as well as resurfacing studies.
We propose that Venus has local, ongoing
resurfacing via processes such as hotspot
volcanism, subduction and delamination.

Resurfacing: Constraining the resurfacing
history of Venus is challenging due to the limited
number (~1000) of impact craters. Combining
additional constraints from observations of dark
floored craters [1,2] or removal of extended ejecta
[3] argues for ongoing, equilibrium rather than
catastrophic resurfacing at the scale of 100s to
1000s of km.

Subduction & Plate Tectonics: Subduction
is the necessary first step in initiating plate
tectonics. Subduction was proposed to occur on
Venus [4-6], but the presence of features produced
by mantle plume at many of the sites brought this
interpretation into question [7]. More recently
plume-induced subduction has emerged as a key
hypothesis for initiating terrestrial plate tectonics
[e.g. 8]. Recent laboratory experiments have
demonstrated how plume-induced subduction
operates on planets; the predicted characteristics
match many subduction features on Venus
remarkably well [9]. Further, this process acts to
recycle the entire lithosphere and resurface local
areas on the scale of 100s to 1000s of km.

Yet subduction has not produced plate
tectonics on Venus. Many have proposed that the
interior of Venus is dry, and that this makes the
lithosphere too strong to break [e.g. 10 & refs].
However, this hypothesis needs to be reexamined,
given evidence that planets form wet [11], as well
as evidence for at least locally weak lithosphere
[e.g. 12] and limited volatile loss [e.g. 13].
Alternatively, hot lithosphere may allow the
lithospheric scale faults produced by subduction
to anneal overtime [14]. If faults that break the
entire lithosphere cannot be maintained, they
cannot lead to the network lithospheric-scale
faults needed for plate tectonics.

Emissivity: The VIRTIS instrument on
Venus Express measured the surface brightness
temperature at 1.02 um for much of the s.

hemisphere, from which emissivity can be derived
[15]. Areas of high emissivity have been
interpreted as evidence of recent, unweathered
basalt, implying geologically recent activity [16].
Such areas are in locations previously interpreted
as underlain by a mantle plume based on the
geology, topography, and gravity data [e.g. 17],
corroborating the interpretation of recent
volcanism. At least one of these sites has
evidence of plume-induced subduction [9].

Venus Today: Surface emissivity provides
evidence of recent volcanism. Changing levels of
SO, in the atmosphere may reflect volcanic
outgassing [18]. These volcanic sites are directly
linked to the interior, as the volcanism occurs at
sites of mantle upwelling, with at least one
showing evidence of subduction. These
observations suggest gases are currently being
released from the in the interior and possibly
recycled back into the interior. Volcanism is still
actively resurfacing Venus, consistent with
equilibrium resurfacing. Thus Venus is best
characterized as in a sluggish convective regime.
Further, early Earth, with its hot lithosphere, may
well have experienced a similar state before the
start of plate tectonics [9].

Major progress on understanding the
evolution of Venus would be enabled by high
resolution  topography, radar  imaging,
interferometry to look for active deformation and
near infrared spectroscopy. These measurements
would resolve the processes modifying craters,
resurfacing the planet, and driving activity today.
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(2011) JGR-P, 116, E02004. [2] O’Rourke J.G. et al.
(2014) GRL 41, 8252. [3] Phillips R.J. and N.R.
Izenberg (1995) GRL, 22, 1517 [4] Sandwell D.T. and
G. Schubert (1992) Science, 257, 766-770. [5]
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Davaille A. et al. (2017) Nature Geos. 10, 349. [10]
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Smrekar SE and R.J. Phillips (1991) EPSL, 107, 582.
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Numerical simulations of mantle convection with crust
formation, implications for the dynamics of Venus
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Crust production is sometimes estimated in global geodynamics simulations of
mantle convection but is often considered to be have little impact on the
dynamics. We present here a set of studies where crust is formed and is shown
to have a first order influence on the convection regime.

We show that basaltic crust production and the style of magmatism (eruptive
opposed to intrusive) have to be considered to fully capture the thermo-
compositional evolution of terrestrial planets. We show that boundary layer
theory can be updated to take crustal thickness and crust recycling into
account.

3D numerical simulations of the last overturn of Venus will then be presented.
We address the question of the geometry and amount of crustal material left
behind a massive mantle overturn, as the cratering of Venus indicates it might
have happen on Venus ~500 Myrs ago.
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A two-stage evolution model of Venus’ mantle and its implications
for the Earth
Masaki Ogawa'~ and Takatoshi Yanagisawa®
! University of Tokyo at Komaba, Meguro, Tokyo, 153-8902, Japan
? Institute for Research on Earth Evolution, Japan Agency for Marine-Earth Science and

Technology, Yokosuka, Kanagawa 237-0061, Japan

We developed a series of numerical models of magmatism in a convecting mantle with a
stagnant lithosphere to understand the evolution of Venus’ interior. Magmatism occurs
as a permeable flow of basaltic magma generated by decompression melting through the
solid mantle, and the solid-state convection of the mantle with temperature-dependent
Newtonian rheology is affected by the garnet-perovskite transition and the post-spinel
transition. In our preferred models, the mantle evolves in two stages: On the earlier
stage, the solid-state convection occurs as a layered convection punctuated by repeated
bursts of hot materials from the lower mantle to the surface. The bursts induce
vigorous magmatism that forms the basaltic crust, enriched in heat-producing elements
(HPEs). A part of the basaltic crust recycles into the mantle and accumulates along the
post-spinel boundary to form a barrier to the convective flow; the barrier occasionally
collapses to cause the bursts. On the later stage when the HPEs have already decayed,
in contrast, the basalt barrier disappears and whole-mantle convection occurs more
steadily. Mild magmatism is induced by small-scale partial melting at the base of the
crust and hot plumes from the deep mantle. The internal heating by the HPEs that
recycled into the mantle in the earlier stage allows the magmatism of the later stage to
continue throughout the calculated history of mantle evolution. The two-stage
evolution model meshes with the observed history of magmatism and the lithosphere on
Venus. By implementing a model of tectonic plates to this model of Venus, I also
obtained a two-stage evolution model of the Earth’s mantle that meshes with observed
features of the Earth’s history. On the earlier stage that continues for 1-2 billion years,
tectonic plates move chaotically due to repeated bursts of hot materials from the lower
mantle. On the later stage, however, plate motion becomes steadier, as mantle bursts

subside.
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Signatures of lithospheric flexure and elevated heat flow in stereo topography at coronae on Venus
Joseph G. O’Rourke’” and Suzanne E. Smrekar?

!School of Earth and Space Exploration, Arizona State University, Tempe, AZ, USA (Correspondence:
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Signatures of lithospheric flexure were previously identified at more than a dozen large coronae on
Venus. Thin plate models fit to topographic profiles return elastic parameters, allowing derivation of
mechanical thickness and surface heat flows given an assumed yield strength envelope. However, the low
resolution of altimetry data from the NASA Magellan mission has hindered studying the vast majority of
coronae, particularly those less than a few hundred kilometers in diameter. Here we search for flexural
signatures around 99 coronae over ~20% of the surface in Magellan altimetry data and stereo-derived
topography that was recently assembled from synthetic aperture radar images. We derive elastic
thicknesses of ~2 to 30 km (mostly ~5 to 15 km) with Cartesian and axisymmetric models at 19 coronae,
including some that are not presently classified as having a topographic rim or outer rise. We discuss the
implications of low values that were also noted in earlier gravity studies. Most mechanical thicknesses are
estimated as <19 km, corresponding to thermal gradients >24 K km™. Implied surface heat flows >95mw
m 2—twice the global average in many thermal evolution models—imply that coronae are major
contributors to the total heat budget or Venus is cooling faster than expected. Binomial statistics show
that “Type 2” coronae with incomplete fracture annuli are significantly less likely to host flexural
signatures than “Type 1” coronae with largely complete annuli. Stress calculations predict extensional
faulting where nearly all profiles intersect concentric fractures. We failed to identify systematic variations
in flexural parameters based on type, geologic setting, or morphologic class. Obtaining quality, high-
resolution topography from a planetwide survey is vital to verifying our conclusions.
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Figure | Map of our study area. Colored topography plotted over greyscale radar images
from NASA Magellan. Black symbols indicate the coordinates of coronae with flexural
signatures (O’Rourke & Smrekar, J. Geophys. Res. Planets 123, 369-389, 2018).
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C. T. Unterborn', N. C. Schmerr? and J. C. E. Irving?
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Venus is the only rocky planet in our solar system with a mass and radius most similar to that of the Earth. Despite this
similarity, however, we know remarkably little about its internal structure. Basic physical data, like Venus’s moment of inertia
are unknown, as is the size of its core. Likewise, we lack good estimates of the temperature of Venus’s mantle and core, even
though these quantities are important for understanding why superficially similar Venus is different to the Earth. As we look
elsewhere in the Galaxy and see exoplanets with radii and masses similar to those of the Earth, it is imperative that we are able
to understand the diversity of terrestrial planets in our own solar system.

We derive several coupled compositional-seismological reference models for Venus’s interior, corresponding to different
compositions and a range of mantle potential temperatures (Figure 1). The ExoPlex and BurnMan software packages are used
to consistently calculate both the composition and mineralogy of Venus as a function of radius (and thus pressure), as well as
the seismic velocity and density profiles for each model (Figure 2).

For each model we calculate ray theoretical travel times for phases sensitive to both the mantle and the core, as well normal
mode centre frequencies. We also compute seismic waveforms for each model. We investigate seismic phases which are
sensitive to the depth of the core-mantle boundary beneath Venus’s surface. We also assess the variation of mantle transition
zone thickness between our different reference models as a function of mantle temperature.

We outline a series of potential seismological instruments that, with the aid of technological improvements, will allow us to
explore Venus’s interior. While these missions will be difficult, we show different self-consistent interior models of Venus give
rise to different seismological observations. This suggests that these future geophysical missions may provide an abundant data
set to allow us understand our planetary sibling, and in turn the Earth itself.
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Figure 1: Planetary phase diagrams calculated by ExoPlex for a Venus-size planet of solar composition. Models are calculated
using mantle potential temperatures of 1500 (Ieft), 1700 (middle) and 1900 K (right). Density as a function of depth is shown
as a dashed black line.
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Figure 2: Calculated bulk sound speeds (Vy), shear velocities (V) and densities for each Venusian Compositional Model.
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Plume-induced subduction and ridge dynamics in the expanding Artemis

Coronae

A. Davaille”, S. Smrekar’, E. Mittelstaedt’, A. Sibrant'~. (1) Laboratoire FAST, CNRS / Univ.
Paris-Sud, Orsay, FRANCE (davaille@fast.u-psud.fr); (2) NASA Jet Propulsion Laboratory, Pasade-
na, USA; (3) Dept. of Geological Sciences, University of Idaho, USA.

Venus today presents no large-scale network of sub-
duction trenches and accretion ridges, which is the
signature of plate tectonics on Earth. On the other
hand, Venus relatively young surface points towards
either a quite recent catastrophic renewal of the
whole planet surface, or the continuous renewal of
small areas. Using laboratory modeling, we show
here that the latter could be produced by plume-
induced subduction [1,2] and accretion [3], one ex-
emple being Artemis Coronae (fig.1).

Fig.1: Artemis Coronae

Laboratory experiments: We use colloidal aqueous
dispersions of silica nanoparticles. Their rheology
depends strongly on the solid particle fraction, ¢,
deforming in the Newtonian regime at low ¢,, and
transitioning to strain-rate weakening, plasticity,
elasticity, and brittle properties as ¢, increases [4].
So, as the system is dried from above, a dense skin
grows on the surface, akin to a planetary lithosphere
(fig.2a). When it is also heated from below, hot
plumes develop. When a hot plume impinges under
the skin (fig.2b), it triggers a new mode of subduc-
tion: as the upwelling plume material breaks the lith-
osphere and flows above the denser skin, it forces it
to sink. The subduction trenches are localized along
the rim of the plumes and strong roll-back is ob-
served (fig.2b). Subduction always occurs along par-
tial circles, which is due to the brittle character of the
upper part of the experimental lithosphere [2].

Moreover, as roll-back subduction proceeds, the co-
ronae expands and an accreting ridge system devel-
ops inside the coronae. The ridge shape is governed

primarily by the axial failure parameter Ilr, which
depends on the spreading velocity, the mechanical
strength of the lithospheric material and the axial
elastic lithosphere thickness [3]. Experiments with
the largest I present quite unstable ridge axis with
a large lateral sinuosity and the formation of numer-
ous microplates (fig.2c).

POSITION (mm)

HEIGHT (mm)

B

Fig.2: a,b) Plume-induced subduction; c) ridge shape for
high spreading velocity and/or thin axial elastic thickness.

Scaling laws derived from the experiments quantita-
tively predict the observations at Artemis Coronae.

Bibliography: [1] Sandwell D.T. and G. Schubert (1992)
Science, 257, 766-770. [2] Davaille A., et al. (2017) Nature Geos.,
10, 349-355. [3] Sibrant A., et al. (2018) Nature Geos., 11, 274-
279. [4] Di Giuseppe E., et al. (2012) Rheol. Acta 51(5), 451-465.
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FAULT ANALYSIS OF VENUS RIDGE BELTS USING STEREO-DERIVED TOPOGRAPHY. J. A
Balcerski', P. K. Byrne?, 'NASA Glenn Research Center, Cleveland, OH. (jeffrey.balcerski@nasa.gov), *North Car-

olina State University, Raleigh, NC.

Introduction: Ridge belts on Venus are relatively
narrow, elevated features generally tens of km wide,
up to thousands of km in length, and with vertical ex-
pressions of hundreds of meters [e.g. 1-3]. These belts
often border and delineate expansive lower-lying and
relatively featureless plains and are often found in, or
grade into, tesserae and dorsae. The relative timing of
formation of ridge belts does not appear to be confined
to a specific chronologic period, nor is there a clear
universal relationship between belt formation, local
radar-bright lineaments, surrounding terranes, and oth-
er regional structures [2]. Mechanisms of formation are
difficult to determine from Magellan GTDR data, but
the recent availability of stereo-derived topography for
~20% of the planet at an optimal resolution of 1-2
km/px [4] provides an opportunity to differentiate be-
tween symmetric and asymmetric ridges, and to devel-
op a better understanding of the relationship between
radar-bright lineations and the ridge (and surrounding)
topography.

Location: We selected a relatively undeformed
region bounded by ridge belts that were well-resolved
in both the Magellan GTDR and Herrick et al. [4]
topographic products, as well as the 75 m Magellan
FMAP mosaics. This feature, situated at -19.4°N,
68.0°E, is bounded by Dylacha Dorsa on the western
edge and Wala Dorsa on the eastern side. Xi Wang-Mu
and Manatum Tesserae form the southern and northern
margins, respectively. This location has not been spe-
cifically described in prior analyses, but the dorsae
bear characteristics similar to the “broad arch” catego-
rization of Frank and Head [2], with an average width
around 50 km and length of about 1500 km.

Process: We constructed several topographic pro-
files oriented as close to perpendicular to the belt strike
as the topo data permitted. These data have resolutions
that are highly variable, so we selected profiles from
those locations with the highest resolution (in this case,
~1.5 km/px). The resulting profiles were compared
with those over the same sections using GTDR data.
With the increased resolution provided by the stereo
data, we were able to compare locations of the radar-
bright parallel/subparallel lineations within the belt
structure with the topographic expression of the belt.
These profiles were then inspected for any apparent
(a)symmetries; where possible, ridge slopes were then
measured.

Topographic analysis: Although data from the
GTDR are insufficient to distinguish between symmet-

ric and asymmetric character of the ridge, the stereo
data clearly show that the ridges are composed of
asymmetric flanks with multiple peaks and valleys.
Given the strikingly similarity to lunar and Martian
wrinkle ridges [2, 5-8], we use a similar numeric elas-
tic continuum model as previous studies [e.g., 9] to
place estimates on the subsurface geometry of the un-
derlying fault(s).

Results: The asymmetry of radar-bright lineations,
present only on the southeast side of the ridge axis and
decreasing in density with distance away from the
ridge, suggests that these lineations are small-scale
ridges whose surface brightness was enhanced by frac-
turing during compression. This fabric, and the associ-
ated production of intraridge peaks and valleys, may
represent imbricate fans and thus suggests crustal
shortening along a décollement. Given the canonically
inferred low water content of Venusian crustal materi-
als [e.g., 10], and as the planet’s surface is equivalent
to a low metamorphic grade environment, it is unlikely
that this detachment surface exists because of volatile
pore pressure or poorly consolidated strata. We pre-
sume that this surface more likely represents Venus’
relatively shallow brittle—ductile transition [e.g., 11].
The results of our use of the to numerically model
plausible fault geometry with the COULOMB software
toolkit to numerically model plausible fault geometry
largely support this interpretation: our best-fit models
suggest that these ridges are fault-propagation folds
atop an extended horizontal fault at around 6 km below
the surface, which terminates about 1 km below the
ridge. Further modeling will indicate whether this
depth is specific to this locale, or characteristic of Ve-
nus’ ridge belts in general.

References: [1] Barsukov, V. L. et al. (1986). JGR,
91, D378-398. [2] Frank, S. L. and Head, J. W. IlI.
(1990). Earth, Moon, and Planets, 50/51, 421-470.
[3] McGill, G. E. and Campbell, B. A. (2006). JGR,
111, E12006. [4] Herrick, R. R. et al. (2012). EQS, 93,
No. 12, 125-126. [5] Watters, T. R. (1988) JGR Solid
Earth, v93, B9, 10236-10254. [6] Golombek, M. P. et
al. (1991). LPSC XXI. 679-693. [7] Watters, T. R. and
Robinson, M. S. (1997). JGR, v102, E5, 10889-10903.
[8] Golombek, M. P. et al. (2001). JGR, v106, 23811-
23821. [9] Watters, T. R. (2004). Icarus, v171, 284-
294. [10] Barsukov, V. L. et al. (1980). LPSC XI, 765-
773. [11] Mikhail, S. and Heap, M. J. (2017). Phys. Of
Earth and Planetary Int., v268, 18-34. [12] Hensley, S.
et al. (2016). EUSAR XI.
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M. Darby Dyar?, J. Helbert?, A. Treiman?, A. Maturilli?, S. Ferrari4, N. Miiller®, and S. Smrekar®, *Planetary
Science Institute, Tucson AZ & Dept. of Astronomy, Mount Holyoke College, South Hadley, MA, 01075
USA (mdyar@mtholyoke.edu), ?Inst. Planet. Res., DLR, 12489 Berlin, Germany, *Lunar and Planet. Inst.,
3600 Bay Area Blvd., Houston, TX, 77058 USA, “Dept. Earth Environ. Sci., Univ. Pavia, Via Ferrata 1 -
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Introduction: Recent advances now permit
information about mineralogy of the surface of
Venus to be obtained either from orbit or from in
situ instrumentation on the surface. We review
here likely mineral species on Venus, and discuss
instrumentation relevant to their detection.

Mineralogy: Primary Venus surface
mineralogy is likely controlled by basaltic glass
and its crystallization products, including olivine
(forsterite), high- and low-Ca pyroxene
(diopside, enstatite), plagioclase feldspar, and Fe
oxides [1]. Minor phases may include K-feldspar,
fluorapatite, pyrrhotite, and amphiboles [2]. If the
tessera highlands are more felsic, then K-
feldspars and quartz are likely to be far more
abundant. Depending on parent rock type,
weathering products could include Fe oxides
(hematite), Ca sulfate, chlor-apatite, pyrite,
andalusite, sodalite, and cordierite.

In high-elevation areas of Maxwell Montes,
the sharp ‘snow line’ transition to high radar
backscatter could be caused by alteration to pyrite
or other chalcogenide. Elsewhere (Ovda regio,
Tepev volcanoes), changes in radar backscatter
with elevation could arise from the ferroelectric
character of chlorapatite, a weathering product of
igneous fluorapatite [3], suggesting that these
regions could be composed of more felsic rock
types that are lower in total iron content.

In-situ analyses: X-ray diffraction is the
standard method for identifying minerals. As
implemented, XRD requires ingestion of sample
powder and long durations (~10 hours) [4], both
of which may be impractical on Venus’ surface.

Raman scattering is diagnostic for molecular
groups (e.g., COs®>) and covalent bonding,
allowing detection of very low abundances of
carbonates, phosphates, sulfates even in glass
matrices [5]. Most silicates, dominated by ionic
bonds, can be detected at modal abundances >3%
[6]. Raman modes are insensitive to pressure and
shift only slightly with temperature [7], so
existing spectral libraries acquired under ambient
conditions can be used for mineral identification.
However, Raman detection of phases opaque to

laser light (e.g., sulfides, Fe oxides, some Fe-rich
silicates) is quite limited.

Mineralogy from orbit: Relatively
transparent NIR ‘windows’ in Venus’ dense CO,-
rich atmosphere (~0.86, 0.91, 0.99, 1.02, 1.11,
and 1.18 um) permit nighttime orbital imaging of
light emitted by the surface. Those six bands may
permit mineral identification in a manner similar
to the CRISM instrument on Mars (11 channels).

To measure optical band shifts with
temperature, emissivity measurements of rock
standards and various mineral species are being
collected at DLR [8,9]. Binary classifiers [9]
demonstrate that at current best estimate errors,
basalt spectra can be easily discriminated from
basaltic andesites, andesites, and rhyolite/granite.
Fe-bearing silicates have high VNIR emissivity,
allowing discrimination of mafic (Fe-rich) and
felsic rocks even with only the 0.99 and 1.02 um
bands. Rocks low-Fe silicates that may contain Fe
oxides (rhyolite, granites) also have negative
slopes from 0.86 to 0.91 um. Surface weathering
by oxidation can detected from several band
ratios; e.g., hematite is easily distinguished from
magnetite and pyrite from 0.99 to 1.02 um [10].

Summary: Technology exists to make
mineralogical measurements of Venus both in
situ and from orbit. Deeper laboratory databases
with appropriate surface materials and mixtures
thereof for both VNIR emissivity (at high
temperature) and Raman (ambient) will be useful
to increase science return from Venus missions.

References: [1] Fegley (2003) Treatise on
Geochemistry, Pergamon, 487-507. [2] Klose et al.
(1992) JGR 97, 16353-16369. Fegley et al. (1992)
Proc. LPSC 22, 3-19. Sidorov (2006) Geochem.
Internat. 44, 94-107. [3] Treiman et al. (2016) Icarus
280, 172-182. [4] Blake et al. (2012) Space Sci. Revs.
170, 341-399. [5] Breitenfeld et al. (2016) LPSC 47,
2186. [6] Sharma et al. (2011) LPSC 42, 1250. Clegg
et al. (2014) Appl. Spectrosc. 68, 925-936. [7] Sharma
et al. (2010) Phil. Trans Royal Soc. A 368, 3167-3191.
[8] Helbert et al. (2013) EPSL 369-370, 233-238.
Maturilli et al. (2014) EPSL 398, 58-65. [9] Helbert et
al. (2018) this conference. [10] Dyar et al. (2017)
LPSC 48, 3014.
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Introduction: Many efforts have been made
since the landing of Venera 9 and 10 [1] to obtain
optical spectra of Venus analog materials at rele-
vant temperatures. [2] provided a first set of reflec-
tance measurements of basaltic materials in the
spectral range from 0.4 to 0.8 um. Since then, all
efforts to extend these measurements to longer
wavelengths have stalled.

It was commonly accepted that compositional
data could only be obtained by landed missions
because Venus’ permanent cloud cover prohibits
observation of the surface with traditional imaging
techniques over most of the visible spectral range.
Fortuitously, Venus' CO, atmosphere is actually
partly transparent in small spectral windows near 1
um. These windows have been used to obtain
limited spectra of Venus’ surface by ground
observers, during a flyby of the Galileo mission at
Jupiter, and from the VMC and VIRTIS
instruments on the ESA VenusExpress spacecraft.
In particular, the latter observations have revealed
compositional variations correlated with geological
features [3-8].

These observations challenge the notion that
landed missions are needed to obtain mineralogical
information. However, any interpretation in terms
of mineralogy of VNIR spectroscopy data from
orbiters requires spectral libraries acquired under
conditions matching those on the surfaces being
studied.

Venus facility at PSL: The Planetary Spectros-
copy Laboratory (PSL) at DLR took up this chal-
lenge, building on nearly a decade of experience in
high temperature emission spectroscopy in the mid-
infrared [9-11]. After several years of development
and extensive testing, PSL is now in routine opera-
tion for Venus-analog emissivity measurements
from 0.7 to 1.5 um over the whole Venus surface
temperature range.

PSL has started a database of Venus analog
spectra including measurements of rock and miner-
al samples covering a range from felsic to mafic
rock and mineral samples [12]. This first set al-
ready shows the potential for mapping of Venus
mineralogy and chemistry in situ from orbit with
six-window VNIR spectroscopy [13-15].

The Venus facility at PSL is open to the com-

munity through the Europlanet Research Infrastruc-
ture (http://www.europlanet-2020-ri.eu/).

Venus Emissivity Mapper (VEM): VEM
builds on these recent advances in the laboratory. It
is the first flight instrument specially designed to
focus on mapping the surface of Venus using the
atmospheric windows around 1 pm. By observing
through all five windows with six narrow band
filters, ranging from 0.86 to 1.18 um, VEM will
provide a global map of surface composition as
well as redox state of the surface. Continuous ob-
servation of Venus’ thermal emission will place
tight constraints on current day volcanic activity.
Eight additional channels measure atmospheric
water vapor abundance as well as cloud microphys-
ics and dynamics and will permit accurate correc-
tion of atmospheric interference on the surface
data.

Conclusion: Interpretation of mineralogy using
VNIR spectroscopy data from orbiters [14,15] re-
quires spectral libraries acquired under conditions
matching those on the surfaces being studied. Re-
cent advances in high-temperature laboratory spec-
troscopy at the Planetary Spectroscopy Laboratory
at DLR provide the necessary data and enable nov-
el instruments like the Venus Emissvity Mapper.

References: [1] Ekonomov, A. P., et al. (1980). Ica-
rus 41(1): 65-75. [2] Pieters, C. M., et al. (1986). Sci-
ence 234(4782): 1379-1383. [3] Ivanov M. and Head J.
(2010) PSS, 58, 1880-1894. [4] Mueller N. et al. (2008)
JGR, 113, 1-21. [5] Helbert J. et al. (2008) GRL, 35, 1—
5. [6] Hashimoto G. L. et al. (2008) JGR, 113, E00B24.
[7] Smrekar S. et al. (2010) Science, 328, 605-608. [8]
Gilmore M. et al. (2015) Icarus, 254, 350-361. [9] Hel-
bert, J. and A. Maturilli (2009). EPSL 285(3-4): 347-
354. [10] Helbert, J., et al. (2013). EPSL 369-370: 233-
238. [11] Helbert, J., et al. (2013). EPSL 371-372: 252-
257. [12] Helbert, J., et al. (2018) 49™ LPSC, #1219.
[13] Dyar, D., et al (2017) 48" LPSC, #3014 [14] Dyar,
D. et al (2018) this meeting. [15] Helbert, J., et al.
(2017). SPIE XXV. 10403.
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Previous work attempting to model the causes in Magellan 12.6 cm radar properties at high elevations
have considered the cumulative emissivity of all surfaces [1-7], without exploring potential differences in
the emissivity of geologic units. In this study, we leverage bedrock and impact crater ejecta of known
relative age to estimate the rate and style of the weathering reactions at the summits of Ovda and Thetis
Regio, which together are the 2™ largest tessera occurrence on Venus. Tessera terrain is a heavily tectonized
morphologic unit that comprises 8% of the Venus surface [8]. Tessera terrain is stratigraphically older than
the volcanic plains and edifices that cover the remainder of the planet [8]. Surface-atmosphere reactions
offer the opportunity to constrain the composition of Venus surface materials, particularly in the highland
tessera terrain whose composition is inadequately known [9,10].

Below ~6052 km elevation, all surface units have emissivities of ~ 0.87 (and inferred permittivities of
~2-7), which are consistent with typical rocks and tightly packed soils. Pristine tessera surfaces (Case 4)
show a strong decrease in emissivity up to elevations of 6055 km, above which the emissivity increases
again monotonically (Figure 1). On the other hand, surfaces mantled with parabola ejecta from the plains
(Case 1) maintain essentially a constant emissivity up to the highest elevations. Case 2, tessera surfaces
inferred to have been draped with plains ejecta, are intermediate between Cases 4 and 1; they show generally
high emissivity (like but somewhat lower than the tessera), and with minima at 6055 km and >6057 km.
Case 3, tessera surfaces draped with tessera ejecta, are quite distinct. Case 3 is similar to Case 4, pristine
tesserae, up to elevations of ~6054.4 km — a strong monotonic decrease in emissivity. At higher elevations,
though Case 3 surfaces show (with some exceptions) even lower emissivity values, down to 0.5 at the
highest elevations.

The fact that surfaces draped by visible parabolas (Case 1) do change emissivity with increasing
elevation places critical constraints on the timing of the (uncertain) mechanisms that cause surface materials
to have low emissivities. The 49 visible parabolas are 10% of the total number of craters on the plains and
thus represent ~10% of the average surface age of Venus, or a model age of ~50-100 Ma. If so, then it takes
basaltic materials at least 50-100 Ma to undergo the transition to lower emissivities above at 6052 km
elevation. Modeled plains parabolas cover the bulk of the Venus surface and yield ages ~ average model
crater age of the planet at 0.5 — 1 Ga [18]. In this time frame, basaltic materials may have reacted to form
low emissivity materials.

The abrupt drop in emissivity at each of the excursions and return to higher emissivity with increasing
altitude supports a model where low emissivity minerals are formed due to a temperature-dependent
transition of ferroelectric minerals [2,7]. At or near the Curie-Weiss temperature the dielectric constant
increases significantly, followed by a gradual decline in dielectric constant with increasing temperature.
We hypothesize that each case under study has different abundances of ferroelectric materials, where
ferroelectric minerals are more concentrated in tesserae than in plains materials. Ferroelectric minerals are
comprise incompatible elements that are expected to be more common in felsic rocks relative to basalts.

References: [1] Pettengil et al., 1992, JGR 97, 13091. [2] Shepard et al., 1994, GRL 21, 469. [3] Klose
et al., 1992, JGR 97, 16353. [4] Brackett et al., 1995, JGR 100, 1553. [5] Pettengill et al., 1996, Science
272, 1628. [6] Tryka and Muhlman, 1992, JGR 97, 13379. [7] Treiman et al., 2016, Icarus 280, 172. [8]
Ivanov and Head, 1996, JGR 101, 14861. [9] Hashimoto et al. 2008, JGR 113, EO0B24. [10] Gilmore et
al., 2015, Icarus, 254, 350. [11] Basilevsky et al., 2004, JGR 109, E12003. [12] Campbell 1995, USGS
Open-File Report 95-519. [13] Stein and Gilmore, 2017 LPSC. [14] Campbell et al., 1992, JGR 97, 1. [15]
Izenberg et al., 1994, GRL 21, 289. [16] Basilevsky et al., 2003, GRL 30, 13303. [17] see Basilevsky et al.,
2007, PSS 55, 2097. [18] McKinnon et al., 1997, Venus II.
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Radar mapping of the surface of Venus shows areas of high reflectivity (low emissivity) in the
Venusian highlands at altitudes between 2.5-4.75 kilometers. The origin of the radar anomalies
found in the highlands remains unclear. Previous, and ongoing experimental research investigated
possible materials under simulated Venusian atmospheric and surface conditions, with special
emphasis on the combined effect of pressure and temperature, and chemical composition. The
results of these studies identified candidate source materials for the radar anomalies. In order to
fully be considered a true source candidate the material must have spectroscopic measurements
comparable to those measured on the surface of Venus where the high temperature affects spectral
characteristics of minerals. Spectroscopic measurements of previously identified candidate
minerals were made at the Planetary Spectroscopy Laboratory (PSL) of DLR in Berlin in an effort
to identify the anomaly source.

The spectroscopic measurements were made with a FTIR Bruker Vertex 80V evacuated to ~.1
mbar and using several pairings of detector+beamsplitter to cover the spectral range from 0.2 to
20 pm. Each sample was poured in a reflectance cup and measured fresh. Successively larger
stainless steel cups for emissivity measurements were prepared. Each sample was heated (via an
induction system) in vacuum (0.7 mbar) at 400°C for 8 hours, and its emissivity in the VNIR
spectral range was measured. Reflectance for each heated sample was measured again in the
UV+VIS+MIR spectral range. Three consecutive cycles of heating and measuring emissivity and
reflectance were performed to account for spectral variations arising from the thermal processing
of the samples.

Results from this study are expected to further constrain the source of the Venus radar anomalies.
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Introduction: Radar data of the surface of Venus revealed unexpectedly bright regions on some of the
highlands [1-3]. Galena (PbS) has been hypothesized as a possible explanation of these bright regions due
to its high dielectric constant [4-5]. It is theorized that galena, as well as lead and sulfur, may be released
from volcanic activity before being transported to the cooler highlands and condensing on the surface [4].
Galena can also be a source and sink of sulfur on Venus. Although the oxygen fugacity has yet to be
constrained [6], galena can oxidize easily, and may transform into a lead oxide and release SO [7]. Though
the stability of galena on Venus has been modeled in the past, no experiments have been completed as of
yet. Therefore, galena as well as lead are both appealing candidates for the source of the radar bright
highlands or as a possible sulfur source and sink on Venus.

Methods: Galena and pure lead powder were tested under Venus conditions using our Venus Simulation
Chamber. We took one gram and placed it into the chamber for 24 hours at one of two different
temperatures/pressures in one of three different atmospheric compositions. The two tested conditions were
460°C/95 bar (average lowland) and 380°C/45 bar (11 km from surface). The three tested gases were 100%
CO,, 100 ppm of COS in COy, and 100 ppm of SO, in CO,. After the completion of each experiment the
samples were carefully removed and weighed. The samples were then analyzed with a Panalytical X’Pert
MRD to determine if there were any changes in phase or composition.

Results: The control sample had traces of anglesite (PbSO.), therefore all the completed experiments had
minute amounts of anglesite in the sample. However, the abundance of anglesite did not appear to alter over
the course of the experiment. In the lead experiments completed in CO2/COS in the highlands, we had a
mixture of lead, galena, and 2PbCO3-PbO in the sample. In the lead experiments completed in CO/SO;
mixture in the highlands, our sample had lead, galena, 2PbCO3-PbO and shannonite (Pb,OCQO3).
Discussion: Based on our experiments, when galena is already present, it appears to be stable. Our lead
experiments produced galena, which indicates that a reaction is taking place between the lead and the sulfur
bearing gases. Our samples also contained either 2PbCO3-PbO or 2PbCO;-PbO and shannonite. Both
compounds have been observed during the thermal decomposition of cerussite (PbCQOs). More research
needs to be completed to determine if the presence of these compounds is or is not related to the formation
of cerussite. If cerussite is being produced in the lead experiments, it is unclear as to why it is not being
produced in the galena experiments. Cerussite is stable up to approximately PCO, 50 bar and 400°C.
Therefore, it could be stable on the Venusian highlands, however it is only stable no lower than
approximately 10 km from the surface, which is too high to be the source of the radar reflective signal.
Conclusion: Our results indicate that galena does not undergo any observable changes under Venus
conditions at both the highland and the lowland. It has not been determined if the galena that formed in the
lead experiments exhibit the same level of stability. Longer lead experiments as well as experiments
completed in the lowland conditions will be tested in the future. Galena has been discussed as a possible
source of the radar reflective signal and a reasonable method of deposition has been discussed in the past.
Our results show that lead can react with sulfurous gases found in Venus’ atmosphere to produce galena.
The high dielectric constant of cerussite makes it a promising candidate for the radar signal, however it
would only be stable at the very top of the highlands. However more experiments will need to be completed
first to determine if cerussite is forming in the sample.

Acknowledgements: This study was supported by NASA Solar System Workings grant
#NNX15AL57G.
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et al. (1991) Science, 252, 265-270. [3] Arvidson, R.E., et al., (1991) Science 252, 270-275. [4] Brackett,
R.A,, etal., (1995) J. Geophys. Res., 100, 1553- 1563. [5] Schaefer, L. and Fegley Jr., B. (2004) Geophys.
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Recent advances in our understanding of Venus climate evolution and remaining mysteries
Eric Chassefiére*"
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It is believed that Venus received similar amounts of volatiles from the proto-planetary nebula as the Earth
did. The atmosphere of Venus contains about twice as much carbon and nitrogen as the atmosphere,
hydrosphere and sediments of the Earth. The low quantity of water in the present atmosphere of Venus could
result from a combination of crustal hydration and past escape processes. The present value of the D/H ratio
on Venus, larger than that on Earth by more than a factor of 100, suggests that hydrogen escape has played an
important role in removing water from the Venus’ atmosphere. Although thermal escape is not sufficient at
the present time in removing significant amounts of atmospheric gas, in the form of hydrodynamic escape it
could have removed very large amounts of water (the content of one or several terrestrial oceans) during the
few first hundred million years. Volatile loss could have also occurred through catastrophic early impacts.
These primitive episodes of atmospheric losses, which probably also affected Earth’s and Mars' atmosphere,
are suggested by noble gas elemental and isotopic data, which remain quite incomplete for Venus. The
presence of an early massive atmosphere of water vapor on Venus, which further escaped to space, and/or was
trapped in the interior under the form of hydrates, is generally considered to have initiated the strong
greenhouse effect observed today. This massive H,O atmosphere may have been released by the outgassing of
the primordial magma ocean. Recent models coupling a cooling magma ocean and a dense atmosphere show
that a water ocean might have formed at the surface of Venus at some time in the past depending on the history
of cloud formation and initial water content.

I will first summarize the present state of our understanding of the early evolution of Venus' atmosphere.
In a second step, I will show how future exploration of Venus could allow to gain a glimpse into the early
evolution of Venus and its atmosphere through a necessarily wide exploration program relying on different
kinds of probes operated simultaneously, and/or in a step-by-step approach.
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Venus shares some striking similarities with Earth; at the same time, it exhibits characteristics that
are widely different from that of our own planet. Indeed, it is an example of an active planet that
followed a radically different evolutionary pathway despite the similar mechanisms at work and
probably comparable initial conditions. Understanding Venus’ evolution might be a key to our
comprehension of how a planet can become or cease to be habitable.

We have been developing a coupled numerical simulation of the evolution of Venus, striving to
identify and model mechanisms that are important to the behaviour of the planet and its surface
conditions. Currently the simulations include modelling of mantle dynamics, core evolution
(magnetic field generation), volcanism, atmospheric escape (both hydrodynamic and non-thermal),
evolution of atmosphere composition, and evolution of surface conditions (greenhouse effect) and
the coupling between interior and atmosphere of the planet. We have also modelled the effects of
large meteoritic impacts on long term evolution through three aspects: atmosphere erosion, volatile
delivery and mantle dynamics perturbation due to energy deposition.

Volatile fluxes between the different layers of the planet seem critical to estimate how Venus
changed over time. This is especially important as we have highlighted the strong role played by
mantle/atmosphere coupling in regulating both mantle dynamics and surface conditions through
surface temperature evolution. Mantle convection regime evolves with time and depends on surface
conditions. We produce scenarios that fit present-day conditions and feature both early mobile lid
regime (akin to plate tectonics) as well as late episodic lid regime with resurfacing events. The early
history of Venus, in particular, seems to have large repercussions on its long term evolution and
present-day state, as it determines volatile inventories and repartition.

Large impacts also affect significantly the evolution of Venus during the Late Veneer era. While the
atmosphere erosion they generate is only moderate and doesn’t deplete the atmosphere as much as
swarms of smaller bodies, they act as a significant source of volatiles. Indeed, if Late Veneer is
mainly composed of volatile-rich bodies, it is very difficult to reach the observed present-day state of
Venus; instead the atmosphere may become too wet. Large impacts also affect mantle convection,
modifying convection patterns for millions of years. Finally, the more energetic collisions (impactors
with radii in the 100s of km, high velocity) generate massive melting events near impact location,
associated with large scale degassing of the mantle. This leads to mantle depletion and can
potentially leave (at least) the upper mantle of the planet dry, with strong consequences for later
evolution. Therefore, in the absence of remixing mechanism, large impacts move water from the
mantle to the atmosphere and are difficult to reconcile with present-day observation.
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Using a modern three-dimensional general circulation coupled
atmosphere/ocean model [1] we recently demonstrated [2] that climatic
conditions may have permitted liquid water on Venus' surface for ~2 billion
years in its early history. Similar such conditions on Earth are believed
amenable to the rise of life. Several assumptions were made based on what
little data we have for early Venus such as; the type of solar spectrum extant at
that time, orbital parameters, estimates of a shallow ocean from Pioneer Venus
D/H ratios, and topography from the Magellan Mission. We also assumed that it
would have had an atmosphere similar to modern day Earth: 1 bar N2,
400ppmyv CO2, 1ppmv CH4. I will discuss the motivations behind these
assumptions and additional parameter space studies with direct relevance to
hypothetical exoplanetary Venus-like worlds found at the inner edge of the
liquid water habitable zone. Finally, I will show how our studies demonstrate
that the reason for Venus' present climatic state is unlikely to be related to the
gradual warming of our sun over the past 4Gyr as is commonly believed.

[1] Way, M.J. et al. (2017) Astroph Journ Suppl, 231, 1
[2] Way, M. ], et al. (2016) Geophy Res Lett, 43, 8376-838
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The Evolution of Climate and a Possible Biosphere on Venus
David Grinspoon, Planetary Science Institute

Of the three local terrestrial planets, two have lost their oceans either to a subsurface
cryosphere or to space, and one has had liquid oceans for most of its history. It is likely that
planetary desiccation in one form or another is common among extrasolar terrestrial planets near
the edges of their habitable zones. As our understanding of terrestrial planet evolution has
increased, the importance of water abundance as a substance controlling many evolutionary
factors has become increasingly clear. This is true of biological evolution, as wel as geological
and climatic evolution. Water is among the most important climatically active atmospheric
gasses on the terrestrial planets. It is also a controlling variable for tectonic style and geologic
processes, as well as a mediator of surface-atmosphere chemical reactions. Thus, understanding
the sources and sinks for surface water and characterizing the longevity of oceans and the
magnitude of loss mechanisms on terrestrial planets of differing size, composition and proximity
to stars of various stellar types, and the range of physical parameters which facilitates plate
tectonics is key to defining stellar habitable zones.

Venus almost surely experienced a transition, early in its history, from a wet, more Earth-
like environment to its current hot and highly desiccated state. The timescale is disputed, but
recent results using 3D GCM’s suggest that, depending on ancient rotation rate and topography,
an ancient ocean may have persisted for ~ 2 GY.

A more recent global transition is indicated by the sparse, randomly distributed and
relatively pristine crater population, which implies a decrease in volcanic resurfacing rate
between 300 and 1000 Myr ago. The accompanying decline in outgassing rate may have caused
large climate change. Geological evidence for dramatic changes in resurfacing rate implies
large amplitude climate changes which may have left a record of synchronous global
deformations and other climatically forced geological signatures. These two transitions may have
been causally related if the loss of atmospheric and interior water caused the transition from plate
tectonics to single plate behavior.

Today ongoing volcanism most likely provides the ingredients for the global sulfuric acid
cloud decks. Rapid loss of SO, to carbonates at the surface and H,O to space strongly implies
an active source for these gases on the scale of 10’s of MY, a result consistent with surface data
suggesting the presence of active volcanism. The stability of Venus’ climate is therefore likely
dependent upon active volcanism and the sulfur cycle.

For much of solar system history Earth may have had a neighboring planet with life-
supporting oceans. During this time the terrestrial planets were not isolated. Rather, due to
frequent impact transport, they represented a continuous environment for early microbial life.
Life, once established in the early oceans of Venus, may have migrated to the clouds which, on
present day Venus, may represent a habitable niche. Though highly acidic, this aqueous
environment enjoys moderate temperatures, surroundings far from chemical equilibrium, and
potentially useful radiation fluxes. Observations of unusual chemistry in the clouds, puzzling
patterns of unidentified solar absorbers, and particle populations that are not well characterized,
suggest that this environment must be explored much more fully before biology can be ruled out.
A sulfur-based metabolism for cloud-based life on Venus has been proposed. While speculative,
these arguments, along with the discovery of terrestrial extremophile organisms that might
survive in the Venusian clouds, establish the credibility of astrobiological exploration of Venus.
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1. Introduction

Interactions between planetary atmospheres and the solar wind can be observed via
atmospheric emission and ion/electron density profiles. The interaction of the solar wind with
Venus and Mars is unique given that both planets lack an intrinsic magnetic field (or, in the
case of Mars, only posesses a weak crustal field) and have similar atmospheric composition
(95% CO,).

The Venusian and Martian nightside ionospheres have two distinct electron density peaks: the
V1 and V2 peaks for Venus (located near 125 and 150 km), and the M1 and M2 peaks for
Mars, (located near 100 and 150 km). These peaks are known to be be highly variable for
both planets but the chemical pathways and processes, particularly for the V1 and M1 layers,
are not well understood.

Both the V1 and M1 layers exhibit increases in density after intense solar storms, such as
coronal mass ejections (CMEs) and solar flares [1, 2]. These increases in density are
observed almost immediately and are present on the deep nightside. While ions are
transported from the dayside to the nightside of the planet, the time for this process to occur is
much longer then the response seen in the electron density profiles. Thus, electron
precipitation must play a key role in the variability of these ionospheres. Here, we study the
variability of the Venusian and Martian nightside ionosphere and its connection to the solar
wind, particularly after solar storms.

2. Observations

Using the Venus Radio Science Experiment (VeRa) instrument on Venus Express (VEX), Mars
Radio Science Experiment (MaRS) on Mars Express (MEX), and Langmuir Probe and Waves
(LPW) instrument on the Mars Atmosphere Volatile and EvolutioN (MAVEN) spacecraft, we
compare electron density profiles of the Venusian and Martian nightside before and after solar
storms. Additionally, we compare nightside ion density profiles observed by Neutral Gas and
Ion Mass Spectrometer (NGIMS) onboard MAVEN.

3. Discussion

The MAVEN spacecraft is able to observe low ionsphere composition directly. [3] and [4]
Giazian et al. 2017 shows that NO* is the dominate ion at the M1 level on the Martian
nightside. NO" was predicted to be the source of the nightside V1 layer on Venus as well as a
possible chemical pathway to the observed auroral emission of OI 5577.7 “oxygen green line”
[5]. We propose that the the V1 and M1 layers are dominated by NO* and that production is
sensitive to electron precipitation on Venus.

4. References

[1] Withers et al. (2012) JGR, 117, A12

[2] Gray et al. (2017) DPS poster presention.
[3] Girazian et al. (2016) GRL, 4712

[4] Girazian et al. (2017) GRL, 11, 248

[5] Gray et al. (2014) Icarus, 233, 342-347.
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Venus has a continuous outflow of H+ and O+ ions from its upper atmosphere through
the magnetotail [Futaana et al. 2017]. The ratio of the outflow flux between the H+ and
O+ is important to characterise in order to predict the loss of water from Venus’
atmosphere through its history. However, the ratio between the H+ and O+ outflowing
ions has only been investigated during solar minimum (2006-2009) using Venus
Express (VEx) data [e.g. Barabash et al. 2007a, Fedorov et al. 2011]. The ratio was
found to be close to 2, which is the stoichiometric ratio of a water molecule. In this
study, we extend the analysis of the H+/O+ flux ratio in the magnetotail using all
available data from VEx during 2006-2014.

We use the data acquired by the lon Mass Analyser (IMA), a part of the ASPERA-4
(Analyser of plasma and energetic atoms) instrument package [Barabash et al. 2007Db],
onboard the VEx spacecraft [Svedhem et al. 2007]. The IMA instrument includes an
electrostatic analyser to determine the energy per charge of the measured ions (0.01-
15 keV/q) and an assembly of permanent magnets to differentiate the mass per charge
of the ion (1 - >40 amu/q). The cylindrical symmetry of the instrument is divided into
16 sectors to determine the incoming direction of ions, and together with the
electrostatic deflector, IMA provides a total field-of-view coverage of ~2n sr. VEx
orbited around Venus during 2006-2014, covering both the solar minimum and
maximum, which gave in total more than 3000 orbits, making the mission suitable for
long term Venus atmospheric escape studies.

We first created average velocity distribution functions of H+ and O+ in the Venusian
magnetotail, after the separation of the periods by the solar activity. These average
distribution functions are used to calculate the total flux and total escape rates of H+
and O+ through the Venus’ magnetotail for different time periods under two different
solar activities. Our results indicate that the H+ and O+ fluxes in the Venusian
magnetotail is strongly correlated with solar activity. Near solar maximum the total
fluxes of H+ and O+ were found to be higher than during solar minimum. The ratio
between H+ and O+ also has a strong dependence on the solar activity. In this
presentation, we will quantitatively report the escape rate ratio dependence on the
solar cycle, and discuss its implications on the history of water at Venus.
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The solar wind interaction with Venus produces a particularly unique feature. Lundin et al.,
[2011] using observations from Venus Express (VEX) found the existence of a large-scale
vortex-like ion flow pattern in the Venus plasma tail. The flow pattern is characterized by a
dominating anti-sunward flow, also a lateral flow component of solar wind (H+) and ionospheric
(O+) ions. The lateral flow component is directed opposite to the Venus orbital motion. The
combined anti-sunward and lateral H+ and O+ flow wraps over the planetary atmosphere, from
the terminator into the nightside. The net lateral flow near Venus is in the direction of the Venus
atmospheric super-rotation. Further down in the Venus plasma tail the flow display a circular
motion around the central tail axis. This large-scale vortex ion flow pattern has not been
observed at other planets or in any simulation of Venus interacting with the solar wind. Lundin
et al., [2011] speculated that the observed vortex features are driven by the orbital motion of
Venus transverse to the solar wind.

Furthermore Lundin et al., [2011] postulated that the general agreement in direction between the
nightside ion flow over the Northern hemisphere, and the retrograde motion of the Venus
atmosphere, implies a cause-effect relation between the ionospheric O+ flow and the
atmospheric neutral flow. Thus leading them to the question: Is the super-rotating upper
atmosphere at Venus a consequence of solar wind forcing? Is the ion flow capable of
accelerating, and maintaining, a super-rotating upper atmosphere at Venus?

In this presentation the hypothesis of Lundin et al., that the orbital motion of Venus transverse to
the solar wind flow drives the ion tail vortex and potentially the super-rotation up the upper
atmosphere is tested. We perform hybrid (kinetic ion, fluid electron) simulations of the Venus
solar wind interaction using the HALFSHEL code. The simulations include models for the
ionospheric chemistry, ion-neutral collisions, Hall and Pederson conductivities. The model
atmosphere (densities and dynamics) used in the simulations are taken from the VTGCM code.
The orbital motion of the planet is included in the simulations by moving the planet each time
step. The Venusian ion tail is examined to check for the ion vortex. Furthermore, we examine
the magnitude and location of the energy and momentum deposited into the neutral atmosphere
by the solar wind and pickup ions to examine the postulate that ion flow is capable of
accelerating and maintaining the super-rotation in the upper atmosphere of Venus.
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Upper atmosphere of Venus and impact from solar wind plasma:
What we have learnt from Venus Express?
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Abstract

Venus is nicknamed “Earth’s twin” due to the similarities in size, gravity, and distance
from the Sun. However, Venusian atmosphere is completely different from the terrestrial
atmosphere in terms of the pressure, composition, and so on. From a space plasma point
of view, the most significant difference the lack of the dipole magnetic field at Venus. The
lack of dipole indicates that the upper atmosphere and ionosphere interact with the solar
wind plasma directly. This means that the solar wind plasma momentum and energy are
injected into the upper atmosphere. It has been discussed the momentum and energy
inputs from the solar wind are one of the key physical mechanisms to erode the upper
atmospheric composition. The main component of interest has been water molecules. Such
a loss of the water molecules at Venus over billion year scale is thought to be consistent to
the high D/H ratio at Venus compared to that at the Earth.

In 2006, Venus Express (VEX) was inserted into a Venusian orbit. One of the scientific
objectives of the VEX mission is to investigate the solar wind interaction in a context of the
"fate of water". For this purpose, VEX equipped with the magnetometer (MAG) and the
plasma and energetic neutral atom (ENA) package (ASPERA-4). The VEX mission was
operated for 8.5 years, and completed its mission in 2014. During the mission, MAG and
ASPERA-4 were operated, and these instruments provided a large amount of datasets.

VEX measured plasma environment in the polar, terminator and magnetotail regions
of Venus. The ionosphere to near-tail regions host dynamic processes that lead to plasma
energization, leading to the loss of ionospheric ions to space with their composition rate of
H+ and O+ as 2 to 1. It indicates that the water molecules are escaping now through the
magnetotail due to the solar wind interaction (while lighter H+ could escape through other
pathways). VEX plasma measurements also have revealed responses of the structure and
dynamics of the Venusian induced magnetosphere to the prevailing solar wind conditions
with various time scales. We review what has been found by VEX in a context of the
interaction between the upper atmosphere and the solar wind. We further will formulate
the key open questions to extend our understandings about Venus for future missions; and
more in general, to extend our understandings about other Solar System bodies and
exoplanets.
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The Venus lonosphere as seen by the Akatsuki Radio Science
Experiment
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The radio science experiment on the japanese Venus orbiter Akatsuki is sounding the
ionosphere of Venus in the one-way radio link mode at X-band (8.4 GHz). The radio link is
stabilized by an on board Ultrastable Oscillator (USO). Because of the geometry of the
Earth/Venus/Akatsuki constellation, Earth occultations occur in seasons. Akatsuki will have
finished its third season at the time of this conference. The locations of the occultation
ingress and egress positions during a season are confined in a band within the mid-latitudes
on both hemispheres. Ingress and egress local times are at night to early morning and
afternoon to early night, respectively. This work will present the ionospheric electron density
profiles from the first seasons of Akatsuki radio sounding and will compare those directly with
VEX-VeRa ionospheric electron density profiles at similar locations, local times and solar
zenith angles but from different phases of the solar cycle.
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The upper atmosphere of Venus has been observed for many decades by multiple means of
observations (e.g., ground-based, orbiters, probes, fly-by missions). The European Space
Agency Venus Express (VEX) orbiter and more recently the Japanese mission, Akatsuki, have
been providing illuminating observations of the Venusian atmosphere. From past and present
observations there is evidence of wave activity contributing to Venus’ atmospheric dynamics
and variability. Systematic studies with theoretical models can help better understand the
underlying physical processes.

The Venus Thermospheric General Circulation Model ((VTGCM), e.g. Brecht et al.,, 2011) has
improved upon the already existing constraints by including more chemistry (OH nightglow,
SOx, [SO],), modern energy budget calculations (near-IR and aerosol heating, NLTE 15-um
cooling), and wave specification and parameterizations (planetary-scale waves and small scale
gravity waves).

The presented work will focus on VTGCM simulations and their comparisons with published
observations in regards to wave-induced variability within the circulation and nightglow
emissions. Small-scale gravity waves, incorporated into VTGCM by a whole atmosphere gravity
wave parameterization (Yigit et al., 2008), along with specified internal waves (Kelvin and
Rossby waves) impact the background atmosphere. The effects of these subgrid-scale waves
and large-scale internal waves on atmospheric circulation will be discussed. The O, IR
nightglow emission and the NO UV nightglow emission are great features to observe and help
constrain circulation. The location (spatial and temporal), intensity, and variability of these
emissions provide information (model constraints) on temperature, winds, and density. These
emissions have been observed and their averaged behavior has been documented (Soret et al.,
2012; Steipen et al., 2013). However, the emission variability (and the wave processes
responsible) has not been studied in detail. The impacts the wave specification and
parameterizations have on these emissions and their variability will also be presented.
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Temperature and CO Density Distributions through GCM Model Simulations

*S. W. Bougher?!, A. S. Brecht?, C. D. Parkinson?, G. Gilli*

1CLaSP Department, U. of Michigan, Ann Arbor, MI; 2NASA Ames Research Center, Moffett Field, CA;
3Institute of Astrophysics and Space Sciences, Lisbon, Portugal.

Introduction and Motivation. One of the major goals of the Venus Express (VEx) mission has focused
upon increasing our understanding of the highly variable global circulation and wave processes impacting
the Venus mesosphere-thermosphere (~80 — 200 km). Several VEx instruments (e.g. SOIR, SPICAV and
VIRTIS) and ground based observations have provided measurements that characterize the upper
atmosphere structure and underlying variable dynamics during the solar minimum-to-moderate period of
the solar cycle when VEx measurements were obtained (2006-2014). For example, VIRTIS-H profiles of
dayside temperatures and CO densities have been obtained and analyzed [1]. These datasets were used
to establish a statistically averaged mean state (versus latitude) and characterize the variability of the
upper mesosphere and lower thermosphere structure. Our overall goal is to examine this spatial and
temporal variability about the mean, thereby providing constraints for the VTGCM mean thermospheric
winds and CO distributions (plus variable planetary and tidal wave driven features) [2, 3].

Venus Express Measurements and Usage. A detailed study of the VEx/VIRTIS-H measurements of the
limb emission of CO in the 4.7-micron spectral region has been carried out [1]. A comprehensive NLTE
treatment of the emissions was implemented, enabling retrievals of dayside CO densities and
temperatures (T) over ~100-150 km. These retrievals are noisy, but can be improved with suitable
averaging of datasets. These T retrievals are consistent with the recent compilation of VEx and ground
based measurements of dayside temperatures [4]. We review these existing VIRTIS-H dayside
measurements that provide constraints on T and CO densities, as well as the changing global circulation
patterns and wave processes. We also provide a re-analysis of data-VTGCM comparisons of dayside T and
CO density profiles as a function of latitude and altitude (~100-150 km). The underlying VTGCM processes
maintaining the observed mean T and CO density distributions are quantified and discussed. Implications
for variable global winds (especially the subsolar-to-antisolar component) are also examined.

VTGCM Modeling. The Venus Thermospheric General Circulation Model (VTGCM) has been recently
improved [2, 3] by including new chemistry (OH nightglow, SOx, [SOJ,;), modern heating and cooling
formulations (near-IR and aerosol heating, NLTE 15-um cooling), and wave parameterizations (planetary-
scale waves and small scale gravity waves). For this study, the heat balance upgrades below ~100 km are
shown to be important, owing to their impact upon lower thermosphere CO densities for comparison to
VIRTIS-H datasets. Other conference presentations will focus upon VTGCM studies that address: (a) OH
nightglow as a tracer of the upper atmosphere global circulation [5], and (b) gravity wave and planetary
wave impacts on the Venus thermosphere [3].

References: [1] Gilli et al., (2015); Icarus, 248. [2] Brecht and Bougher (2012); JGR, 117. [3] Brecht et
al. (2018); this conference. [4] Limaye et al. (2017); Icarus, 294. [5] Parkinson et al. (2018); this conference.
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Circulation of Venusian atmosphere at 90-110 km based on apparent motions of the
0,1.27 pm nightglow from VIRTIS-M (Venus Express) data
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In the atmosphere of Venus at 90-110 km altitudes in the transition region between the
superrotation and the subsolar-antisolar circulation, tracking of the Ox(a'Ag) 1.27um nightglow is
practically the only method of studying the dynamics. The nightglow images were obtained by
VIRTIS-M on Venus Express from 2006 to 2008. The horizontal wind speed can be obtained by
tracking the displacement of the bright morphological features at given pairs of images. The
resulting global mean velocity vector field covers the nightside between latitudes 75°S — 0°N and
local time 19 h— 5 h. The mean zonal and meridional components are asymmetrical between the
morning and the evening side in terms of direction and magnitude. The zonal wind speed in the
eastward direction from the morning side exceeds the westward (evening) by 20-30 m/s, and the
streams “meet” at 22+1 h. The meridional component is predominantly poleward on the morning
side, ranging from 0 to -50 m/s, and changes to equatorward at mid-latitudes. The influence of
underlying topography was suggested in some cases: above mountainous regions flows behave
as if they encounter an "obstacle™ and "wrap around” highlands. Instances of circular motion
were discovered, encompassing areas of 500-4000 km.
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Search for lightning discharge in Venus with Akatsuki/LAC and Pirka telescope
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The existence of lightning discharge in Venus has been controversial for three decades, which might be attributed to
the luck of conclusive observational evidence. There had been no satellite payload intentionally designed for the de-
tection of lightning phenomena using radio wave or optical sensor. LAC, lightning and airglow camera, on board
Akatsuki spacecraft, is the first sensor optimized for the lightning optical flash measurement in planets other than the
Earth. It is expected that LAC could conclude this 30-year discussion on the existence of lightning in Venus. Unique
performance of LAC compared to other equipment used in the previous exploration of Venus is the high-speed sam-
pling rate at 20 kHz with 32 pixels of Avalanche Photo Diode (APD) matrix, enabling us to distinguish the natural
optical lightning flash from other pulsing noises, including artificial electrical noise and cosmic rays. We selected Ol
777 nm line for lightning detection, which is expected to be the most prominent emission in CO2-dominant atmos-
phere based on the laboratory experiments.

The regular operation of LAC for lightning hunt was started on December 1, 2016. Due to the elongated orbit than
that planned originally, we have an umbra for approximately 30 min to observe the lightning flash in the night side of
Venus every 10 days, which is almost 1/20 rate of the original plan. The triggering parameter was set so as to optimize
for the light curve similar to the normal lightning in the Earth and data obtained totally for about 4 hours were exam-
ined. However, we couldn’t find any lightning signals. Adding to this triggering parameter set, we added one more
parameter set, optimized for sprite type emission with duration of up to 10s of ms. These two sets are in rotation at
every 60 sec. Furthermore, in order to investigate fainter emissions, we are now conducting successive force triggering
recordings without any threshold, achieving 5 times better sensitivity than the intensity of 1 digital unit at best. Here
we report the detailed strategy and the latest status of the LAC observation after the winter-spring campaign in 2018,
and discuss the possible explanation for the occurrence rate estimated by all LAC observations.

Also we will make ground observation with a high-speed photometer installed at Pirka telescope, a 1.6-m reflector
deployed by Hokkaido University. Here we report the initial results of lightning flash observation with it.
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Statistics of Poynting Flux from Lightning Generated Whistlers at VVenus
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The existence of lightning on Venus has been studied by numerous space missions for over 50
years. The Soviet Venera landers detected radio waves due to lightning during the descent of the landers
and while on the surface. Venera 9 even detected an optical signature with its visible spectrometer. The
Pioneer Venus (PVO) orbiter also detected radio waves determined to be from lightning, but only while
on the nightside because of excessive noise in the electric antenna caused by the sun. These signals
exhibited a decrease in amplitude at higher altitudes, implying a source from below, i.e. lightning in the
clouds. Most recently, Venus Express (VEX) detected whistler-mode waves in the Venus ionosphere
with its dual fluxgate magnetometer. The entire 8.5+ year dataset has been analyzed with nearly 10
hours of whistler activity identified. Signal lengths range from one second to more than one minute. The
majority of the signals were detected when VEX was around 250 km, approximately 4% of the time it
was near this altitude.

In order to demonstrate that the whistlers detected by VEX originate below the ionosphere we
first need to calculate the Poynting vector, which is difficult for two reasons: VEX had no electric field
sensor and it did not take measurements of the electron density in the lower ionosphere where these
signals were observed. Thus, we have employed the VIRA electron density model, which allows us to
estimate the Poynting flux of the waves. Since the model was developed during the PVO era, when the
solar EUV was more intense, we have scaled it to match the solar cycle conditions during the VEX
campaign. With the three components of the magnetic field and an estimate of the electron density, we
can statistically show that the whistler-mode waves observed by Venus express do indeed originate from
the atmosphere below. Next, we estimate the energy of the bursts and compare Venus lightning rates to

terrestrial lightning and rates.
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Spectroscopy of Venus in the near UV: SO, clouds and O3
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SPICAV [Bertaux et al., 2007] was a UV and IR spectrometer on board Venus Express, ESA’s first
mission in orbit around Venus (2006—-2014). Observations of the reflected UV sunlight (170 to
320 nm, R ~ 200) by SPICAV during the whole mission were sensitive to many variable quantities
near Venus’ day side cloud top (65 — 75 km): gaseous constituents such as SO, [Marcq et al., 2011,

2013] and Os;, UV absorption caused by a yet unknown UV absorber within submicron particles,
cloud top altitude (via CO, absorption).

Here we present the first full analysis of the complete SPICAV-UV nadir data set. First findings
include: (i) detection of ~ 10 ppb cloud top O; at latitudes higher than 50° [Marcq et al., in prep.]
(ii) confirmation of most of the spatial and temporal trends of SO, climatology as described by
Marcq et al. (2013, 2011) and other observers [Jessup et al., 2015 ; Encrenaz et al., 2012, 2013,
2016]: short-lived bursts of SO, at lower latitudes, happening more often in the 2006-2009 epoch
(iii) spatial and temporal variations of the UV absorber embedded in mode 1 particles, with darker
lower latitudes and a possible secular darkening.
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Fig. 1 (left) cloud top (55-70 km) Os measurements in 2006-2014 using SPICAV/Venus Express
Fig. 2 (right) Moving median (solid red) SO, mixing ratio as measured by SPICAV/Venus Express,
and TEXES measurements from Encrenaz et al. (white diamonds).
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Investigation of high-altitude aerosols of Venus with Akatsuki/IR2 2.02-um images
at large phase angles
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IR2 onboard Akatsuki recorded 2.02-um dayside images at a variety of solar illumination conditions
(phase angles). Images at large phase angles (> 120°) are expected to carry wealth of information
about physical property of upper aerosols as well as their spatial distribution. Unfortunately, the solar
heating to the spacecraft at large phase angles are too severe to the IR2 cooling system, causing
unfavorably high detector temperature. In addition, strong brightness surge of Venus dayside at large

phase angles saturated the detector pixels in majority of such images.

To overcome this problem, we have developed an algorithm to estimate the zruebrightness of dayside
disk in saturated images. As reported by Satoh et al. (2017), multiple reflection of infrared light in
the IR2 detector causes elongated tail of the point-spread function (PSF). Therefore, the light spread
over the "deep space" pixels may potentially retain the information about the true brightness of
dayside disk. Our algorithm includes the following steps: (1) a synthetic dayside disk is created
(Minnaert's law with a coefficient 4&); (2) the disk image is convolved with the IR2 PSF; (3) convolved
disk image is brightened by a factor £ (4) the resultant synthetic image is overlaid on observed image;
(5) deconvolution is performed on the image; and (6) iterated (k and F are modified) until reasonably

flat "deep space" pixels near the Venus disk is achieved.

With the above method, we have analyzed IR2 2.02-um images acquired in Orbit 29 (October 2016).
The phase angles are 143-145° (Oct 11), 138- 140° (Oct 12), 134-136° (Oct 13), 129-131° (Oct 14), 125~
127° (Oct 15), and 120-122° (Oct 16). These will make a good extension to a phase curve, up to 120°,
reported by T. M. Sato. It is found that a Minnaert coefficient of 4=0.70 seems to work reasonably well
for this phase angle range. Estimated values of the brightness factor Fare 28.0 (143-145° phase angle),
18.0 (138-140°), 15.0 (134-136°), 13.0 (129-131°), 10.0 (125-127°), and 7.5 (120-122°).

In addition to the disk photometry, we also studied the "close-up" limb image captured while the
spacecraft was travelling near the pericenter on 30 October 2016. A high-resolution limb image was
acquired at 03:09:42 UT from a distance of 8239 km (to the planet center). The phase angle range in
this image is 121-133° and a detached high-altitude haze layer is detected in this "forward scattering"
condition. Reflected sunlight from the main cloud deck is so intense that the pixels are saturated.
We therefore modeled the dayside disk with the above method to measure the intensity of light

scattered from the detached haze.

Results of radiative transfer analysis of these data will be presented and physical interpretation will

be discussed.



05-3

venus2018-0052

Mapping of Venus’ cloud top altitude from Akatsuki/IR2 dayside images
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We have analyzed a total of 93 Venus’ dayside images taken by the 2.02-um channel
of 2-um Camera (IR2) onboard Japanese Venus orbiter, Akatsuki, during the period
from April 4 to May 25, 2016 (Orbits 12-16), for the purpose of mapping cloud top
altitude. Since the 2.02-um channel locates in a CO, absorption band, the observed
brightness contrast is interpreted as resulting from the difference of the optical path
length to the cloud top: the cloud top altitude can be retrieved by reproducing the
observed radiance with radiative transfer calculation. We first investigated the observed
phase curve (solar phase angle dependence of the radiance) for the equatorial region to
constrain the averaged cloud top structure characterized by cloud top altitude (z:), cloud
modal radius (Mode 2, ry2), and cloud scale height (H). The best-fit model is obtained at
the combination of z:=70.3 km, ry2=1.25 ym, and H=6.5 km and its simulated phase
curve is compared with the observed one shown in the figure below. Although the
obtained cloud modal radius and cloud scale height are somewhat larger than the
previous studies with Venus Express data, the cloud top altitude is found to be
compatible. We retrieve cloud top altitude maps under the assumptions that the
pixel-to-pixel radiance variation arises as the deviation from the averaged cloud top
structure and can be explained by the change of the cloud top altitude while keeping the
other parameters unchanged.
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Abstract:

Around 70 km altitude from the surface, Venus’ an unidentified absorber creates broad absorption
spectrum in the UV-to-visible wavelength range that peaks around 340-380 nm. Recent efforts to identify
this unknown absorber suggest several candidates, e¢.g., OSSO, S,0, Sy, FeCls, by fitting observed
spectra or through chemical modeling. However, the chemical composition of this absorber is yet an
unsolved question, and even iron-bearing microorganism has been suggested. Regardless on its identity, it
is known that it absorbs about half of the solar energy deposited in the atmosphere according to several
model calculations. As a result, the unidentified absorber plays a critical role in the atmospheric energy
balance.

Here we report the first quantitative study on the variability of the cloud albedo at 365 nm and its impact
on Venus’ solar heating rates based on an analysis of Venus Express (2006-2014) and Akatsuki
(December 2015-May 2017) UV images, and MESSENGER (June 2007) and Hubble Space Telescope
(January 2011) UV spectral data. These results show that the 365-nm albedo varied by a factor of 2 from
2006 to 2017 at both high and low latitudes. This is the largest level of decadal variations compared to the
other bodies in the Solar System.
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We take into account this observed range of 365-nm albedo variations in our radiative transfer
calculations, fitting the observed albedo by multiplying factors to the mode-1’s assumed absorption
coefficient for the unknown absorber in the spectral range of 310-780 nm (Crisp 1986). The results show
that the observed albedo variance can produce a -25~+36% variance in the low latitudinal local noon time
solar heating rate. This means that the cloud top level atmosphere should have experienced considerable
solar heating variations over a decade.

We suggest that this variable solar heating would drive dynamical changes like the reported Venus’ zonal
wind variations from 2006 to 2017. The solar heating rate variances may also provide the first evidence of
climate change on Venus due to the clouds, a phenomenon distinct from other terrestrial clouds which
buffer against climate change.
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Glory as an effective tool for retrieving the properties of the Venus upper
clouds from the VMC/VEXx data

0. S. Shalygina! and E. V. Petrova?

! Max-Planck-Institut fiir Sonnensystemforschung, Géttingen, Germany (o.s.shalygina@gmail.com)
2Space Research Institute, Russian Academy of Sciences, Moscow, Russian Federation

Physical processes in the Venus clouds are driven by the solar radiation energy mainly absorbed in the upper cloud
layer. Knowledge of the sizes and nature of aerosol particles composing the clouds is required for studying the radiative
energy balance of the planet. During 2006—2014 the Venus Monitoring Camera (VMC) onboard Venus Express (VEx)
was imaging the Venus clouds in four narrow spectral channels (0.365, 0.513, 0.965 and 1.01 pm) that shared one CCD
and took around 350 000 images covering almost all the latitudes, including night and day sides. Observations of glory,
an optical phenomenon observed near opposition, turned out to be of key importance for retrieving the optical properties of
Venus upper clouds, since it poses constraints on the properties of cloud particles: they have to be spherical, and their size
distribution has to be narrow [1]. The angular positions of glory features (maximum and minimum) are determined by the
size of particles, and the brightness enhancement at opposition is sensitive to their refractive index in near-infrared for the
considered size range. The first images of a full glory in unpolarized light on the upper cloud deck of Venus were obtained
with VMC [1] (fig. 1a). From fitting the phase profiles of brightness with the radiative-transfer models the optical properties
of clouds and their spatial (in latitude) and temporal (in local time) variations were obtained [1-3].

It was found that the cases with a relatively high real part of the refractive index of aerosols are often observed (especially
at low latitudes) for the 1-pm mode of cloud particles: 1.45—1.49 (with sporadic spikes up to 1.52) instead of a widely used
value of 1.44, which is characteristic of the 75 % sulfuric acid solution (fig. 1d). This suggests that an additional component
with a high refractive index, like sulfur or ferric chloride, should be present in the cloud droplets serving as condensation
nuclei for sulfuric acid. Both these materials are often proposed as candidates for the as yet unknown UV absorber, which is
responsible for the UV contrasts observed in clouds. When analysing the full near-IR data set of VMC, we also found that
the sizes of the 1-pm mode in the upper clouds decrease at high latitudes, and the amount of submicron particles within the
clouds and the overcloud haze increases in the morning and at high latitudes [2, 3].

The clouds of Venus scatter radiation in the visible and near-IR wavelengths nearly conservatively, and the contrasts
between the planetary disk details do not exceed 2 —4 %. However, many features are observed in UV, where the contrast,
which is partly caused by SO, (between 0.20 and 0.32 pm) and partly by the unknown UV absorber (at ~ 0.365 pm), reaches
20-30 %. Observations of glory was successfully used to study the causes of the contrast appearance in the clouds [4-6].
For example, it was found that variations in the composition of submicron particles, composing the clouds together with the
1-pm mode, play a key role in the UV contrasts observed at low latitudes near the local noon [4]. Since the glory feature is
always observed on the cloud top of Venus, the property of composite H,SO, particles with embedded or adhered impurity
grains to produce the glory feature makes it possible to select between the UV-absorber candidates wetted or non-wetted by
H,S0,; it was shown that sulfur can hardly be responsible for the UV contrasts, because it is not wetted by H,SO, [7].
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Figure 1: Venus glory as observed by VMC: (a) a false-color composite image; (b) an example of the single-scattering phase
functions for the VMC wavelengths; (c) an example of the observed glory profiles; (d) the normalized measured values of
near-IR brightness as a function of the phase angle are compared to the models (lines) with different refractive indices m,.
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pp. 120-134. [3] O. Shalygina et al. In: PSS 113-114 (2015), pp. 135-158. [4] E. Petrova et al. In: Icarus 260 (2015),
pp- 190-204. [5] W. Markiewicz et al. In: Icarus 299 (2018), pp. 272-293. [6] O. Shalygina et al. In: EPSC. (Riga, Latvia).
Vol. 11. EPSC2017-261. 2017. [7] E. V. Petrova. In: Icarus 306 (2018), pp. 163-170.
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Correlation of Cloud Morphology at the Venus’ Cloud Top between different
wavelengths studied with Akatsuki observations

*Minori Narita[1], Takeshi Imamural[1], Yeon Joo Lee[1], Shigeto Watanabe[2],

Atsushi Yamazaki[3], Takehiko Satoh[3], Makoto Taguchil4], Manabu Yamada[5]

[1] The University of Tokyo, [2] Hokkaido Information University, [3] Institute of Space and
Astronautical Science, [4] Rikkyo University, [5] Chiba Institute of Technology

We investigated the spatial distribution of the correlation between Venus’ cloud images taken

at different wavelengths by the Venus orbiter Akatsuki.

We preprocessed images as follows. We used the Level-3 data product in which images have
been projected onto the latitude-longitude coordinates. Firstly, a pair of Venus images taken
almost simultaneously at different wavelengths are prepared, and the large-scale brightness
variation due to the change of the incidence and emission angles over the Venus disk was
removed by using Minnaert law (except for thermal infrared 10 pm (LIR) images). Then these
images are processed by high-pass filtering by subtracting a Gaussian-smoothed image from
each original image. This filtering with the variable width of the smoothing function enables us

to compare cloud features at various scales.

The procedure of the correlation coefficient mapping is as follows. Firstly, we set square
regions, with sizes twice the half width of the Gaussian filter used in the preprocessing, in the
pair of images at the same geographical location. Then the correlation coefficient between them
is calculated and plotted on the geographic location corresponding to the center of the square
region. This procedure is repeated while sequentially shifting the square region pixel by pixel

over the whole image area to create a correlation coefficient map.

As the size of the square region for which the cross-correlation is calculated, three different
values of 4°, 6° and 8° both in latitude and longitude are examined. Firstly, strong positive
correlation (around +0.8) is dominant between the ultraviolet channel of 283 nm and 365
nm(UVI) for all spatial scales. Since 283 nm corresponds to the absorption by SO, and 365 nm
reflects that of the unknown UV absorber, it indicates the unknown UV absorber may have some
relationship with the Venus’ sulfuric cycle. The dayside near-infrared 2.02 pm (IR2) and the
thermal infrared 10 um (LIR) are negatively correlated (around -0.3) in most of the cases, which
suggests an inverse relationship between the cloud height (shown in IR2) and the cloud top
temperature (seen in LIR). The dayside 2.02 um (IR2) shows strong negative correlation (around
-0.6) with 283 nm and 365 nm (UVI). This result may indicate these UV absorbers get abundant
when the clouds get higher. We will also discuss the latitudinal dependence of the correlation

mentioned above.
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Laboratory investigation of Venus aerosol analogs
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1Johns Hopkins University, 3400 N. Charles St., Baltimore, MD 21218, USA

Abstract:

The Venusian cloud deck is a 20-km-thick global layer of micron-scale sulfuric acid droplets with other
trace components. This cloud layer absorbs fully half the incident solar radiation and is important for
understanding the thermal balance, composition, and chemistry of the Venusian atmosphere [1,2].
Absorption of solar radiation in the cloud deck creates mesoscale convective cells near the subsolar point
[3], drives overturning circulation [4], and maintains the global atmospheric superrotation [4,5]. A complex
sulfur cycle sustains the extensive cloud layer, which includes particles of sulfuric acid, elemental sulfur,
and an unidentified ultraviolet absorbing species [3]. A basic knowledge of the composition and
morphology of Venusian aerosol has existed since the 1970s. Nevertheless, several major questions persist:
what is the nature of UV-absorptive species at the cloud tops? Do large particles exist in the clouds? What
is the composition of the non-sulfuric-acid component of the clouds? What are the properties of the (non-
cloud) haze layers and how do they form?

To date, no laboratory investigations of Venusian aerosol formation have been performed, even
with these longstanding questions. We have designed a series of experiments to investigate these questions.
We expose simulated Venusian atmospheres composed of CO; and SO, (with SO, mixing ratios ranging
from parts-per-million to several percent) to an energy source to initiate photochemical reactions in the
laboratory. These new experiments are based on a large body of work regarding the production of organic
haze particles in the atmosphere of Titan (see [6] for review). Laboratory experiments of sulfate aerosol
formation have been performed with Earth-like atmospheres [7,8], but similar investigations have not yet
been performed for strongly oxidized Venus-like atmospheres.

Preliminary experiments performed with Venus-like gas mixtures of SO, and CO; exposed to
plasma discharge or UV radiation generate micron to millimeter size particles. We plan to analyze these
particles by mass spectrometry, scanning and transmission electron microscopy, and infrared (FTIR)
spectroscopy to determine composition. FTIR and UV-VIS spectroscopy (0.175 — 29 pum) will be used to
determine how the particles interact with light and will allow for comparisons to recent spacecraft
observations, e.g. [9-11].
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Investigations below the clouds of Venus with the IPSL Venus GCM.

Sébastien Lebonnois*", Gerald Schubert®, Frangois Forget, Itziar Garate-Lopez™?, Arthur LeSaux®,
Thomas Navarro®®, Aymeric Spiga®"

(WLMD/IPSL, Sorbonne Université, Campus P&M Curie, CNRS, Paris, France
@Department of Earth, Planet. and Space Sci., UCLA, Los Angeles, CA, USA
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Thanks to the various space missions that investigated Venus's atmosphere since the 70's, and in particular
the recent Venus-Express (Europe, 2006-2014) and Akatsuki (Japan, 2015-) missions, the atmosphere of
Venus above roughly 45 km altitude including the clouds (~48-70 km) has been thoroughly investigated.
This vast amount of data helps to understand how this complex atmospheric system works, in particular with
the help of advanced Global Climate Models (GCMs). However, data from below the clouds are sparse,
despite the importance of the deep atmosphere in the global behavior of Venus's atmospheric system: peak of
angular momentum content, interactions between surface and atmosphere (including angular momentum
exchange, volcanism, weathering). A better knowledge of the region is also needed for specific mission
planning purposes, such as aerial platforms or landers. To investigate this region while planning new
missions, GCMs are valuable tools and we review here all the studies conducted on this region with the IPSL
Venus GCM developed in Paris (Lebonnois et al., 2016; Garate-Lopez et al., 2018).

To model the temperature profile in the deep atmosphere, it is crucial to investigate the radiative transfer
and the opacity sources below the clouds. Lebonnois et al. (2015) studied how the solar energy absorbed
below the cloud may be balanced with infrared energy heating the base of the cloud, convecting up to the
middle cloud to escape finally to space mostly in the 20-30 micron region. Using recent solar flux
calculations (Haus et al., 2015) and up-to-date datasets for IR gaseous opacities and collision-induced
absorptions, the temperature profile in our GCM is tuned through assumptions on the haze below the cloud
to fit the observed temperature profile between the cloud base and the surface.

Though we obtain realistic superrotation in the upper cloud, the vertical profile of zonal wind observed
below 60 km is not fully understood. Around the cloud base (40-60 km), wave activity obtained in our most
recent simulations contributes to angular momentum convergence in the equatorial region (Garate-Lopez et
al., 2018). In previous simulations (Lebonnois et al., 2016), large-scale gravity waves were transporting
angular momentum equatorward and downward, improving the distribution of zonal wind below 40 km. As
both wave activities are not obtained in the same simulations, we are investigating the conditions for the
development of each of these wave groups and will detail our most recent conclusions in this talk.

Near the surface, the IPSL Venus GCM was also used to investigate the behavior of the Planetary
Boundary Layer (PBL), in particular diurnal convective activity (Lebonnois et al., submitted). The deepest
10 km above the surface are neutrally stable in our simulations, a peculiar environment for the diurnal cycle
of the PBL. A nocturnal stable layer is obtained due to cooling of the surface during nighttime. In daylight
hours, convection develops in mid- to low-latitude regions, with a maximum around noon and a convective
layer mostly limited to just over 1 km thickness. Strong slope winds are obtained in the simulations, with a
diurnal cycle: downslope katabatic winds at night, upslope anabatic winds during daytime. The convergence
of anabatic winds at noon over the western slopes of topographic features induces a large increase in the
vertical extension of the convective activity, reaching higher than 5 km thickness in some of these regions.

The interactions between the near-surface flow and the topography are also explored with the IPSL Venus
GCM (Navarro et al., 2018). A parameterisation of the drag due to orographic gravity waves generated by
topographic features is now implemented and can help interpret the stationary bow-shape waves observed at
cloud-top by the Akatsuki spacecraft.
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Numerical modeling of the Venus atmosphere
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It has been revealed by recent space-craft and ground-based observations that various at-
mospheric activities such as thermal tides, polar vortex, and Kelvin- and Rossby-type waves
occur in the Venus atmospheric superrotation in the cloud layer. In order to elucidate genera-
tion mechanisms of these activities and their dynamical effects on the superrotation, we have
developed a general circulation model (GCM) for the Venus atmosphere named AFES-Venus,
which is based on AFES (AGCM for Earth Simulator) (Ohfuchi et al., 2004; Enomoto et al.,
2008). Recently, AFES-Venus has been extended for the data-assimilation (Sugimoto et al.,
2017).

Results we have obtained so far are summarized as follows:

e Superrotating winds consistent with the observations (e.g., Machado et al., 2017) have
been reproduced in the AFES-Venus simulations.

e Baroclinic instability appears in mid-latitudes in the cloud layer (Sugimoto et al., 2014a;
2014b). The Rossby waves and the Y-shape pattern observed at the cloud top might be
explained by the baroclinic instability waves.

¢ A cold band encircling the warm polar region called “cold collar” is attribute to the residual
mean meridional circulation enhanced by the thermal tide (Ando et al., 2016).

e Vertical temperature structures and their temporal variations in the polar atmosphere ob-
served by radio occultation measurements are interpreted as neutral barotropic Rossby
waves related to barotropic instability in the polar region (Ando et al., 2017).

e Three-dimensional structures of the thermal tide indicate a strong circulation between the
subsolar and antisolar (SS-AS) points in the cloud layer superposed on the superrotation
(Takagi et al., 2018). The SS-AS circulation can contribute to the material transport, and
its upward motion might be related to UV dark clouds observed near the subsolar region
in low latitudes.

o Streak features of the lower cloud observed in night side images of Akatsuki IR2 cam-
era, reproduced for the first time, are related to baroclinic instability in the cloud layer

(Kashimura et al., submitted).

At the conference, we will discuss some more recent results including short-period distur-

bances and topographic waves.
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Planetary-scale streak structures reproduced
in a high-resolution simulation of Venus atmosphere
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Introduction

Night-side images of Venus taken by the IR2
camera on board the Venus Climate Orbiter/
Akatsuki has shown many features of the lower
cloud layer. One prominent feature is a bright
planetary-scale streak structure extending from
high-latitudes to low latitudes on both hemi-
spheres. Because the IR2 night-side images cap-
ture infrared radiated from the near-surface at-
mosphere, the bright regions indicate thin-cloud
regions.

Numerical model and set up

We have performed a high-resolution simulation
of the Venus atmosphere by a simplified general
circulation model, which is based on AFES: the
Atmospheric general circulation model For the
Earth Simulator. The horizontal resolution is
T159 (i.e., about 0.75 deg x 0.75 deg grids) and
the vertical resolution is about 1 km with the
model top at 120 km. In the model, the at-
mosphere is dry and simply forced by the solar
heating with the diurnal change and Newtonian
cooling that relaxes the temperature to the hori-
zontally uniform basic temperature which has a
virtual static stability of the Venus atmosphere
with a low-stability (0.1 K/km) layer from 55
km to 60 km.

Results

In our simulations, a planetary-scale streak
structure similar to that observed by the IR2
night-side image is reproduced by strong down-
ward flows in the vertical velocity field above
the low-stability layer. Because downward flows
can decrease cloud amounts and make a thin-

cloud region, the reproduced streak structure is
consistent with the observation. Seen from
above the pole, the simulated streak structure
shapes a huge spiral extending from the polar
vortex to low latitudes. Such spiral may corre-
spond to that observed by VIRTIS on board
Venus Express. The streak structures on both
hemispheres are synchronized, that is, the streak
structures located in the same longitude. Our
analyses show that the synchronization is due to
equatorial Rossby-like and Kelvin-like waves
with wavenumber 1, configuring vertical shear
instability.

Further experiments and analyses suggest that
the streaks of downward flow are caused by
baroclinic instability produced around the low-
stability layer with the Rossby-like waves whose
phase lines are tilted by high-latitudinal strong
zonal winds reinforced by the unstable waves
themselves. This mechanism would be similar to
that for the mid-latitude jets and baroclinic
waves in the Earth atmosphere.
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Venus middle atmospheric simulations using AORI general circulation
models

*Masaru Yamamoto (RIAM, Kyushu Univ.) and Masaaki Takahashi (NIES)

We investigate the dynamical effects of equatorial Kelvin wave on Venus’ middle atmospheric
circulation using a T21L72 general circulation model (GCM) with equatorial Kelvin-wave forcing
and Newtonian cooling, which was developed at the Atmosphere and Ocean Research Institute
(AORI) at the University of Tokyo, Japan. The dynamics are summarized by scatter plot distributions
of time series of three variables (maximum zonal wind speed UMAX, meridional wind speed
VMAX, and equator-pole temperature contrast dTMAX). In the scatter diagrams, the plotted points
form a linear cluster for weak wave forcing, whereas they form a small cluster for strong wave
forcing. In the experiment of weak 5.5-day wave forcing, an interannual (~4.5 Earth years)
oscillation of the general circulation is seen and forms the linear cluster in the scatter diagram. In the
region below 60 km, a pair of equatorial Kelvin and high-latitude Rossby waves with the same
period produces equatorward heat and momentum fluxes. These two 5.5-day waves do not contribute
to the long-period oscillation. The interannual fluctuation of the high-latitude jet core, leading to the
time variations of UMAX, VMAX, and dTMAX, is associated with growth and decay of a polar
mixed Rossby-gravity wave with a 14 Earth day period (Yamamoto and Takahashi 2018).

If we have room or time in this presentation, we briefly show our recent GCM results,
different from the aforementioned middle atmosphere model. The dynamical effects of lower
atmospheric jets on the middle atmosphere are investigated using the nudging experiments, in which
the zonal mean flow is nudged to the reference flow below 40 km. The equatorial jet core appears
around the cloud top in the experiment using a reference flow with the high-latitude jets below 40
km, because vertically propagating waves generated around the lower-atmospheric jets weaken the
midlatitude zonal wind near the cloud top. In contrast, the midlatitude jet cores apparently form
around the cloud top in the experiment using a reference flow without the high-latitude jets below 40
km. These two experiments suggest that the lower-atmospheric wind structure strongly influences the
dynamics of the middle atmosphere via the vertical eddy momentum flux (Nishida 2017, Ms. thesis,
Kyushu Univ.). Furthermore, we are developing the GCM with the topography and radiative transfer
code based on Ikeda (2011, PhD thesis, Univ. Tokyo). The realistic simulation with the topography
shows that (1) the near-surface subrotation is formed in and around high land and mountains, (2)
weakly stable layer is formed at 10-20 km at low latitudes, and (3) the zonal wind is weakened at the
cloud top over the Aphrodite Terra. The third result is consistent with the observed slowness of the

cloud-top zonal wind around the Aphrodite Terra.
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A new mesoscale model for Venus' atmosphere and
its application to the bow-shaped structures discovered by Akatsuki
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[Left figure] Incoming sunlight shown on the domain set for the Aphrodite Terra simulation with our Venusian
mesoscale model, superimposed on a Magellan radar image. [Right figure] Equivalent brightness temperature at cloud
top (65-72 km) as simulated by our Venusian mesoscale model at the local time shown on the left, after applying high-
pass filtering as for the published Akatsuki LIR images (Fukuhara et al. 2017, Kouyama et al. 2018).

The aim of mesoscale modeling is to complement Global Climate Modeling by resolving, in a specific region
of interest, the meteorological phenomena arising at spatial scales lower than a couple hundreds kilometers.
Mesoscale models developed for the terrestrial atmosphere have been adapted to Mars to study the numerous
small-scale perturbations evidenced by orbiting and in-situ spacecraft. To date, mesoscale modeling on Mars
has been used to study slope winds, katabatic jumps, polar transients, gravity waves, dust-induced
convection.

Apart from a few idealized studies, there is no mesoscale model existing for the Venus atmosphere. Results
from Venus Express and the prospect of the Akatsuki mission led us three years ago to start the development
of a mesoscale model for Venus. Following the same logic as the Martian mesoscale model developed in our
team at Laboratoire de Météorologie Dynamique (LMD), we have now built a complete mesoscale model for
Venus by coupling the dynamical core from the terrestrial Weather Research and Forecast (WRF) model with
the complete physical packages developed for the Venus LMD GCM, notably the latest version of the
radiative transfer. Limited-area domains can be set anywhere on Venus for our Venusian mesoscale model.
High-resolution Magellan topography is used in the model. Idealized large-eddy simulations are also
possible with this model and presented in a separate abstract.

Akatsuki provided the first scientific case to study with our new Venusian mesoscale model, by enabling the
discovery of bow-shaped stationary structures at the cloud tops above Venus' major topographical obstacles.
We will present simulations with our Venusian mesoscale model that reproduce both those signatures and
their local time phasing. Our modeling study supports the interpretation of bow-shaped signatures as
orographic gravity waves undergoing vertical propagation modified by the successive stability gradients they
experience when propagating upwards. We will discuss the case of Atla Regio, Beta Regio and Aphrodite
Terra, and detail model-observation differences and remaining challenges. Other possible modeling studies
with our model (polar simulations, slope winds, ...) will be discussed and ideas of mesoscale simulations
suggested by the community will be welcome.
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Organization of the convection in the Venusian cloud layer.
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Abstract
1. Introduction

Venus hosts a global sulfuric acid cloud layer be-
tween 45 and 70 km which has been investigated by
the Venus Express and Akatsuki mission. One of the
main questions that remains unclear about the dynam-
ics of the Venusian atmosphere is how this convec-
tive cloud layer mixes momentum, heat, and chemical
species and generates gravity waves. Gravity waves
emitted by the convection have been proposed to pro-
mote a significant contribution to the maintenance of
the super-rotation [1]. However, these waves develop
from regional to local scales and cannot be resolved by
global circulation models (GCM) developed so far to
study Venus’ atmospheric dynamics.

2. Model

Following the idealized LES model [2] using pre-
scribed vertical profile of heating rates extracted from
GCMs runs, we coupled the Venus LMD physics to
the dynamical core. The calculation of the solar and
IR heating rates are done with LMD physics radiative
scheme from the surface to ~100 km. The solar rate is
computed with short waves radiation fluxes from Haus
et al [3]. The radiative transfer is based on Eymet et al
[4], using NET matrix with latitudinal varying cloud
model from Haus et al [3]. As in the previous model, a
third heating rate is added with an interpolated vertical
profile from the LMD Venus GCM [5].

3. Results

The results shown here are for the Equator at noon
with no wind shear.

The main results of this coupled LES model are the
better agreement with observations of vertical exten-
sion and variability of the convective layer [6] and past
modeling effort [7]. The presence of wind shear has a
strong impact on the propagation of gravity waves as
well as on the generation with the so-called ™ obstacle
effect”. Convective activity at cloud top is also present
in the model while Venus Express and Akatsuki radio
occultation measured stable atmosphere [8].
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Figure 1: Top : vertical cross-section of the vertical
wind (m/s). Bottom : vertical cross-section of temper-
ature perturbation (K).
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We make use of Venus middle atmosphere general circulation model simulations
to determine how propagating waves influence the winds and temperature
structure at cloud altitudes. We introduce wave forcing near the lower boundary
of a Venus middle atmosphere model with an elevated lower boundary (details
below) to simulate waves that are assumed to be propagating upwards from the
lower atmosphere. In this investigation, we study the influence of propagating
Kelvin and Rossby waves. We modify wave-forcing parameters and perform
sensitivity tests to determine the effects of the different waves on the atmosphere
at cloud altitudes. The results of simulations are validated in comparison with
observations, including measurements from probes and observations from the
Akatsuki and Venus Express missions. Observations at Venus' cloud levels show
the presence of waves with many different periods and wavelengths, and include
gravity waves, thermal tides, Rossby waves, and Kelvin waves. Using model
diagnostics, we study the sources and importance of different waves, their
interactions, and their changes over time.

We have developed a model of Venus' middle atmosphere, based on the
Geophysical Fluid Dynamics Laboratory Flexible Modeling System spectral
dynamical core. The lower boundary is raised in altitude relative to the surface to
just below the cloud deck ( i.e. to ~40 km altitude or ~4 x 1025 Pa), to focus on
the dynamics of the cloud-level atmosphere. The upper boundary height is
around 95 km (~3 Pa). We use a Newtonian cooling radiation formulation in
these simulations, based on the Held-Suarez scheme for the relaxation of
temperature to a specified radiative equilibrium. We have introduced a simple
linear friction “wind nudging” within the first ~2 km from the lower boundary to
maintain zonal and meridional winds within observed values, since the lower
atmosphere is not simulated directly in this model.
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Venus atmosphere dynamics revealed by cloud tracking using images from Akatsuki
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Since its orbit insertion in December 2015, Akatsuki has been providing new discoveries
on the Venusian atmosphere, which is known for thick clouds and the super-rotation with
angular speeds up to several tens of times as the solid planet. This presentation will focus on
dynamical aspects revealed from cloud tracking by using images at multiple wavelengths from
Akatsuki. Venus is covered with clouds that extend from about 45 to 70 km altitude. Images
at the near-infrared “atmospheric window” wavelengths visualize the silhouette of lower-to-
middle layer clouds. From Akatsuki’s near-infrared images, it was found that a jet-like feature
emerged and lasted over several months near the equator, which had never been observed
previously. Also found are large-scale vortices presumably due to dynamical instability. These
results suggest that winds in the lower and middle cloud layers are much more variable than
have been thought. Ultraviolet imaging has long been used to observe winds at the cloud top.
However, with novel two-wavelength imaging and cloud tracking with high accuracy, major
advances have been provided from Akatsuki. We have succeeded in evaluating angular
momentum budget regarding the super-rotation for the first time. Also found are hemispheric
asymmetry that developed for a period of time and the existence of long-lasting overall vertical
shear at the cloud top. Solar-longitude dependent tidal features are well elucidated, but
geographically fixed features are obscure. Observational results will be compared with
modelling results, and their implication on the study of the dynamics of the super-rotation

will be discussed.

Part of the topics of this presentation has been published in the following papers:
Horinouchi et al. (2017) Nature Geoscience, 10, 646—651, doi: 10.1038/ngeo3016.
Horinouchi et al. (2018) Earth, Planets, Space, 70:10, doi:10.1186/s40623-017-0775-3.
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The complex features and dynamics of the nightside clouds of
Venus as revealed by Akatsuki and Venus Express
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The morphology of the Venus’s dayside clouds and their motions have been extensively
studied for about 90 years. Initial observations discovered an unknown absorber in
ultraviolet images that allows to find contrasted features used to measure the
superrotating winds at cloud level. The first space missions found more than 40 years
ago a zoo of mesoscale cloudy features. Unfortunately, most of the observations have
focused on the dayside upper clouds, and we are yet far away from a deep
understanding on the role that the atmospheric dynamics play in the variety of shapes
and contrasts observed on the clouds, the mechanisms behind the atmospheric
superrotation or the importance of atmospheric waves and eddies. The exploration of
the clouds and dynamics on the nightside of Venus delayed about half-a-century
compared to the dayside, with the different Pioneer Venus and Venera probes and Vega
balloons providing important data but at specific points and short instants, and not in a
global hemispheric night vision of Venus clouds. Remote sensing of the night side, it
presents the advantage of a wider multi-level sensing by combining observations at
certain near-infrared windows (1.74, 2.32 and 3.20 um) to observe the lower cloud’s
opacity and other infrared bands (3.8, 5.0, 10 pum) which permit to visualize the thermal
emission of the upper clouds. The space missions Akatsuki (JAXA) and Venus Express
(ESA) have revolutionized our knowledge of the nightside of Venus far beyond our
expectations. Nightside clouds observed in thermal emissions show features apparently
unrelated to those observed on the dayside albedo. At the upper clouds new features
include: fast bright filaments which seem to alter the vertical thermal structure, shear
instabilities and abundant waves which seem stationary with respect to the surface and
located above elevated terrains. At the lower clouds a remarkable periodical westward-
propagating cloud discontinuity —that we have missed for decades— is present at low
latitudes, non-stationary waves, frequent shear instabilities and mesocale vortices.
Besides, these morphologies, the superrotation at the nocturnal upper clouds is
unexpectedly less homogeneous than on the dayside, while the lower clouds shows a
recurrent equatorial jet, and an apparent decadal variation when observations from
ground-based, Pioneer Venus, Galileo, Venus Express and Akatsuki are combined.
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Long-term monitoring of planetary-scale waves in the Venus cloud top layer
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Introduction

On Venus, two types of planetary-scale waves, ~4-
day Kelvin and ~5-day Rossby wave, were observed at
the ~70 km cloud top with zonal wavenumber 1. They
could contribute to the formation of planetary-scale fea-
tures seen in the unknown absorption band at 365 nm
and might be a candidate of momentum transporter to
maintain the super-rotation. During previous explora-
tions, the observed waves changed one to another in
every observational period. However, since the space-
craft was operated in orbits fixed inertial space, there
were significant data gaps larger than half of the Venu-
sian year (one Venusian year is 224 days) between one
and next observational period.

The purpose of this study is observing the appear-
ance (disappearance) of the planetary-scale waves and
understanding the general characteristics of them.

Observations and Analysis

We conducted ground-based continuous observa-
tions over half Venusian year by using 1.6-m Pirka tel-
escopes in OP2015 (2015/4/21-7/17), OP2017A
(2017/1/3-2/19), and OP2017B (2017/4/23-9/10). Ad-
ditionally, we analyzed Venus images obtained by Ul-
traviolet Imager (UVI) onboard AKATSUKI. UVI ob-
servation covered partially the same periods of the
ground-based as OP2017A (2016/11/6-2017/3/2) and
OP2017B (2017/6/15-9/31). Over 300 days continuous
data from December 2016 to September 2017 was in-
vestigated in this study, with only 50 days data missing
interval in March and April 2017. We measured latitu-
dinal relative brightness from the equatorial to mid-
latitudinal regions and deduced the rotation period of
waves. To capture the continuous variability in perio-
dicity through the observational periods, we made sub-
dataset with +14 days shifting window and stepped it
with the 1-day interval, and Lomb-Scargle periodogram
analysis was conducted for each sub-dataset.

Results & Discussion

Two prominent modes were confirmed in our results,
and 3.5-4.0-day modes were observed mainly and tend-
ed to survive for a longer time (Fig 1).

In contrast, 5-day mode sporadically appeared and
sometimes last about 30 days. Zonal wind velocity at
the cloud top was estimated by the cloud-tracking
method (Horinouchi et al. [2017]). The measured zonal
mean-wind velocity was ~100 m/s (4.4-day period rota-
tion at the equator) and observed modes could be classi-
fied as faster (westward) propagating wave against
mean-winds or slower (eastward) propagating wave.
Following previous studies (e.g., Del Genio and Ros-
sow [1990]; Kouyama et al. [2015]), the faster mode
should be equatorial Kelvin wave, and the slower mode
was suggested as Rossby wave in mid-latitudes.

AKATSUIKI, Brightness
EQ(S10-N10)

EQ(S10-N10)

150 40E-3 150 1.0E-2
Q- | R !
Q [\
< <
Q Q
g 100 | g 100 |
« 20E-3 5.0E-3
9] 9] -
® ®
g % g %
BN & | a
0.0 0.0
] ]
0I | 1 C 1 g 0I | I 1 L 1 g
3.0 4.0-5.076.0 o 3.0 4.0-5.016.0 o
Period [day] Period [day]

Fig 1: Temporal changes in periodicities of measured
brightness variation in OP2017B observed with
ground-based telescopes (left) and AKATSUKI (right).

The wave transient occurred within a sub-Venusian
year, and the transient behavior could be classified into
two types. One is a sporadic mode transient from 4-day
to 5-day with a time scale of ~20 days. The other one is
a gradual periodicity change from 4-day to 5-day.

The periodicities in the fluctuations of equatorial
zonal winds were distinctly different from that in the
brightness variation. One of the interpretation is that 5-
day wave in mid-latitudes has the more significant am-
plitude of fluctuating winds than 4-day wave at the
equator. In parallel, another possible explanation is ac-
ceptable that the 4-day wave observed with planetary-
scale features reflects at a lower altitude than the that of
the 5-day wave measured by mesoscale cloud tracking.
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Meridional and Zonal winds at Venus’ atmosphere from Cloud-
tracking, Doppler techniques and comparison with modelling
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We present final results of the meridional wind in both Venus’ hemispheres and
spatial and temporal variability of the zonal wind, based on coordinated observations
at Venus cloud-tops based with two complementary techniques: Ground-based
Doppler velocimetry and cloud-tracked winds using ESA Venus Express/VIRTIS-M
imaging at 0.38 pum. Cloud-tracked winds trace the true atmospheric motion also
responsible for the Doppler-Fizeau shift of the solar radiation on the dayside by super-
rotating moving cloud-tops with respect to both the Sun and the observer (Machado et
al., 2014). Based on this complementarity, we performed a new coordinated campaign
in April 2014 (Machado et al., 2017) combining both Venus Express observations and
ground-based Doppler wind measurements on the dayside of Venus’ cloud tops at
Canada-France-Hawaii telescope at a phase angle ® = (76+0.3)° . Venus Express
cloud top wind measurements based on tracking using images taken with the VIRTIS
instrument indicate nearly constant zonal winds in the Southern hemisphere between
0 and 55° S. The analysis and results show (1) additional confirmation of coherence,
and complementarity, in the results provided by these techniques, on both spatial and
temporal time scales of the two methods; (2) first-time estimation of the meridional
component of the wind in other planet using the Doppler velocimetry technique, with
evidence of a symmetrical, poleward meridional Hadley flow in both hemispheres; (3)
spatial and temporal variability of the zonal flow with latitude and local time, with a
significant increase of wind amplitude near morning terminator.

We also present final results based on observations of Venus’ bottom of the cloud
deck, 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 consecutive 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 is to measure the horizontal wind
field in order to characterise the latitudinal zonal wind profile, to study variability, to
help constrain the effect of large scale planetary waves in the maintenance of
superrotation, and to map the cloud distribution.

We will present results of cloud tracked winds from ground-based TNG observations
and winds retrieved from coordinated space-based VEx/VIRTIS observations. The
observational results will be compared with the ground-to-thermosphere 3D model
developed at the Laboratoire de Meteorologie Dynamique in Paris (Gilli et al. 2017),
whose zonal wind predictions above 60 km seem to be consistent with available
measurements (Peralta et al.2018).
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Abstract:

The existence of large stationary gravity waves was discovered during Akatsuki’s first
observation sequence in December 2015 (Fukuhara et al., 2017). Since the discovery, large
stationary gravity waves have been detected periodically in mid-infrared images by LIR onboard
Akatsuki (Kouyama et al., 2017). The waves showed clear topographical and local time
dependence in which the waves periodically appeared mostly above four specific highland regions
in the low latitudes (Aphrodite Terra, Thetis Regio, Atla Regio, and Beta Regio) and they became
significant in the local afternoon (Kouyama et al., 2017).

In this study, we will show the further detection of stationary gravity waves seen in LIR images
over six Venusian solar days. As described in Kouyama et al. (2017), the waves appeared again
and again above the four highlands mainly when they were in local afternoon. Figure 1 shows
examples of Aphrodite Terra case. In addition to the large-scale features, rather small stationary
waves have been identified above other locations where are nearby local peaks. There has been
no detection of a stationary wave signature above Ishtar Terra, which has the highest mountain in
Venus, Maxwell Mons, but locates in higher latitudes (> 60°). The clear dependence of stationary
waves on location and local time indicates that the excitation and propagation of stationary waves
may be controlled by the solar heating during the daytime and the consequential change in the
atmospheric structure. Thanks to the clear dependence, we may predict future appearance of
stationary waves which will help to plan future observations by both Akatsuki and ground-based.

(a) 2015-12-07 (b) 2016-08-03
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Figure 1. Stationary gravity waves above Aphrodite Terra in LIR images from 2015 to

2017. Orange and blue lines indicate morning and evening terminator, respectively.
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We have observed the nightside of Venus from NASA’s Infrared Telescope Facility (IRTF) near the
dates of inferior conjunctions from May 2002 through May 2017. Over 65 separate evening or
morning apparitions have been observed in total. Using the IRTF’s SpeX instrument, we obtained
simultaneous images (with the SpeX guide camera) and spectra (in one of the 60” long-slit spectral
modes). The images are taken with a narrow (1%) 2.26 um filter that corresponds to a CO>
transmission window or an adjacent filter at 2.16 um where CO2 is opaque. In the 2.26 um filter,
nightside clouds in Venus’ lower and middle cloud decks are visible as silhouettes against the
thermal emission from Venus’ surface and lower scale heights (Fig. 1). The 2.16 um images are
useful to model and subtract scattered light from Venus’ dayside crescent.

The IRTF is capable of imaging Venus during daylight. Some observing sessions can last up
to four hours, although cloud motions are clearly discernible after an hour. We often scan the slit of
the spectrometer across Venus’ disk while we are taking images: in this way we obtained spectral
image cubes at the same time that we obtained cloud-tracking image sequences. The image cubes
cover 0.8 to 2.5 pm at coarse spectral resolution (R = 200 to 500); they can be used to determine
cloud particle sizes and concentrations of CO.

The Akatsuki spacecraft’s IR2 camera was designed to track clouds and CO concentrations
over Venus’ nightside as well, in filters at 1.74, 2.26 and 2.32 pm. Under good conditions, the IRTF
image quality is 0.5” (full-width at half-maximum of the point spread function at 2.26 pm),
equivalent to about 120 - 150 km on Venus’ surface. While this spatial resolution is several times
poorer than the [R2 images obtained from most points in Akatsuki’s orbit, it is nonetheless
sufficient to estimate wind speeds (from cross correlations of cloud fields) at the 5 m/s level given
image sequences that span 3 hours, or 3 m/s wind resolution under the best of conditions. This
level of velocity resolution lets us

. Determine latitudinal wind profiles on a day-to-day basis,
o Observe variability in wind speeds at certain latitudes, and
. Look for secular changes in winds over a 15-yr period.

One data set consists of 13 morning observations spread out over 17 days in April and May
2017 (Fig. 1). We have applied for time to observe Venus in 2018, from Sept. 12 to October 14 and
Nov. 10 to Dec. 10, surrounding the time of the upcoming inferior conjunction on 27-0CT-2018. The
motivation for these observations are not only to confirm the Akatsuki -based results showing
variable equatorial jets (Horinouchi et al. 2017), but also extend the cloud-top observations of
stationary waves on Venus’ nightside (Peralta et al. 2017) to the middle and lower cloud decks,
where they have so far been undetected.

Fig. 1

Images of Ve