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Foreword

ROGER-MAURICE BONNET

International Space Science Institute
Bern, Switzerland

Back in 2003, ISSI organized one of its regular internal xéfle meetings and invited
a few scientists to share for two days their views on the &tuientations of the scientific
activities of the Institute. Their scientific expertise eowd a broad range of disciplines
and interests, from astronomy to solar physics, planeyotogl Earth sciences. One im-
portant recommendation of that meeting was to open ISStities to Earth sciences, in
particular to atmospheric physics and dynamics, and aldetsolid Earth, to volcanology
and desertification, insisting that they be considerederbttoader context of comparative
planetology. A few years later these recommendations wapéeimented. A contract
was established with the ESA Directorate of Earth Obsesxatand Lennart Bengtsson,
the leading force behind the preparation of this book, wasuited as I1SSI Director for
Earth sciences. Lennart did not participate in the 2003xieftebut he rapidly assimilated
its conclusions, in particular as to what concerned Earigtnses and comparative plan-
etology, as well as the unique opportunities offered by ®8hosting scientific visitors
from all around the world and from many areas of space sciehtgerapidly proposed
that ISSI dedicates one of its future Working Groups to tlmate of Venus. The study
of Venus climate would indeed offer a natural response t®8@8 meeting recommen-
dations. Opening the ISSI program to the field of Earth s@srtbrough comparative
planetology was in continuity with the traditional spac&gsce orientations characteriz-
ing previous ISSI activities. When planetologists are ddkejustify their activities and
the costs of their space missions some, very often respanthita study of planets should
improve our understanding of the Earth.

Amazingly, the logics which led Lennart to establishing arkileg Group on the
climate of Venus is nearly the opposite, as the title of troskexplicitly says: “To-
wards understanding the climate of Venus: Application®afestrial models to our sister
planet” The work reported here aims at showing how the mndedf the Earth atmo-
sphere through General Circulation Models helps improeimgunderstanding of Venus.
In the Solar System, among all other planets, the Earth ibiixig the largest complexity.
Itis all at the same time: a solid planet, a magnetic planktjued planet, an icy planet,
and an atmospheric planet and last but certainly not leasirg Iplanet (it hosts life).
Venus is indeed often called our sister planet. It is ratherfalse twin. It was formed at
the same time as the Earth 4.6 billion years ago from the saote-polar nebula. With a
diameter 95% and a mass 80% that of the Earth, Venus is adittiler however. Both
planets have nearly the same density and chemical compasitihey both have an at-
mosphere and clouds. But they also have marked differenCestrary to Venus, the
Earth evidences plate tectonics, it has a magnetic field targlirface is covered at 70%
by water. Venus had probably the same amount of water as tith Bat lost it very
early in its history. Today, it is an arid desert and its stceféemperature is 47Q as a
consequence of the enormous atmospheric pressure andertthme greenhouse effect
produced early in its life by the high concentration of £ @-enforced by the presence
of cloud particles and droplets of sulphuric acid. Besidiesunbreathable atmosphere, at
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this temperature, life is impossible. The Russian probesiwlanded on Venus in 1970
and 1982, could transmit signals and pictures of the suffaceo more than two hours
maximum (Venera-13), after which the heat destroyed thépeggnt. Furthermore, the
absence of water that plays an essential lubrification rolearth’s tectonic activity has
probably put to a standstill any such activity that might dn@xisted on Venus, now a
single-plate planet. Nevertheless, a comparative stuttyegpoorly known atmosphere of
Venus based on the models that have been developed for #es@d studies of the Earth
atmosphere is an application that may help us understarld@igenormous differences
and forecasting their long-term evolution. For example,Barth might follow the same
trend as Venus when the increasing luminosity of the Sun ateaaf 1% per 100 million
years would have raised its temperature to the point wheveadhe case for the young
Venus, water molecules would start being photo-dissogjate irreversible process lead-
ing to the end of life in about one billion years. The problenmot that simple however,
as the atmospheric circulation, very different on both ptanmust play an important role
in the process. Therefore, it is of importance to undersgmbspheric circulation in the
different physical conditions characterizing the two @it

The work described in this book is unique and well in line wthie interdisciplinary
approach that characterizes ISSI activities. While theétHaas been observed by several
hundreds of artificial satellites, in addition to an enorsiamount of in situ measurements,
the number of satellites launched to Venus totals todayjdgmostly Russian) of which
only 20 were successful. The similarities and the largediffices between the two planets
would support a more continuous international effort in Memxploration. This book
offers an excellent basis on which to build the convincirguanents for sustaining such
long-term exploration. Let me address my compliments tahadl contributors to this
book among whom | would like to explicitly mention Lennartri@gsson who deserves
special acknowledgements. Similarly, Simos Koumoutsarauld be acknowledged for
his dedication and help in organizing the meetings and irethtng of the book.
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Introduction

LENNART BENGTSSON

International Space Science Institute
Bern, Swirtzerland

The ultimate purpose of this book is to increase our undedstg of the climate of
planet Venus. We will endeavour to do so by bringing togetkeent observations from
Venus with the general knowledge of the Earth’s atmospherehtas been collected over
a long period of time from modelling and data studies.

Superficially, there are many similarities between Eartdl anus when observed
from a great distance but a close inspection reveals drifif@rences that make life on
Venus inconceivable. In fact our sister planet is highlyospitable. Its surface tempera-
ture is around 475C where lead and tin will start to melt, and it has a cloud covieere
the droplets are not water but sulphuric acid. The causeediith surface temperature is
not that Venus is receiving more sunlight than the Earth.abt it receives significantly
less as can be seen in tallleinstead the high surface temperature of Venus results from
the different composition of its atmosphere, consistin&#o carbon dioxide, as well as
its huge atmospheric mass that is 92 times larger than thla¢ &arth’s atmosphere. There
are also marked differences due to the slow rotation of Vewhikh means that the Cori-
olis force that is crucial in determining the dynamical stuwe of the Earth’s atmosphere
plays a secondary role on Venus.

The present understanding of Venus is the result of a largéeuof successful space
missions to the planet that started in 1962 with Mariner le Ttest in the series, to be
discussed in more depth in this book, is the Venus Expressanisf the European Space
Agency. Venus Express, by now has been collecting infolandtr more than five years.

However, our knowledge of planetary atmospheres does no¢ émm empirical stud-
ies only but also from theoretical considerations by makisg of our general knowledge
of fluid mechanics and thermodynamics. This has been theattee approach for the
Earth’s atmosphere through the use of physically basedgkrieculation models, GCMs.
GCNMs are based on the fundamental physical equations foggmaass and momentum
including sources and sinks. The first GCMs, developed ingte21950s, were simple,
but present models are highly sophisticated and are the toalis used to determine and
predict the Earth’s weather and climate. Present capabiiit understanding the climate
of the Earth would be impossible without the use of GCMs. Tieye been the key factor
that has transformed climatology from a pure empiricaligigte in natural geography to
a distinct discipline of classical physics. GCMs have it fascome the main numerical
experimentation tool for theoretical analysis of diffear@henomena in planetary atmo-
spheres. Furthermore, GCMs are also the main tools to stiidpate change resulting
from changing the amount of greenhouse gases and the amalinature of atmospheric
aerosols.

Because of their general form the GCMs have also been apfplibé atmospheres of
other planets such as Venus, Mars and the Saturnian moam Nenus in particular is
a great challenge because of its very slow rotation and igghtypiatmosphere consisting



mainly of CQ. Although modelling for different planets is based on thesghysical
laws as for the Earth, they also include the incorporatiomafy unresolved, small-scale
processes that often are unique for any application andtodve parameterized in terms
of available model parameters. Optimizing parametenmaschemes requires numerical
experiments and systematic testing over a period of timegushservational data from the
largest part of the planet as possible. That means in peatig certain aspects of a GCM
will to some extent be tuned to the planetary atmosphereanheill be used. That is true
for the Earth where parameterization of turbulence, maisivection and clouds could
hardly be effectively done without detailed observing pesgs and systematic numerical
experiments. As will be clarified in this book this is also ttese for the atmosphere of
Venus. In this respect observational explorations and micaleexperiments should be
considered as a combined approach.

The content of the book is organized as follows. We begin irt Pavith a review
of the present knowledge of Venus including a general baxkgt and history of Venus
observations. This will be followed by a comprehensive wiev of the radiation balance,
the composition of its atmosphere and the circulation andhavics of its atmosphere.

An inspection of its radiation balance compared to the Eshthws large differences.
Firstly, Venus surprisingly receives less net radiatiamfithe sun than the Earth because
of its high albedo. Furthermore, because of its high opaoitfy a small amount of the
solar radiation enters the depth of its atmosphere. At tilasel of Venus only a mere
17 Wm2 is received compared to almost 10 times as much at the Earth/e®us most
of the solar radiation is absorbed in the atmosphere. Mogh@fabsorption occurs in
the cloud layer 50-70 km above the surface with a minor pasosfie 30 Wm? in the
atmosphere below the clouds. Secondly, there is no condsuostace water on Venus and
consequently no latent heat flux from the surface and thelderseat flux is maximised
by the net surface energy. Thirdly, the black body radiafiom the surface is some 45
times larger than for the Earth. Due to the high opacity of\faeus atmosphere there is
no way for the planet to get rid of its heat by radiation andupe/ard flux of long wave
radiation is more or less fully compensated by the downwang) lwave radiation flux.
There is consequently only a limited amount of energy thaissported from the surface
upwards as dry convective energy.

The main reason for the very high temperature of the surfadéeious is its atmo-
spheric composition that consists of some 96% carbon décagdvell as other constituents
such as clouds of sulphuric acid and water vapour. Anotlwtoifas the depth and size of
its atmosphere, which insures that the temperature brdallibyvs a dry adiabatic lapse
rate through a depth of some 70 km above the surface.

There are several indications that the composition of theiseatmosphere has under-
gone large changes, such as an early runaway climate, antikielly that the planet has
lost a large amount of water through dissociation of watethan upper atmosphere due
to ultraviolet radiation and the subsequent escape of lygiroLater the free oxygen has
reacted to create carbon dioxide and sulphur dioxide. Thynoof the clouds on Venus
and their lifetime is one of the many riddles of that mystesiplanet. The source for
both SQ and in fact also C@can hardly be anything else than volcanic eruptions but no
such eruptions have so far been directly observed. Oneneaadd be that the volcanic
eruptions could have a different character than on the Eattheither a steady flux from
a low level activity or from major eruptions occurring at yeare intervals. There are
indications from surface observations that the secondmatize is the more likely.



Table 1: Different physical values for Venus, Earth and Maete the very high albedo
of Venus compared to Earth and Mars. The outgoing radiatiom fVenus is consistent
with a blackbody temperature of -4C. The planetary emissivity is calculated as the ratio
between the blackbody radiation at the top of the atmosphatat the surface.

Properties VENUS EARTH MARS
Distance to sun 0.72 AU 1AU 1.5AU
Solar constant 2613 W/ 1364 W/nf 589 W/n?
Albedo 0.76 0.30 0.30

Eq. temperature -41C -18°C -72°C
Surf. temperature +473C +15°C -63°C
Diurnal cycle o°C 20°C 200°C
Atmos. mass 92 1 0.006
Planetary emissibity (%) 0.01 0.59 0.84
COzin% 96.5 0.039 95.3

A special aspect of this book is to try to bring some furthedenstanding of the dy-
namics of the Venus atmosphere and the many puzzling featuch as its super-rotation
and its intriguing polar vortices. The main reason for thiéedénces between the atmo-
spheric general circulation of Venus and Earth can indeezkp&ined by the difference
in solid body rotation. Numerical experiments as well assgipents with rotating annuli
show that the general circulation is very sensitive to thation rate. For small rota-
tion rates the Hadley circulation is extended to highetud#s and the Ferrel circulation
created by the activity of travelling extra-tropical cycés weakens or disappears. Ob-
servations indicate that the Venus general circulatioroisidated by a huge Hadley cell
transporting eddy momentum towards higher latitudes wihaxp transition to the polar
vortex that is found on both hemispheres. The most likelylamattion of the strong lati-
tudinal jets is momentum transfer through the huge Hadl#y €he wind fields derived
from temperature soundings using the cyclostrophic appration show mid-latitude jets
at 65-70 km and at 50-53atitude in both hemispheres. The vortex eye resides irtbigle
70°S latitude circle with striking similarity to a huge hurrivatype circulation but in size
more similar to a stratospheric winter polar vortex in thetkEa lower stratosphere.

Part 11l of the book is concerned with the modelling of the aspheric circulation
on Venus. The first section, outlined in Chapfeprovides a detailed overview of the
theoretical framework of the dynamics of the general catiah on Venus. The second
section, Chapte6 gives a background to the modelling efforts and some of thily ea
results. The third part, Chapt& summarizes the latest achievements in the modelling
of the Venus atmosphere by comparing results from receneniaai experiments. The
fourth part, Chapte8 provides a comparison with similar modelling efforts foe tBarth
using recent model results from the Earth’s atmosphere fhentroposphere through the
stratosphere and the mesosphere.

In part IV of the book we endeavour to outline the prospectddture missions to
Venus not the least based on what has been learned from bmesis of information ob-
tained from Venus Express.






Part |l

What do we know about Venus?






11—

History of Venus observations

ROGER-MAURICE BONNET DAVID GRINSPOON
International Space Science Institute Denver Museum of Nature & Science
Bern, Swirtzerland Denver, U.S.A

ANGELO P10 RossI

Jacobs University Bremen
Bremen, Germany

1.1 Knowledge of Venus before the space age

Ourimage of Venus is that of a hellish, hot planet, permédpenvered by fast-moving
clouds, with its surface inaccessible to any Earth-bassdémvkr. But the perception and
knowledge of our sister planet has been very different inr¢icent and more remote past.

Venus has been a prominent object in the sky since pre-tusioes, being highly vis-
ible both at dawn and dusk. Also, contrary to many other gigiis apparent size did not
change dramatically with time, due to a combined and inlg@eportional effect of vari-
able distance and phas&adldstein 1972 and notes therein]. In fact, the Latin name for
Venus for its dawn appearance is lucifer (star carryingt)ighd for dusk, vesper (evening
star), as derived from pre-existing Greek terms, respagti?hosphoros®&wo $0p0o¢)
and EosphorosHwo ¢p0opog).

Several ancient civilizations had knowledge of the existenf Venus, including, only
to mention a few: Assyrians, who considered the planet utiterule of the Goddess
Ishtar), Phoenicians (under the name of Astarte), HindsiS(&ra), Greek, Roman and
Mesoamerican peoples. A summary of the many different natigbuted to Venus by
various civilizations is provided b§rinspoon[1997.

Such clear visibility and awareness of Venus led to the meatf myths, stories and
religious importance. As an example, the great importattcdated to Venus by Maya
led them to precisely measure and predict its appearanbe isky.

Besides myths and stories, several accounts of astronbofisarvations and knowl-
edge of Venus can be found among many different ancient peplg Grinspoon 1997,
including Babylonian, Greek and Mesoamerican such as thecdzMayans and Toltecs.

In the Middle Ages, Venus’ position in the Ptolemaic systeaswonsidered below
the Sun by Avicenna.

1.2 Telescopic observation

Early telescopic observations of Venus, among other psanetre conducted by Galileo
Galilei, who first measured Venus’ phases in 1610 [@gke, 1984 Palmieri, 2001],
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Figure 1.1: Full disk image of Venus

determining its crescent disc shape and spherical geonoetnfirming also its passage
behind the Sun and thus validating Copernicus theory. Giargshico Cassini observed
Venus around 1666-166Karov and Grinspooyl999, detecting albedo variations, which,
later in the XVIII century were interpreted as possible auental and oceanic masses.

Venus played a crucial role in measuring the distance bettreeEarth and the Sun,
the so-called astronomical unit (AU): at its closest disi@rthe apparent disk of Venus,
assuming to a first approximation the planet to have a sizédasito that of the Earth,
occupies an angle in the Sky of about 1 minute of arc, from vhiwas possible to derive
both the Venus-Earth and Earth-Sun distance, using Keghex's.

Transits of Venus in front of the Sun were particularly imjaot for a variety of mea-
surements [e.gChapman1998 Teets 2003. In fact, transits were considered so impor-
tant that even during exploration expeditions such as tbédames Cook in the second
half of the 18th century, they were studied systematicadlg.Woolley 1969 and spe-
cific expeditions were organized for observing transitsanrfidvorable conditions. In fact,
thanks to transits, the actual measurement of Venus’ dexmets possible. Finally, the
determination of the solar parallax, by means of measuretkming the transits, was
of paramount importance for determining the scale of theuS8ystem [e.gChapman
1999.

Therefore the determination of orbital and geometricapprties of Venus were of
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Figure 1.2: Venera landings

great importance for problems much wider than Venus itesn before any hint about
its surface conditions could be obtained.

The discovery that Venus actually has an atmosphere was byaldie Lomonosov in
Russia in 17611Jomonosoy1761 Marov and Grinspoon1999. In fact, the existence
of an atmosphere had already been proposed by William Helrsetd Johann Schroter
[Grinspoon 1997.

Given the very similar sizes of the Earth and Venus, and th&eclvicinity of the latter
to the Sun, surface conditions were expected to be rathélasirdenus being possible
slightly warmer than Earth. Based on the (false) assumpltianthe thick cloud cover of
Venus was essentially due to water vapor, Nobel laureateeftius in 1918 stated that
“everything on Venus is dripping wet” which turned out, wighbsequent astronomical
and planetary exploration, to be far from the truth.

The determination of Venus’ rotation rate, based on theckefaor surface periodic
movements, was unsuccessful, due to its dynamical atmospfde first attempt was
made by Cassini in 1667 [ségaum and Sheehai999. Optical [e.g.Slipher, 1903
Richardson1959 and radar [e.gDyce et al, 1967 measurements were performed in last
few decades. Ground based and space observations prok@edrtently known rotation
rate of 243 days for an entire (retrograde) rotation. On géortimescale, Venus’ rota-
tion itself, due to its chaotic evolutiom.fiskar and Robutell 993, could have a resulting
limited set of possible states due its dense, thick atmasdberreia and Laskar2001].
Compared with the solid planet rotation of 243 days, Ventreosphere rotates extremely
fast (about 4 days at the equator). Such “super-rotatios’discovered in the 1960’s (e.g.
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Figure 1.3: Magellan view of Venus

in Schubert, 1983), mainly by Doppler experiments on thei€dvenera 4 to 7 probes
(reviewed byDollfus[1979 and by ground based observations [&igub and Carleton
1979. COzin Venus’ atmosphere was first discovered and measured freground [e.qg.
Adams and Dunhani937, although its concentration was underestimated in thedyg e
observations. On the other hand, ground based measureofeft© have been much
more challenging, given the strong absorption by the Eadltrnospheric water vapor:
early measurements nevertheless already showed a verylogewtration of HO [e.g.
Spinrad 1962 Dollfus, 1964.

1.3 History of spacecraft observations

In the space age, the robotic exploration of Venus was lorjcamplicated, with
variable, but in general positive results. In fact, the sssaate for Venus space missions
is higher than 50% (higher than for Mars, overall): sincell8pace missions, including
flybys, orbiters and landers performed successfully in 56%® cases, while failing in
44%. Soviet missions constituted the bulk of these missioosnting for almost 3/4 of
the total (43 so far). In addition to NASA (8 dedicated missip ESA and Japan (JAXA)
launched one mission each.

The first successful flyby of Venus was performed by the NASAiMa 2 spacecraft
whose radiometer determined for the first time extremehhtsgrface temperatures of
470K, under a cloud-topped carbon dioxide atmospHeoegtt1963. The Soviet Venera
programme revealed for the first time the atmospheric siraaf the planet and its surface
conditions through the use of different orbiters, atmosich@&obes and landers. Venera
4 was the first mission to perform in situ atmospheric measargs, including temper-
ature, pressure and density, from the surface to about 30vkithhin 1969. Venera 4
to 7 indeed confirmed earlier evidences of the super-rataiiculation Dollfus, 1975.
Modern understanding of the Venus’ atmosphere is derivegela from the heritage of
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Figure 1.4: Figure from VEX, the first ESA mission to Venus

Pioneer Venusolin and Hunten 1977 and from later Venera missions [e.lgeldysh
1977 Avduevsky1983. Their results included the measurement of atmosphelnysiph
cal and chemical parameters and the determination of cldatbphysical properties, in
addition to wind speeds. The soviet VEGA mission in 1985 alwied french-built bal-
loon experiments, which performed in situ measurementsesfgure, temperature, wind
velocity, ambient light, for more than 30 houBlgmont 1987 2009.

Apart from very limited failures, most Venera landings wetecessful and provided
data and imagery for a maximum of slightly more than 2 houtsn#ation imposed on
the equipment by the very high surface temperature [@agvin et al, 1984. Among
the many results of the Venera landings [éviproz, 1983, elemental composition mea-
surements were performed [eSurkov et al. 1984, and widespread surface small-scale
layer-like rock weathering was observed, most likely dusttdace-atmospheric interac-
tions [e.g.Barsukov et a].1982 Wood 1997.

Late Venera missions (Venera 15 and 16) were equipped wigtgiimg radars [e.qg.
Kotelnikov et al. 1989 allowing near-global coverage with low to moderate spats-
olution. That was later surpassed by the NASA Magellan missaunched in 1989
[Saunders et al.1999. The combined results from Synthetic Aperture Radar imggi
on board both Veneras and, in much higher resolution on biglagkllan, provided the
foundation for the reconstruction of Venus’ geologicalkdig [e.g.Basilevsky and Head
1999.

Athorough review of Venus’ spacecraft exploration and nsaientific results until the
late 1990’s is provided bllarov and Grinspooif1999. A further concise update until the
mid 2000’s, just before the launch of the European Space &génaSA) Venus Express
(VEX) mission in 2005, the latest active mission to Venus, lba found inTaylor [2004.

A more surface-oriented perspective on Venus landingsasiged byBasilevsky et al.
[2007. VEX is the first mission in two decades devoted to the stuflyemus’ atmo-
sphere fvedhem et gl2007h a). VEX, the first ESA mission to Venus, has observed the
dynamical features in the atmosphere with unprecedentethspnd temporal detail. In
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particular it observed the detailed geometry of cloud pag@/arkiewicz et al.2007 and
the complex atmospheric dynamics [eDgossart et al, 2007. Several parameters of the
cloud population have also been measured through imageryracking of their spatial
and temporal variations, also allowing the derivation ofigvivelocities. Venus Express
has also provided the first possible evidence of recent,lggssurrent, volcanic activity
on Venus Bmrekar et a].2014.

The Japanese mission Akatsuki, launched 20 May 2010 alserkas Venus Climate
Orbiter or Planet-CNlakamura et al.2007 was designed for a wide range of meteoro-
logical studies and to scientifically and operationally défitrfrom synergic observations
with VEX, in addition to the join data analysis and expldat In particular Akatsuki
was meant to globally map clouds and minor atmospheric itoasts thanks to a set of
multispectral and hyperspectral imaging experimentsabkpof sampling multiple depths
within Venus’ atmosphere. The failure of Akatsuki to acl@é¥enus orbit in December,
2010 was a set-back for Venus science.

The future exploration of Venus will most likely have to reg advanced mission ar-
chitecture, involving multiple orbiters, landers, roveend amospheric probes
[e.g.Bullock et al, 2009, such as balloons [e.@:hassefiere et 312009. More advanced
and complex mission scenarios will likely be put forwarddéed ESA mission studies
in the mid 1990's focused on the very challenging prospedctadiecting samples from
the Venus surface and bringing them back to Ea&bojpn and Lebretqri99g, which
would obviously constitute an extraordinary technicalieeément, most likely lying out-
side the financial boundaries of any space agency in themgrase near-future state of
the necessary technologies.

Whatever will be the nature and elements of future Venusisitieexploration, an ele-
ment of paramount scientific importance, and also techigichbllenging, will be a deeper
understanding of the atmosphere properties and dynammiegder to achieve this ambi-
tious goal, more data should be gathered through instrisreenthose included onboard
VEX and Akatsuki. But even more importantly, modeling effoshould be increased,
coordinated and focused, as observational data shouldsbuikted into comprehensive
models able to reproduce, reconstruct and predict the digahimehavior of the atmo-
sphere of the Morning Star.

Finally, a better understanding of the mechanisms at the ba¥enus atmospheric
circulation and processes would provide us with the betsipagh extreme, planetary ana-
logue to Earth’s own atmosphere. The following section$ i book provide an attempt
for advancing our knowledge in this direction.



Bibliography 15

Bibliography

Adams, W. and Dunham, T., 1932, Absorption bands in the drédaspectrum of Venusublications of the
Astronomical Society of the Pacifi¢4, 243.

Avduevsky, V., 1983, Structure and parameters of the Vetrassphere according to Venera probe d&fenus
pp. 280-298.

Barsukov, V. L., Volkov, V. P., and Khodakovsky, I. L., 19824e crust of Venus - theoretical-models of chemical
and mineral-composition]. Geophys. Res87, A3-A9.

Basilevsky, A. T. and Head, J. W., 1998, The geologic histmiryenus: A stratigraphic viewJ). Geophys.
Res.-Planets103 8531-8544.

Basilevsky, A. T., lvanov, M. A., Head, J. W., Aittola, M., @Raitala, J., 2007, Landing on Venus: Past and
future, Planet Space S¢i55, 2097-2112.

Baum, R. and Sheehan, W., 1992, Cassini and the rotatioadpefiVenus-a common misconceptiah,Hist.
Astron, 23, 299.

Blamont, J., 1987, The VEGA Venus balloon experiméy. Space Res/(12), 295-298.

Blamont, J., 2008, Planetary balloolsp. Astron.22, 1-39.

Bullock, M. A., Senske, D. A., Balint, T. S., Benz, A., CamppB. A., Chassefiere, E., Colaprete, A., Cultts,
J. A., Glaze, L., Gorevan, S., Grisnspoon, D. H., Hall, Jstioto, G. L., Head, J. W., Hunter, G., Johnson,
N., Kerzhanovich, V. V., Kiefer, W. S., Kolawa, E. A., Kremi€., Kwok, J., Limaye, S. S., Mackwell, S. J.,
Marov, M. Y., Ocampo, A., Schubert, G., Stofan, E. R., Svedhd., Titov, D. V., and Treiman, A. H., 2009,
A Venus flagship mission: Report of the Venus science anchtdoby definition team, i®0th Lunar and
Planetary Science Conference

Chapman, A., 1998, The transits of Ven&sdeavouy22(4), 148-151.

Chassefiere, E., Korablev, O., Imamura, T., Baines, K. Hisadi C. F., Titov, D. V., Aplin, K. L., Balint, T.,
Blamont, J. E., Cochrane, C. G., Ferencz, C., Ferri, F., &®@v, M., Leitner, J. J., Lopez-Moreno, J., Marty,
B., Martynov, M., Pogrebenko, S. V., Rodin, A., WhitewayAJ, and Zasova, L. V., 2009, European Venus
Explorer: An in-situ mission to Venus using a balloon platipAdv. Space Rest4, 106-115.

Colin, L. and Hunten, D. M., 1977, Pioneer Venus experimeascdptions Space Sci. Re0, 451-525.

Correia, A. C. M. and Laskar, J., 2001, The four final rotatitetes of Venu\Nature 411, 767-770.

Dollfus, A., 1964, L'eau sur Venus et MaisAstronomie p. 78.

Dollfus, A., 1975, Venus - evolution of upper atmospherimucls,J. Atmos. Sci.32, 1060-1070.

Drake, S., 1984, Galileo Kepler and phases of Vedusljst. Astron, 15, 198.

Drossart, P., Piccioni, G., Gerard, J. C., Lopez-ValvelMeA., Sanchez-Lavega, A., Zasova, L., Hueso, R.,
Taylor, F. W., Bezard, B., Adriani, A., Angrilli, F., ArnoJdG., Baines, K. H., Bellucci, G., Benkhoff, J.,
Bibring, J. P., Blanco, A., Blecka, M. I., Carlson, R. W., @i, A., Di Lellis, A., Encrenaz, T., Erard, S.,
Fonti, S., Formisano, V., Fouchet, T., Garcia, R., HausHelbert, J., Ignatiev, N. I., Irwin, P., Langevin,
Y., Lebonnois, S., Luz, D., Marinangeli, L., Orofino, V., RedA. V., Roos-Serote, M. C., Saggin, B., Stam,
D. M., Titov, D., Visconti, G., Zambelli, M., and Tsang, CQ@7, A dynamic upper atmosphere of Venus as
revealed by VIRTIS on Venus Express¢ature 450, 641-645.

Dyce, R. B., GH, P., and Shapiro, I. |., 1967, Radar detertiuinaf rotations of Venus and Mercunjstron. J,

72, 351-&.

Garvin, J. B., Head, J. W., Zuber, M. T., and Helfenstein1884, Venus - the nature of the surface from Venera
panoramas). Geophys. Res39, 3381-3399.

Goldstein, B. R., 1972, Theory and observation in mediesabaomy,Isis, 63, 39-58.

Grinspoon, D. H., 199/enus Revealed: A New Look Below The Clouds Of Our MysteTiwirsPlanet Helix
Books, Perseus Piblishing, Cambridge, Massachusetts.

Keldysh, M. V., 1977, Venus Exploration With Venera 9 And ¥ea 10 Spacecraficarus 30, 605-625.

Kotelnikov, V. A., Bogomolov, A. F., and Rzhiga, O. N., 198%adar study of Venus surface by the Venera-15
and -16 spacecraffidv. Space Res, COSPAR; IAU; Int. Assoc. Geomagetism & Aeronomy; et al.

Laskar, J. and Robutel, P., 1993, The chaotic obliquity efglanetsNature 361, 608-612.

Lomonosov, M. V., 1761, The appearance of Venus on sun assitolvaerved at the St Petersburg emperor’s
academy of sciences on may 26, 1761. Acad. of Sci. Office, 8t$brirg. Memoirs in Physics, Astronomy
and Instruments Building, USSR Acad. of Sci., Leningrad.

Markiewicz, W. J., Titov, D. V., Limaye, S. S., Keller, H. Ugnatiev, N., Jaumann, R., Thomas, N., Michalik,
H., Moissl, R., and Russo, P., 2007, Morphology and dynamidbe upper cloud layer of Venuslature
450, 633-636.

Marov, M. Y. and Grinspoon, D. H., 1998he Planet Venysrale Univ. Pr.

Moroz, V., 1983, Summary of preliminary results of the Ven&B and Venera 14 misson&gnus pp. 45—68.

Nakamura, M., Imamura, T., Ueno, M., Iwagami, N., Satoh,\Watanabe, S., Taguchi, M., Takahashi, Y.,



16 1. HISTORY OFVENUS OBSERVATIONS

Suzuki, M., Abe, T., Hashimoto, G. L., Sakanoi, T., Okang,K&saba, Y., Yoshida, J., Yamada, M., Ishii,
N., Yamada, T., Uemizu, K., Fukuhara, T., and Oyarna, K20Q7, Planet-C: Venus climate orbiter mission
of JapanPlanet Space S¢i55, 1831-1842.

Palmieri, P., 2001, Galileo and the Discovery of the Phaé®emus,J. Hist. Astron, 32(2), 109-129.

Richardson, R. S., 1958, Spectroscopic observations afs/r rotation made at Mount Wilson in 1958ub-
lications of the Astronomical Society of the Pagifi6, 251-260.

Saunders, R. S., Spear, A. J., Allin, P. C., Austin, R. S.niar, A. L., Chandlee, R. C., Clark, J., Decharon,
A. V., Dejong, E. M., Griffith, D. G., Gunn, J. M., Hensley, Sghnson, W. T. K., Kirby, C. E., Leung, K. S.,
Lyons, D. T., Michaels, G. A., Miller, J., Morris, R. B., Mason, A. D., Piereson, R. G., Scott, J. F., Shaffer,
S. J., Slonski, J. P., Stofan, E. R., Thompson, T. W., and,\8alD., 1992, Magellan mission summady,
Geophys. Res.-Plane®&7, 13067-13 090.

Scoon, G. and Lebreton, J., 1998, Venus sample return assesstudy report, Tech. Rep. p.16-19, ESA Report
SCI.

Slipher, V., 1903, A spectographic investigation on thetioh velocity of Venus, Tech. Rep. 1, 9-18, Lowell
Observatory Bulletin.

Smrekar, S. E., Stofan, E. R., Mueller, N., Treiman, A., E$ilanton, L., Helbert, J., Piccioni, G., and Drossart,
P., 2010, Recent hotspot volcanism on Venus from VIRTIS siity data,Science328 605-608.

Sonett, C., 1963, A summary review of the scientific findingthe Mariner Venus missior§pace Sci. Re\2,
751-777.

Spinrad, H., 1962, A search for water vapor and trace comestit in the Venus atmosphertsrus 1, 266-270.
Surkov, Y., Barsukov, V. L., Moskalyeva, L. P., and Kharyu&pV. P., 1984, New data on the composition,
structure, and properties of Venus rock obtained by Ven8raril Venera 14]. Geophys. Res89, Lunar

Planetary Inst.; NASA; AGU.

Svedhem, H., Titov, D. V., McCoy, D., Lebreton, J. . P,, Basiy S., Bertaux, J. . L., Drossart, P., Formisano, V.,
Haeusler, B., Korablev, O., Markiewicz, W. J., Nevejans, Baetzold, M., Piccioni, G., Zhang, T. L., Taylor,
F. W, Lellouch, E., Koschny, D., Witasse, O., Eggel, H., iéart, M., Accomazzo, A., Rodriguez-Canabal, J.,
Fabrega, J., Schirmann, T., Clochet, A., and Coradini, K072, Venus Express - the first european mission
to Venus Planet Space Sci55, 1636-1652.

Svedhem, H., Titov, D. V., Taylor, F. W., and Witasse, O.,280/enus as a more Earth-like planggtureg 450,
629-632.

Taylor, F. W., 2006, Venus before Venus exprédanet Space S¢i54, 1249-1262.

Teets, D. A., 2003, Transits of Venus and the Astronomicat, Whath. Mag, 76(5), 335—-348.

Traub, W. A. and Carleton, N. P., 1975, Spectroscopic olasiens of winds on Venus, Atmos. Scj.32, 1045—
1059.

Vakhnin, V. M., 1968, A review of the Venera 4 flight and itsesdtific program,J. Atmos. Sci.25, 533-534.

Wood, J., 1997, Rock weathering on the surface of Venus,. Rep. 637, Venus Il.

Woolley, R., 1969, Captain Cook and the transit of Venus @3 Rotes Rec. Roy. Sep@4(1), 19-32.



N, N

The surface and atmosphere of Venus:
Evolution and Present state
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2.1 Early evolution of the Atmosphere

Most models of atmospheric evolution start with the reab@mlbut unverified assump-
tion that the original atmospheric inventories of Venus &adth were similar. Although
the two planets have similar overall abundances of nitragahcarbon, the present day
water inventory of Venus is lower than that of Earth by a factal0°. The original water
abundance of Venus is highly unconstrained. The high D/lé atiserved, 2.5 x 1t or
~150 times terrestrialjonahue et al.1997 has been cited as evidence of a large primor-
dial water endowmentjonahue et a].1987. Yet, given the likelihood of geologically
recent water sources and the large uncertainty in the madetpast hydrogen and deu-
terium escape fluxes, the large D/H may not reflect the prirabveater abundance but
rather may result from the history of escape and re-suppilyarmost recertz10° years
of planetary evolutionGrinspoon 1997 1993 Donahue et al.1997. Thus, at present
the best arguments for a sizable early Venusian water enéoivremain dependent on
models of planet formation and early volatile delivery. Masodels of water delivery
to early Earth involve impact processes that would have sugplied Venus with abun-
dant water Morbidelli et al,, 200Q Grinspoon 1987 Ip et al, 1999. Stochastic processes
could have created large inequities in original volatileintory among neighboring plan-
ets Morbidelli et al, 2004J. However, given the great similarity in bulk densities ahelir
close proximity in the Solar System the best assumptionestgut is that Venus and Earth
started with similar water abundances.

The loss of water has been modeled as occurring during a fidselrodynamic es-
cape driven by the large early solar EUV flux in a runaway ctavdxiven by water vapour
feedback Kasting et al, 1984 Kasting 1989 followed by loss of hydrogen through var-
ious thermal and non thermal escape processes, includang &scape, charge exchange,
collisional ejection Kumar et al, 1983, and an electric field driven flow of ions in the
night-side hydrogen bulg®pnahue et a].1997.

Kasting [1989 derived a timescale of several hundred million years fer litss of
water, but this timescale remains highly uncertain. Oneheflargest uncertainties in
understanding the nature and timescale for water loss isrstahding the effects of clouds
on the early environment. Cloud feedback is not includedhinat the currently published
models of the moist greenhousé&rinspoon and Bullock2007 presented simple grey-
model simulations that suggested the role of clouds in thenthl balance during water
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loss would be to stabilize surface temperatures and thaslgprolong the period of stable
surface water, perhaps extending to 2 or 3 billion years.

2.2 Geological and climate evolution

The Magellan mission mapped nearly the entire surface ofi¥erevealing a surface
dominated by volcanic features exhibiting wide variety afrphologies, ranging from
vast basaltic plains which cover 80 per cent of the planettdadket the lowland areas,
to a wide range of individual edifices including annular \alic/tectonic features called
coronae, steep sided domes apparently formed from moreudsmagmas, and shield
volcanoes ranging in size from 5 to hundreds of kilometerssscBasilevsky and McGil
2007. The largest of these are clustered in areas that are bdlivbe "hot spots” or
mantle plumes, on the basis of Magellan gravity d&tafekar et al.2007. This distribu-
tion, and the lack of large-scale linear tectonic featurashains of volcanic features have
been used to infer that Venus lacks plate tectonics.

Approximately 8 per cent of the surface consists of highlyitteed and folded tessera
terrain, which lies topographically above the surroundinglcanic plains
[Basilevsky and McGil2007. The tesserae are the oldest areas of Venus and may repre-
sent remnants from an epoch of fundamentally different@giosl processes. Given the
apparent strong coupling between surface and atmosphailigtien on Venus, this also
suggests that the tesserae may have been witness to a gresitidn in the atmosphere
and climate as well. The current lack of plate tectonics naedlgct the interior dynamics
of a desiccated Earth-like planet. Thus the loss of water tiee may ultimately ex-
plain the very different geology of Venus and Earth as welthesr climatic divergence
[Grinspoon and Bullock2007.

More than 960 Impact craters have been identified in Magetkdar imagery
[Schaber et a).1994. Their size distribution is consistent with the filterinffexts of
the atmosphere, suggesting that the current thick atmosyptaes existed for at least the
age of the extensive global plains. This age has been estiraat750 Myr, with an uncer-
tainty of several hundred million years, on the basis ofaratodeling and statistics. The
observation that the spatial crater distribution is neartlistinguishable from a random
distribution suggests that, to first order, the global Hairere largely formed over a geo-
logically short time. This, combined with the observatibattthe fraction of craters that
have been volcanically and tectonically disturbed is gsitell, suggests that the global
resurfacing that created the plains was extensive enoudlllyobury the pre-existing
crater population, and ceased relatively suddenly, faldwy more localized volcanic
and tectonic activity which may continue to the present ddys interpretation has been
disputed, and more data from future Venus missions, with hreégolution surface imaging
or direct surface sampling, will be required to resolve thsurfacing history of Venus.
Recent near-infrared maps made with the VIRTIS instrumarn¥enus Express have re-
vealed areas of anomalous surface emissivity around laigamoes, which may indicate
recent or ongoing volcanic activitysinrekar et al.201J. Such present-day activity may
be consistent with either catastrophic or episodic moaglthie volcanic plains.

The more recent climate evolution of Venus, over the appnaxély age of the surface
visible in Magellan global radar imagery, has likely beemretterized by the balance
between volcanic outgassing of radiatively active gasgse@ally SQ and HO, hetero-
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geneous reactions with surface minerals, and exosphetgassing of hydrogen. With-
out continued outgassing the clouds would largely dissijpat a timescale 030 mil-

lion years Bullock and Grinspoo2001], Thus, Venus may have experienced cloud-free
epochs. The onset and cessation of episodes of global sutgasf the style that some
researchers have interpreted to be responsible for thalfjjoxtensive plains seen in
Magellan mapping, may result in surface temperature ctaofhe order of several hun-
dred degrees KelvinHullock and Grinspoon200]. Climate changes of this magnitude
could result in surface thermal stresses that may help iexpésveral puzzling geological
features seen in Magellan imageB&dlomon et a).1999.

2.3 The Lower and Middle Atmosphere

By 1971, after the Venera 7 and 8 landings, it was clear thati¥g@ossessed a surface
temperature o735 K and a surface pressure~90 bars Marov et al, 1973. Approx-
imately 10% of the solar radiation absorbed by Venus diffusethe surface through the
thick clouds and atmosphere, amounting to 17 Wafsurface insolationomasko et a).
1980. Even with this rather low surface insolation, the opaafythe overlying atmo-
sphere is sufficient to create massive greenhouse warnaiisgg the surface temperature
to 730 K.

Table2.1 summarizes some bulk qualities of the atmosphere of Venhs.ldwer at-
mosphere forms a deep, convective troposphere extendingtfre surface to the cloud
base at 45 km. The temperature and pressure values measuxéshéra and Pioneer
Venus spacecraft, in comparison with adiabatic profildeyedd estimates of the stability
of the atmosphere. Early analyses suggested an essensi@ble atmosphere
[Avduevsky et 811968 1970 with an overall verticaltemperature gradient of 7.7 K/km,
substantially less than the adiabatic lapse rate of 8.9 KMarov and Grinspoon1999.
Later analyses revealed evidence of zones of instabil@jtiaides of 20-30 km and 25-33
km [Seiff, 1983. These regions of instability are believed to be assodiatith convec-
tive motions and zones of turbulence. A region of minor ib8ity in the near-surface
atmosphere below 10 km was inferredMgrov[1979 and Seiff et al[198].

The middle atmosphere above the clouds (60-100 km) exhaléga higher stability,
with dT/dZ less than 3-4 K/km, suggesting a stratified miditlmosphere close to radia-
tive equilibrium [Seiff, 1983. Overall, the lower and middle atmosphere are close to the
adiabatic lapse rate, a finding confirmed by the Vega 1-2 badion a large area of the
middle cloud layer, where minor deviations from adiabatiggested regions of slight sta-
ble stratification Linkin et al, 1986. Knowledge of the structure and basic properties of
the atmosphere up to 100 km, prior to the Venus Express misaie summarized in the
COSPAR reference model VIRA-85¢iff et al, 1981.
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Table 2.1: Atmospheric properties of Venus

Surface pressure 92 Bar
Surface density ~65 kg/m?
Scale height 15.9 km
Total mass of atmosphere ~4.8 x 1G%kg
Average surface temperature 737K
Diurnal temperature change ~0
Wind speeds at surface 0.3-1.0m/s
Mean molecular weight 43.45 g/mol
Atmospheric composition (near surface, by volume)
Major gases C0O 96.5%
N2 3.5%
Minor gases (ppm) S©130
Ar70
H>0 30
CO 17
He 12
Ne 7
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This chapter reviews the observations of the radiative §urside and outside the
Venusian atmosphere, along with the available data abeupldmetary energy balance
and the distribution of sources and sinks of radiative eneVge also briefly address the
role of the radiation on the atmospheric temperature stractglobal circulation, ther-
modynamics, climate and evolution of Venus and compare thie features of radiative
balance on the terrestrial planets. We describe the phgéite greenhouse effect as it
applies to the evolution of the Venusian climate, conclgdirth a summary of outstand-
ing open issues. The article is to a great extent based orajiwer pyTitov et al.[2007
expanded by including recent results from the Venus Expbservations relevant to the
topic.

3.1 Introduction

Absorbed solar and thermal radiation internal to the atrespplay a dominant role
in many chemical and dynamical processes that define thatgiof Venus. In some cases
the radiative effects are pushed to their extremes in wagtsnttake Venus unique among
the terrestrial planets in the Solar System. The thick cleyér that completely covers
Venus and is one of the main climate forcing factors is a pcbdfia photochemical "fac-
tory” that forms sulfuric acid aerosols from sulfur dioxided water vapor in the middle
atmosphere. The strongly scattering clouds reflect more 76& of incoming solar flux
back to space, so that Venus absorbs less solar energy t&atth does, even though
it is only 30% closer to the Sun. Meanwhile, the cloud layedt atmospheric gases pro-
duce a powerful greenhouse effect that is responsible fantaiaing globally-averaged
surface temperature as high as 735 K, the highest amongssaiam planets. Venus is
also remarkably different from the other terrestrial plaria terms of the distribution of
energy sources and sinks in the atmosphere. Half of the fiakanreceived by the planet is
absorbed at the cloud tops65 km) by CGQ and the unknown UV absorber. Only 2.6%
of the solar flux incident at the top of the atmosphere reathesurface in the global
average. This solar energy deposition pattern drives asualglobal circulation in the

23
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form of retrograde zonal superrotation. This chapter megithe current knowledge on
radiative processes in the Venus atmosphere, including ititeraction with the atmo-
spheric dynamics, greenhouse effect, as well as their mfi®n climate stability and
evolution. It is based on the earlier paperTjov et al.[2007 updated with recent re-
sults from the Venus Express mission. SecBadgives a synthesis of observations of the
radiative fluxes inside and outside the atmosphere. Se8t®summarizes the available
data about the planetary energy balance and distributisowfces and sinks of radiative
energy. Implications of the radiative heat exchange to teirig of the global circula-
tion, greenhouse effect, current climate and its evolui@ndiscussed in Secti@4. The
chapter concludes with a summary of outstanding open ismefuture work.

3.2 Radiation field in and outside the Venus atmosphere:
a synthesis of observations

Measurements of the radiation field within and outside oMieus atmosphere during
the past several decades have produced great progressundenstanding of conditions
on Venus and of atmospheric processes on the planet. Reertimg observations from
ground-based telescopes and orbiter instruments deddtibespectral dependence of the
solar radiation reflected from the planet as well as the théradiation emitted to space. In
situ measurements of scattered solar and thermal radfationvVenera and Pioneer-Venus
descent probes provided constraints on the vertical digtan of radiation within the
atmosphere. Recent multi-wavelength observations by &&xpress provided important
new clues on variations of the radiative energy balances $&ction gives a synthesis of
the available observations.

3.2.1 Aview from space

The spectrum of Venus when observed from space can be rosygjitlin three compo-
nents: reflected solar radiation, infrared thermal emisfiom the cloud tops, and emis-
sion from the hot deep atmosphere and the surface leakingaeshrough the narrow
spectral transparency "windows”. The first component dat@s in the UV through the
near-infrared range (0.2-4.m) over the sunlit hemisphere, while the second one prevails
at longer infrared wavelengths (4-%0n). The third component is located in the spectral
range 0.9-2.5:m and is by several orders of magnitude weaker than the seflacted
light. Figure3.1shows typical spectra of all three components.

Reflected solar radiation and albedo

Observations of the reflected solar spectrum of Venus aremsuiped inMoroz et al.
[1983 1983; Crisp and Tito\[1997. A major fraction of the incoming solar flux is scat-
tered back to space by thick clouds that are mainly compogsdifuric acid and com-
pletely cover the planet. Estimates of the Bond albedo vam.8+0.02 [Tomasko et aJ.
198(Q1t0 0.76+0.01 [Moroz et al, 1989. The clouds make Venus the most reflective planet
in the Solar System. The spectral dependence of the Venesisphalbedo is presented
in Figure3.2 The albedo curve shows a broad depression in the UV-blugerakt wave-
lengths below 0.32:m this absorption is explained by the presence of §&s within and
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Figure 3.1: General view of the Venus spectrum at a resolpmger, /A 4, of 200 as
seen from space: the reflected solar light (dashed line)thibienal emission from the
cloud tops and mesosphere (doted line), and the night sidesim escaping from the
lower atmosphere (solid line).

above the cloud tops. The absorption at longer wavelen@tB2 ¢m-0.5xm) is attributed
to the presence of an unknown absorber in the upper clou6%38n). Variability of the
upper cloud structure and abundance of the absorbing sppieluces the well-known
UV markings on the Venus disc with albedo variations of up@&3Rossow et al.198Q
Markiewicz et al. 2007 Titov, 2017. In the near infrared (1-2m) sharp spectral fea-
tures associated with absorption by £énd HO within and above the cloud tops are
clearly seen in the Venus spectrum. At wavelengths longer th5:m, the Venus albedo
quickly drops to a few percent due to strong absorption bfusalacid aerosols (Figure
3.2). Above 4, m thermal radiation emitted by the cloud tops becomes coafytato the
reflected solar light and its intensity rapidly increasethwiavelength (Figur8.1).

Thermal emission from the cloud tops

Even though Venus has a very high surface temperature, fpatesit appears as a
rather cold object because the sulfuric acid clouds arewpaty > 2.5um and the tem-
perature of the cloud tops varies between 220K and 260K. &/émermal radiation has
been measured both from the ground and from space. The mogrrebensive data sets
were delivered by the Pioneer Venus Orbiter Infrared Radtem{Taylor et al, 198(, the
Venera 15 Fourier spectrometédrtel et al, 1985, the NIMS/Galileo infrared spectro-
imager [Carlson et al, 1993, and the VIRTIS/Venus Express visible and infrared magpin
spectrometebrossart et al[2007; Piccioni et al.[2007. Figure3.3 shows examples of
the thermal infrared spectra of Venus. The spectrum of theqtlat thermal wavelengths
(5 - 50 um) is close to that of a blackbody at the cloud top temperatwiéh spectral
features mainly belonging to mesospheric£C8,0, SG, and other gases that absorb at
levels within and above the clouds as well as broad signaitfreulfuric acid aerosols.
The fundamental absorption bands of £& 4.3 um, 4.8 um, and 15xm produce the
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Figure 3.2: Spectral dependence of the Venus sphericalalbe

strongest spectral features. These bands have been usstddweerthe temperature and
aerosol altitude profiles in the mesosphére@s-Serote et al1995 Zasova et al.2007,
Grassi et al, 2017Q. The thermal structure of the Venus mesosphere varieagitravith
latitude, with polar regions surprisingly being up to 20 Krm@r than equatorial latitudes
at most pressure levels between the cloud tops and 100 kmth&hmal structure varies
to a lesser extent with local time. Thermal infrared speatsa show a wealth of weaker
absorption features belonging to hot and isotopic band<pf&> well as S@, H»O, and
CO above the clouds and within the upper cloud.

The thermal emission spectra in Figl8& clearly show the atmospheric parameters
and constituents that play the major role in radiative emexghange with space. Thermal
radiation leaves the planet mainly in the spectral range 890 cnt? to 1000 cnt?!
(50-10um). Strong infrared bands of GClearly seen in the thermal emission spectra
in Figure3.3 are formed in the colder mesosphere and are responsibledting of the
atmosphere above the clouds (uptb20 km).

Thermal emission from the lower atmosphere

An efficient atmospheric greenhouse mechanism maintainsi3/surface tempera-
tures as high as 735 K. At this temperature, the surface emiistantial amounts of en-
ergy even in the near infrared range (1:B). This emission was detected for the first
time by the spectrophotometers onboard the Venera landenrsiacrease in the measured
spectra at wavelengths above @.&. However, its importance was fully recognized only
after Allen and Crawford[1984 discovered that thermal radiation from the lower atmo-
sphere leaks to space through partially transparent atmoisg'windows” - spectral gaps
between strong C9and HO absorption bands in the near infrared range. The discov-
ery of the emissions on the Venus night side provided a pawegmote sensing tool to
study composition of the lower atmosphere, to map the seyfaed to monitor the cloud
opacity and atmospheric dynamics in the cloud depth. Thihatkis being successfully
used by Venus Expressifov et al, 2009. At wavelengths 0.8-2.4m the SOy clouds
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Figure 3.3: Examples of the Venus thermal infrared spectasured by the FTS/Venera
15 andNIMS/Galileo?? experiments in the equatorial (solid) and middle (dashegs) |
tudes. The NIMS spectra (1900-2500chare multiplied by a factor of 100. Thin solid
lines show the blackbody spectra for the temperatures oK2@ad0 K, and 220KWJM:
Micron scale on top of Fig 3.

are transluscent. Aerosols are almost non-absorbing aidsttattering properties have
little variability with wavelength. The altitude of the gin of the night side emission is
wavelength dependent and varies from the very surfaceiah o ~35 km at 2.3um.
These emissions are about 4 orders of magnitude weakerhbaeftected solar compo-
nent (Figure3.1) so they can be observed only on the night side.

*** Eigure 3.4 shows examples of the Venus night side spectra measuredry ¥/
Venus ExpressHiccioni et al, 2007?27?27 ***

and high resolution spectra of the same spectral "windovestifthe ground-based ob-
servations Crisp, 1989 Crisp et al, 1991 Crisp et al, 1997;
[Bezard et al.199Q Meadows and Crispl 996 Taylor et al, 1997.

*** DT. Replace the NIMS spectrum in the main figure with twoRTIS-M and -H
(for 2.3 um window) spectra taken in low and high latitudes. ***

Variability of the outgoing radiation

Five years of continuous monitoring of the outgoing radiafield by Venus Express
revealed strong changes of the atmospheric parameteedi@ltemperature, cloud top
structure) that results in significant variations of thebgloradiative energy budget of the
planet. Venus Monitoring Camera (VMC) images the planehertarrow band filter cen-
tered at the characteristic band of the unknown UV abso&5 m) Markiewicz et al.
2007 Titov, 2011 which is responsible for deposition of about half of solaergy that
Venus receives from the Sun. Inhomogeneous distributioih@fabsorber at the cloud
tops produces famous UV markings (Fig@:&) and strongly affects radiative energy de-
position pattern. Figur8.5shows UV images captured by VMC in two successive orbits.
The left one shows strong brightness contrast between darkhd bright high latitudes.
The observed latitudinal variations of the UV albedo implyupt decrease in deposited
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Figure 3.4: NIMS/Galileo near infrared spectrum of the \&night side. Ground based
high resolution spectra of the emission at m and 2.3um (from Bezard et al[199(
are shown in the inserts.
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Figure 3.5: UV images of Venus taken by VMC in orbits #458 an@$#

solar energy by a factor of 3-4 from dark tropics to brighthigtitudes on top of gradual
decrease due to solar incidence angle. The energy is degasithe cloud tops and is not
buffered by the bulk of the atmosphere. This can triggerlldgaamical response causing
wind across the sharp albedo boundary - a mechanism sirithetmesoscale winds at
the sea coasts on Earth or at the edge of the Martian polaridapright image in Fig-
ure3.5shows rare global brightening event, when bright haze alcmupletely covered
Venus in about a dayMarkiewicz et al. 2007. Global changes of the planetary albedo
during such events is likely to affect the radiative energpaskition pattern and thus will
have an impact on the atmospheric dynamics.

Venus emits energy to space mainly due to thermal emissitimeimange 10-5@:m
from the cloud tops (Figurd.1). The outgoing thermal flux depends on the temperature
and aerosol distribution at the cloud top level. Venus Egpr@bservations revealed that
both parameters change significantly with latitude resgltn strong modulation of the
thermal emission. Radio-occultation experiment showed the temperature structure
changes from monotonic profile in low latitudes to the ondnstrong temperature inver-
sions [Tellmann et al.2009 that creates an annulus of cold air at 60-70 degrees latitud
("cold collar”). The cloud top structure changes in a catetl way with the temperature
field. In low latitudes the cloud top is locateda¥2 km and the aerosol vertical scale
height is of about 4 km. In the "cold collar” the cloud top desds to~64 km and has
very sharp boundary coinciding with the altitude of temper@minimum [gnatiev et al,
2009 Leg 2017. This combination of changes in the temperature and cloudsires
results in the modulation of thermal flux observed from orbBigure3.6 shows the VIR-
TIS thermal infrared (5«m) mosaic captured by VIRTIS/Venus ExpreBscicioni et al,
2007. The brightness temperature in low latitudes is few tendegfrees higher than the
cold collar region at 60-7G. The polar eye of the planetary vortex is the brightestext th
mal IR wavelengths. Comparison to the earlier observafimfisate that this distribution
of thermal flux is roughly similar to that in the Northern heplere Taylor et al, 198(
The thermal radiation leaking to space from the hot loweaiphere and the surface gives
minor contribution to the global radiative energy balanae tb weakness of the emission
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Figure 3.6: Composite false colour views of the Southernibehere: VIRTIS thermal-
IR (5 um) mosaic (red) and simultaneously captured VMC UV (0.263) image (grey)
(from Titov et al.[2009. Brightness in the thermal IR images tracks the cloud top-te
perature. The bright oval feature close to the pole is theoéylee hemispheric vortex - a
dynamical structure=2000 km in size which is about 30 K warmer than its surrounsling

escaping through the thick cloud layer (Figd). However the radiative effect of the
lower atmosphere thermal emission on the lower cloud coelehbch stronger. Measure-
ments of the flux in the near-IR transparency "windows” froribgive an important clue
on distribution of opacity over the globe. Figuser shows the maps of the emissions in
the 2.3um "window”. The VIRTIS/ VVenus Express mosaic of the southieemisphere
(left) indicates a factor of 5-7 decrease of the flux from lavd aniddle latitudes to the
polar regions that corresponds to about a factor of 2 ineregashe cloud opacity. The
NIMS/Galileo image (right) shows the view of Venus from etpréndicating patchy mor-
phology of the deep cloud.

*** DT: Summary of McGouldric et al paper, Wilson, Barstow ¢erge particles at
high latitudes ***

3.2.2 Radiation field inside the atmosphere
Scattered solar radiation

The solar radiation field inside the atmosphere was measyresgectrophotometers
on several Venera descent probE&gnomov et al.1983 Moroz et al, 1983. These ob-
servations provided a unique data set for characteriziegtigular and spectral distribu-
tion of solar scattered light between 0.4 and Ar# from ~65 km down to the surface.
Figure3.8shows examples of the Venera-13 spectra. The intensitylaf saadiation prop-
agating downwards gradually decreases with altitude. thess10% of the radiation that
hits the top of the atmosphere reaches the surface and ooyt 8t6% &17 W/n?) is
absorbed at the groun@fisp and Titoy 1997. Increasing absorption in near-infrared by
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Figure 3.7: Maps of the thermal emission escaping to spac#hen2.3 um "win-
dow” captured by VIRTIS/Venus Express (l€fgference ?) and NIMS/ Galileo (right)
[Carlson et al, 1993. False colours mark variations of brightness produceddayial in-
homogeneity of the total cloud opacity. Red - high flux and tdeud opacity, blue - low
flux and high cloud opacity.

COy and HO as well as absorption at the blue end of the spectrum is alderd as the
probe descends. Analysis of these data supported the simtluiom ground-based near-
infrared observationdJeBergh et al. 1999 that the BHO mixing ratio is nearly constant
(30+ 10 ppm) at altitudes between the cloud base=té km but shows a probable in-
crease up to 50-70 ppm in the lower scale heitdhtdtiev et al, 1997. Vertical profiles of
the solar downward and upward fluxes and their divergencdgewaluable information
about the structure of the atmosphere and solar heating. ratee solar flux radiome-
ter (LSFR) aboard the Pioneer Venus Large Probe measuradfeodes during descent
in a series of channels covering a broad range from 0.4 ttrduum [Tomasko et aJ.
19804. The Venera-13 and 14 descent probes also carried a phutormeperiment to
measure the distribution of UV radiatioBfonomov et a).1984. Figure 3.9 shows the
vertical profiles of downward solar fluxes measured by theev@mand Pioneer-Venus de-
scent probes. Their altitude derivative is proportionaht® extinction coefficient of the
scattering medium. These measurements show that UV andauliggion are strongly ab-
sorbed in the upper cloud layer above 57 km. The abrupt chiarige broadband radiance
at~48 km clearly marks the location of the lower boundary of tleaid.

*** DT: Overplot on the Fig 9 the convective stability pattes from the VeRa/ VEX
experiment (see below) or thermal wind profile? Discussibwlmat causes convection:
absorption of the solar UV radiation in the upper cloud (¢ 69 kr absorption of the
thermal radiation from the lower atmosphere by sulfuriclatouds? ***

To find the global mean net solar flux, numerical models musides to extend the
spectral and spatial coverage provide by the experimeasallts. Figure3.9 shows the
results of two modelsTjomasko et a]1980a Moroz et al, 1985. The deposition of solar
energy occurs at altitudes of positive net flux divergendee easurements and subse-
guent radiative transfer modeling reveal two regions witkeq@osition of the solar energy
is significant. The first one is located in the upper cloud lave~57 km and is pos-
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Figure 3.8: Spectra of the downward scattered solar radiatieasured by the Venera 13
descent probe. Lines are labelled with probed altitudelsiin
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Figure 3.9: Vertical profiles of the downward solar flux (ddines) and global mean net
solar flux (dashed lines) in the Venus atmosphere. The dowhfluxes were measured by
the Pioneer-Venus LSFR experiment (curve 1) [Tableasko et al.19804 and spec-
trophotometers onboard the Venera 11, 13, 14 landers (@)f{Jables 6 & 7Moroz et al,
1983. The calculated global mean net solar fluxes are from Piovieeus (curve 3) and
the Venus International Reference Atmosphéfieroz et al, 1989 (curve 4).
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Figure 3.10: Net thermal fluxes in the Venus atmosphere e@rixom the SNFR and
LIR measurements on the Pioneer Venus descent probes Eeamrcomb et a[.1989.
Dashed lines show the modeled profiles of the net thermaldltotedifferent water vapor
mixing ratio (hnumbers at the curves).

sibly caused by the unknown UV absorber and by absorptioarst@ «m by the HSOy
cloud particles. The second region is located in the lowoaphere (40-20 km) where
solar energy is absorbed by @@nd HO in the near-infrared and possibly elemental sul-
fur in the UV-blue range. Surprisingly, almost no absonptad sunlight occurs between
57 and 48 km where the bulk of the cloud layer is located.

Thermal fluxes in the atmosphere

The vertical distribution of thermal fluxes depends on thaifas of temperature and
opacity sources in the atmosphere. The vertical net theflmmadivergence defines the
thermal cooling rate which, in combination with net solaatieg, determines the radia-
tive energy balance in the atmosphere. Experimental cteaization of the thermal fluxes
was the goal of three net flux radiometers (SNFR) on the Piovieeus Small Probes
[Suomi et al.1980 and an infrared radiometer (LIR) on the PV Large PraBedse et a).
1979. The original data were affected by a significant error vehssurce was discovered
in laboratory testing after the mission was completeédvercomb et a[1989 corrected
the measurements and analyzed their implications for thedcdtructure, water vapor dis-
tribution in the lower atmosphere, and radiative coolinigyuie 3.10shows the corrected
net fluxes at four descent sites and compares them to modalatidns for different water
abundances below the clouds.

The measured thermal fluxes indicate the presence of anaudieither gaseous or
particulate source of opacity above 60 km. Below the clotldsmeasurements suggest a
strong increase of the net flux and its divergence from equatpole. Because the tem-
perature structure below the clouds varies little withtlate, this trend implies a strong
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latitude variability of infrared opacity sources. Sincéfgudioxide has fairly low absorp-
tion, Revercomb et a[198] concluded that the net flux measurements imply a significant
latitude trend in the water mixing ratio below the cloudsisl¢onclusion, however, con-
tradicts the results of a recent re-analysis of spectraphetry on the Venera descent
probes [gnatiev et al, 1997 and observations in the near IR windovizisp et al, 1991,
Drossart et al, 1993 de Bergh et a].2006 Bezard et al.2009 which imply an HO mix-
ing ratio of~30 ppm without significant latitude variability below theoads. However,
the near IR observations show that there is significantalpatriability of the cloud opac-
ity, with persistently low optical depths at latitudes beem 40 and 60 degre€sisp et al.
[199]7. The low cloud optical depths at latitudes where the Pioiemus North Probe
entered the atmosphere may explain the large thermal netliflergences near the cloud
base inferred from the net flux radiometer res@itssp and Titov[1997. The vertical
divergence of the measured net thermal fluxes that defineottiang rate also shows a
significant latitude gradient. Comparisons of the thermat flivergence in Figur8.10
with the divergence of solar flux (heating rate) in Fig@r@ suggest strong net radative
cooling of the lower atmosphere at high latitudes. To mairttze observed thermal struc-
ture in the presence of this high latitude cooling, the netaspheric transport must be
descending there.

3.3 Radiative energy balance

The measurements described in SecBohwere used to develop models of the dis-
tribution of opacity sources and temperatures in the atimeasp These models were then
used to calculate broadband radiative fluxes in and outkiel@atmosphere, and to assess
the distribution of radiative energy sources and sinkss Bhction summarizes the results
of this radiative balance modeling.

3.3.1 Global budget

Observations by the Pioneer Venus and Venera orbiters aswgdeprobes provided a
substantial amount of information about scattering anewdddsg properties of the Venus
atmosphere. Several comprehensive radiative transfeeimodnsistent with the data were
developed at that timéfpmasko et a].1980a ?, 1985. The authors calculated the global
balance of radiative energy and solar heating rates in thesgthere. The total solar flux
at the Venus orbit is 2622 6 W/n? [Moroz et al, 1985. Due to its high albedo the planet
absorbs only 15 6 W/m? on average, less than that deposited on Ear@dQ W/n?),
despite the fact that Venus is 30% closer to the Sun. Both e@ahel observations show
that less than 10% of the total solar energy incident on Vesashes the surface, and only
2.5% is absorbed there. The largest portion of solar enargyps$orbed above 57 km by
the unknown UV absorber at the cloud tops. This is in contrétstthe Earth, where 74%
of the solar energy is absorbed directly at the grouxritihg, 1999.

The outgoing thermal radiation has been characterized dytbneer Venus Orbiter
Infrared RadiometerTaylor et al, 198, the Venera 15 Fourier transform spectrometer
[Oertel et al, 1983, and VIRTIS/ Venus Expres®jossart et al, 2007. These observa-
tions were analyzed to retrieve the temperature and aestrsgture of the Venus meso-
sphere and to calculate the outgoing thermal fisst{ofield and Taylgd 982 Zasova et al.
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Figure 3.11: Latitude dependence of the zonally averaggdent solar (blue) and outgo-
ing thermal (red) fluxes (fronschofield and Taylof1989. Similar curves for the Earth
are also shown for comparison

2007 Grassi et al, 201Q Tellmann et al.2009. The globally averaged effective temper-
ature as measured by Pioneer Venus 230 K which corresponds to an outgoing thermal
flux of 2160 W/n?. This value is slightly different from the mean solar flux dsjed
on the planet but given the uncertainties in both valuesdisisrepancy cannot be inter-
preted as an indication of global energy imbalance. Venysdss delivered significant
amount of data on the outgoing thermal emission especiallya Southern polar regions
that showed highly variable structure of the polar eye ofdlubal vortex (Figure3.6)
[Piccioni et al, 2007. Available observations and models quantify the planetadia-
tion budget Tomasko et al.198Q Schofield and TaylQr1987. Figure3.11compares the
mean latitude distributions of solar radiation receivedhsy planet and thermal radiation
emitted to space for Venus and Earth. Both planets recelae snergy mainly at low lat-
itudes with the incident flux strongly decreasing towardpb&es. Earth has similar trend
in latitude distribution of the outgoing thermal radiatiodn Venus, however, the outgo-
ing thermal flux is almost constant with latitude indicatthgt atmospheric dynamics are
more efficient in transporting energy from equator to pole.

3.3.2 Distribution of sources and sinks

The vertical divergence of the net solar and thermal fluxessgthe radiative heat-
ing and cooling rates in the atmosphere. These sources aksl ai radiative energy
force the atmospheric dynamics. Radiative transfer modelhe Venus atmosphere
have progressed together with the accumulation of obsenaidata Pollack et al, 198Q
Tomaskp1983. Tomasko et alf1989 used an atmospheric radiative transfer model de-
rived from the Pioneer-Venus and Venera measurementsdolatd solar fluxes and heat-



36 3. RADIATIVE ENERGY BALANCE IN THE VENUS ATMOSPHERE

Altitude, km

| S MR TE IR S |
0.001 0010 0100 1.000 10.000 100.000
Cosling / Heating rote, K/day

Figure 3.12: Vertical profiles of globally averaged solaatirey (solid line -Tomasko et al.
[1989; dashed line - Crisp and Titoy 1997 and thermal cooling rates (dotted line -
[Crisp and Titoy 1997.

ing rates (Figur&.12.

Observations by the Pioneer Venus, Venera 15 and Venus &xprbiters signifi-
cantly improved our knowledge of the temperature and aéstswture of the mesosphere
[Schofield and Taylor1982 Zasova et a].2007 Grassi et al, 201Q Ignatiev et al, 2009
Leg 2017 Tellmann et al.2009. This inspired extensive numerical modeling of the ra-
diative balance in the Venus mesospheteidp, 1986 1989 Haus and Goering199Q
Titov, 1995 Crisp and Titoy 1997 Lee et al, 201]. These studies confirmed that the ra-
diative forcing is very sensitive to atmospheric parangeseich as temperature structure,
aerosol composition and distribution, and abundance oétgases. Figur& 12shows the
vertical profiles of globally averaged cooling and heatiatgs in the Venus atmosphere.
Above the clouds the radiative energy exchange occurs ynairthe CQ bands. Both
cooling and heating rates gradually decrease fre@® K/day near the top of the meso-
sphere (90 km) to few K/day at the cloud tops (70km). Absorpby the unknown UV
absorber and the 40, cloud particles above 57 km in the upper cloud creates arggati
rate peak of up to 8K/day in the global average. About 10%®#6thlar energy incident on
the top of the atmosphere or half of the solar energy absdmpéite planet is deposited in
this altitude range. Radiative cooling cannot compensatthis heating at low latitudes,
creating a region of net heating in the upper cloud. Belowdbeds (< 48 km), both
cooling and heating rates gradually decrease from 0.1-&yati the cloud base #0.001
K/day at the surface. Figui®13shows the altitude-latitude field of net radiative heating
calculated for the mesospheric temperature structurievett from the Pioneer Venus OIR
remote sensing dat&fisp, 1989. The observed thermal structure can be maintained in
the presence of the net solar heating at low latitudes anitheehal cooling near the poles
if the mesospheric circulation is characterized by risingtion at low latitudes, poleward
flow near the mesopause’100 km) and subsidence over at high latitudesgp, 1984.

Measurements of scattered solar radiation below the clgddsz et al, 1983 Ekonomov et aj.
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Figure 3.13: The altitude-latitude field of the net radiathweating (K/day) in the Venus
mesosphere calculated for the PV OIR thermal structure.

1984 indicate that the atmosphere at these levels is only $jigigated by absorption of
sunlight in weak near-IR C&and HO bands and by additional UV absorption. Thermal
infrared fluxes and cooling rates in the lower atmosphera/ang poorly constrained by
the observations and the models. Althouggvercomb et a[1989 managed to correct
the Pioneer Venus thermal flux measurements, the error basithquite large such that
these results should still be used with caution in thermklrizze studies. Spatial variabil-
ity of the cloud opacity, which can be as large as a factor a2@t6 40) (Figure3.7),
can also cause significant variations of thermal radiativeifig at levels within and below
the clouds affecting the local temperatures and heat fluxasg and Titoy 1997. For
example, the temperatures measured by the Vega-1 ballo@nsystematically by 6.5 K
higher than those observed by Vega-2 at similar levels withé middle cloud region at
equatorial latitudesLfinkin et al, 1986 Crisp et al, 199(. The amplitude of this zonal
temperature contrast was surprising because it is almdstr@s as the pole to equator
gradient at these levels. This phenomenon can be expldinggia-1 balloon flew in a
denser cloud that was heated more strongly as it absorbeellimgthermal flux from the
deep atmospher€fisp and Titoy 1997.

3.4 Role of radiation on the climate and evolution of Venus

Radiation plays an important role on the physical and chahmicocesses on Venus
due to the high density of its atmosphere, great amount adtigely active species, and
peculiarities of the energy deposition pattern. This seciummarizes the role of radiation
on the Venus climate and compares ir to the other terreglaakets.

3.4.1 Radiative forcing of the atmospheric circulation

Remote sensing by the Pioneer Venus, Venera-15, and Vermre$sxspacecraft re-
vealed significant latitudinal variations in the mesosghtamperature and cloud struc-
ture [Taylor et al, 198Q Lellouch et al, 1997 Zasova et aJ.2007 Grassi et al, 201Q
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Figure 3.14: Latitude-altitude fields of physical parameia the mesosphere of Venus.
Black and green curves, respectively, are the isolinesmbspheric temperature (in K)
and thermal wind field (in m/s) derived from the Venera-15 e&rsounding experiment
[Lellouch et al, 1997. Dotted line shows the cloud top altitudédgsova et al.2007.
Pink and blue areas mark the regions with net radiative hgatnd cooling whose maxi-
mum/minimum values reach10 K/day [Crisp and Titoy 1997.

Tellmann et al.2009. In particular, both the cloud top altitude and aerosolesbaight at
the cloud tops decreased from equator to the pgledtiev et al, 2009 Leg 2017, with
simultaneous development of a strong temperature inveisithe "cold collar” at 60-70
degreesin both hemispheres (FigBr&4). Early estimates of the net radiative forcing have
been combined with measurements of the anomalous thenmelige to infer several in-
teresting features of the mesospheric dynamitssp, 1986 1989 Haus and Goering
199Q Titov, 1995 Crisp and Titoy 1997. First, radiative transfer models confirmed that
the mesospheric temperature contrasts between equatpokriddicate that these regions
are in strong radiative disequilibrium. Radiative enemgnsport would have quickly de-
stroyed this feature (Figui214). Its persistence therefore implies significant meridiona
heat transport by the global circulation. The meridionatuliation could produce adia-
batic cooling in its rising branch at low latitudes and coegsion heating in the descend-
ing polar branch.Crisp [1989 found that mean subsidence velocitiesmefcm/s were
enough to produce adiabatic heating compensating fortiaglizooling.

*** Modify the figure by using VEX results: VeRa T field, Therrhaind field. Cor-
relate this figure with fig 11. ***

Measurements of the mesospheric temperature structusshe®n used to infer the
zonal circulation at theses levelsdllouch et al, 1997 Zasova et al.2007, Piccialli et al.,
2008 2011 and to correlate it with the net radiative heating pattdfthe zonal winds in
the mesosphere remain in cyclostrophic balance (e.g. titedimal pressure gradient is
balanced by centrifugal force in the zonal circulationg tibserved temperature structure
indicates that the superrotating cloud top winds shoul@gegth altitude. It also suggests
the presence of a strong jet stream with wind velocities 6120 m/s near the cloud tops
at mid-latitudes (50-60 degrees) (Figxéd5.
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Figure 3.15: Sketch of the zonal cyclostrophic wind deriviemn VeRa temperature
soundings (color latitude-altitude cross section) pbbtegether with a VMC image (from
Piccialli et al. [2011].
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*** DT: Add discussion of thermal wind results from the VEX sérvations (Piccialli
et al.): (1) correlation with dark-bright transition in tekoud morphology pattern (2) va-
lidity of cyclostrophic balance by comparison to the meadwinds (3) diurnal variations
of the zonal and merid flow (Moissl, Khatuntsev) ***

Pioneer Venus OIR and Venera-15 observations indicateatistence of a solar-
locked component in the mesospheric temperature field,itimeal and semi-diurnal ther-
mal tides [raylor et al, 1983 Zasova et a].2007. The peak velocity of the mid-latitude,
cloud-top thermal wind jet was found to vary by 10-20% in etation with local solar
time thus indicating the importance of radiative forcingpebretical and numerical studies
showed that thermal tides play an important role in the neaiance of strong zonal winds
in the mesospheré&prbes 2004. The third peculiarity of the Venus radiative balance that
has implications for atmospheric dynamics is the vertigstridution of radiative heating.
As noted above, on Venus, most of the solar energy is deplasittte upper cloudx57
km) rather than at the surface. This makes Venus a specrlarasng terrestrial planets
because its atmosphere is heated from the top while the ptraoss of Mars and Earth re-
ceive most of their solar energy at the surface. This pegtylishould have consequences
for the global dynamics, but details of these circulatiaiisremain to be studied.

*** Reference to the other chapters of the book. ***

3.4.2 Global balance of radiative entropy

Radiation carries not only energy but also entropy. Its fiuxrbportional to that of the
radiative flux divided by the temperature at which energyapasited or emitted. Since
heating by solar radiation and cooling by thermal emissicouoat different altitudes and
temperatures, planets have non-zero (usually negativ@)&@of radiative entropy. This
flux is balanced by the entropy production in the irreveesillissipative) processes such
as viscous and turbulent dissipation, phase transitiams,paecipitation. The radiative
entropy flux can be estimated from the radiative energy lcalamd is a measure of cu-
mulative effect of all dissipative processes on a planeé rHudliative energy balance in the
Venusian atmosphere is described in sec8@ Figure3.16shows a sketch of the global
mean budgets of energy and entropy on the planet. At the démad Venus receives
400 mW/nt/K of entropy from solar radiation and looses600 mW/n#/K from thermal
emission. A relatively small amount of energy and entropgtabvered to the lower at-
mosphere and the surface by the solar flux (Figuf€). The net global mean budget of
radiative entropy on Venus is about -100 mV¥/Ka

*** References to Izakov’s papers ***

Comparison of the entropy budget on Venus with that on Eaath shed light on
the differences in irreversible processes on both plarfetisl€ 3.1). Goody[200Q as-
sessed their effect on Earth. The total mean flux of radiaivieopy on Earth is about
-60 mW/n?/K. Viscous and turbulent dissipation, water phase trarsitand precipita-
tion were found to be the main sources of entropy on Edsthody 2000 Renng 2001.
The Venus dry climate suggests negligible role of the désip mechanisms associated
with transport, phase transitions of water and precimitatiObservations suggest rather
weak turbulence within the cloud layer with eddy diffusiareficient of 1d - 10° cm?/s
[Kerzhanovich and Marqv1983 and corresponding entropy production not exceeding 1
mW/m?/K. Thus, the entropy sources and sinks on Earth are qufiereift from those on
Venus. However, the role of large scale dynamics, chemgeations, and cloud processes



3.4. Role of radiation on the climate and evolution of Venus 41

Table 3.1: Comparison of sources and sinks of the planetarggy for Venus and Earth.

Earth, mW/nf/K  Venus, mW/n¥/K

[Goody 200(Q (this work)
Net radiative sink -70 -100
Moist convection +55 0
Mechanical dissipation +12 ~1
Net balance -3 -100
Solar Thermal

Lower atmosphere (400K)
30/75

Altitude, km

I Surface (735K)
“p i m:-"-‘ ﬂ;f-i.; 'i‘"‘r 'd “i 'u

Figure 3.16: Globally mean budgets of energy E and entrop¥(B) on Venus. The
figures separated by slashes are energy in ¥\na entropy in mW/m/K.

on the Venusian entropy budget still needs to be studied.

Another difference between the entropy balances on Eadhvanus is the vertical
distribution of the radiative sinks and sources of entrofarth receives solar energy
and entropy mainly at the surface and emits them to spacdynio®in the atmosphere
[Renno and Ingersqlll996 Renng 1997 Goody 200J. On Venus the sources of radia-
tive entropy at the surface and in the lower atmosphere septeonly 20% of the total
balance (Figure3.16. The largest sinks and sources of radiative entropy on ¥ema
both located in the upper cloud deck.

General principles of dynamical system when applied to teeug climate can lead
to interesting, although so far only qualitative, conabnsi. Nonlinear dynamics shows
that the emergance of higher levels of order in dissipatygtesns that exchange energy
and entropy with environment is typical of both hydrodynesnfe.g., Rayleigh-Benard
convection) and chemistry (e.g Zhabotinsky reactidirjdoging 198(. Strong external
forcing can push such systems to a stationary state that feofa thermodynamic equi-
librium and which is characterized by the maximum entromdpiction (MEP). The MEP
principle was applied to planetary atmospheres and sucdlgssredicted such general
parameters of the Earth climate as surface temperatuned cloverage, meridional en-
ergy transportRaltridge, 1975 Grass| 1987 and equator-to-pole temperature contrasts
[Lorenz et al. 2007. Venus gives another example of such systems. The geriezat ¢
lation is in steady but strongly non-equilibrium state. Bouger-rotating Venusian atmo-
sphere Gierasch et al.1997 has rather high level of organization and, thus, low entrop
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Figure 3.17: A model of globally averaged chemical abundarud the radiatively active
gases in the Venus atmosphere based on the Pioneer Venueajrdiind-based observa-
tions. N is also present, as the second most abundant gas in the \lemasphere, with
constant mixing ratio of 0.036%Jyama et al.198(Q.

maintained by energy and entropy exchange with the Sun awksplowever, a detailed
analysis of the Venus climate based on these principle#liawaited.

3.4.3 Greenhouse effect and climate evolution

The planets receive solar energy in the ultraviolet, vésilaind near-infrared spectral
ranges, in which their atmospheres are relatively tramsygarThe surface and the lower
atmosphere get rid of the absorbed energy by emitting riadiat infrared wavelengths.
Strong absorption bands of gases and aerosols trap thenhtbat lower atmosphere that
results in raising the surface temperature. This processfésred to as the atmospheric
greenhouse effect. The larger the infrared opacity, thadrigurface temperature is re-
quired to balance the incoming solar flux. The differenceveen the actual surface tem-
perature and the effective temperature of the planet withawatmosphere is a measure
of the greenhouse effect. Its value reacké&®0 K on Venus, which is by far the largest
on the terrestrial planetsBullock and Grinspoorj2001] used a one-dimensional, two-
stream radiative-convective equilibrium (RCE) model técakate the globally averaged
temperature structure of the Venus atmosphere, studyritstsdty to various model pa-
rameters, and possible evolution with time. Gaseous apacitere obtained from the
correlated-k coefficientsjoody et al. 1989 for CO, and the eight radiatively active trace
gases (Figur8.17) with line parameters taken from the HITRAR@thman et a].1999
and HITEMP Wattson and Rothmai 997 spectral databases. GQMoskalenko et aJ.
1979 and HO continuum opacities jou, 1993 were included, as were Rayleigh scat-
tering by CQ and N [Van de Hulst19871. Absorption and scattering in the clouds was
calculated assuming spherical particles in the globalraged cloud model based on the
Pioneer Venus measuremerisipllenberg and Hunter198Q).

The lower atmosphere is opaque at infrared wavelengths, l&&ihg the principal
source of absorption at wavelengths near 2.0, 2.7, 4.3 5428 and 15 microns. Water
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Figure 3.18: Spectral line intensities as a function of iewgth in microns, for CQ
(green), BO (blue), CO (red), S®(orange) and HCI (purple). Line intensities are from
the HITRAN 2004 data bas&pthman et a].2004 and do not reflect their weighting due
to mixing ratios in the Venus atmosphere.

Table 3.2: The effect of the removal of infrared opacity sesron the surface temperature.

Source Deleted Change in Surface Temperature, K

CO, -420
Clouds -140
H>0 -70
OCS -12
CcO -3
SO, -3
HCI -2

vapor, SQ, CO, and the SO clouds provide the primary sources of opacity between
these bands thus strongly affecting the energy balanceecdtiimosphere (Figurg.18.
The most significant windows between €0ands are between 1-1,2n, where only
H>0 absorbs, at 1.Zzm where HCl and CO are also detectable, and between 2.2 and 2.5
um, where absorption by CO and $@ay be seen. Because absorption by these species
occurs between bands of the major absorberp,Gfhanges in their abundance have a
large, disproportionate influence on the Venus greenhdieset.eFor instance, the water
vapor mixing ratio on average is only 30 ppm, but it contré@suabout 70 K to the green-
house effect due to absorption bands at 1.4, 1.9, ang.5Therefore natural variations
of the atmospheric water abundance have a significant effetite surface temperature.
To a lesser extent than water, perturbations to atmosphelfier gas abundance can be
expected to alter the efficiency of the Venus greenhouseteffe

By subtracting out one atmospheric absorber at a time acdloedating the thermal
fluxes and the equilibrium state of the atmosphere we obtaicontribution of each con-
stituent to the greenhouse effect (TaBlg).

Contributions of the atmospheric components are not agdigcause of strong over-
lap between the absorption bands. Thus, the cumulativeibation of all opacity sources
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in table 3.2 exceeds the observed greenhouse effect. These numeneiragnts take
into account only changes in the atmospheric opacity duenwval of each trace gas,
but neglect their effect on cloud formation. For instan@moval of sulfur dioxide as
an optical agent from the model only marginally affects treeghouse effect (Tab&?2),
while actual removal of this gas from the atmosphere woultsedhe disappearance of the
clouds. This would in turn reduce the greenhouse effect dugftared scattering within
the clouds, along with a decrease in the planetary albedeimplications of this kind of
change for the surface temperature, with competing albed@eeenhouse forcing, is not
obvious without detailed calculations. The surface terape sensitivity of a fully cou-
pled radiative/convective and cloud microphysical modehe variations of water vapor
and sulfur dioxide abundance is discussed in detaiBbjock et al.[2007.

The greenhouse effect also acts on Mars and Earth, althoveguits in less dramatic
changes in surface temperature. On both planets it is meirdyto the presence of@
and CQ in the atmosphere and reaches few degrees on Mars and 30 BKrth. Al-
though the greenhouse effect on our planet is rather madiiriatobviously responsible
for maintaining surface temperature above the freezingt@wid climate conditions com-
fortable for life. Without the greenhouse effect the meamgerature would fall tex -20C,
ocean would freeze, and life would become impossible. Sineeonditions on the ter-
restrial planets and especially the amount of,Gd HO in the atmosphere could have
varied over the geological history the greenhouse effadiddoave played more important
role in the past.

The greenhouse effect seems to have played an importaninrdle evolution of
the atmospheres on all terrestrial planets and, in paaticoin Venus lhgerso| 1969
Pollack 1971, Rasool and DeBergi97(. Theories about the planets formation suggest
that the neighboring planets Earth, Mars and Venus receiradar amounts of water
during their formationlp and Fernandez198§. However, the atmosphere of Venus cur-
rently has about 100,000 times less water than the oceanatamasphere of the Earth
and is strongly enriched in deuterium. The measurementseond/give D/H = 1530
of the terrestrial valueljonahue et a].1997 de Bergh et al.2004. This suggests that
Venus lost most of its water at some time in the past. The effwj of escape depends
strongly on the amount of hydrogen and deuterium in the uppapsphere. The im-
portant result of the radiative-convective models of thdyedenus atmosphere is that
the greenhouse mechanism efficiently forces water intottiagosphere, where solar UV
photons readily dissociate,® molecules thus creating favorable conditions for hydro-
gen escape. The hydrodynamic escape is rapid enough taoatera large ocean in less
than 600 million yearsKasting et al, 1984 Kasting 198§. Current Venus climate is a
system with complex feedback between radiative effeatsiccformations processes, and
surface-atmosphere interactions with water vapor andisdibxide playing the key role
in this balanceBullock and Grinspooii200]] used their RCE model to study sensitivity
of the Venus climate to perturbations in these species dgbtml resurfacing event that
assumed to have happened several hundreds millions yeafaginnon et al, 1997.
The Venus climate appears to be stable within broad range©fiHixing ratios. How-
ever, at about 50 times the current abundance the enhanted gvaenhouse begins to
warm the atmosphere, evaporating and thinning the clowats below. This reduces the
albedo, further warming the atmosphere, and further ewingy the clouds. This posi-
tive feedback destroys the massive H2SOQ@Hlouds and replaces them with thin, high
water-rich clouds increasing the surface temperature tuta®20 K. Further raising of
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the atmospheric D content does not increase surface temperatures subfyantiostly
because it does not enhance the greenhouse effect as muefloiges bnd also because the
high water clouds become thicker and more reflective, difggthe greenhouse effect.
Thus, the Venusian climate reaches equilibrium with swfemperatures limited to about
920 K, over a wide range of atmospheric water abundancethéeHO or SG abun-
dance fall below 0.5 ppm the clouds also disappear but tHacitemperature stabilizes
at~700 K [Bullock et al, 2007.

3.5 Open issues and perspectives

Observations, numerical modeling and theoretical studaé® all revealed the ex-
tremely important role that radiation plays in various @®&es on Venus, both now and
early in its history. The large opacity of the atmospherethedresence of great amounts
of radiatively active gases and aerosols give Venus itsumfjace among the terrestrial
planets. The greenhouse mechanism has clearly been vecyietfin forming the current
and early climate on Venus, while the peculiar distributidrihe radiative energy sinks
and sources drives the remarkable super-rotation of theeatmosphere. Chemical in-
teractions between different gaseous and aerosol speaigb@importance of non-linear
feedbacks make the Venus climate a very complex system.

Previous investigations of radiation in the Venus atmosplpeovided a general un-
derstanding of the distribution of fluxes, sources and safksdiative energy, and of the
radiative forcing of the atmospheric dynamics and climaethe same time they left a
great number of unsolved problems. One of the most impooja@n issues in this field is
the variability of atmospheric properties such as the abuood of radiatively active gases,
cloud microphysical and optical properties and total ofyaand the influence of these on
the energy balance. The second problem concerns the vadiatting of the atmospheric
global circulation. How does the distribution of the sosremd sinks of radiative energy
drives the atmospheric dynamics? The thermodynamics ofdnes atmosphere is the
third issue needing to be clarified and quantified. New studfehe fluxes and balance
of energy and entropy, the role of dissipative processeséimiency of the Venus heat
engine would help us to understand the Venus climate-fagmiechanisms. The forth
open question concerns the role of radiation in the evalutiche Venus atmosphere, the
early greenhouse effect and the loss of water from the plasatell as recent climate per-
turbations during global resurfacing. Resolving thesendpsues in Venus physics would
result in significant progress in comparative planetolagy elimatology of the terrestrial
planets in general and in the study of the Earth’s climatéugiom in particular.

Future work would require a combination of new observatitatsoratory studies, nu-
merical modeling, and theoretical investigations. Remsetesing of the Venus mesosphere
will provide the global temperature and aerosol structdistribution and variations of the
radiatively active gases, and characterize the aerosplkepties and total cloud opacity
with complete latitude and local time coverage. Obserwatf the night side in the near-
IR transparency "windows” from orbit will provide accesstte composition and cloud
properties in the middle and lower atmosphere - the regiwaisitad been so far reachable
by descent probes only. Measurements of the reflected sudan#tgoing thermal fluxes
from orbit are required to quantify the details of energy anttopy budgets.

The details of the atmospheric properties and especiadly ttertical distribution re-
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quire in-situ measurements. The first priority here is tharabterization of the aerosol
population including number density, particle size dimition and optical properties as
well as their composition. Special attention should be paithe identification of the un-

known UV absorber and understanding of its distribution tuiés important role in the

radiative balance. Accurate measurements of the verticéilgs of the radiatively active

gases and their spatial variations are important for dgveét of the models of the Venus
greenhouse. Vertical profiles of the radiative heat fluxegpaiorly known and new in-situ

observations are required. And finally, precise measuresrfithe vertical profiles of

atmospheric temperatures in the deep atmosphere wouldraimnsiodels of the Venus
greenhouse and to determine the regions of convectivdistabi

The Venus lower atmosphere is an example of an extreme emvént. The spectral
properties of the atmospheric gases at such conditions lbeusteasured in laboratories
to support the analysis of remote and in-situ measuremewtstate-of-the-art radiative
transfer models to study the radiative energy balance athfipof the global circulation
and climate and their sensitivity to the variation of the aspheric optical properties.

Venus Express remote sensing observations have receatldpd a great amount of
new data on the above mentioned topics. The spacecraft dyanborbital operations
on April 11, 2006 Bvedhem et gl2007 carries a powerful suite of spectral and imag-
ing instruments that aims at a global study of the structtmmposition and dynamics of
the Venus atmosphere and plasma environment. A versatitirgm of orbital observa-
tions includes global monitoring and close-up imaging efatmosphere, solar, stellar and
Earth radio occultation to study its structure and compmsiand in-situ measurements of
neutral atoms, plasma, and the magnetic figltbl et al, 200§4. The mission extension
is approved till the end of 2014.

The next logical step in the Venus exploration would be to-situdies by descent
probes and balloons that would investigate the compositnmhmicrophysical and optical
properties of the clouds, as well as measure the fluxes afaoththermal radiation within
the atmosphere. Although no such investigation is so faraga by the world’s space
agencies, the science goals, payloads and possible sgafoempk are well identified and
are well within current technological capabilitieSrsp et al, 2002 Chassefiere et al.
2002 Baines et al.2007.
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4.1 Introduction

The thick atmosphere of Venus (180 km including the thermosphere) presents both
observational and modelling challenges. Its thick, nearform global cloud cover
makes it difficult to fathom the vertical structure of thelgddcirculation through available
techniques that are applied to Earth’s atmosphere. Futtieslow rotation of the planet
and the consequential prevailing cyclostrophic balanstiots easy inferences about the
meridional flow and circulationgchubert et ). 2007 Gierasch et al.1997 Read 1984.

Different observational methods have been used to medseratiospheric circula-
tion from near surface to the thermosphere. A summary of theeiwations at differ-
ent altitudes can be found in many review articl8stlubert1983 Gierasch et al. 1997
Bougher et al.2008 Lellouch et al, 1997 Brecht 2011 while some limitations and need
for future observations have been presentechfye 2007 Limaye et al.201Q. For the
sake of completenesss, a brief overview of the atmosphiecidation observations and the
deficiencies are summarized in this chapter. The differeathods have different spatial
and temporal coverage and some limitations which cannagmeréd. These techniques
include Doppler Spectroscopic (restricted to Line-offigmeasurements only), tracking
of atmospheric entry probes and balloons anemometers, rackirtg of cloud features.
The Doppler spectroscopic technique has been used so fafronh Earth based tele-
scopes [e.gWidemann et a.2007, 2009 and hence the spatial coverage and resolution
are severely limited to infer detailed horizontal struetand temporal coverage as typ-
ically such observations are feasible only when the Eaghtlé geometry is favorable
when Venus is near quadrature.

Balanced flow under the assumption of the cyclostrophicrza#lehas been derived
from profiles of pressure with altitude from Venus Exprdasg¢ialli et al., 2011 and Pio-
neer Venusllimaye 1989 from radio occultation technique and from Pioneer entghgr
profiles [Seiff, 1983 Sromovsky et 1989 are in general agreement with the averaged
cloud tracking results regarding not only the gross latitatidependence, but also provide
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a confirmation of their general altitude level. Further,dstbeen shown that the magni-
tude of the zonal flow is dependent on the vertical resolutibiine temperature profiles
as evidenced by the large discrepancy in the flow derivednthéeassumption of a lower
boundary profile of zonal flow and the thermal wind equatiarciaelostrophic flow using
infrared retrievals from VIRTIS observationBifcialli et al., 2011. The use of the ther-
mal wind equation for the radio occultation derived therpraffiles yields results similar
in magnitude to those obtained from the direct applicatidithe balance equation and the
meridional gradient of pressure.

Since the discovery that the cloud top level {0 km) "4-day” superrotation of the
atmosphere of Venus was first inferred from the movementrgélacale cloud features in
images taken through ultraviolet or blue filter from Earthsdd telescopes
[Boyer and Guerin1969, much has been learned about the global atmospheric aircul
tion. Although the knowledge that the bulk of the atmosplodérgenus rotates faster than
the underlying solid planet and in the same direction forlyefaur decades, its origins
and the mechanisms that maintain it are unknovaavy[ 1973 pointed out that the super
rotation is likely in a state of cyclostrophic balance gitiea very small Coriolis force due
to the slow rotation of the planet. While observations ofttrermal structure have shown
this to be the case, the unbalanced part of the circulatiocst breia main component of the
Venus atmosphere and likely a key aspect of the atmospheriegses that maintain the
superrotation.

At least at the ultraviolet cloud level (as measured remiateom the ultraviolet im-
ages obtained from Mariner 10, Pioneer Venus, Galileo @rfasihd Venus Express), the
rapid flow is weakly directed toward the respective rotafiote in each hemisphere. The
presence oft the weak poleward component leads to a statenafigid body rotation in
the low and mid latitudes and the build up of mid latitude jetsch have cores located at
~ 62 km altitude at- 45 degrees latitude as inferred from thermal structure aadbthe
existence of cyclostrophic balance. The mean meridionaltilansports absolute angular
momentum which must be dissipated in polar latitudes duestous forces that leads
to a tendency towards rigid body rotation in polar latitydemnsistent with the Rankine
vortex structure that Venus exhibits. The resupply of thgudar momentum in equatorial
regions to maintain the super rotation has been suggestatto through one or both of
two key atmospheric processes - solar thermal tides and@dulytations associated with
atmospheric waves ranging from small scale gravity wavesdimgle Kelvin wave. Yet,
dynamical observations.[mayeg 2007 available to date have been unable to verify this
equatorward transport of angular momentubmrenz[1967 laid out the framework to
diagnose or to explore the general circulation of the Eamirmosphere in terms of mean
and eddy circulations that also can be used for diagnosenmtiintenance of the superro-
tation of the Venus atmosphere by determining the globahnaea eddy circulations and
the accompanying meridional transports of angular monmeiatod energy. This is limited
obviously by the available observations of the global datian of Venus, and measure-
ments of cloud motions provide the only data to achieve ttpsesent Limaye and Suomi
1987 Limaye et al. 1988 Rossow et al.199(. However, this is possible only at the ul-
traviolet cloud level and only on the day-side. Althoughmie&ared observations from
Venus Express have yielded some cloud motidhsgso et al.2017], no estimates of the
eddy transports from night side measurements are yet biaite to insufficient mea-
surements and accuracies.

There are few observations of winds between the cloud togl (&8 km, equatorial
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and~ 65 km polar latitudes) and the lowest accessible level fopder spectroscopic
measurementsy{( 90 km). The atmospheric entry probes generally provide nreasents
below~ 64 km at best and the radio occultation technique generedljiges information
below~ 85 km as it requires a "guess” value at the upper boundarytenderived profile
becomes insensitive to the assumed value at the upper bguaida 85 km. Thus only
the balanced zonal flow can be estimated between the clodduwelpand 85 km. There is
thus a critical unfilled gap in the observations betweeB5 and 90 km levels about the
nature and magnitude of the winds.

Venus General Circulation Models (GCM) currently in vaxyistate of maturity (see
chapte6 and7) show that both superrotation and polar vortex circulatiompresent, but
as yet there is not unanimity in their relative significanc@mminence. The maturity of
the circulation models themselves as well as realism of theéets regarding the physical
processes in the Venus atmosphere appear to be the mais &l is likely that future
developments will narrow the gap between the simulationltgs

Eventually, once the Venus GCMs are mature enough, theyighewapable of pro-
viding some guidance on long term evolution of the climat&enus and the rotation state
of the solid planet by examining the exchange of angular nmume with the atmosphere.
This would help understand how Venus came to rotate abalft itsan anomalous way.

4.2 Meso-Thermosphere (Day-Night circulation) - Earth-
based Doppler observations

There is a lack of a consistent picture of the circulationha&f tipper atmosphere of
Venus. However, ground-based observations indicatedtiieahtmospheric circulation
above 100 km exhibits the sub-solar point to anti-solar p@8AS) flow Bougher et al.
1997 Lellouch et al, 1997 originally anticipated for Venus before the discovery bét
superrotation of the cloud level atmosphere. Because thal zotation of the lower at-
mosphere and the diurnal circulation (day-to-night flow}ha# thermosphere, the region
above the cloud top (from80 km to 110 km), is characterized by extremely complex
dynamics. Then the global circulation in this region is diift to characterize in detail
and even more, the temporal variability is poorly underdtddind measurements are im-
portant to help constrain global circulation models whieiphto provide a better overall
understanding of Venus’ upper atmosphere. Most of the a@vaimeasurements of the
combined circulation associated with zonal and SSAS wimdsram Earth-based tele-
scopes at different wavelengths using Doppler line shifisneements of selected spectral
lines. Mapping of oxygen airglow at 1.27and of NO in UV from Earth-based telescopes
and from the VIRTIS instrument on Venus Express is how engldome indirect infer-
ences of vertical motions in the lower mesosphere. Whethaobthe airglow feature
motions represent the atmospheric flow remains to be cordirimé kinematic models
suggest that they are likely to indicate the bulk atmosgtfenv. A summary of the Earth-
based wind measurements can be fountaiiouch et al.[1997, and more recently, in
Brecht[2017] and is also presented in Tablel

There is strong evidence of Venus’ highly varying winds anchplex dynamics be-
tween~70 km and 110 km. At the cloud tops, observations of Dopplédtssim solar
Fraunhofer lines at visible wavelengths provide direatogtade wind velocity measure-
ments of around 100 m—$ [Widemann et a).2007 Gabsi et al, 2008 Gaulme et al.
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2008 Widemann et al.2009. This provides a general validation of the cloud tracking
method from ultraviolet images, corresponding to the uaoftiical depth, somewhat lower
than the Doppler observations. Heterodyne spectroscopyilliisubmillimeter wave-
lengths achieves the detection of the Doppler shift of $eteenolecular lines, which
provides the capacity of direct measurements of the mesoispWinds, from~90 to
110 km. The mesospheric circulation has been observed pljrfram Earth-based tele-
scopes at milli-submillimeter wavelengths [eGurwell et al, 1995 Clancy et al, 2008
Lellouch etal, 2008 Rengeletal. 2008a b], including interferometer facilities
[Sagawa et a).201(J. Although direct comparison of the results from differémstru-
ments must be considered cautiously (requires us to assahelt instrument-related
offsets have been accounted for), in general, the data dhatttis region is the place
of strong and temporally variable winds (both retrogradeestotating zonal "RSZ” and
subsolar-to-antisolar "SSAS” winds), increasing withitatte. Near 0.1 mbar< 93 km),
winds generally strongly increase from typically 30-50 ™ svith altitude to 90-120 m
s~ near 0.01 mbar~ 102 km) [Lellouch et al, 2008 Shah et al. 1997 with a combi-
nation of the zonal superrotating flow and SSAS flow with fairaaint of variability. At
100-110 km near-supersonic retrograde wind speeds cksdrass the circulation over af-
ternoon to evening local time€[ancy et al, 200g. On scales of- 2000 km the nightside
wind field is variable with evidence of meridional winds. Ba&e winds at low meso-
spheric altitudes are poorly sampled by observations. Tlagg been measured as a pre-
dominantly zonal, 85 ms flow at 100 km Bhah et al.1991. Between 85 and 110 km,
short-term day-to-day and also day-to-night winds havenlmeeasured from CO line ob-
servationsiRengel et al.2008a Figure4.1]. Day side winds are generally slower than on
the night side. Measurements acquired at longer obsendriggs would define a pattern
of variation (if any). The observational differences folmretween day and nightis in close
agreement witlzhang et al[1994 model result. The strong cross-terminator horizontal
temperature gradient is a dominant physical driver of thergil behavior of zonal wind in
the lower mesosphere. The SSAS and zonal winds discussed edfer to the net flow-
field over the observed hemisphere, whether dayside orsidght At smaller horizontal
scales, spatial and temporal variations are observed ded sfronger than hemispheric
temporal variations also.

The circulation at~ 95 km level is also being inferred from oxygen airglow ob-
servations from Venus ExpresSérard et al, 2009. Ground-based observations of the
night side oxygen air glow show very large spatial and terapaariations suggesting that
the controlling atmospheric circulation that is respolgsibuggesting that the circulation
of the nightside lower thermosphere is highly varialilei§p et al, 1996 Ohtsuki et al.
2008 Bailey et al, 2009.

Around 110 km, there is evidence that the RSZ winds are ptéseare usually weak,
while the SSAS winds are 120 m s'1. At these altitudes, the narrow non-LTE emission
lines of CQ at 10um and CO at 5um induced by solar input enable a Doppler spectro-
scopic determination of winds using a similar techniquenabé milli-submilllimeter ob-
servations
[Goldstein et al.1991 Maillard et al., 1995 Schmuelling et al200Q Sornig et al,2009.

A SSAS circulation of 90-150 m™8 (cross-terminator) horizontal velocities has been
found [Goldstein et al. 199]. Sornig et al.[2009 report a smaller footprint than the
other methods and infer a non-existent zonal wind. Howestarh observations have not
yet been made at polar latitudes to determine the meridigigahture of the SSAS cir-
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Figure 4.1: Beam-integrated wind velocities retrievedfdf#CO J=2-1 spectral line ob-
servations (Rengel et a].20083 at two consecutive observing days, 14 and 15 June 2007
(solid and dashed lines) at night and day-sides (blue andines, respectively). Error
bars represent the total error in the retrieval.

culation in the meridional directiorsornig et al.[200g observed dayside winds and are
also generally slower than on the night side (less than 50% Fhey find daytime zonal
wind speeds are never faster than 50that 110 km, consistent with all previous daytime
zonal winds determined with this observing method, muctvsiahan theClancy et al.
[2007 2009 night time zonal wind.

4.3 Transition region - Highly variable/turbulent flow -
airglow observations from Venus Express

The available thermal structure observations suggestthigatyclostrophic balance
breaks down at altitudes near 85 km at low latitudés\yman et a).1984 Limaye 1985
Piccialli et al., 2017. This is suggestive of a reversal of the meridional presguadient,
indicating that the cyclostrophic balance does not holdt $dmprisingly, this is also the
region of chaotic winds as only turbulent friction and thenis¢ule Coriolis force are
available to balance the pressure gradient force.

The cloud top level, where the discovery of the superratadioVenus was made has
since been measured on the day side with varying detail anddeal coverage, mostly
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from spacecraft data. Below the clouds the discovery of tfied "windows” into
the lower atmospheré\[len and Crawford 1984 have yielded information about move-
ments of the lower atmosphere attributed to between 47 - 53Gamison et al, 1997,
Crisp et al, 1991, Sanchez-Lavega et a2009g.

4.4 Horizontal structure/organization (Cloud level flow)

The global cloud morphology and cloud level winds are cdasiswith the atmo-
spheric circulation being organized into a vortex in eaamisphere. This was first shown
from Mariner 10 images acquired in 1974 and later from Pioveaus. In 2006, Venus
Express observations showed that the vortex organizaterpresent|imaye 2007, and
in fact was identified on the day and night side simultangofisin the VIRTIS reflected
solar ultraviolet and emitted near infrared observatiéihough the northern hemisphere
is not observed sufficiently by Venus Express due to the eattiits orbit, it is believed
that the northern hemisphere also likely exhibited a simvitatex centered over the pole.

The vortex is characterized at the ultraviolet cloud leveb{ km at the equatory 70
km at about 45 to 50 degrees latitude an®5 km over the pole) by a gradual increase in
the rotational velocity from equator to about 45 degreésidé and weakening towards the
pole at a rate comparable to but not exactly, rigid rotatiihe accompanying meridional
flow at the cloud level on the dayside starts from near zeronitade near the equator
and peaks near the latitude where the angular velocity pdalteen weakens toward the
pole. This is characteristic of the Rankine vortex, whick haen extensively studied by
fluid dynamists. The flow and the morphology of the ultravialeuds are visually very
similar to a mature tropical cyclone, except for the sizeother example is having similar
dimensions are the winter polar stratospheric vorticesanthE

The vortex structure on Venus is intriguing in that it hasrbebserved for over three
decades and may be a very long term feature of the Venus altm@sust like the super
rotation. While the basic characteristics of the Venusesottave been observed, many
others remain unknown. Examples of such questions are giekmnv. It is believed that
suitably designed numerical simulations might at leadtigir answer them.

The global circulation at the level of the ultraviolet clotmps was first deduced
from Mariner 10 images§uomj 1974 Limaye and Suomil98] following the discov-
ery of the "4-day” rotation of the atmosphere from groundduhielescopic images by
Boyer and Guerij1969, and from the Pioneer Venus Orbiterifnaye et al. 1982 1988
Rossow et a].199(0 and Galileo Fly-by observation®BElton et al, 1991, Toigo et al,
1994 Smith and Gierasghl996 Peralta et al, 2007 and most recently from Venus Ex-
press Moissl et al, 2009 Markiewicz et al, 201J. An assessment of these results in
terms of the inferences from the cloud motions was presémtédnaye[2007.

The global cloud level morphology is also seen to evolve tiweg on different scales,
sometimes changing in brightness and contrast very quitkty or three orbits) and dis-
sipating just as soon while longer term variations are adsms The connection between
cloud morphology and the measured cloud winds is difficuligoertain with confidence
as we lack means to measure the cloud top level independently

Figure4.2 shows composite views of the southern hemisphere in paaeajraphic
projection, three days apart. The features at high latiw@de influenced by the presence
of dynamical instabilities which arise in the presence tfudinal shear in the zonal flow
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Figure 4.2: Space-time composite views of the southerns$mere of Venus created from
ultraviolet images from the Venus Monitoring Camera on \&eEuwpress (three consecu-
tive orbits). The outer periphery is the equator and the IS®ale is at the center. The
nearly continuous coverage from Venus Express shows aartthsévolving vortex struc-
ture.

[Limaye et al.2009 also seen in tropical cyclonekuz et al.[2017] provide evidence of
asymmetry in the inner core region of this hemispheric vorte

4.5 Cloud level zonal average Flow (zonal and meridional
components)

For the purpose of comparisons with the GCM results, thecctoacking results pro-
vide the most coverage over latitude-longitude, temparaécage and time of day varia-
tions. We now have estimates for the cloud level flow over angfa35 years between
Mariner 10 results obtained in 1974 and those being obtaired Venus Express at
present (UV cloud top level and a lower level from NIR imagesf VIRTIS). The Venus
Express VMC cloud tracking results to be obtained when tla@med shorter duration
orbitis realized in 2012 will provide better coverage. Thsuits obtained so far (e.g. Fig-
ures4.3and4.4) from Venus Express VMC have been from somewhat lower résolu
(~ 40 km per pixel) and may be indicative of very large scale flmmewhat slower than
the ambient winds. This is indicated by the disagreemerit thié balanced zonal flow
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Figure 4.3: Visual cloud tracking results from VMC UV (fromdvkiewicz et al., 2010).
The E-W component and N-S components are shown as a fundtioa average latitudes
of the tracked clouds. The smooth curve represents a polighéitto the data.

estimated from thermal structure and the inferred cloudewgl altitude [gnatiev et al,
2009.

4.6 Circulation: Varying winds or varying cloud height?

Analysis of the VIRTIS data has indicated that the UV clougl &dtitude varies grad-
ually from near the equator to the South Pole. Itis quite iptesand likely that the cloud
top altitude also varies over time and with longitude. Ihigg quite likely that the observed
cloud motions refer to different altitudes. The observexiitial structure from radio occul-
tation and VIRTIS inferred temperature profiles from in&duspectral observations show
that the thermal wind (vertical shear of the zonal flow) witisamed cyclostrophic bal-
ance between 60 - 70 km s 10 m s"1/km as estimated from the Venus Express radio
occultation profilesPiccialli et al., 2011.

Figure4.4shows a comparison of the day-side longitude average ofathal zompo-
nent over two short periods separated by about 11 weekstirdte the differences over
time. Similar differences are seen on shorter time scaleéshaliave been interpreted in
the past as indicative of planetary scale wav@sl[Genio and Rossqvi99(J. What has
not been confirmed however, is whether this change is duat@hanges in the thermal
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Zonal Component - Orbits 1182 and 1189 (Blue/Cyan) and 1108-1110 (Red)
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Figure 4.4: Digital cloud tracking results obtained at Umaity of Wisconsin from VMC

images acquired on orbits 1108-1109 and during 1182-11®8visg a somewhat differ-
ent latitudinal dependence. The E-W component is shown asctibn of the average
latitudes of the tracked clouds. The smooth curve represepblynomial fit to the data.
Similar results have been obtained from visual and digigalking at IKI from VMC data

and VIRTIS-M data Hueso et al.2011

support for the circulation or spurious due to change in ffectve level of the clouds
representing the cloud motions in view of significant vetttishear of the zonal flow in-
dicated by the thermal data and the balanced flow assumpgtibnfom [Piccialli et al.,
2017). Another concern is that typically the short term vanas are accompanied by
some changes in the cloud morphology which impacts the nuwibsuitable discrete
cloud features available for tracking. Thus, the changakénmeasured cloud motions
could be simply a sampling effect which provides far fewescdete cloud features that
can be tracked unambiguously. Followihgnaye et al[201(J, summarized aspects of
the circulation as requiring additional observations aréodows:

e Global longitudinal and latitudinal structure of the zoaald meridional flow at a
known level over at least one Venus day

e Vertical structure of the horizontal flow, which is also wdt to understanding the
Hadley cell structure at multiple levels

o Amplitudes and phases of solar thermal tidal winds at angllev

o Reliable estimates of zonal and time-averaged latituginafiles of the meridional
transports of absolute angular momentum, heat and tracéespa any level

e Exchange of angular momentum between the atmosphere asdlitiglanet over
time

o Middle atmosphere circulation (70-140 km) at high spatrad semporal resolution

e Structure of planetary and small scale waves and their nales atmospheric circu-
lation

e Some information about the near surface winds to eluciti@eiomentum exchange
between the surface and the solid planet. Measurements efitid speed and direction
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Figure 4.5: VMC-UV image of Venus together with the balancecostrophic zonal flow
derived from VeRa temperature retrievals) frétccialli et al. [201]. The discrepancy
between these results and the VMC cloud tracking resultslis\ued to originate from the
low resolution of the VMC images available for cloud traakin
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at low, mid and high latitudes are essential, but very diffituobtain.
Future missions which are capable of returning such meammnts are discussed in
chapten.

4.7 Vertical and meridional Transport of momentum: still
elusive, and in need of better observations and mea-
surements

One goal of cloud tracking measurements is to estimate #msport of angular mo-
mentum across latitudes. The VMC cloud tracking measurésreave a limiting reso-
lution of > 5 m s71 in the zonal and meridional components and for this reasch su
estimates have not yet been attempted. In the future wheviEbeorbit is lowered, the
VMC image resolution for cloud tracking will improve and g8®images will be more
suitable for this purpose.

The published results from recent GCMsponnois et a).201Q and others] achieve
superrotation and one or both mechanisms that have beekeito maintain the super-
rotation of the Venus atmosphere - the so called Gierasclihamésm in which angular
momentum is transported to the equatorial region by theesdatithe cloud top level, and
the solar thermal tides which have been invoked primarilyansport angular momentum
in the vertical direction towards the surface. However, wermt yet at a point where we
can make detailed comparisons of observations with modaltee

A lot more work is needed in both improving the models, bub &isobtaining detailed
wind field estimates at multiple levels of the Venus atmosplmn both day and night
sides. Tracking clouds is essential for obtaining estisiatéhe eddy circulation, but other
emerging tools such as Doppler LIDAR from orbiting spacéaray also provide better
measurements in the future. The question of obtaining abielilongitudinal average of
zonal and meridional components at the same level on day ightiside at any level is
presently possible only from deployment of long-lived balts in the Venus atmosphere.



Table 4.1: Summary of results of measurements of thermosmanal flow.

Altitude (km) Observation date

Wind velocity (n3)

Method

Reference

Zonal SS-AS Night-side Day-side
66 Jan. 2003 665 - 91+6 Visible/solar rad. Gabsi et al[2009
67 July 2007 15316 Visible/solar rad. Gaulme et al[2009
68 Jun., Aug. 2007 90-150, 1840 Visible/solar rad. Widemann et al[2004
74 2001, 2002 &R27 Visible/CO, Widemann et al[2007
74 2001, 2002 6%21 Visible/solar rad. Widemann et al[2007
~70-80 Apr.-May 1977 946 -35+6 10um heterodyna Goldstein et al[199]
~100 Feb., Apr. 1977, 1978 Detected CO mm/submmGulkis et al.[1977; Schloerb et al[1980
~90-105 1978-1982 Detected (weak) Detected CO mm/submm Clancy and Muhlemafil985
~90-105 Mar. 1985, May 1988, Feb. 1990 Detected (weak) Deddect CO mm/submm Clancy and Muhlemafil997]
~90-105 Dec. 1986, Apr.-May 1988 Detected (strong) Detected CO mm/submm Gurwell et al.[1999
~90-105 Aug. 1991 Detected CO mm/submm Lellouch et al[1994
~90-105 May-Jun. 1993 Detected (strong) CO mm/submm Rosengqvist et a[1995
~90-105 Jun. 2009 268 60-110 85 CO mm/submm Moullet et al.[2010
95 Aug. 1991 3515 45+15 CO mm/submm Lellouch et al[1994
95+6 Nov. 1994 45-30 50+35 CO mm/submm Rosengqvist et a[1995
~95-110 Jul.-Oct. 1991, Mar.-May 1993 Detected (var.) O» IR nightglow Crisp et al.[1994
99+6 Apr.-May 1988 13210 <40 CO mm/submm Shah et al[199]
102 Jun. 2007 13#13 290+44 1443 CO mm/submm Lellouch et al[20094
102 Jun. 2007 4619 114+41 63+10 CO mm/submm Lellouch et al[2009
102 Aug. 2007 -3@53 55+53 12G+36 CO mm/submm Lellouch et al[2009g
x 102 Aug. 2006 4830 40+45 126£90 120t90 CO mm/submm Lellouch et al[2009g
103 Jun. 2007 19570 235-70  235k70 CO mm/submm Clancy et al[200§
105 Aug. 1991 9510 95+10 CO mm/submm Lellouch et al[1994
~105 Jan. 2009 Detected ~200 ~0 CO mm/submm Sagawa et al[201Q
105+9 Nov. 1994 7520 11G6t20 CO mm/submm Rosenqvist et a[1995
109+1 Dec. 1985, OCt. 1986, Mar. 1987 255 120+30 1Qu CO, heterodyne Goldstein et al[199]
110 1990 48-3 119+2 10u CO; heterodyne Schmuelling et al[2004
110 1991 665 - 914-6 10u COy, heterodyne Schmuelling et al[200Q
~110 Jun. 2007 ~20-200 205-355  68-280 CO mm/submm Rengel et al[20083
110 May-Jun. 2007 B7,18t4 52+18 1Qu COy heterodyne Sornig et al[2004
~100-110 Sep. 1994 14615 CO5um Maillard et al. [1995
~125-145  Sep. 1994 26660 CO5um Maillard et al. [1995

29
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Introduction to the Dynamics and Circulation of
Venus’s Neutral Atmosphere

PETER L. READ

Atmospheric, Oceanic & Planetary Physics
University of Oxford, Clarendon Laboratory
Oxford, UK

In this chapter we introduce a number of basic dynamicalddee concepts that are
useful in understanding the large-scale circulation ofoégsmatmosphere. Some of these
are of interest from an historical viewpoint, having infleed thinking on this subject at
an earlier time. But most are still very relevant for interjimg modern observations, mea-
surements and for formulating and interpreting models. \&girbby considering basic
conservation principles that provide key constraints @dihculation and go on to inves-
tigate the main dynamical balances prevalent in the atmeysphlrhe chapter goes on to
discuss the main eddy processes that are likely to play afisgmt role in maintaining
Venus's atmospheric super-rotation, including planetayes, gravity waves and thermal
tides, their likely origins and how they interact with thenabflow. The chapter concludes
with a brief discussion of how the atmosphere interacts tighunderlying surface.

5.1 Introduction

As aresult of the slow rotation of the planet, its near ciacalrbit and small obliquity,
the underlying circulation of Venus’ atmosphere is rekdvsimple in form. The Sun is
always close to being directly overhead above the equatocaltnoon, to within a couple
of degrees, so the air warmed at low latitudes rises and ntowesds the poles, where it
cools and descends before returning equatorwards at Idtitedas. On top of this simple
picture are superimposed various complications. One thatbeen observed for many
decades, but remains difficult to explain, is the global &umtation’, which manifests
itself in cloud structures which move rapidly around thengliain a direction parallel to
the equator. The cloud markings, which appear with highresihthrough an ultraviolet
filter, have their origin at heights 50 or 60 km above the sigféwhere the pressure is
of the order of 100 hPa) and travel around the equator in 4 tays,dcorresponding to
speeds near 100 nTS This is more than 50 times faster than the rotation rate ef th
surface below. Measurements of the winds below the clouids 1), and calculations
(from temperature data) of the winds above the cloud topsyhat the zonal wind speed
declines at higher and lower levels, reaching values nearat@bout 100 km and near the
surface respectively. Direct measurements of the winds L0 above the surface by the
Russian landers Venera 9 and 10, found velocities dfm s1. Tracking of the Pioneer
and Venera landers during their descent showed that tharsteady decrease with height
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from the 100 m s or so observed in the ultraviolet markings near the cloud.t@&arth-
based observers had earlier shown, by the measurement pfddshifted emission lines
from atmospheric gases, that the cloud-tracked winds dfacin apply to mass motions,
rather than the phase speed of waves as had also been sdggeste

5.2 Basic equations and cyclostrophic balance

In common with other planetary atmospheres, the dynamitiseofenus atmosphere
are governed by a combination of the Navier-Stokes equatigether with equations of
continuity and thermodynamic energy conservation and talsigi equation of state. For
most purposes, the Navier-Stokes equations are usuallpx@pmted by the so-called
meteorological primitive equations for a shallow atmogghen the sphere, expressed in
component form as

Du/Dt — uvo tang/a — 2Quv sing + 1/(pacosg)op/ol. = F, (5.1)
Dou/Dt + u?tang/a + 2Qusing + 1/(pa)op/op _ Fy (5.2)
D 2 (€) (4) ) '
lop
9t 5 = 0. (5.3)

The continuity equation can be written most simply usingspuee as the vertical co-
ordinate as

1 ou 1 o ow
— —(vco — =0, 54
acosp o4 + acosgp agzﬁ(v sP) + ap (5-4)
wherew = Dp/Dt represents the vertical velocity expressed in terms ofspres The
thermodynamic energy equation for a dry atmosphere is nmaglysrepresented in terms

of potential temperature as

Do "

Do _Q (ﬂ) , (5.5)
Dt Cp \ Po

whered = T(po/p)*, x = R/cp with specific gas constarR, heat capacity at constant

pressuregp and reference pressungg. For the equation of state, this is usually taken as
the perfect gas law

p=pRT. (5.6)

Eq (6.3 represents hydrostatic balance, which is a considerahlgification of the
full vertical equation of motion but is a very good approxtroa for large-scale motion.
For rapidly rotating planets is relatively large so that the dominant balance in E@)(
is between terms (3) and (4), and is knownga®strophic For slowly rotating planets,
such as Venus, however, term (3) in Ex3d) is too small to balance the pressure gradient
(term (4)) so that the centrifugal term (2) takes over. Ttsailteng balance between terms
(2) and (4) is known asyclostrophig as first identified by.eovy[1973. For intermediate
rotation rates, terms (2), (3nd(4) are of comparable magnitude and the resulting balance
of these three terms is known gsadient windbalance.
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Figure 5.1: Profiles of the zonal (east-to-west) and menigi¢equator-to-pole) wind on
Venus as measured by tracking the Pioneer Venus and thea/8né; 10 and 12 entry
probes. Note the suggestion of global layering, which h&s lieterpreted as suggesting
stacked "Hadley” circulation cells of considerable latitnal extent.
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Figure 5.2: (a) Temperature field in the meridional plane enus for 24.00 local time
from the VIRTIS instrument on the Venus Express spacecsadissi et al.[201Q, (b)
zonal velocity field retrieved by vertical integration ofetltyclostrophic thermal wind
equation byMendonca et al[2011.

By combining Egs %.2), (5.3) and 6.6), a further equation can be derived for the
vertical derivative olu. In pressure coordinates, this becomes

ou? R (oT
g (), &7

where; = In(p/po), and is referred to as tteyclostrophic thermal wind equation

In so far as cyclostrophic balance is approximately satidfiethe flow, given a latitu-
dinal profile oft(¢) at a particular pressure level, E§.7) can be integrated upwards to
recover the complete field af in ¢ and¢. An example of this is shown in Fighs.2, us-
ing temperature measurements obtained by the VIRTIS im&nt on the Venus Express
spacecraft@Grassi et al, 2010 Mendonca et a).2011.

This ‘super-rotation’ of the Venus atmosphere is perhapsibst remarkable feature
of its dynamical behaviour, and so we go on now to considertoamderstand and inves-
tigate this phenomenon from a quantitative point of viewt st of all, how should we
define super-rotation in a quantitative manner, and whyss temarkable?

5.3 Angular momentum and Hide’s theorems

In any atmospheric circulation system the flow must everyetsatisfy certain key
conservation principles in relation to energy, momentuthamgular momentum. The lat-
ter two quantities are strictly vectors, but in the case gfudar momentum, it is straight-
forward to show that the axial component may be conservediurettain circumstances
that we will now explore.

In practice, it is most convenient to consider the absolutal @omponent of specific
angular momentumim, which we can define in conventional meteorological splaéric
polar coordinates as

m = acos¢ (Qa cosg + u), (5.8)

wherea is the planetary radiug) the planetary rotation speedljs the zonal velocity as
measured in the frame rotating with the planet grid latitude.
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5.3.1 Hide’s theorem |

First consider the situation where the flow is frictionlessl axisymmetric about the
pole of the planet, with no other body force acting. Undesgheircumstances, the zonal
equation of motion becomes

8u+vau+ ou  Uuotang
ot Taop Yoz a

— 2Qusing = 0. (5.9

From a comparison @ cosg x Eq (5.8) with Eq (5.9), one can substituta for u to obtain

om v dm om Dm
om_vom_ om_Dm_, 5.10
ot Tase Yoz Dt (5.10)

This implies that the axial component of absolute axial dgmgmomentumm, is con-
served following the motion in the meridionap, z) plane, meaning that axial angular
momentum per unit mass in rings of fluid aligned along lattauicles behaves like a con-
served tracer. Once a ring of fluid has been initialised witleain value ofm, there is
no means of changing it in the absence of friction or bodydsrdn other words, there
can be no torque on such a ring of fluid unless we relax one ofdhditions relating to
axisymmetry, friction or some other external force actimghie zonal direction.

In the case of a planet like Venus, therefore, the factutimbbserved to be large on the
equator and in the same sense as the planetary rotatiorespitm must exceed2a?,
which is the maximum value ah for any point on the planet that co-rotates with the planet
itself. In a sense, this serves as a ‘conceptual speed lioniitmospheric flow, since if
we observem > Qa? anywhere in the atmosphere, it cannot have acquired thipwita
special initial condition in the absence of friction or narisymmetric motion (and conse-
guent zonal pressure torques). It also suggests a way tedefion-dimensional measure
of ‘local super-rotation’ in the form

m
S = 032 1, (5.11)
so thats < 0 for any flow starting with initial conditions in solid bodptation with the
underlying surface.

The globally integrated axial angular momentum in such &esydss similarly con-
strained to a constant value set by the initial conditionggesting a further measure of
‘global super-rotation’S, define by

S:///de/Mo—l (5.12)

wheredV is an element of volume anldg represents the integrated absolute anglar mo-
mentum of the fluid in solid-body rotation at rotation r&e

For a purely inviscid, axisymmetric system, thereforehmand S can never exceed
zero without invoking rather special initial conditionshig was a result first discussed
in this context byHide [1969 and is sometimes referred to as “Hide’s first theorem”
(e.g. Read[1984), and was used, for example, biide [197( to refute the suggestion
by Gierasch and Stond 969 that inviscid, symmetric baroclinic instability could@munt
for the super-rotating equatorial jet stream on Jupitedetdiarguments were subsequently



74 5. INTRODUCTION TO THEDYNAMICS

-80 -40 0 40 80 -80 -40 0 40 80
latitude latitude

Figure 5.3: Contour maps of zonal mean zonal flow and meraistmeam function for
the equilibrated flow in a slowly-rotating atmospheric slation (a) in a fully three-
dimensional simulation and (b) in a two-dimensional, awigyetric simulation under the
same thermal forcing and boundary conditions. Adapted fitearresults of simulations
by Mitchell and Vallis[2010. Solid contours represent the zonal velocity and shadad co
tours the meridional mass streamfunction.

borne out by later work that included the effects of viscaigdibn [Walton 1973. It can
also be clearly illustrated in numerical simulations wheaee is taken to minimise the
effects of internal numerical diffusion. Figuge3 shows two examples that illustrate and
contrast the resulting flows when eddy-zonal flow interangtiare suppressed (Fig.3(b))
from those with fully three-dimensional eddies presene ZB flow spins up high latitude
prograde jets but with essentially no zonal flow over the &guanith resolved eddies,
however, the equator can be brought into near-solid bodytioot with higher latitudes
(Fig. 5.3(@)) because of eddy fluxes of angular momentum.

5.3.2 Hide’s theorem Il

When non-axisymmetric eddies (or viscous friction) aresprg, these arguments can
be further generalisecphneider1977 Held and Ho,198(, based on the suppose prop-
erties of angular momentum transfer by an ‘eddy viscoslitythese arguments, it is sug-
gested that steady, prograde equatorial flow cannot oceen, i@ a viscous fluid, unless
the effective eddy viscous diffusion coefficient,is negative (thereby implying an effect
obtainableonly by non-axisymmetric processes, e.g. Sé@r[196§). In the presence of
eddies (and/or molecular viscosity), the zonally averéggea of Eq (6.9) is
Z—L:+U-Vm=]_-“ (5.13)

whereF represents the net zonal acceleration due to real or ‘eddgosity. If we now
identify a prograde equatorial flow as one for which therel@cal maximum of absolute,
axial angular momentum per unit mags £ mgp, say) at upper levels near the equator (see
Fig. 5.4, although similar arguments will apply to any local extremof m), we may draw
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Figure 5.4: Schematic contour map in the meridional (ldgtheight) plane of absolute
axial angular momentum per unit mags, in a hypothetical zonally averaged flow on a
sphere. Arrows indicate the directions®fconsistent with Eq.17). Dotted contours
schematically represent a plausible variation of progmateal velocity, consistent with
the contoured field afn.

a closed contour in the meridional plame= mg — ¢, wheres can be arbitrarily small and
positive.

Integrating the steady form of E®.(L3 over the entire toroidal volume enclosed by
themg — J contour, it is straightforward to show via the Divergence®tem that

v.(mu)dV = (mg—d) [ [ T.dn, (5.14)
/1] /]

wheredn is the outward normal vector element of surface area. Byarvason of mass,

however,
//U-dnzo (5.15)

for a steady flow, implying also, therefore, that

///?dV:O. (5.16)

If F can be written as-V - F, however, wheré& represents either the viscous flux or
the notional zonally-averaged eddy angular momentum flukeémmeridional plane, then

Eq (5.16 can be written as
//ﬁ -dn=0. (5.17)

Excluding the trivial case, this implies either tHfatmust be everywhere parallel to
the mp — 0 contouror have components somewhere that act against the gradi@mt of
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Figure 5.5: Similar schematic contour map to Fig4 but in which the directions of
have been reversed, also consistent with &47).

Schematic examples are illustrated in Figg and 5.5 and are implicit in the three-
dimensional simulation shown in Fi§.3a).

This is sometimes quoted by itself as an argument that eddéasecessary for super-
rotation, although the situation in reality is somewhat ensubtle. While it is certainly
the case that eddies can spontaneously act to transferasngomentum up-gradient,
either in the horizontal or vertical directions, such tfens can also occur due to simple,
isotropic molecular viscosity. This is because Newtonigoasity acts to mix momentum
(both linear and angular) towards a state of unif@ngular velocity. There is nothing
in principle to prevent the gradient of angular velocityrigein the opposite sense to that
of angular momentunmbut only in the horizontal directiofiPlumb 1977 Read 1984.
Fig. 5.4illustrates a simple conceptual example in which the zooal {dotted contours)
exhibits weak jets at mid-latitudes consistent with a paelehgradient of angular velocity
whilst still having a maximum ofn on the equator. With thisaveat at least in principle
a super-rotating flow with a local maximum of on the equator can be maintained in a
purely axisymmetric flow by viscosity alone.

In practice, however, molecular viscosity coefficients abgs are far too small to
sustain an equatorward diffusive flux of angular momentwugea@nough to balance the
direct advection o by thermally-direct meridional circulations without imgsibly large
horizontal shears. Eddies are much more efficient at effg¢kiis transfer than molecular
viscosity, and so eddies are much more able to maintain dysgegoer-rotation with much
more moderate shear in the zonal flow. Moreover, it is commomany atmospheric
models to parameterize internal diffusion (necessary &og.stability of the numerical
integration method) as a purely vertical Laplacian visigo8uch an anisotropic viscosity
is fundamentally unable to transpantup-gradient Read 1984, and so eddies are then
essential in the maintenance of super-rotation. A cleastement of Hide’s (second)
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Figure 5.6: Schematic diagram of the formulation of the $ampodel of weakly viscous
Hadley circulations on the sphere bild and Hoy1980.

theorem might then be thah axisymmetric atmosphere cannot super-rotate at thetequa
if small-scale mixing of angular momentum is everywhererdgradient

Finally, there is nothing in principle to prevent eddiesisporting angular momentum
up-gradient in the vertical direction as well as in the honital. Thus, eddies allow a
wider range of possible configurations®f e.g. including the alternative configuration
illustrated in Fig.5.5, in which up-gradient fluxes act in the vertical directioritwdown-
gradient fluxes in the horizontal.

5.4 Hadley circulations

Despite the important role of eddies in sustaining a Veikesduper-rotation, a great
deal of useful insight can be gained from studying simplelelatype flows without ex-
plicit inclusion of eddies. The effects of adding eddies tian be easily identified. A
particularly useful and simple approach to this problem firas presented bschneider
[1977 andHeld and Hoy 1980 with the Earth’s tropical Hadley circulation in mind, but
later elaborated bilou[1984 to slowly rotating planets such as Venus.

While the full treatment entails the numerical solution ofre complex equations,
the essence of these models can be expressed relativelly.si@pnsider a two layer,
axisymmetric atmosphere in which the lower layer is strgroglupled to the surface via
friction while the upper layer is almost inviscid. An oventing Hadley circulation moves
air polewards in the upper layer and equatorwards in therltayer (see Fig5.6).

In the upper layer, specific angular momentaomnis conserved and the flow will ap-
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Figure 5.7: The meridional distribution of idealised rddi@a equilibrium temperaturégr
(dashed line), assumed in the simple Hadley circulationehotiHeld and Hou[1980,
together with the assumed temperature distributign(solid line), consistent with angular
momentum conservation (see text).

proximate to one in whiclm is constant with latitude, while in the lower layer the zonal
flow is relatively weak because of the action of friction. Wayralso invoke a balance
requirement on the zonal flow, which may be purely geostmphthe more complicated
gradient wind balance for slowly rotating planets. In aiddit thermal diffusion effects
are also assumed to be negligible.

Held and Hoy198Q simplify the forcing by assuming that the atmospheric terap
ture relaxes towards a specified ‘radiative equilibriumtguaial temperature distribution
with the simple, analytical form

2 . z 1
O = 6o [1— éAh Pa(sing) + A, (ﬁ - 5)} , (5.18)

wherefy is a reference potential temperatung, and A, are dimensionless measures of
the equator-pole and vertical temperature gradients (alised byép), H is the vertical
depth of the atmosphere ari® is the second Legendre polynomi@(x) = (3x2 —
1)/2. This takes the form of an inverted parabolic profile of temaure with latitude, as
illustrated in the solid line in Fig5.8.

If the steady state zonal flow in the upper layer is assumedriservanm, it will adopt
a profileum(¢) in whichmis invariant in latitude. From the definition af in Eq (5.8),
therefore,

m = Qa’ = acosg(Um + ©acose) (5.19)
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Figure 5.8: Schematic profiles of zonal velocity in the sienplodel of weakly viscous
Hadley circulations on the sphere bild and Hoy1980.
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Such a profile oluy, is illustrated in Fig.5.8 showing the quadratic increase waway
from the equator (where is taken here to be zero). Fi§.8also shows the dynamically
consistent profile of zonal velocity in the lower layer. Thannot really be zero, as ap-
proximated above, since otherwise friction would not be=dbladd or remove angular
momentum to the flow. Note, however, thain the lower layer has to include both pos-
itive and negative flows at different latitudes (in this cesteograde near the equator and
prograde at higher latitudes) in order to result in zeettorque on the atmosphere.

For the case of the Earth, the problem can be significantlpl#ied (a) by applying
geostrophic balance and (b) by invoking the small angle @ppration, so thaty, ~
Qy?/a, where sinp ~ y/a. If u in the lower layer is assumed to be small, we can obtain
a simple expression for the potential temperature profilidtlevel,d,, consistent with
Um in geostrophic balance,so that

(5.20)

Um

OUm _Um _Qy?>  ga dbnm

0z~ H — aH = 2Qyy oy

This can be solved analytically in this case for the smatjlarfiorm of balanced po-
tential temperature to obtain

(5.21)

Q2a290 4
TERA

Hm = ﬁmo - (522)
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wherefng is a constant of integration. The resulting proélig(y) is shown as the dashed
curve in Fig.5.7.

The final step in the process is then to constrain the corsgtantinddgg by assuming
the Hadley circulation to be driven by a simple linear retaaheating/cooling of the
form

-0
==

whererrg is a radiative time constant. If the Hadley circulation iswased to be a closed
system in which the net heating integrates to zero, we cae wri

, (5.23)

YH
Om —Oedy=0 (5.24)

assuming symmetry about the equator. Given the fornt:aindfm in Eqs 6.18 and
(5.22, this reduces to the solution of a pair of algebraic equatfor the parametengy
andfmo — Oeo. Thus we can obtain expressions for the width of the Hadlegutation
and the maximum departure @, from radiative equilibrium at the equator from the other
parameters of the problem.

2gH AR\ Y2 20\/?
5gHOpAZ 50
o~ Ve0="Jeoqe = Mg (520

where@® is a dimensionless parameter,

gAnH

- Qa2
known as theThermal Rossby numheand A6, = 6pAy, is the equator-pole thermal
contrast. Thus, we see that both the width of the Hadley kgticn and the thermal offset
depend directly on the Thermal Rossby num®emwhich turns out to be a fundamental
parameter for a number of aspects of the circulation. If widrpguitable numbers for the
Earth,® comes out to be around 0.1, leading to a Hadley cell width ofiad 1500 km
or ~ 15° in latitude, and a thermal offset 0.8 K. Putting in the corresponding numbers
for Venus, however, leads to value fipy that is much larger than the radius of the planet.
This is a clear indication that the small angle approxinraisono longer valid, nor is the
geostrophic balance condition satisfied. For this casepanameteryy andfmo — ko
need to be obtained from a solution to the full problem witttbese approximations.

If we relax the small angle approximation, E®jZ1) must be replaced by

(5.27)

_ Qa 5
~a—yr?
and with a gradient wind balance condition instead of puasgephic balance, E®(22
becomes

Um (5.28)

Q2%a2%0p y*
gH 1-y2
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Figure 5.9: The meridional width of the Hadley circulatign,, non-dimensionalised in
terms of cos(latitude), as a function of the external théfw@ssby numberRy (solid
line), obtained byHou[1984. The dashed line plots the ratier/zp, of the radiative and
dissipative timescales, scale by, /3S.
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The determination ofy andémno — o then reduces to the solution of the transcen-
dental equationHeld and Hou198Q Hou, 1984

40 -1y} YA
3 l-y

1 14+ yH
— —In =0. 5.30
2 YH+ 3 I:l—YH:| (5.30)
This can be solved numerically to obtain the solid curveyfershown in Fig.5.9. This
can be shown to reduce to the asymptotic fob25) for ® « 1 andyy — 1—3/80 for
® > 1. The appropriate value @ for Venus probably lies around 300 - 400, indicating
thatyy closely approaches the full width of the hemisphere and éheesponding Hadley
circulation extends almost all the way from equator to polec¢h as apparently observed).
Hou[1984 also developed a number of other Hadley circulation sohgiwhich in-
clude heat and momentum sources intended to representféutsedf eddy processes,
which was further developed byou and Goody1985 to obtain diagnostic estimates of
the actual eddy processes active on Venus from Pioneer \@sgsvations. These esti-
mates were not, however, able to discern precisely whicly pdacesses were dominant
in maintaining the observed zonal mean circulation.

5.5 “Classical” and “non-classical” Gierasch-Rossow- Willams
mechanisms

Somewhat before the analysis ldeld and Hou[198(, the notion that the Hadley
circulation on Venus played a major role in generating ifgestrotation had been sug-
gested, most notably b@ierasch[1979 who devised a reasonably complete scenario for
the production and maintenance of super-rotation. Thisaggh included a simple dif-
fusive parameterisation of the role of eddies in transpgréingular momentum so as not
to violate Hide’s theorems. However, it was necessary toawaktain assumptions about
the way eddies mix momentum, vorticity and heat in order hat they should not re-
move thermal gradients or mix angular momentum in the vadrtoo effectively.Gierasch
[1979 placed emphasis on the effects of eddies primarilh@szontalmixing agents of
vorticity, which enables eddy diffusion to transport angular mommanip-gradient in a
similar manner to horizontal molecular viscosi®lfimh 1977 Read 198§. This em-
phasis on the role of eddies as horizontal vorticity mixeas waken up subsequently by
Rossow and WilliamgL979, who investigated the possible role of large-scale baptr
cally unstable eddies under Venus-like conditions and désnonstrated numerical solu-
tions of super-rotating flows in a shallow-water model. Ehesmbined insights have led
to an important paradigm in our understanding of the supttion model, now known as
the “Gierasch-Rossow-Williams” mechanism and which we eaplore.

5.5.1 *“Classical” GRW mechanism

The “classical” form of this scenario can be understood vafkrence to the schematic
diagram in Fig.5.1Q which illustrates the main transports and circulationcesses. The
mechanism can be considered in two phases: (i) a ‘spin-wgsem which the atmosphere
first gains angular momentum from the solid planet, andl{g) equilibration of the final
super-rotation.
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Figure 5.10: Schematic diagram illustrating the main fesgwf the “classical” Gierasch-
Rossow-Williams mechanism for atmospheric super-ratatio

In the ‘spin-up’ phase, we envisage the atmosphere injitélrest with respect to the
underlying (slowly rotating) planet when differential hieg/cooling between the tropics
and polar latitudes is activated. Heating over the equatdraoling in polar regions
respectively leads to rising and sinking motion as theadhitiadley circulation is initiated.
Continuity of mass requires air near the surface to move ridsvehe equator, initially
conserving its angular momentum as it moves along the sudiad further away from the
rotation axis of the planet. Hence, westward zonal flow isio&dl at low latitudes which
is then acted on by surface friction. Frictional drag weakéme westward near-surface
flow, thereby increasing its absolute specific angular mdorerand injecting positiven
into the flow (see red upward arrows in Fi§.10. Once it reaches the tropics, however,
the air begins to rise and become decoupled from the groumdm FRow on, angular
momentum is approximately conserved following the moticfrséction5.3). Hence, the
newly injectedm at the surface is effectively transported upwards and periésvby the
continuity preserving poleward flow at upper levels (lighten arrows in Fig5.10.

The movement of upper level air from the tropics back towdrgs latitudes will
now lead to the spin-up of eastward flow at these levels, asing in strength as the flow
approaches the poles. This cannot continue all the way todles, otherwise a singularity
is produced, so in reality this may be expected to lead to atwead jet surrounding a
vortex over the pole itself, with strong shear towards theagoy, where the zonal flow
remains close to zero up to this stage since there are nossddiert a torque on the flow
and increase the angular momentum beyQAd.

At this point, Gierasch[1979, Rossow and William§1979 suppose that the strong
equator-pole shear in the upper level flow will lead to theegation of eddies, most likely
from the action of an instability. These eddies are assumedttto mix the flow towards
a state of uniform relative or absolute vorticity, whichileely if they arise from an insta-
bility associated with an inflection point in the flow. Herbete is a clear analogy with
the effects of Newtonian viscosity, which acts to mix towsedstate of solid body rota-
tion and uniform angular velocity, since a flow with uniformgalar velocity will also
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have a uniform vorticity with latitude. Thus, the developrhef such eddies will lead to
a flux of angular momentum towards the equator, therebyngettie seed for the forma-
tion of a local maximum irm over the equator itself (dark green arrows in FiglQ cf
also Fig. 5.4). In the more mature stages of the spin-up, eastward flow tr@mid-
latitude jets extends towards the ground, due to the dowshwansport in the descending
branch of the Hadley circulation. This is necessary for thalfequilibration of the pro-
cess, since eastward flow near the equator allows frictioenmve angular momentum
from the atmosphere, thereby providing a region of negativgue to balance the posi-
tive torque acting near the equator on the equatorward éowtflow. In the final stages,
this region of negative torque grows in strength until itaredes the positive torques and
a steady state is reached. By this point, the upper level flmsvavolved towards a state
of almost uniform absolute vorticity (and angular velorityith an angular velocity that
approaches that of the mid-latitude jets. Such a flow will i@wve a strong positive max-
imum of m over the equator and a super-rotating state has been dittaiffe strength
of the super-rotation so attained is evidently dependerd anmber of factors, but es-
sentially requires the upper levels to become stronglatsal from the lower atmosphere
so the accumulation of angular momentum at upper midlagwtbes not leak away too
rapidly. This places constraints on the vertical structifrgtatic stability and requires the
eddies to transport angular momentum preferentially irhtirézontal directionGierasch
[1979 estimates the strength of super-rotation to depend onithertsionless parameter
S = (Dr,/Htg), whereD/H is the depth of the atmospheric circulation normalised by
the pressure scale height,, 7, is the timescale associated with vertical diffusion of mo-
mentum andg the dynamical overturning timescale of the principal Hadigculation.
WhenS; is large, strong super-rotation will be observed, but i§ismall e.g. because the
circulation is shallow or the vertical eddy mixing is veryieient, then super-rotation will
be comparatively weak. The nature of the main eddies in t@sario were not discussed
in detail by Gierasch, but one possibility was considere&bgsow and WilliamgL979,
namely, large-scale waves and eddies formed from baratmogtiability. This was shown
by Rossow and WilliamEL979 to be a viable possibility, at least in principle, with eddy
fluxes of zonal momentum in the poleward direction, but tki®y no means the only
possible configuration. Indeed, one of the key issues in nstateding of Venus’s atmo-
spheric circulation is the nature and role of various edagesses in transporting angular
momentum and contributing to sustaining super-rotatiarthS situation has been further
complicated by a lack of a clear observational confirmaticthe poleward nature of eddy
momentum transports. But results have instead tended torbevghat ambiguous and
inconclusive [refs?].

5.5.2 A*“non-classical” GRW scenario

An alternative, though somewhat related, scenario istitiied in Fig.5.11 In this
case, a thermally-direct Hadley circulation acts as beforextract angular momentum
from the solid planet in the tropics during spin-up, and smgporim upwards and pole-
wards to form mid-latitude jets. Unlike in the “classicalR®/ scenario, however, in this
alternative approach the eddies are assumed to tramsganédominantly up-gradient in
the vertical direction instead of in the horizontal. Such a configuratan be equally
valid in the context of Hide's theorems (cf Sectibr®), supporting a local maximum im
over the equator, provided any horizontal momentum fluxegpaedominantiypoleward
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Figure 5.11: Schematic diagram illustrating the main fesguof the alternative to
the “classical” Gierasch-Rossow-Williams mechanism fton@spheric super-rotation, in
which up-gradient fluxes of angular momentum occur in théicar(see text).

instead of equatorward (cf Figs4 and5.5).

Eddies acting in this way are likely to have a quite differerigin from the vortic-
ity mixing, predominantly barotropic eddies invoked in tictassical GRW” mechanism,
but there are a number of plausible candidates. These arkeéhewaves and eddies
contributing to the GRW mechanism will now be reviewed in iegt section.

5.6 Waves and eddies

In common with the Earth and other planetary atmospheres,d/e atmosphere is
capable of supporting a wide range of different wave modeseaities, energised by a
variety of sources, that could contribute to the transpbm@mentum, vorticity and other
tracers and thereby play a significant role in developingraadhtaining the strong atmo-
spheric super-rotation. In the following, we treat thesthiiee main categories, namely,

1. quasi-horizontal waves and eddies, mostly on a large;planetary scale;
2. diurnally-forced eddies, thermal tides and day-nigtaudations; and

3. small-scale gravity waves and turbulence.

These are mostly processes that occur in the free atmospbatraway from the ground,
although it is possible in principle for interactions withetplanetary surface to lead to
topographically forced waves. These and other surfaceepsas will be considered in the
following section5.7.
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5.6.1 Quasi-horizontal free waves and eddies

Since the early work oRossow and William§1979, it has been common practice
to consider the behaviour of many quasi-horizontal dynahpoocesses on Venus in the
context of a single, homogeneous fluid layer, either in tmmfof a barotropic flow on the
sphere or in the context of the shallow water equations éeglga and Matsud4§2009).
The latter in particular are quite general and apply equadii to both rapidly rotating
planets such as the Earth as well as to slow rotators suchrasV& he shallow water
equations on the sphere are equivalent to the nonlineardbthe Laplace tidal equations
(e.g.Vallis[20089)

Du ou u ou oou uptang
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= _acos¢ [a—i(hu)-l—%(hvcos(ﬁ)} (5.33)

where f = 2Qsing andh is the depth of the fluid layer. Waves supported in such a
system are frequently interpreted in terms of the princgdgénmodes of the linearised
form of these equations, which represent the spectrum fdrdiit possible wave modes
that combine the effects of rotation and buoyancy (repitasgithe effect of gravity on
the top free surface). Some examples of the main eigenfreiggeare illustrated in Fig.
5.12 which shows the variation of frequeneywith the so-called Lamb parametgr =
J/gIh]/(2Qa), assuming a perturbation of the form

(U, 0/, D} x expi (sh — 2Qat), (5.34)

with zonal wavenumbes for a range of values of integer indicesn’ or v (e.g. see
Longuet-Higging1969 and Andrews et al[1987) that principally determine the merid-
ional structure of each mode and positive equivalent depth

These show the eigenmodes to fall into several families twesl modes (Fig5.12a))
include high frequency, inertia-gravity waves ¥ 0) and the equatorially-trapped Kelvin
wave (' = 0). Eastward modes (Fig5.124b) include high frequency inertia-gravity
waves ¢ > 1) similar to their westward counterparts, low frequencgngitary Rossby
waves ¢’ > 1) and the intermediate mixed planetary-gravity made-(0).

The low frequency westward planetary Rossby waves aretljinedated to the well
known Rossby-Haurwitz waves in terrestrial meteoroldgygsby1939 Haurwitz 194Q.
In the low rotation limit . — oo) these waves are of planetary scale and are dispersive
and non-divergent. The upper branches of both eastward astward inertia-gravity
waves are also of planetary scale for— oo but then become divergent but irrotational.
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Figure 5.12: Plots ofg|h|)¥/2/(2Qa) versus frequency for zonal wavenumbes =
1 in the linearised Laplace tidal equations for positiveieajent depthh: (a) eastward
phase speeds (> 0) and (b) westward phase spedqds < 0). Figure adapted from
Longuet-Higging1969.

The eastward (a)—s = v” = 0 and (b)n—s = 1; v = 0 branches of the eastward modes
have a particular identity as equatorial Kelvin and Rosgtawity modes. For smaji. the
waves become trapped either towards the equator Q) or towards the poleh(< 0)
and may be approximated by mathematically simpler solgtmma tangeng-plane (see
Andrews et al[1987 andLonguet-Higging1969 for further details).

Rossow and William$1979 noted that various extensions to the Rossby-Haurwitz
planetary wave solutions can be made with the addition ohlipisymmetric flow compo-
nents, including a simple solid-body flow with angular vétfp®€’ and other, more com-
plex zonal flows with meridional vorticity gradients. Follimg the original suggestions
of Craig [1949. Neamtan[1949 and Thompsor{194g, wave-like solutions operma-
nent formto the full barotropic vorticity equation.€. which propagate at uniform speed
without change of amplitude or form) can be obtained withdispersion relation

B — 02Ug/ay?

i (5.35)

c=Up— ,
whereU is the background zonal velocity component (in general ireen€ rotating at
Q+ Q), p = of /oy andk andm are the zonal and meridional wavenumbers (assuming
a simple, Cartesiafi-plane geometry here for simplicity). For some situatiomere the
planetary rotation is negligible, therefore, the flow cal stipport large-scale ‘advective
Rossby wave flows’RRossow and Williams.979 whose character is defined by uniform
propagation without change of form or shape with respedtedriame in solid body rota-

tion with the dominant zonal flow.
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The transformation to a frame moving with the solid-body poement of the zonal
wind can also be applied to the other modes of the shallowrveapeations, allowing us,
for example, to use the equatorjaplane approximation to consider modes such as the
Kelvin and mixed Rossby-gravity waves. For such an equaltgrplane, the linearised
shallow-water equations become

ou oh

_ 4 — —_0—

=t By 9% (5.36)
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wherehg is a constant mean (equivalent) depth ghe= 2Q'/a is the ‘planetary vorticity
gradient’ at the equator relative to the solid-body commorod the zonal wind. If we
seek a wave-like solution for which = 0, taking the formu = U(y)p(x — ct); h =
aU (y)p(x — ct), this leads to

/\/2
u=Ujiexp— |:'82Z

] expikx — wt), (5.39)

whereU; is a constant and = +./ghg for meridionally bounded solutions. This rep-
resents the simplest form of the equatorial Kelvin wave m ¢bntext of the equatorial
[S-plane. Note that this solution has a gaussian variatiolm yihat is symmetric about the
equator ¥ = 0) and has a characteristic width= (2c/4’)Y/2. For the Venus cloud-level
mean atmospheric rotation raj#,~ 6 x 1072 m~1s1 soc ~ 16 m st andL ~ 2300
km or arounda/3. A solution of similar form can be seen in Figlsd 3 which illustrates
a growing Kelvin-like solution in a shallow water numerigabdel [ga and Matsuda
2009. The strongly anisotropic horizontal velocity field is atéy seen, with weak ex-
cept near critical latitudes (whece~ U).

For modes for which # 0 in a solid-body flow afY', the dispersion relation becomes

2 'k 2 Lp’
(2) -2~ pr_20+DF L 01 (5.40)
c ® c
for which the casen = —1 can be identified as the Kelvin mode. Other examples of

the height and velocity fields associated with= 0 (mixed Rossbhy-Gravity) and = 1
(Rossby) modes are illustrated in Figurd 4 showing more complex structures than for
the Kelvin mode. Note that the = 0 mode is antisymmetric about the equator and 1
symmetric.

5.6.2 \Vertically-propagating free waves and eddies

For the waves and eddies discussed in the previous subsetisir vertical structure
was not considered in detail in order to focus on their hariabstructure and propagation.
In a stratified atmosphere, however, there are a number ef tthes of wave mode with
more complex vertical structure that propagate both \aiti@and horizontally, carrying
momentum, vorticity and energy across the planet. The sistglf these are the inter-
nal gravity waves, which are supported by the buoyancy riestdorce associated with
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Figure 5.13: Contours of height perturbation with veloaigctors for an unstable equa-
torial Kelvin-like mode in a shallow water model. Figure ptid fromiga and Matsuda
[2003.
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Figure 5.14: Contours of height perturbation with veloaigctors for linear equatorial
wave modes (a) = 0 westward mixed Rossby-gravity wave, and b= 1 westward
equatorial Rossby wave. Aftéfatsuno[1964.
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statically stable stratification. These waves mostly oarurelatively short space and
timescales compared with the planetary rotation periodasobe modelled theoretically
without needing to take explicit account of backgroundtiota Linearising the primitive
equations about a state of rest in a compressible atmosphet&sic equations of motion,
continuity and buoyancy becomardrews et al.1987

/ (D/
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wherepo(2) is the background density profil&2 = —g/6000/0z is the squared buoy-
ancy or Brunt-Vaisala frequency and primed quantitgggesent departures from the time-
independent basic state. These equations support wasdiltions of the form

W, v, w, ) = exp(%) @, 5, &, d) exp (kx+ 1y + mz— o), (5.45)

whereO quantities are constants representing the amplitude df eagable,H is the
pressure scale height,is the frequency ankl, |, m are the wavenumbers in thxe y and
z directions respectively. These solutions imply a diserselation relatings and the
horizontal and vertical wavenumbers

,  N2(K2+1?)

=—>". 5.46
“ T My 1/@H? (5.46)

Note that this can be written in terms of the equivalent dgpthused above as
w? = gho(k® +1?) (5.47)

if m® = (N2/ghg) — 1/(4H?). For waves with a relatively short vertical wavelength
compared withH such thatm? > 1/(4H?), the term inH can be neglected and we
recover the Boussinesq form of the dispersion relation.

The dispersion relation Edp (46 implies various properties of internal gravity waves
(e.g. sedsill [1987). This includes the property thab| < N and, in the hydrostatic limit
lw| < N [Gill, 1987, implying that the wave period is much greater thary Rl and that
the vertical wavelength2/m « the horizontal wavelengthz2/ (k? +12)%/2. In this limit
also it can be shown (e.g. seadrews et al[1987) that the velocity vectofu’, v/, w’) is
approximately perpendicular to the wave vedtoe (k, |, m), so that the velocity vector
lies along lines of constant phase and the orbits of ind&di@dir parcels are along straight
lines perpendicular t&.

The group velocity determines the propagation of energinformation’ and is given

by
ow 0w 0w



5.6. Waves and eddies 91

p>0

Figure 5.15: Schematic cross-section through a planenateyravity wave for which
k> 0,0 > 0andm < 0so thatcéz) > 0. Thin sloping lines indicate lines of constant
phase and thin arrows indicate the perturbation velocitidse phase lines propagate in

the direction of the wave vect@ras indicated.
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Figure 5.16: Two examples of observational evidence farivdl gravity wave activity
on Venus (a) from Magellan radio-occultation measuremehtemperature profiles at
67°N [Hinson and Jenkinsl999, and (b) in near infrared images of Venus’s southern
hemisphere from the VIRTIS instrument on Venus Expréssdlta et al, 2009.
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For a simple plane wave aligned in tiez-plane, for whichk = (k, 0, m), the group
velocity becomes

N
Sg = —5(-m,0.K), (5.49)
so that for a wave with phase propagation upwards and towasisivex, m < 0. Eq
(5.49 implies thatcy will be perpendicular tk and the vertical component of group
velocity, cé, is positive (upwards). This is illustrated in Figusel5 which shows the
relative alignment of phase lines, parcel velocities armmaigvelocity.

Note that much of the above theory is for small amplitude warepagating in a rest-
ing atmosphere with uniformi2. It may be generalised, however, for cases wifeand
the background flow vary with space and time, and for wavesdéfamplitude (e.g. see
Andrews et al[1987 and references therein). In the presence of a simple, tmifmnal
flow, T, the analysis above can be straightforwardly modified téaepthe frequency
with the Doppler shiftedntrinsic frequency® = « — Uk. Where the background flow
varies with position, however, there is the possibility ateuntering a situation where
¢ = w/k = U, known as aritical line or critical level. In the vicinity of such a critical
level, the intrinsic frequency tends to zero and wave prafiag may be inhibited, leading
to a build-up of wave activity and ultimately to wave breakemd dissipation. This is an
important region where waves can deposit momentum as tissipdie and lead to accel-
eration of the background flow. This situation will be dissed more generally in Section
5.6.5below.

Evidence for the occurrence of gravity waves on Venus commes Eeveral sources,
includingin situ entry probes, the Soviet VEGA balloons, as well as from rensensing
from radio occultation profilesHinson and Jenkinsl999 and in ultraviolet and infrared
images of Venus’s clouds (e.g?eralta et al.[200g). Two examples are illustrated in
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Figure5.16 Fig. 5.16a) shows a typical profile of a mid-latitude gravity wavefileowith

a wave of vertical wavelengtlk 2.5 km, apparently stationary with respect to the planet,
that grows in amplitude with height above the clouds befatersiting. Fig5.16b) shows

a 1.75um image from VEX-VIRTIS of the lower cloud deck on Venus, vitittwhich a
train of ~zonally propagating waves are visualised in variable clopakity.

If we add planetary rotation and spherical geometry baaktim problem, as may be
necessary for long wavelength disturbances with freq@esrammparable with the rotation
period either of the planet itself or the background zonal,fiewe recover the full me-
teorological primitive equations. In the horizontal diiea, however, the equations still
resemble the shallow water equations discussed aboveisloabe, we recover a similar
set of rotationally-modified modes to those presented ini@e6.6.1, including Kelvin,
Rossby and inertia-gravity waves, but for which

N2 1
ro= g |eraams | 50

Form = 0, these modes will now have a wave-like component that gatgs in the
vertical direction, also with a non-zero vertical companiengroup velocity. It is still
possible, however, to hawva = 0, with no phase variation with height. Such modes are
known asexternal modesand may be associated e.g. with the presence of sharpeicesrf

in stratification.

5.6.3 Instabilities and the generation of free waves and edes

At least three types of instability process may lead to theegation of the types of
wave and eddy discussed so far. On the largest scale, baiitnstabilities may directly
energise zonally-propagating Rossby and equatorial fdaneaves. Close to the equator,
many of the conditions necessary for inertial instabilitg also satisfied, although the
direct observational evidence for this instability is sevhat elusive. At certain locations,
however, the local static stability may become relativegal, especially near the surface
and within the main cloud decks around 40-55 km altitudedlitegto the possibility of
vertical shear instabilities and even unstably-stratifieect convection.

Large-scale barotropic/baroclinic instability

Well away from the equator, classical barotropic instapib likely to be a dominant
process on Venus. Barotropic instability is a horizontaashinstability of the Rayleigh
(inflection-point) variety, for which a necessary (but naffisient) condition for its occur-
rence (e.g. seklolton[2004. Andrews et al[1987, Vallis [2009) is for the meridional
gradient of absolute or potential vorticity

— 2_
o =p- ou (5.51)
oy ay?

(or its equivalent in spherical geometry) to change signeseinere within the horizontal
domain of interest. This is often known as fRayleigh-Kuo stability criteriorfe.g. Vallis
[2009) for barotropic instability. For zonal flows that fulfill ih necessary condition and
are actually unstable, the typical result is a growing, wigkedisturbance that propagates
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Figure 5.17: (a) Latitudinal profiles of relative vorticitjose to the north polar vortex of
Venus, obtained from Pioneer Venus (points with error bans)idealised in smooth pro-
files byLimaye et al[2009; (b) finite amplitudes = 2 equilibrated barotropic instability,
obtained in the numerical model afmaye et al[2009 after ~ 2000 days using one of
the initial vorticity profiles shown in (a).

zonally, effectively energizing a barotropic Rossby wavenid-latitudes. The essential
mechanism can be viewed as resulting from the mutual inierabetween two zonally-
propagating Rossby waves, supported by two adjacent re@idt]/oy of opposite sign
(e.g. sed.indzen[1989, Vallis [2004), leading to a meridional flux of zonal momentum
(u'v’) in the same sense asi/oy. This requires the resulting waves to ‘lean into’ the
shear of the background zonal flow so as to increase the &ieie¢irgy of the waves at the
direct expense of the zonal flow.

The lengthscale favoured by this instability depends toes@xtent on the precise
configuration of zonal flow under consideration, but for dimpectilinear, inviscid flows
or jets with a meridional lengthscale bf the wavelength of maximum growth ratesax,
is often found to be comparable to

Amax = 7 Lv/2 (5.52)

[Howard and Drazin1964. This scale is roughly borne out in laboratory experimemts
barotropic instability fommeria et a).199% Niino and Misawa 1984 Fruh and Reagd
1999 Aguiar et al, 201Q but the precise scale is affected by other factors such as th
curvature of a zonal jet or viscous effects.

In the context of Venus, the most likely location for bargiminstability is in the
vicinity of the main cloud decks, where the zonal flow is stfest, close to the edge of
the polar vortex in each hemisphere. Figbrté7da) shows a meridional profile of rela-
tive vorticity in the north polar vortex of Venus, obtaineg bimaye et al[2009, which
shows a peak in vorticity close to the boundary of the innetexo From this, it is clear
that the poleward gradient of vorticity must change sighegiside of this peak, satisfy-
ing the Rayleigh-Kuo criterion for barotropic instabilitiFigure5.17b) shows the result
of a barotropic model simulation that uses as a backgrowatd atsmooth version of the
vorticity profile in Fig.5.17a) (which tends to zero at the pole). The initially unstgbte
develops a wavenumber= 2 zonally travelling wave that grows in amplitude and even-
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tually equilibrates to a strong double-vortex structura ttontinues to rotate around the
pole. The influence of the = 2 pattern, however, penetrates across a wide range of lat-
itudes, effectively transporting zonal momentum towaldsequator on the equatorward
side of the jet. This broadly confirms a range of earlier gsidif barotropic instability on
Venus byElson[1987, Michelangeli et al[1987 and others, who were seeking a possible
origin for the Venus ‘polar dipole’ features found by Piong¥enus.

The possible occurrence of baroclinic instability has dsen discussed on Venus
[Young et al.1984. The very low rotation rate of Venus itself would seem to ks
mechanism unlikely to occur in weak zonal flow, because tls¢ tiaroclinic Rossby de-
formation radiusN H/f is much larger than the radius of the planet. But close to the
visible clouds, the local rotation rate is much faster (@&around 4 Earth days) and more
conducive to baroclinic instability.

A necessary condition for baroclinic instability, analogdo the Rayleigh-Kuo condi-
tion for barotropic instability, is that the horizontal giant of potential vorticitysq/dy,
must change sigim the vertical direction[Holton, 2004 Vallis, 200§9. This was satis-
fied close to the main cloud decks in the idealised basicsstatestigated byoung et al.
[1984, and led to the identification of growing instabilities afrml wavenumbes = 2
close to the pole. The potential vorticity structure in m@alistic flows may be more com-
plicated than was assumed lgung et al[1984, and so the precise role of such forms
of baroclinic instability remains somewhat uncertain. Blbkely in practice, perhaps, is
the occurrence of instabilities with a mixed barotropicdwdinic character, although the
relative dominance of either type on Venus remains to béksit@d conclusively.

Inertial instability

Another form of instability is found if the produdtq < 0 anywhere within the do-
main, whereq may be either absolute vorticity or (Ertel) potential voit§f (e.g. see
Andrews et al[1987). Such a condition, where the absolute or potential vitytimkes
the ‘wrong’ sign in a given hemisphere, is most likely to occlose to the equator, for
which cross-equatorial transport of vorticity can lead ¢sifiveq crossing into the south-
ern hemisphere andce versa

The manifestation of this instability is ‘classically’ ofzanally symmetric form, with
vertically stacked rolls in the meridional plane of relativshort vertical wavelength and
small lateral scale. This is often to be seen in numericalehsiinulations, for exam-
ple, where grid-length perturbations occur close to theatmpuin zonal mean fields of
temperature and velocity. But other forms may be possitdpe@ally if the instability
occurs at the same time as other types of instability so #ffgcts reinforce each other.
To date, however, there are few if any clear examples of pinena on Venus that can be
unambiguously attributed to inertial instability.

Convective and shear instability

The other main form of instability that can lead to the getieneof propagating waves
on Venus is associated with statically unstable or very \estiable conditions. In this
case, the main criterion for instability is provided by thietrdson number (e.g. Drazin
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Figure 5.18: (a) Vertical profile of static stability on Vesjwbtained via radio-occultation
during the Magellan mission bilinson and Jenkinf1994 and showing evidence for a
convective region around 50-55 km altitude; (b) generatiorertically-propagating grav-
ity waves in the stable layer overlying a convective layekenus, obtained in the numer-
ical model ofYamamot¢2003 after ~ 1100 days using a static stability profile similar to
a smoothed version of the one shown in (a).

and Reid 1981),
N2
Ri=——.
(0U/02)?

Where the flow is statically stableNg¢ > 0), the horizontal roll-like Kelvin-Helmholtz
shear instability typically appears fé&ti < 0.25, leading to the development of turbulent
flow, although the precise value for the onset of this tunbcgels somewhat controversial
(e.g. seeGalperin et al.[2007). Where N2 < 0 the stratification becomes statically
unstable and, provided viscous diffusion is weak enoughfltw becomes convectively
unstable and will tend to overturn.

Either of these situations will lead to turbulence produgtieither from mechanical
sourcesRi > 0) or thermal convectionRi < 0), and may often lead to the generation of
gravity wave activity, especially in stably-stratified i@gs that may be adjacent to those
where the instability breaks out.

Figure5.18a) shows an example of a measured profile of static stalmlitained from
radio-occultation measurements of temperature from thegdifim mission by
Hinson and JenkingL999. This clearly shows a region around 50-55 km altitude where
N2 ~ 0, which is indicative of a well mixed convective layer. Tliiss within one of
the main cloud decks on Venus, where cloud opacity is largkecamvection is almost
certainly driven by strong absorption of sunlight in thedaymmediately below the con-
vection. This layer of convection is bounded on either sigestatically stable regions,
within which oscillatory activity is visible, likely due tthe presence of gravity waves.
This is confirmed in model studies, such as thos¥ahamotq2003, illustrated in Fig.
5.18b), which clearly shows vertically-propagating gravitawes in the layer above 60
km altitude emerging from the convective layer between 50&hkm. This mechanism
has also been extensively studied in similar modelSdyubert and Walterschejd984;

(5.53)
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Figure 5.19: (a) Variation with altitude of the ratio of thediative time constant in the
Venus atmosphere to the length of the solar day (116.25 Emyk), as computed by
Pollack and Youn§1973, and (b) idealised variation of solar heating rdtavith time of
solar day.

Hou and Farrell[1987; GierascH1987; Schnider et alf199(Q; Leroy and Ingersol]1995;
Baker et al[20004, Baker et al[2000f and others.

5.6.4 Forced waves and thermal tides

Another major means of exciting eddies and waves in Ventsiesphere is through
direct forcing of wave activity, of which the most signifid¢as due to the zonal variation
in solar heating. The response of the atmosphere to theigayaontrast in solar heating
depends strongly on the ratio of the radiative time consttite atmosphere, to the
length of the solar day. In generak is given by

= 5.54
8ospT3’ ( )

TR

wherecp is the specific heat capacity of the atmosphere at constassgrep its den-
sity, H the scale height as before amdg the Stephan-Boltzmann constant. This is
a strong function of height on Venus, not least becawuss proportional to pressure,
H = H(T) andcp = cp(T). This variation is illustrated from early computations by
Pollack and Youn1979 in Figure5.19 which clearly shows that the radiative time con-
stantis much longer than the solar day below the main clouklsjéut becomes compara-
ble to, or significantly smaller than, the solar day abovel@itnde of around 60 km (where
the pressure is around 200 hPa). For altitudes above 50-6thknefore, the atmosphere
is able to respond rapidly to changes in solar heating onstiales comparable with the
solar day.

The variation in direct solar heating is illustrated scheaadly in Fig. 5.19b), which
shows a roughly sinusoidal variation during the daylit petbut with zero heating during
the night. The response to such a variation of heating ragpisally to force an ensemble
of waves, whose period and direction of propagation aréitcebe closely related to that
of the solar day. On the largest scales, these take the fomestivard propagating plan-
etary waves, for which the gravest (zonal wavenunsber 1) corresponds to the diurnal
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Figure 5.20: (a) Variation of the effective heating ratetwf semi-diurnal tide on Venus as
a function of height and latitude, derived Byker and Leov}1987; (b) observed thermal
structure of Venus along the equator as a function of lodgitand height, obtained from
Pioneer Venus infrared sounding Bghofield and Taylof1983.

period thermal tide and the first harmonsc=£ 2) corresponds to the semi-diurnal tide. In
general, however, a whole series of other waves may be dxcéaging from planetary
scale waves to localised, small-scale gravity waves {&fg.and Lindzef1974.

A key property of the main thermal tides, however, is theiv@lke quality in the
vertical as well as the horizontal. In particular, the \@tiwavelength of each tidal mode
determines to a large extent the strength of its responsemoal heating. This is because
the solar heating is distributed in the vertical over a diséaat least comparable with the
pressure scale height. The horizontal and vertical stractitidal modes is well described
by classical tidal theoryGhapman and Lindzed97( for a stratified atmosphere at rest.
For an atmosphere in motion, however, the theory is more tioated and generally re-
quires solution using numerical techniques. For Venusgdibenal tide typically has a
relatively short vertical wavelengti( 20 km; Baker and Leovy1987) compared with
the vertical scale of the heating, so the net response to kekting may be relatively
weak. The semi-diurnal tide, however, has a typical wayglemuch longer than this and
so couples more strongly to the solar heating distributiime strongest tidal response is
therefore expected to be in tee= 2 semi-diurnal mode.

Figure5.2(Q@a) illustrates a typical distribution of heating rate indte and latitude
for the semi-diurnal tide on VenuBaker and Leovy1987, that clearly shows a strong
peak just above the clouds and a larger secondary peak artafjitudes around 100 km.
The resulting semi-diurnal response can be seen in thedzséemperature field from
[Schofield and Taylgor1983 in Fig. 5.2Qb), which clearly shows a stroregy= 2 response
at most altitudes above the clouds, peaking in amplituderadd00 km. There is a clear
tilt of the phase fronts with altitude characteristic of tieal propagation. This semi-
diurnal tide is a major feature in the near-equatorial aphesic circulation on Venus, that
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may be expected to play a significant role in its energy and emom budget.

On smaller scales, convectively generated gravity wavesaisa be generated within
regions that follow the motion of the sub-solar point. Thissvapparent, for example, in
the gravity waves discussed in Sect®B.2found in Magellan radio-occultation profiles.
Such waves were found to have a horizontal phase speedalpsetHinson and Jenkins
1995, indicating a connection with the slowly-moving sub-sgh@int and associated re-
gion of strong localised heating.

At high altitudes { 100 km), the radiative time constant becomes so short thdh#r-
mal tide circulation may become dominant. In this case, thegiary scale circulation
may transition from being dominated by zonally-symmetdaa&tor-pole Hadley circu-
lations towards a three-dimensional flow with rising motawer the sub-solar point and
sinking above the anti-solar points. Such a sub-anti-smtaualation is typical of flow in
the thermosphere (e.§ougher et al[1997).

5.6.5 Eddy-mean flow interactions

The discussion above has so far concentrated on identifgimgey classes of waves
and eddies in the Venus atmosphere and mechanisms for émaragion. But a major role
that propagating waves and eddies can play in a stratifiedsgthere is to transport heat
and momentum across the planet and to deposit these gesitiparticular regions.

The detailed quantitative theory of how waves and eddiesdgéfamplitude interact
nonlinearly with background mean zonal flows was developgensively in the 1980s
in the context of a generalised Eliassen-Palm theorem agdahgian mean (e.g. see
Andrews and Mclintyrg1979g, Andrews et al[1987). This generalised Eliassen-Palm
theorem can be interpreted as a conservation lawéwe activity densityA, for which

oA

TV F= D+0(a®), (5.55)

wherea represents the amplitude of the wave &b the so-calledEliassen-Palm flux
given by

F = (0,Fy Fy) (5.56)
ou ueo’ —
Fy, = aco —— —u'v’ 5.57
¢ po sgb(azae/az UD) (5:57)
B 1 a@cosp)] vO
F, = poacos¢([f acoss o4 }aﬁ/az we). (5.58)

For many purposes, however, an intuitive understandingeptocesses involved can
be guided by a few relatively straightforward principles.

() In the absence of transient growth or decay of wave aomdit(e.g. due to in-
stability), dissipation or active forcing, waves and eddiall propagate without
interaction with the background zonal flow;

(i) Where irreversible dissipation of wave activity tak@lace, a nonlinear interaction
between the wave and the background zonal mean flow can deading to an
acceleration of the mean zonal flow. This will typically acthe same sense as the
phase speed of the propagating waves or eddies.
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(iif) This interaction may be especially strongadritical layers where the phase speed
¢ ~ U and the Doppler-shifted wave frequency in a frame moving wit> 0.

(iv) Where wave-forcing takes place, momentum of the sage asc is removed from
the mean zonal flow, leading to a net wave-induced acceberati the opposite
sense ta.

Thus, we can see that where the retrograde-propagatingdiemal tide is being ac-
tively forced, this will tend to lead to a prograde zonal decation. As the tide propagates
away from its source region and begins to dissipate elsaykteat region will experience
a wave-induced retrograde acceleration unless a criagakldevelops. In this way, tides
can produce zonal accelerations in either sense, depenplorgthe details of where they
are actively forced or dissipated. Similar consideratinfisalso apply to small-scale
gravity waves, driven e.g. by sub-solar convection. Coselgr waves driven via interac-
tions with the surface will tend to have a zonal phase speeskdo zero relative to the
underlying planet. Where such waves are dissipated, thed Aow will tend to experience
a wave-induced ‘drag’ towards zero.

The role of eddies emerging as the result of large-scalaliligies is somewhat less
straightforward to explain. According to the GRW scenaiigrdssed in Sectiob.5, ed-
dies may be generated spontaneously on the equatorwardfsilde zonal flow at mid-
latitudes on Venus, which can transport angular momentumategwards to counteract
the poleward transport of angular momentum due to the tHgrdimect Hadley circula-
tion. This picture is consistent with ideas based on vdytioiixing in planetary atmo-
spheres (e.g. séeead[1984). However, the waves resulting from barotropic instaili
of the mid-latitude zonal ‘jets’ on Venus are essentiallyestward-propagating’ Rosshy
waves, so will tend to produce retrograde accelerationisely propagate equatorwards
and dissipate in the tropics. This is broadly what appeatsafgpen in the Earth’s at-
mosphere, leading to tropical easterlies in the mid-uppgrosphere. Recent work by
Williams [2003 and Mitchell and Vallis[201(, however, suggest that other kinds of in-
stability at tropical and sub-tropical latitudes may beewsary during the spin-up phase
to produce an equilibrated super-rotating state at theteqiiself.

Mitchell and Vallis[201Q note that the dominant instability during spin-up of a miode
atmosphere from rest with slow planetary rotation is of agdilarotropic-baroclinic char-
acter and of global scale. So the simple paradigm outlinedelor spatially separated
wave generation and dissipation in a critical layer doesapgly. In practice, the dom-
inant instability during spin-up takes a form similar to ajuatorial Kelvin mode in the
tropics of wavenumbes = 1, leading to prograde acceleration over the equator. As the
spin-up progresses, the horizontal reversal of potentigioity gradient on either side of
the equator is reduced to zero, expelling the strong gradients towards the fringgb®f
polar vortex and across the equator, much as now observe@msY Evidence for the
dominant planetary-scale waves that might be responsiblthé acceleration of the the
atmosphere close to the equator is fairly elusive in obsiemns, although some indica-
tion of global waves with plausible frequencies and phasedp were found from anal-
yses of ultraviolet images of Venus taken by Pioneer Venes gl Genio and Rossow
[199Q). Figure5.21shows two examples of cloud brightness frequency specttheof
s = 1 zonal wavenumber features, derived from timeseries afd@ipVenus ultraviolet
images byDel Genio and Rossof199(. These indicate some significant variability, but
the occurrence of coherent features with relatively shertqa (~ 4 Earth days) close
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Figure 5.21: Frequency spectra of ultraviolet cloud brgiss as a function of latitude,
obtained byDel Genio and Rosso199( from Pioneer Venus images at two different
times.

to the equator appears to be common and sometimes seen tal exdmss the whole
planet, much as seen in the models\ifchell and Vallis[201Q. At other times, how-
ever, the equatorial and mid-latitude features decoupdesi@parate components, with the
mid-latitudes exhibiting a lower frequency feature with exripd closer to 5 Earth days.
Such features appear to have aspects in common with theewis€elvin, Rossby and
Rossby-gravity modes discussed above.

Another aspect of eddy-mean flow interaction is the effecdifies on the transport
of quasi-conserved tracers such as vorticity and chemaadtduents. In regions where
eddies propagate but are not irreversibly breaking orghssig, material transport across
strong gradients of (potential) vorticity tends to be intal, leading to the concept of an
eddy transport barriefMclntyre, 1995. This situation regularly occurs in the Earth’s
polar stratosphere and underlies the formation of the Atitaozone hole because of the
dynamical isolation of ozone rich air within the stable polartex. The extent to which
similar effects occur on Venus is currently not known, butldglay a significant role in
maintaining compositional variations across the planet.

5.7 Atmospheric interactions with the surface

The role of surface interactions with the atmosphere on ¥ésian aspect that is still
relatively sparsely explored, either in models or obséowat In general terms, the surface
is important in providing a boundary condition for radiatikeating and cooling, and in
mechanically coupling the atmosphere to the underlyinggilawinds are believed to be
relatively weak close to the surface, as found e.g. by theek&eand Pioneer Venus entry
probes, but the high density of the atmosphere may lead tifis@nt stresses exerted at
the surface.

In general, winds at the surface will lead to both turbuleictibnal stresses and form
drag forces due to interactions with topographic featuBesh kinds of interaction are im-
portant in producing exchanges of linear and angular moamehietween the atmosphere
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and the underlying planet. In a long term equilibrium, foaial and form drag torques
on the atmosphere must come into balance to result in zertrepte across the planet.
This tends to imply that zonal flow of either sign must occudifferent places across the
planet, most likely with prograde flow at mid-high latituge® weak retrograde flow close
to the equator, as may be induced by near-surface equatbfiar in the main Hadley
circulations.

Frictional interactions are typically treated by analogyhwlanetary boundary layer
flows on Earth, utilising Monin-Obukhov similarity theorgrfthe surface layer and some
form of bulk closure or turbulence model for the main mixegela(e.g. seeGarratt
[1994). The choice of roughness lengt, is not well characterised for Venus, but typical
values that have been used are arazind 1—3 cm (e.g.Lebonnois et al[201Q), typical
of small-medium boulder fields on Earth.

Form drag represents the stress acting on the atmosphercgaded with pressure dif-
ferences across topographic features as large-scale aitatms interact with topography.
In addition to local stresses on the atmosphere close torthend, such interactions can
also lead to non-local stresses through the generationro€aiy propagating waves that
are stationary in the horizontal. As discussed earlierh suaves may break and dissi-
pate at high altitude within the free atmosphere, leadingddy-zonal flow interactions
that may decelerate the flow at those altitudes and have dicagm effect on the overall
momentum budget.

Finally, the surface may also play a significant role in medgathermal interactions
with the atmosphere. This can be quantified in a similar wafpathe Earth’s planetary
boundary layerGarratt, 1994, although this again is relatively unexplored in both abse
vations and models. However, the strength of surface selatirig on Venus is compara-
tively weak compared with the Earth, because of the very hlgkedo of Venus'’s clouds
and the relatively strong absorption of sunlight by the api@re itself. In addition, the
lower atmosphere has a relatively large heat capacity Iseaaiuts high density and is op-
tically thick in the infrared, so the thermal structure oé flower atmosphere and surface
is relatively weakly forced by radiative heating and coglirSo surface temperature on
Venus is largely controlled by the altitude of the surfaamgla nearly uniform lapse rate
with height.
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In this section we survey the historical development of \®emodels and the range
of models now available, before discussing some of theiieimg limitations. We also
consider some approaches which have been taken to modeh'Sahoon Titan, also a
slowly-rotating body with an optically thick, dense atmbepe which super-rotates com-
pared to Titan’s surface.

6.1 International Venus modelling efforts and historical
background

In many ways Venus is a natural planet on which to first attetingtapplication of
terrestrial atmospheric modelling techniques to a bodgmiihan the Earth, being a rocky
body of very similar size to the Earth, a similar distancerfrthe Sun and with a thick
neutral, gaseous atmosphere. Historically progress irefting has, however, been lim-
ited by several factors. The slow rotation rate places Vetaser to a cyclostrophic rather
than geostrophic balance, and so many of the simplified baltveories, such as quasi-
geostrophic balance, developed for the Earth do not apiig. dense and optically thick
atmosphere results in very long radiative relaxation tiared so models have to be inte-
grated for many tens of years to approach equilibrium, agagontrast to the Earth or
Mars where an atmospheric statistical equilibrium may laehed in a few tens of days.
Finally, there has been relatively little wind or thermataléor the Venus lower and mid-
dle atmosphere below the ubiquitous cloud-tops and it has bensequently difficult to
constrain or validate models. Each of these factors has ic@ulo result in less progress
in Venus atmosphere modelling than has been possible foEahnth, or even Mars, al-
though the influx of new spacecraft observations from missisuch as Venus Express
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and advances in computing power have lead to the develoghamange of Venus global
atmosphere models in recent years.

In this section we briefly survey the historical developmeanenus models and the
range of models now available, before discussing some ofré@aining limitations and
lead on to the development of a model intercomparison prograin the following sec-
tion. We consider lessons which may be learnt from effortsmtalel the atmosphere of
Saturn’s moon Titan, also a slowly-rotating body with anicgdty thick, dense atmosphere
which super-rotates compared to Titan's surface.

Early models of the Venus atmosphere, prior to Pioneer Veni879, were hampered
by the lack of observational data below the cloud tops witlictvito constrain models and
by the limited computing resources available to reseasctidrese models were primarily
one- and two-dimensional and could not be described as Igtoloalation models in the
modern context. From 1975 a few studies began tentativedyppdy three-dimensional,
global modelling techniques to the atmosphere of Venus.

6.1.1 Early two- and three-dimensional Venus models

Kalnay de Rivag1979 presented the results of two-dimensional simulationshef t
deep circulation of Venus. These showed that the high seitlrmperature of Venus can
only be explained by the greenhouse effect and not by aneafdmpeting theories around
at the time (e.g. th&oody and Robinsof1964 dynamical model).

Secondly,Kalnay de Riva§1979 used results from a quasi-three-dimensional ver-
sion of her model (obtained by extending the two-dimendiomadel with a few longi-
tudinal wave terms) to test the, then new, Gierasch mecmawisich seeks to explain
super-rotation and the 4 day Venus circulation. The thieeedsional model was a quasi-
Boussinesq ‘pressure type’ model where the original moorargquations are used to
determine the pressure by the solution of an elliptic eguatirfhe model used a combi-
nation of exponential Fourier components in the longitatiplane (spectral method), and
finite differences for the meridional plane (latitude andyh®.

The three-dimensional model was tested with only zonal wanger O retained,
and 18 grid intervals from equator to pole. In numerical expents, where the model
was integrated for 2:210° s (240 Earth days (Edays), 1 Venus sidereal day (Vsid)),
Kalnay de Rivag§1974 obtained a maximum zonal velocity of 17 m/s at’ifom pole.
The model produced a single equator to pole Hadley cell foh é@misphere.

Young and Pollackl977 used a three-dimensional model with seemingly a great deal
of success in modelling the atmosphere of Venus, obtairgaglts which match observa-
tions quite closely. Their model used an equally spacedoatgrid, solving the primitive
equations using centered and finite differences, and sppéetrmonics to resolve the flow
structure horizontally. The model used a maximum of 32 gattievels, although most
integrations used 16, up to 64km at their model top. Solariafndred heating rates were
computed, the solar energy deposition rates giving a \&@itgenperature profile that was
consistent with Venera 8 measurements. Considerabldiatiemas paid to the discussion
of eddy diffusion terms and their parametrization.

Despite short integration times of the order of 15 Venusrsidgs the results obtained
were impressive. Zonal wind speeds in some integratiorcheshup to~100 m/s, in the
same sense as the underlying planet’s rotation, and thelraglibited stacked Hadley
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cells and warm poles. A, perhaps more typical, result fontimels was~35 at the equator,
increasing to a peak 6¢51 at 50N and then reducing back to zero at the pole.

Young and Pollac§1977 suggest that the main mechanism for maintenance of the
equatorial zonal wind, the super-rotation, is transposdrgjular momentum poleward by
the meridional circulation which is offset by equator-waransport by planetary scale
eddies. They state that planetary scale eddies are theégdeimeechanism for converting
potential energy to kinetic energy.

SubsequentlyRossow et al[198( argued that the formulation byoung and Pollack
[1977 and the conclusions drawn are incorrect. They point out Wit the exception
of stresses at the surface, all model physics should comsergyular momentum, but the
Young and Pollackl977 vertical momentum diffusion formulation does nBtossow et al.
[198(Q also note that there are severe problems arising from thecétion used and the
assumed symmetry, which eliminates most of the wave modes.

Rossow and William§1979 used a two-dimensional model with a 128 x 128 grid
point array and thetrakawa[1964 finite differences scheme, time-stepping with the
standard leapfrog method,with the aim of explaining theizomtal distribution of an-
gular momentum in Venus’ stratosphere. Despite the reldsigk of observational data
available at the timeRRossow and WilliamgL979 conclude that the circulation is domi-
nated by inertial effects, the turbulent cascade of kinetiergy and enstrophy. They also
posit a ‘relaxed’ state, resembling two-dimensional witticonserving flow, which on a
slowly rotating planet consists of a solid body rotationgéun advection wave, with zonal
wavenumber one, lying symmetrically about the equator.

Rossow and Williamg1979 also concluded that problems would arise in future at-
tempts to model Venus’ atmosphere because the inertishdagmrocess requires a rela-
tively high resolution. They caution that coarse horizbn¢golution, or severe spectral
truncation, will have two serious effects: that it increatie importance of eddy diffusion,
a poorly understood parameter; and that it artificially gizds some of the planetary scale
waves.

Despite notidentifying the processes producing Venusesuptation nor investigating
directly the role of gravity wavesRossow and WilliamgL979 conclude the stratospheric
dynamics of Venus are dominated by two-dimensional intevas.

6.1.2 Three-dimensional modelling after Pioneer Venus

At least two global Venus atmosphere models were develaoptb@iyears immediately
following the Pioneer VVenus mission.

Rossow[1983 used a three-dimensional model to investigate whethehd)mean
meridional circulation can provide the dominant verticatlghorizontal heat flux in a
massive, slowly rotating atmosphere as suggestefitbye[1974, 2) What determines
the vertical and horizontal structure of the mean meridicitaulation, 3) Can the mean
meridional circulation transport momentum over large icattdistances as suggested by
Gierasch[1974, and 4) Do some eddy motions behave as if they are barotropa
dimensional motions as suggestedryssow and WilliamgL979.

The model used was a version of the GFDL [NOAA/Geophysicald=Dynamics
Laboratory] 9-levels, 15 wavenumber spectral GCM of thellEaatmosphere which had
been modified to resemble Venus. When run for moderatelyiltiegration times-5000
days, the zonal winds and circulation failed to reach thenlexi magnitudes. In the lower
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and middle atmosphere, the zonal flow on Venus is at leastiBigststronger than that
produced by the model.

Mayr and Harris[1983 also used a spectral model to discuss quasi-axisymmaétric ¢
culation in an anisotropic viscous fluid, and super-rotatioplanetary atmospheres, with
a specific emphasis on Venus. They state that it is undershadthe required large eddy
diffusivities may arise from longitudinal disturbanceslaherefore the flow is not com-
pletely axisymmetric. Flow in their model was driven by saladiation absorbed at low
latitudes, with air rising near the equator and falling ahar latitudes, a classic Hadley
cell.

The assumptions made bjayr and Harris[1983 included taking a Prandtl number
of 1, and a ratio of 19 between the horizontal and vertical eddy diffusion coefits,
values which are broadly consistent with mixing length tigetn the Venus atmosphere,
which is convectively stable, they found that the 4-day égpa circulation could be
maintained with a single Hadley cell. Above the clouds thiéudinal variation of temper-
ature reverses, leading to warm poles. Depending on thengéigins made, in one case
adding a Newtonian cooling term, the wind speeds achievachr&00 m/s and above.
Mayr and Harris[1983 took an essentially heuristic approach and varied manyehod
parameters, noting that atmospheric super rotation isuitbigs in our solar system.

6.1.3 Most recent Venus global atmosphere modelling

In this subsection we briefly review existing fully threevdinsional models of the
atmosphere of Venus developed in recent years includingritngp that will be used for
the model intercomparison presented in SecTidh

CCSR/NIES model

Yamamoto and Takahasf2003a b] used a spectral model developed for terrestrial
modelling by the Center for Climate System Research/Natibrstitute for Environmen-
tal Study (CCSR/NIES) in Japan. This is a T10 (a triangulacsal truncation at a total
wavenumber 10) model with 50 vertical levels (L50) betweean@ 90 km. The grid for
the calculation of the physical processes and nonlinearstés 32x 16. The model is
adapted to basic Venus planetary parameters, such as eaiustation rate.

For their simplified Venus GCMyamamoto and Takahagl@003ab] assumed a sim-
plified radiative process of zonally uniform solar heatingl d&lewtonian cooling. The
profile of the solar heating rate is shown in Figugel

Yamamoto and Takahasl0034 note that the altitude of the maximum heating rate
is lower than the cloud top heating maximum by about 10kfmmamoto and Takahashi
[20031 further note that this profile produced fully developed suptation whereas a
heating profile with a maximum at the cloud top did not. Sokeating due to C@above
70 km and surface radiative processes are also neglected.

The parametrization of the atmospheric diffusion was designot to supply angular
momentum from the surface to the atmosphere as is possiglerth GCMs.

Spun up from rest and reaching equilibrium aftes0 000 Edays, the zonal wind
peaked at approximately 100 m/s near 60 km altitudet@@° latitude, with a similar
form, though a smaller magnitude, to that shown in Figar2
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Figure 6.1: Thermal forcing used Yamamoto and Takahadql#003ab]. (a) The vertical
profile of global mean solar heating rag (K day1), (b) the latitude-height cross section
of Q — Qo (Q: the zonal mean heating rate). Dashed curve indicatesivegatue. From
Yamamoto and Takahadg#003ab].

The observed super-rotation is maintained by the Hadleyulgtion, with a single
cell, and various waves, essentially by the Gierasch-Res8dliams (GRW) mechanism
Gierasch[1979; Rossow and WilliamgL979. Vertically propagating gravity waves de-
celerate the flow above the clouds and enhance the meridigcalation, although the
4-day circulation is fully developed within the cloud layer

Yamamoto and Takahadql#003H present results from a similar model except that the
model was now extended to T21 (a spectral truncation at veagenumber 21, with a
64x 32 longitude-latitude grid in real space) horizontal retioh and the horizontal dif-
fusion was & order. The vertical resolution was 50 levels between thiasarand 90 km,
as before.

Equilibrium was reached aftee40000 Edays. A zonal flow slightly stronger than
previously was found, shown in Figui&2, with windspeeds of£120 m/s between 50 and
70km altitude, and mid-latitude jets again peaking=80° latitude near the cloud tops.
Once again a single pair of Hadley cells was found to be préammh

With more developments to their modggmamoto and Takahadl2i004 refined their
earlier simulations further. For these experiments, tireidel had 52 vertical levels, and
a new three-dimensional solar heating and Newtonian cgaiyistem. Although the de-
scription of the heating distribution was improved over pinevious model, e.g. the peak
solar heating was at higher altitude, a little over 60 km a&hbitne surface, they noted that
the heating rate below 55km was much higher than is reafstigenus.

A 4™ order horizontal diffusion with an e-folding time of 4 Edagsthe maximum
wavenumber is introduced, which is less scale-selectap thYamamoto and Takahashi
[2003ab]. The equator to pole temperature difference at the suifaset to 10K, again
prescribed to be larger than the real atmosphgré K). Linear surface drag is imposed
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Figure 6.2: Latitude-height cross section of longitudinaveraged zonal flow (ms).
FromYamamoto and Takahadg@003h.

with a time constant of 3 days.

These experiments again produced a strongly super-rgtatmosphere, with peak
zonal wind-speed of*100 m/s in the cloud tops at equatorial latitudes. Many wares
found, includnig an equatorial Kelvin wave and a midlatéuRiossby wave (seen in shear
instability) which transport angular momentum towards égeator in the lower atmo-
sphere. There are also thermally-induced, global-sadds tivhich are now introduced into
the model by the more sophisticated thermal forcingumamoto and Takahasf2004
suggest that thermal tides are a more promising candidatef@zontal eddy momentum
transport processes in the middle atmosphere rather thratrtyzic eddies.

Yamamoto and Takahasf00q further investigate the maintenance mechanism of
super-rotation and the sensitivities to the surface bowgndanditions, using the same
model as Yamamoto and Takahashi[2004. Results were similar to
Yamamoto and Takahasff2004 with fully developed super-rotation and several waves
with periods similar to those observed in Venus’ atmosphagethe 5.5 day, zonal wavenum-
ber 1, Kelvin wave, as well as a range of thermal tides. Theexgents to test the sen-
sitivity to the surface conditions revealed that the equptile temperature difference and
the frictional drag were important parameters in the maiatee of the super-rotation. If
any of these parameters were ‘tuned’ incorrectly then tlzdc genal winds were found to
be significantly reduced.

Ikeda et al.[2007 modified the radiation code (including aerosol, £&nd HO ab-
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sorption and emission) from an Earth GCM to bcome apprapfiat the Venus atmo-
sphere. The simulated vertical structure of temperatul@b@0 km was found to agree
well with observations. A super-rotational flow of about 7™ was maintained primar-
ily by thermal tides and the meridional circulation near #ygiatorial cloud top. Below
55 km, the zonal wind was found to be much weaker than obsensatkeda et al[2007
observe that if a gravity-wave parameterization is intitl the lower-atmospheric su-
perrotation below 55 km can become more fully developed byfdihced gravity waves.

Takagi and Matsud§2007 developed a three-dimensional mechanistic model based
on a spectral model running at low resolution, T10, also V@ithvertical levels (L50)
between 0 and 90 knTakagi and Matsudf2007 included a simple representation of the
diurnal cycle in which the zonal-mean component of the soéating was removed. The
meridional circulation induced by the zonal mean heatinthis not simulated in their
model. In contrast to the results ¥mamoto and Takahasf2003a b] for the upper
atmosphereTakagi and Matsud§2007 suggested that the thermal tides produce lower-
atmospheric superrotation via near-surface decceleratithe absence of the meridional
circulation.

A similar mechanism, was suggested byltkexla et al[2007 model which featured a
more complete radiation scheme and proposed that the stibstaper-rotation produced
was driven primarily by vertical transport by the thermedktimodes and not by horizontal
transport by waves. The role of the significant horizontgddrydiffusion in these low
horizontal resolution models remains to be fully investga

It is worth noting, in relation to some results to be preséieSection7.3, that some
investigations with these models have noted the sengitifihe superrotation produced to
the particular form of the model initial conditionsido and Wakat§2008 2009 showed
the existence of multiple, super-rotating staiéstsuda[198Q 1983; Suarez and Duffy
[1997 in the CCSR/NIES GCM using two different initial zonal flows
Yamamoto and Takahasf2009 found that diabatic heating rates below the cloud layer
strongly influence the magnitude of the superrotation aeddhmation of such multiple
superrotation states.

Oxford and Open University models

Lee et al.[200 began the development of a simplified Venus GCM, with radgat
transfer simulated by linear Newtonian cooling specifiec isimilar, though not iden-
tical, distribution toYamamoto and Takahas[2003a b]. Using a modification of the
UK Meteorological Office Hadley Centre Atmospheric ModeladAM3, a finite dif-
ference, grid-point model run with°5x 5° horizontal resolution and 32 vertical levels,
Lee and Richardsof2007 found a peak equatorial wind speed~685 m/s when running
with default Venus parameters. A strong meridional cirtafawas developed in the form
of a single Hadley cell in each hemisphere. Zonal jets weoelyced with a maximum
of 45 m/s at 60 km in each hemisphere at mid-latitudes, witeak@quatorial wind of 35
m/s, as shown in Figurés.3. This GCM also produced significant warm pole and cold
collar features.

The model used blyee et al[2009; Lee and Richardsof2007 also maintained super-
rotation by a similar GRW mechanis@ierasci 1979 to Yamamoto and Takahad2i0034,
and reproduces many of the observed large-scale wave wseact In the case of
Lee and Richardsof2007, the period of the waves is much longer than is observed in
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Figure 6.3: Latitude-height cross section of the zonal meestward wind speed, aver-
aged over 3 years of data at 100 years. Ft@m and Richardsof2007.

the Venus cloud-tops, which is related to the weaker zonadlwpeeds found in the GCM
with the default parameters. The mixed Rossby-Gravity waegle has a period at

30 days, slower than the 5 days observebel Genio and RossofiL99d. Similarly the
equatorial Kelvin wave is &1 days rather than the4 days observed. The wave periods
were shown to scale with the zonal wind speeds.

Development of this model has continued, witbe et al.[201] introducing a sim-
ple bulk cloud parameterization and transport schemeMamadonca et al[201Q 2017
introducing a more realistic radiation scheme to includeidiscattering. Parallel develop-
ment of a simple Venus GCM_gwis et al, 200§ with a pseudo-spectral dynamical core
has been conducted at the Open University in thelldiis[201(. The dynamical core is
identical to that used in a Mars GCM to identify equatorigdeurotation when the Martian
atmosphere is in a dusty statesjvis and Read2003. Experiments have been conducted
at T21 and T42 horizontal resolution and with from 32 to 20@&igel levels between
the surface and roughly 100 km altitude. This model has sowre hesirable properties
when run at relatively low horizontal resolution, in pauiigr, and is used for the model
intercomparison described in Sectio®. It also offers the ability to make a direct compar-
ison with theLee and Richardsof2007 model with only the pseudo-spectral rather than
finite-difference techniques used in the dynamical coréedifg. A similar procedure
has already been shown to be valuable in identifying suliffierdnces in dynamical core
behaviour, when sharing a common physical processes padietgeen grid-point and
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pseudo-spectral models of Mars and conducting identiqaéments fForget et al, 1999
Lewis et al, 1999. One notable feature is that the pseudo-spectral moddiéas found
to produce significantly stronger super-rotation than vessdgn thel_ee and Richardson
[2007 study, reaching or even exceeding observed values, bytdrén the thermal forc-
ing is increased beyond realistic magnitudes or when thkgvaand thermal lapse rate
is modified so that the middle atmosphere becomes much mabéy/sitratified than is
observed.

EPIC model

Herrnstein and Dowling 2007 tested the effects of topography for a Venus atmo-
spheric model. Using this model, which was developed inddeetly and uses a differ-
ent vertical coordinate, they reproduced the resultsesf and Richardsof2007 for a
smooth planet. The super rotation produced was fourtddaynstein and Dowling2007
to diminish from 55 m/s to 35 m/s when topography was addeith, the mid-latitude jets
becoming asymmetric, with a slower jet in the northern heimése. The time to reach
equilibrium was also reduced with topography includedirtgla few years rather than a
few decades.

ARIES/GEOS and CAM models

Hollingsworth et al[2007 adapted another terrestrial GCM, an adapted version of the
NASA Goddard Space Flight Center ARIES/GEOS dynamical,dor¥enus parameters
and then used it to investigate the circulation equililmmatnd the formation of atmo-
spheric super-rotation on a slowly-rotating planet. Thizdel was run with a 4 x 5°
horizontal resolution and used 56 vertical levels. Topphyavas not included.

Using a thermal structure similar to that\dfmamoto and Takahad2i0034 the model
was run for integrations of up to 20 000 Edays. Super-ratatias achieved but was found
to be slightly weaker than observed,za88 m/s. A further experiment, performed with
more realistic heating, resulted in very weak super-rotatit~10m/s, and only weak
eddy activity, confirming earlier studies which also usedorgjer heating
[Yamamoto and TakahasRi003ab; Lee et al, 2005 Lee and Richardsqr2007.

The same group has started a new project, adapting the Idat@anter for Atmo-
spheric Research (NCAR) Community Atmosphere Model (CAMYénus. This model
is based on a finite-volume dynamical core, which is relstigiffusive for high wind
speeds, and therefore requires to be run on a very high mbalzoesolution (roughly
1° x 1°), much higher than previous modelling works.A first set afigiations of the
Venus atmospheric circulation has been conducted using@alied model of radiative
forcing that produces Venus-like superrotation, with npagraphy nor diurnal cycle in-
cluded Parish et al, 2011. In these simulations, an unexpected feature is obtaimitl a
temporal variability on a period of approximately 10 Eardays. The angular momentum
transport is found to be following the GRW mechanism, dort@ddy mean meridional
circulation transport with equatorward redistributionmmbmentum by transient eddies.
However, the meridional circulation appears to be more dexpelow the clouds than
the simple Hadley cells obtained in previous works.
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GFDL model

Lee et al[201Q compared three different dynamical cores for their resgdn Venus-
like forcing and friction parameters in a pioneering Venuntgicomparison study and a
fore-runner to the study presented here in SectiGn

The dynamical cores tested were an Arakawa B grid core, drgjpeore and a finite
volume (FV) core, each from the Geophysical Fluid Dynamiabaratory (GFDL) terres-
trial GCM. Each model was set up to have approximatélyesolution for longitude and
latitude. The thermal forcing, surface Rayleigh frictiarddsponge layer’ were all taken
from Lee and Richardsof2007.

Lee et al[201( presented results for integrations of 22 599 Edays. All IM3Qvere
found to produce super-rotating winds of 8350 m/s at the equator, with faster mid-
latitude jets, but there was sensitivity to the dynamicabdormulation. The same mo-
mentum transport processesyasnamoto and Takahadi2z003 andLee and Richardson
[2007 dominated in all the models tested, unsurprisingly sihes@CMs were forced with
the same simplified thermal function and had no diurnal tatdepography.

LMD model

Crespin et al.[2009 began the development of a more complete radiative transfe
scheme with the aim of producing a more realistic Venus GCAdeld on experience with
Earth, Mars and Titan models at Laboratoire de Météoiiel@ynamique in Paris. The
scheme was adapted to work with the LMDZ finite-differenceaiyical core, run with
48 x 32 horizontal grid with 50 vertical levels from the surfageto 95 km altitude.

Crespin et al.[2004 presented initial results for simulations using this mloaed
found zonal winds ok150 m/s near the cloud tops., afteb0 000 Edays following a
start from rest. The temperature structure was not yet faliyistic in these initial experi-
ments.

Lebonnois et al[201(Q present a more comprehensive study of the results obtained
with the LMDZ Venus GCM over a large range of parameters. Thdehnow included
topography, a diurnal cycle, dependence of the specific foghton temperature, and a
radiative transfer module which allowed a consistent caiajon of the temperature field.

Lebonnois et alf201( discussed results for the zonal wind and mean meridiomal ci
culation under four scenarios. These used both a realstimtive transfer code and
a simplified radiative forcing as used iree and Richardsof2007 and similar to that
used inYamamoto and Takahadi2i003ab, 2004 2004; Herrnstein and Dowlin§2007%;
Hollingsworth et al.[2007. Both radiation schemes were used with and without surface
topography. The results with simplified radiative forcirrg &roadly consistent with ear-
lier studies. Slightly faster wind-speeds were producethieyrealistic radiative transfer
experiments, with peak speed0 m/s, though this is still somewhat weaker than is ob-
served on Venus. Figu&4 shows plots of the zonal wind and meridional circulation for
each of these configurations. Note the qualitative diffeesrnin the meridional circulation
induced by the realistic radiative scheme.

In contrast toHerrnstein and Dowling2007, Lebonnois et al[201Q found that the
zonal wind peak speed and super-rotation actually enhadnctr addition of topography.

Lebonnois et al[201Q conclude that the angular momentum transport is consisted
with the Gierasch-Rossow-Williams (GRW) mechanism wheulinonal cycle was used.
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Figure 6.4: Wind and MMC plots from experiments with (a) ist#d radiative transfer
and topography (b) as (a) without topography (c) Newtowmiaoling and forcing with
topography (d) as (c) without topography. Fraebonnois et al[2014.

With the addition of the diurnal cycle, however, the meckancontrolling super-rotation
becomes more complex. The mean meridional circulatiorsparis angular momentum
upward (despite stacked, multiple Hadley cells in the mpdetl poleward. The ther-
mal tides weaken this poleward transport and add a signift@munward transport at the
equator. This transport allows accumulation of angular tim at low latitudes and
prevents the formation of such clear high- and mid- latitietepeaks as were seen in
models without the diurnal cycle.

6.2 Titan global atmosphere modelling and its relation to
Venus

In this subsection we briefly discuss some developments iefting the atmosphere
of Titan, which is the other slowly rotating solid body withsabstantial gaseous atmo-
sphere in the Solar System. Although Titan and Venus arediéfigrent in many aspects,
they have three characteristics in common: a slow rotatitey one to two orders of mag-
nitude less than the Earth and Mars, a high opacity regionlayer manty atmospgeric
scale heights above the surface, and an atmosphere whiehmsiiptes compared to their
solid surfaces.

From parametric GCM studied¢l Genio and ZhgquL996 Mitchell and Vallis 2014,
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it appears that the rotation rate of the planet is a key paemtiaked to superrotation.
It controls the latitudinal extent of the Hadley circulatjand therefore the transport of
angular momentum by mean meridional circulation. Generaluation Models can pro-
vide a detailed analysis of the superrotation phenomenbnotin these atmospheres, and
therefore may help us understand whether the mechanise sathe, what the differences
may be, and what processes are crucial.

del Genio et al[1993 and Hourdin et al.[199] have been the first works to apply
General Circulation Models to Titan. This latter GCM wasaihing atmospheric sup-
perotation comparable to the observed winds. This modelfwdlser developed in a
2-dimensional version (IPSL 2-dimensional Climate Model)include couplings with
the haze distribution and the photochemist®afhnou et al.2002 2004 Hourdin et al,
2004. Other models have been developed since, based on diffEsth GCMs: the
Kdln model [Tokano et al.1999, which has been used for many studies on Titan’s tropo-
sphere; another 2-dimensional model mainly used to stuelyrtipospheric methane cy-
cle [Mitchell et al, 2004; a non-hydrostatic GCM developed in Russidifigalev et al,
2004; a Titan version of the PlanetWRF GCNR[chardson et a).2007; a Titan version
of the CAM model Friedson et al. 2009. Most of these models have difficulties to re-
produce the high zonal winds observed in Titan’s stratosphe

The IPSL 2-D CM has been able to interpret many features iatime@sphere of Titan
[Lebonnois et a)2009. Among the lessons learned from this model, the strong loogp
between opacity sources (haze, clouds) located high intthesphere, thermal structure
and dynamics (wind strength), has been demonstrated @igL8. This has significant
implications for Venus modelling: the coupling between dgheud structure and the dy-
namics may be very important to take into account to coryeuntidel the wind structure
and amplitude (for both zonal and meridional circulation).

There are certainly many lessons that may be learned by aamgpaodelling efforts
for Titan and Venus modelling efforts, in order to underdt#trese slow-rotators with su-
perrotating atmospheres, the only examples in solar syst®hmat is similar? Certainly
the role of the global-scale mean meridional circulatiorihie transport and redistribu-
tion of angular momentum in the atmosphere, and also thelioguwith high opacity
regions located high in the atmosphere. What is differera8siBly the role of thermal
tides, of other planetary-scale and small-scale waves,efisaw the impact of seasonal
changes, which are much smaller on Venus compared to TeaAfhterberg et a].2008
Yamamoto and Takahast@007, 2009. A conclusion from the limited amount of Titan
modelling conducted so far is certainly that, just as witheGCMs, the results obtained
differ between each Titan GCM and seem to show a high degnemdél senistivity.

6.3 Key issues arising from previous studies

Several key issues have emerged from the modelling studssided in the previous
section.

Firstly, many Venus GCMs show an insufficiently strong sugation, at least when
run with supposedly realistic heating rates and best-gpassmeters. Most models do,
however, now produce a robust and significant amount of skgiation and most can be
'tuned’ to produce plausible cloud-top winds. Differentdets show a wide variation in
their results under similar conditions.
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Figure 6.5: Zonal wind in the IPSL 2-dimensional climate ralo@t 0.25 mbar), for sim-
ulations coupled (solid line) and uncoupled (long-dashet) the haze variations. The
season is the same as at the time of the 28-Sgr occultdti9r:(128). The short-dashed
line shows the latitudinal zonal wind profile deducedHiybbard et al.[1993 from the
occultation data (southern hemisphere of Titan only). FRamnou et al[2004.

Secondly, questions remain about the role of various diffewave modes in main-
taining or eroding the atmospheric super-rotation and kdrethe wave modes produced
by models are realistic, especially at the low resolutiontdth they are often run in order
to spin-up in a practical amount of time. This leads on to faes about what model
resolution is required for an adequately realistic experitand whether the spin-up time
to initiate a model unabiguously, or to be sure that thedhitiansient stage of a model
has passed since initiation by an arbitrary wind field, afadh achievable in practice and
whether they will become achievable in the near future.

Thirdly, many models have highly simplified physical paraeni@tions, again for prac-
tical computational reasons, as well as for the more impor&ason that such schemes are
very difficult to validate with the present level of knowlexlgf the atmosphere of Venus.
Several models have begun to introduce more detailed rawlisthemes in recent years.
How detailed do such schemes have to be to achieve reakstidts? And what other
schemes, commonly used in comprehensive terrestrial, anarmartian, GCM studies are
required? These schemes might include representatiomrsafygwave drag, convection
and turbulence in the planetary boundary layer, interastietween the solid surface and
atmosphere, cloud microphysics and atmospheric chemiggryus GCMs are still some
way off including most of these processes in a fully realistay, and it is still unclear how
importnat it is to do so in order to model the most importaatdiees of the atmospheric
dynamics.

Fourthly, while most attention has naturally been focussethe atmospheric super-
rotation at the cloud-tops, and some has been paid to diagngkobal-scale planetary
waves (Kelvin and Rossby modes), relatively little attentihas so far been given to how
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well the GCMs represent other features of the Venus atmespsigch as the polar vortices
and smaller-scale inertia-gravity waves.

The motivation for the present study outlined in chaptés to see how well these
guestions might be addressed by the present work and howgaapnoof future work
might be designed to progress our understanding, both oVémeis atmosphere itself
and, indirectly but perhaps equally usefully, of how weltigas modelling techniques, in
common use in terrestrial weather predicition and climétgnge studies, operate under
conditions of relatively weak forcing and long integratiimes. The following chapter
describes the initial phases of such an internationaldotaparison study.
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In the context of an International Space Science Institl88Ij working group, we
have conducted a project to compare the most recent Geniezaldion Models (GCMs)

of the Venus atmospheric circulation. A common configuratias been decided, with
simple physical parametrization for the solar forcing amel houndary layer scheme. Six

models have been used in this intercomparison project. dhamal simulation was run

for more than 200 Venus days, and additional sensitivitys tuave been done by several
models to test the trends visible in these models when padeasn@re varied: topography,

upper and lower boundary conditions, horizontal and vaktesolution, initial conditions.

The results show that even in very similar modelling condis, the wind speeds obtained
with the different GCMs are widely different. Superrotatis obtained, but the shape
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(with or without marked high-latitude jets) and amplitudettoe maximum zonal wind

jet is different from one model to the other, from 15 to 50 niVknor sensitivity is seen

in several models to the upper boundary conditions, thegguhy or the vertical grid.

Horizontal resolution and lower boundary conditions ineluariations that are significant,
affecting the amplitude and shape of the region of maximumakwind. Two models

were started from an atmosphere already in superrotatibe. simulations did not con-
verge back to the nominal simulations, maintaining maxinaamal winds over 70 m/s
(and even 100 m/s) without marked high-latitude jets. Thisly shows how sensitive
GCMs are to the weak forcing of Venus atmosphere, and hoveulifit is to draw precise

conclusions on the circulation obtained with a single mpagwell as on its sensitivity to
some parameters.

7.1 Introduction

With the success of the European Venus Express missionsVatmosphere has been
put once more under the lights of international researchnyMaoups around the world
are analysing observational datasets, from space anddptmased campaigns. To support
and complement these analyses modelling of the atmospheeaos is needed. The state
of worldwide research in this field, as well as the links witle modelling of the Earth’s
atmosphere, have been the purpose of the ISSI working gnamguping the present book.
In this context, several specialists in the modelling of M8rand Earth’s atmospheres
came together, and decided to assess current models of tlisisle atmosphere through
an intercomparison project, based on available modelsgthtimited to models that use
a simplified thermal forcing.

Starting with the pioneering work ofoung and Pollack1977 more than thirty years
ago, the modelling of the circulation of Venus’ atmospheais hlways been a challenge.
Most of the General Circulation Models (GCMs) developedfenus have been adapted
from Earth GCMs. Recently published models inclifdenamoto and Takahadl20034;
Yamamoto and Takahashi [2004 2006 2009; Takagiand Matsuda [2007;
Dowling et al. [2004; Hollingsworth et al. [2007; Lee [2004; Lee etal. [2009;
Lee and Richardsofi2007; Herrnstein and Dowling[2007; Kido and Wakata[2009;
Lee et al[201(Q; Lebonnois et al[201(Q; Parish et al.[2011. These models have used
simplified physical and radiative parameterizations. Qrafponnois et al[2017J used a
complete radiative transfer model to compute the tempexdield self-consistently. The
results presented in these different models vary widelg,raay even be contradictory in
some aspects.

The idea of comparing the results of different models foraitti the same physical
parameters is not new. In the case of Venus, it was recenilg deing numerical exper-
iments with three different dynamical corese et al.[201(. We decided to build upon
this first work by extending the comparison to five additianadels. The models included
in this study are:

e CCSR - Kyushu/Tokyo CCSR/NIES GCM (simplified forcing versionYasaru
YamamotoYamamoto and Takahadqli#003h 2004 2004.

e LMD - Paris LMD GCM: Sebastien Lebonndisbonnois et al[2014, in a simpli-
fied radiative forcing configuration.
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OU - Open University spectral GCM: Jon Dawson, Steve Lewis.

UCLA - UCLA/LLNL Aerospace CAM GCM: Gerald Schubert, Curt Covelglen
Parish, Richard Walterscheidrish et al[2011]. This model had to be runin a very
high resolution configuration (approximately & 1°) due to numerical dissipation
issues.

OX - Oxford GCM: Joao Mendonca, Peter Read. Simulations don€Haysto-
pher Lee during his PhD thesis have also been usedet al.[200]; Lee[2004;
Lee and Richardsof2007.

e LR10 - GFDL FMS GCM: Christopher Lekee et al[201(. The simulations were
run before this work, using three different dynamical cores

The indicated acronyms will be used throughout this textiemtify the simulations.

7.2 Intercomparison protocol

The goal of this study is to build upon the intercomparisohed et al[201J where
different GCMs, or different numerical cores, are forcedhwsimilar physical parame-
terizations to test the sensitivity of the simulated atniesjz circulation to the choice of
numerical model.

To reach this goal, we have built a common protocol that tffereint teams involved
in the project would have to follow to run a set of simulatiptiiat would be compared to-
gether. The first simulation is designed to compare the behafthe different dynamical
cores. Then sensitivity simulations are run to see the teihsto several parameters in
each model, and check the consistency of these senstiaitieong the models.

7.2.1 Dynamical cores

The set of models includes three different types of dynahticee implementations:
three spectral models, three models based on finite difeseschemes and two models
based on finite volume discretizations. The horizontal ltggm was chosen close to
5° x 5°: 64x 32 for grid models (7236 for OX), T21 for spectral models. The UCLA
model had to run at much higher resolution (approximatély11°) due to numerical
dissipation issues. This makes direct comparison to otage Bimulations quite difficult,
especially considering the impact of horizontal dissipatias it will be shown below.
However, we will include this simulation in the baseline rdiscussion. The vertical
resolution has been equalized for the protocol, thoughraéweodels also made some
simulations with their usual vertical grid. The common et grid used is the one from
Lebonnois et al[201(, based on 50 levels. The OX and LR10 simulations were done
only with a 32-level grid given in.ee and Richardsof2007.

All planetary parameters (e.qg., gravity, planetary radiogtion rate) are fixed to iden-
tical values (see e.gLee and Richardsof2007; Lebonnois et al[201Q). The specific
heat is taken as constaftp = 900 J/kg/K. The reference simulations do not include to-
pography. The atmosphere was taken at rest as initial gondind simulations were
run for a couple of hundred Venus days (from 187 Vdays for LRft@o 600 Vdays for
UCLA). One Vday is 117 Earth days, or approximately one thirdn Earth year.
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The horizontal dissipation scheme is usually deeply eméeéddthe dynamical cores,
and is not a parameter that is easily modified. We left all ifferént implementations as
they were in each dynamical core, though this dissipatios kegt as low as possible in
each model. The type of horizontal dissipation and typieabmeter values used in the
different models are listed in Tablel

7.2.2 Common physical parameterization

Thermal forcing

All models have been run using the same simplified scheme tiiken Lee [2009.
The radiative tendency (temporal variation between two @htichesteps) on temperature
at longitudel, latitude¢ and pressure levgd is given by

5Trad(/la ¢a p, t) _ _T(;La ¢9 P, t) - T0(¢9 p)
ot T ’

whereTo(¢, p) is the forcing thermal structure, ards the time constant of this forcing.
To(¢, p) andz are taken froniLee[2004

(7.1)

To(¢, P) = Tret(P) + T1(p)(cog¢) — C), (7.2)

whereTet(p) is a reference temperature profileiff et al[VIRA model, 1985, andT1(p)
is a perturbation term giving the peak equator-to-polecdéfice. The constaf is the
integral of cog over the domain@ = = /4). The profile ofT1(p) was chosen to reflect
the peak in absorption of solar insolation within the clowtklLee[20064. The value
of ¢ is 25 Earth days, decreasing slightly in the uppermost ¢evieal this formulation the
diurnal cycle is not taken into account.

Upper boundary conditions

A sponge layer is included in the top four layers of the GCMtHa baseline sim-
ulations, this sponge layer includes Rayleigh friction garg horizontal winds to zero.
Time constants arex10°~Earth days for the LR10 models. For the other models, these
time constants were fixed to 9.6xX16 (1.12 Earth days) for the top layer, then 1.20%10
1.23x1¢, and 1.60x1® s for the next three layers, following values used in
Newman and Leovj1997]. These values are roughly half the values used in the LR10
models and therefore apply a stronger damping at the moglel to

For the OX simulation, this damping is applied only to theyeddmponents of the
horizontal wind speed. The other models have adopted thiSgeoation as a sensitivity
test (see below). However, we have included the OX simulatiche basic comparison,
since the influence of this parameter is small and limitedaoeu levels (this is discussed
below).

Surface friction and vertical eddy diffusion

The most simple surface boundary layer is used in the bassllnulation: a Rayleigh
friction in the first layer of the model with a time constantgikto 3 days, together with
a constant vertical dissipation coefficiekj, = 0.15 mé s~1. For the LR10 simulations,
done before this protocol was agreed upon, the Rayleigtidni¢ime constant is fixed to
25 days, and no explicit vertical dissipation is taken irtoaunt in the models. Similarly,
for the OX simulation, a Rayleigh friction time constant & @ays is used as well as no
explicit vertical dissipation.



Table 7.1: Summary of common and distinct parameters in BeISused for this work.

Models CCSR LMD ou UCLA OX LR10
Dynamical coré S FD S FV FD S, FD, FV
Horizontal resolution T21 64x32 T21 360x180 72x37 T21, 64x3
Duration of the

simulations (Vdays) 250 250-350 500 600 222 187-300
Vertical grid 50 levels 50 levels 50 levels 50 levels 32 lsvel 32 levels
Horizontal dissipation 6th order  squared Lapl. Del-8 Dmlisred  6th order 8th order (S)

4th order (FD)
div. damping (FV)

Time constant 3 Edays 2xie 4.3x10 s 2.2x10s 30Edays 3 Edays (S,FD)
1 Eday (FV)

Vertical eddy coefficient, K 0.15fs ! 0.15nfst 0.15nfs! 0.15nfs!  None None

Thermal forcing All models: FromLee[2004

Sponge layer All models: 3 layers

Surface friction All models: Rayleigh friction, 1 layer

a: S =*“spectral” model, FD = “finite differences” and FV = “figitvolumes”.

j02030.4d uosLredwoaiaul z/

6T
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Every model keptits own implementation for the temperagtiméhe soil. For example,
in the LMD GCM, a soil model with 11 layers is used.

7.2.3 Sensitivity simulations

Table 7.2: Summary of the simulations done by the differeatigs.

Simulations CCSR LMD OU UCLA OX LR10
base Baseline X X X XXX
topo Topography X xX$ X

spgl Sponge layer (only eddies) X X X X XXX
pbl[n] Different PBL X XX

Ires Low horizontal resolution X X X

hres High horizontal resolution X X X X

vgrd Different vertical grid X XX

uini Different initial state X X

a: Parenthesis indicate: for LMD, simulation run before thisrk [Lebonnois et a).2010; for OX, simulations
run during C. Lee’s PhDleg 2004.

Some sensitivity studies of different parameters could @ done by some of the
models. These different simulations are summarized ineTalZland will be discussed in
Section7.3.4

Topography (topo)

The CCSR and OU models have been run with topography. Fori2 inodel, the
baseline simulation could not be run with topography, duartsolved instability prob-
lems. However, one simulation inebonnois et al[201(Q included topography, though
the lower boundary conditions are different from the basetun (see below).

Upper boundary conditions (spgl)

As was done in the LR10 and OX simulations, we also tried toplamly the eddy
terms in the horizontal winds within the sponge layer.

Lower boundary layer scheme and vertical eddy diffusion faéent (pbl)

For the LMD GCM, two other parameterizations have been usaddt the impact
of the lower boundary layer scheme and vertical eddy diffusioefficient. The first one
(pbl2) was used in.ebonnois et al[201(, and is described in this paper. This parameter-
ization computes the vertical diffusion flux, the surfacagirand the diffusion coefficient.

The second ongpl3) is a “Mellor and Yamada” parameterizatibtellor and Yamada
[1983, taken from the Earth version of the LMD GCM. This parameion is fully
described in the Appendix B dfiourdin et al.[200]. The surface drag coefficient is
computed as followCqy = (0.4/In(1 + zl/zo))z, wherez; is the altitude of the center of
the first layer, andg is the roughness coefficient, taken equal to 1 cm.

For the CCSR GCM, a “bulk” parameterization has also beed (#a1). We set the
drag coefficienCp to 4x10~3 for temperature and horizontal flavel Genio et al[1993.

Horizontal resolution (Ires and hres)

For the CCSR, LMD and OU models, three different resolutivase used, to evaluate
the impact of this parameter on the modeled circulation® Adrizontal resolutions used
are T10, T21 and T42 for the CCSR and OU spectral models, and 8264x32 and
128x 64 for the LMD finite difference model. The UCLA simulatioryrr at very high
horizontal resolution, may also be discussed comparecttoréscase.
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Vertical grid (vgrd)

The CCSR model was run both with its original vertical gricb@flevels, and with the
baseline 50-level grid frorhebonnois et al[201J. The OX model has only been run with
its original 32-level vertical grid. The OU model was also mith this 32-level vertical
grid, and also with an increased vertical resolution (10@I&. For this model, thegrd
notation will apply to the 32-level run, while the 100-levah is notedvgrd2

Different initial state (uini)

The CCSR and LMD models have also been run starting from al zand field al-
ready in superrotation. This initial field was imposed atieflly. The equatorial vertical
profile is linear in altitude, from zero at the surface to 118That 70 km, then down to
zero at 100 km. This profile is then multiplied by a lineartladinal factor in both polar
regions: from zero at the pole to 1 at°5@titude.

The impact of the initial state has been studied with an Edg&GCM with slow
rotation ratedel Genio and Zho{(11994. In this case, no differences were noted between
both initial states (rest vs superrotation). Howe¥edo and Wakat4200g have recently
published simulations of the Venus’ atmosphere, and treytalted both initial states. In
their results, both simulations do not reach the same statemuch stronger winds in the
second experiment. As we will show below, this is also theed¢aghe simulations done
for this work.

7.2.4 Other published works

There are many other published works that may be includdtkidiscussions, though
the simulations are not done in the framework detailed hdreese works have been
described in detailed in the previous chapter.

7.3 Results

7.3.1 Spin-up phase and total angular momentum

For most simulations, we decided to run for 250 Vdays, butessimulations were run
for longer times to test the stability of the results. In athglations (except UCLA), the
circulation was stabilized after the initial run, thougle tiotal angular momentum in the
atmosphere was sometimes still increasing slightly.

In Figure7.1, the evolution of the total atmospheric angular momentupiaged for
several simulations, normalized to the total angular mdomarof the atmosphere rotat-
ing with the same speed as the solid surface below, i.e. \withzbnal wind equal to
zero everywhere, which is the initial state of all the sintiolas butuini. This variable
is equal to the superrotation index usedds}t Genio and Zho(i1994, or to 1 plus the
superrotation factor defined Bead[1984. It is mostly sensitive to the deepest regions
of the atmosphere, so differences in its evolution and finhlerare often an illustration
of differences in the zonal wind field of the deep atmosph&he base simulations have
a non-dimensional total angular momentum of 2 to 6, with afpheres in superrotation.
These differences of the total angular momentum are moatlgexd by differences among
the dynamical cores in atmospheric circulation of the deéemaphere.
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The base simulations are almost the same asigkones for all cases, which indicates
that the total angular momentum is insensitive to the uppanbtary parameterization. On
the other hand, the sensitivities to the topograpbyd), horizontal resolutionlies, hres,
and initial condition @ini) are different among the models. These parameters strongly
influence the angular momentum processes in the deep ateresghis difficult to find
any consistent trends in these temporal evolutions. Horthestimescale for stabilization
of the simulations are usually between 100 and 200 Vdaysyer more. This illustrates
that simulations of the Venus atmosphere need to be run fyrleag periods of time
before they stabilize.

Two models show peculiar behaviours, the OU and UCLA modelthe OU models
(Figure 7.1d), the amplitude of the superrotation stays very low coragéw other models.
The simulations appear to be far from equilibrium even aftere than 200 Venus days,
except for thetopo simulation that is stabilized at a very low value (around).1.Bhe
oscillations seen in UCLA simulation (Figur@.1f) are due to large scale oscillations in
the zonal wind distribution, particularly in the deep atiosre, with a period of roughly
ten Earth years as discussedHarish et al.[201]. These oscillations are not seen in
other models, though in the LMD-pbl2 simulation, some |ldagn variations are seen in
the total angular momentum (Figuré.1b), that are due to oscillations at the cloud level
between two different structures of the peak zonal wind&r&lare also small oscillations
visible in the OU-Ires simulation (Figur&.1d), though these don't affect the circulation
much at the cloud level. Due to these oscillations, the UCé&guits displayed in the next
figures correspond to the average of the fields over a 10-yzard

7.3.2 Zonal wind field: baseline runs

The zonally averaged zonal wind fields obtained at the endeo$imulations are dis-
played in Figure7.2 Temporal averaging is done over the last few Vdays of theilsim
tions.

Superrotation is obtained in the atmosphere in all the nsp@éth maximum values in
the cloud region and above, i.e., in the’aID® Pa pressure range (roughly 50-75 km). Jets
are predominantly visible at high latitudes, abové 8@d are located somewhat deeper
than the altitude of the peak equatorial superrotation.ughahis is the general pattern,
wind fields are quite different from one model to the othere Jéts are not visible in the
CCSR and UCLA simulations (Figur&.2a and h). However, the UCLA wind field is a
temporal average over the period of the oscillatiBassh et al.[see2017]. In the LMD
and OX simulations (FigureZ.2b and d), the jets reach deeper than in other simulations
(the maximum peak is at 3x¥@Pa for the LMD model). The amplitudes of the wind
maxima are also significantly different from model to mod&he strongest winds are
obtained for the LR10-s simulation (Figui®2e) with jets above 60 m/s while the average
peak values are around 30 to 40 m/s. The vertical gradientamd distribution in the
deepest atmosphere (surface t6 P@) also vary from model to model. In many cases, the
winds are still very small in this region and only developababout 16 Pa level, while
in other cases the vertical gradient in the zonal wind isaalyesignificant at the surface,
with the high-latitude jet shape already visible there.

The nature of the dynamical core does not appear to play datmete. Though the
two strongest zonal wind peaks are obtained with the CCSRL&1d-s spectral cores,
it is not the case with the OU spectral core, in which zonaldsiare the weakest. The
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Figure 7.2: Zonally and temporally averaged zonal wind fieldtained in all the baseline
simulations. Unit is m/s. The first column is spectral modél) CCSR, (c) OU, (e)
LR10-s. The second column is finite difference models: (b),Nd) OX, (f) LR10-fd.
The last line is finite volume models: (g) LR10-fv, (h) UCLAoIRhe UCLA simulation
(h), the resolution is much higher than the other baselins and the results are averaged
over a 10-year period. For the OX simulation, the spongerlayapplied to eddy terms
only.
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overall wind field shows many differences between the CCIR.&10-s models, both in
the cloud region and in the deepest part of the atmosphere.

Though the nature of two different dynamical cores may bestimae (finite volume,
A/B/C grid, spectral), the numerical implementation varemnsiderably between these
models. Ranging from integration method (e.g., Euler vsndRuKutta), to accuracy of
the spatial differentiation (grid models), to Fourier filfgoperties (CFL based, resolution
dependence, latitude dependence), these factors aremalizef in the experiments. These
variations probably contribute to the differences in a Emivay as the nature of the core.

7.3.3 Related fields: temperature contrasts, stream funains

The zonally and temporally averaged temperature contsasten in Figure7.3 are
computed by substracting the latitudinally averaged teatpee field from the temperature
field, for each pressure level. These contrasts are dondifigtéhe same feature: cooler
polar regions below a transition level corresponding tozbeal wind jet maxima, and
warmer polar regions above. An additional inversion is tedan the 18-10* Pa altitude
region in the CCSR and LMD simulations. This may be relatetthéovertical discretiza-
tion as seen in thegrd simulation (see Section.3.4 Figure 7.6). A similar inversion
is seen close to the top of the OX model. However, it is a camsece of the different
sponge layer used in the upper layers of the model. The ardplivf these contrasts are
quite similar from model to model, though correlated with geak zonal winds.

Figure 7.4shows the zonally and temporally averaged stream funabioth& baseline
simulations. The meridional circulation is dominated bngaHadley-type cells, from the
surface up to the top of the models, with ascending air in thtorial region and descend-
ing air over the polar regions. However, polar reverse aaksvisible, clearly correlated
to the poleward flank of the jets. These reverse cells are ordess visible depending on
the model, and may reach the equatorial region in the uppavsathere for some models
(LMD, OX, LR10-s). The amplitude of the circulation in theegeatmosphere is quite
similar among models.

7.3.4 Sensitivities

The sensitivity simulations show that many parameters lavenpact on the zonal
wind field. These effects may be small in some cases, muahgsran other cases. In this
section, these effects will be discussed starting from thallest impacts.

Upper boundary conditions

When the upper boundary friction is modifiesp@)), so that only the eddy part of the
horizontal wind is damped in the sponge layer, the resultsvary similar to thebase
simulations. The corresponding zonal winds are shown inr€i¢.5 to be compared to
Figure 7.2 For all the models, this change mainly affects the top lylkut not much
below. There is not much effect in global budgets from dampire upper atmosphere to
the mean, or to zero (Figur&.1). The amplitude of the jets is slightly affected (together
with the pole-equator temperature contrast, not shownhbuin a consistent way among
the different models, and without any correlation to mogipkt There is some effect on
the lower layers because the thermal gradients are sligialjified and the characteristic
vertical length scales of the features are larger than thepdey region.

Vertical grid
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Figure 7.3: Zonally and temporally averaged temperaturdrasts obtained in all the
baseline simulations. Unit is K. Models are the same as inreig.2
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Figure 7.7: Zonally and temporally averaged zonal wind anelasn function obtained
with topographytopo): (a,b) CCSR model, (c,d) OU model.

Different vertical grids have been used for the CCSR and Oldetsof/grd simu-
lations). The resulting fields are shown in Figui®e6. In the CCSR case, the feature
previously located in the £010* Pa pressure range is not present anymore, suggesting
that this feature is related to the distribution of the \aatievels. The shape of the zonal
wind maximum has also been affected. In the OU model, thegifrom 50 to 32 verti-
cal levels has also modified the zonal wind field, slightiynfeicing the jets, though their
shape is not affected in the same way in both models. Thensti@action has also been
influenced.

Topography

The effect of including Venusian topography in the CCSR akdhbdels is illustrated
in Figure 7.7. The effect may also be seen in the spin-up of the total angutenentum
(Figure 7.1), though this parameter mainly reflects how the use of togyuiny affects the
deepest layers of the atmosphere.

Herrnstein and Dowling 2007 reported a much faster spin up in the EPIC model
with topography than without, with a resulting asymmetrywzen hemispheres because
of Ishtar Terra. In the Oxford model used bge[2004 andLee and Richardsof2007,
an asymmetry was also found between hemispheres wheninglioghography, but in the
opposite sense to the EPIC model. Though the angular momemad increased com-
pared to the flat-planet case, no significant change was sé¢lea zonal wind at altitude or
in the spinup speed of the model. llabonnois et al[2014, experiments done with sim-
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plified radiative forcing are reported, with and without égpaphy. In these experiments,
including topography increases the amplitude of the jatstatal angular momentum, and
the spinup speed.

In the two experiments done with topography for this intenparison work, the effects
on the amplitude of the jets are quite different: in the cdsa@® CCSR model, increased
angular momentum is obtained in the deep atmosphere bufewi &f visible on the jets,
while for the OU model, reduced jets are obtained and thelangromentum in the deep
atmosphere decreases.

Based on all these experiments, and their widely variedtgstis therefore very dif-
ficult to extract robust conclusions concerning the impéthe topography on numerical
simulations of the Venus’ atmosphere.

Lower boundary conditions

The sensitivity to lower boundary layer parameters and #réoal diffusion coeffi-
cient has been evaluated with two models, using alterngtivameters: the effect may
be quite strong in the deep atmosphere, influencing the angudmentum budget (and
spin-up phase), and therefore the whole wind field.

In the CCSR-pbl1 simulation, not much effect is seen conmpoehe baseline case.
This conclusion has also been obtained in the Ph.D. worltesf [2004, using a
Monin and Obukhoy1954 scheme with a similar roughness length of 3 cm. However,
the LMD-pbl2 simulation, with a quite different boundaryéa parametrization shows
some fluctuations in the wind field over timescales of more thdundred Venus days,
fluctuations especially present in the equatorial wind figithin the cloud layer. The re-
sults of the LMD-pbl3 simulation, with again a different balary layer scheme, are very
different from the others, with a large impact on the zonaldviield. A large superro-
tation is produced, with very high zonal winds in the cloudioa, almost uniform from
equator to high latitudes. This is one of the most realistiuutations of Venus’' circula-
tion obtained with a simplified radiative forcing. It shold noticed from Figure7.1b
that this simulation has a very similar total angular moraento the baseline simulation,
illustrating the fact that this variable is mostly reflectithe deep atmosphere. It would
be interesting to test this more complex boundary layerrsehen other models, to see
whether this strong impact is robust or not.

Horizontal resolution

The effect of horizontal resolution is quite significant & the models presented in
Figs.7.9and7.10 For both the CCSR and the LMD models, increasing the resolut
tends to diminish the peak zonal wind in the’4* Pa pressure range and to increase the
deep atmosphere winds over the poles. Though the amplindisteape of the zonal wind
field are not exactly similar between both models, thesals@ppear to be consistent.

In the case of the OU model, the evolution of the peak zonadlwiith the resolution
follows the same trend — amplitude decreases when resolit@eases. However, the
shift of higher winds towards the deep polar regions is nehse this case.

Due to the high resolution used for the UCLA model, it shoukbabe discussed
by comparison to théaressimulations. However, comparison between Figut® and
Figure 7.2h indicates more correspondance between the UCLA simulatnal thelres
simulations rather than with thieres simulations. Again, keep in mind that the results
of the UCLA run are averaged over a 10-year period. Unfortelgathe impact of the
resolution could not be tested with this model.

Changing the resolution clearly affects the zonal windritigtions, even if a consistent
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Figure 7.11: Zonally and temporally averaged zonal wind stngam function obtained
in the simulations with modified initial conditions (zonaing already in superrotation,
uini): (a,b) CCSR model and (c,d) LMD model.

trend may not be found for all the models. It also affects theidional cells, with the
development of a much deeper reverse cell over the polegessis Figure7.1Q The
polar regions appear to be very sensitive to the resolutismvell as the amplitude of the
zonal winds in the cloud region. The connection between bifdtts is certainly done
through the angular momentum transport budget.

Different initial states

When the zonal wind is initialized with a pre-defined suptatiag field, the initial total
angular momentum is high (around 15 times the angular mameat rest, for the chosen
wind distribution). It decreases with time, but the leveldiich it stabilizes depends on
the model, as for the baseline case. The final zonal wind aedrmatfunction fields for the
two models that tested this case (CCSR and LMD) are displayEdjure 7.11

In both simulations, the zonal wind maximum is much highemttin the baseline
case. However, the shape of the wind distribution is difiene each model. In the CCSR-
uini simulation, the wind below TOPa becomes very small, with a region of retrograde
winds around the equator, reaching as high &P This explains why the total angular
momentum goes down to 1.3, even lower than in the baselinelaiion (Figure 7.1).

In the case of the LMD model, this region of negative valuasufds also present, but
confined to the near surface, and the deep atmospheric zamalisvstill comparable to
observations. The total angular momentum is then highdfaatound 6), though it has
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not yet reached an equilibrium after the 350 Venus days dfithalation. This simulation
looks very similar to the LMD-pbl3 run.

The sensitivity to initial conditions in simulations of senpotating atmospheres has
been previously studied byel Genio and Zho(i1994 and Kido and Wakatgd2009. In
the experiments reported @del Genio and Zho(i1994, the rotation rate of the simulated
planet varied, to test the sensitivity to this parametet,tbe influence of initial condi-
tions was also tested in the case of Titan-like and Ventestlitation rate. In both cases,
the same equilibrium was reached when starting from restaon strong zonal winds.
Comparing to previous experimertis| Genio et al[1993, where different initial states
lead to a different equilibrium in a Venus-like simulatidghe authors conclude that the
change from single- to double-precision computation mgylar the results, due to a
better angular momentum conservation.

Using a model based on the CCSR-NIES GQO#ilo and Wakatg 2009 explored
the impact of initial conditions on the resulting simulaisoof Venus zonal winds. When
starting from rest, the zonal winds obtained show two haffttide jets with peak values
around 60 m/s, a distribution quite similar to the LR10-sdtiag simulation (Figurer.2e).
When starting from an atmosphere already in superrotéatienyind field appears qualita-
tively similar, but the jets reach peak zonal winds up to 128.fhese two different final
states indicate a similar behaviour for this model, comgppénethe behaviour obtained in
our intercomparison work.

The angular momentum conservation has been checked iriEasehfigurations for
the different models presented here. However, the questidetailed angular momentum
budgetin the simulations started from an artificially suptting state may be investigated
further, in order to evaluate the impact of this conservatin the obtained multiple stable
states.

7.4 Discussion

We have discussed here several series of simulations eldthindifferent models but
with an effort to equalize the physical forcing and paraimation. The dispersion of the
results is quite surprising, but may help to understand trections where progress is
needed in atmospheric modeling, at least in the case of thesphere of Venus. Other
works have been published previously on GCM simulationfiefatmosphere of Venus.
They have been described in the previous chapter of this.bbodugh these simulations
were not obtained under similar conditions as those in thésgnt work, some results
have been discussed in the previous section. It is also tooteddrthat many of these
simulations show wind fields that fit within the dispersioriaibed here. As an example,
the wind field displayed in Figure 4 ofel Genio and Zho{1994, obtained for an Earth-
like planet rotating as slowly as Venus, presents simiégifwind amplitude, shape of
high-latitude jets) with those of Figuré.2

In most cases, the amplitude and shape of the zonal wind fi¢édreed with these mod-
els, though the atmosphere is in superrotation, may notéelgxcomparable to the obser-
vations of the latitudinal profile of zonal wind at the clotaf levelSanchez-Lavega et al.
[2009, or of the vertical profiles of the zonal winds obtained wittobes. One point
noticed many times before is that to obtain zonal wind peaksrad 100 m/s, it is often
needed, when using simple radiative forcing, to induce aealistically high latitudinal
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contrast in the deep atmosphere.

How may modelers improve this comparison ? Based on the wotlkebonnois et al.
[2014Q, it appears that the radiative forcing chosen does haveageffect on the merid-
ional circulation, and therefore on the angular momentwuangport in the atmosphere.
However, the intercomparison done in the present work lgléadicates that the mod-
eled circulation is highly sensitive to many aspects of tloglats. In particular, the polar
regions and the way they are treated in each model may bensbjmfor the different
behaviours described here.

7.4.1 Simplified radiative forcing: implications

The use of a simplified parametrization for the radiativeifog has a strong impact on
the meridional circulation. The circulation obtained ihthe previous works using such a
parametrization consists of two large Hadley cells, witteasling motion in the equatorial
region, poleward motions almost everywhere in the atmagpldescending motions over
each poles, and the returning equatorward branch very tdabse surface. In addition, a
reverse cell is sometimes seen over the polar region, inlaoxkahe cloud region though
it may go deeper in some cases.

In the case of a realistic radiative forcing, as discussedbonnois et alf201(q, the
circulation shows a pattern with more layers. The dominaadl|ely-type cells are present
in the cloud region, with a returning branch below the clqouasl a second set of cells in
the deep atmosphere. This circulation is quite differemtfthe circulation obtained with
simplified forcing, and therefore it induces a global anguf@mentum transport pattern
that must also be quite different. In the simulation preséiin Lebonnois et al[201(,
high zonal winds peaking at roughly 60 m/s are present ordythabove the clouds, with
a significant role for the thermal tides in the concentratbrangular momentum over
equatorial regions. The effect of the diurnal cycle, withetitdimensional solar heating,
should also be considered in the models with simplified faycto investigate the thermal
tides.

Therefore, it is clear that the simplified radiative forcaects the overall circulation
significantly. As the radiative modelling suggests, thegdified forcing misses the signif-
icant cooling within the cloud deck, and probably overesties (or incorrectly attributes)
the heating in the lower atmosphere. To what extent can tsgtaéty results of this inter-
comparison study be extrapolated to other radiative fgreimulations ? The answer to
this question is far from obvious. However, with more modedsg new radiative trans-
fer forcings, the sensitivity of the results to modeling icles will certainly need to be
evaluated.

7.4.2 Role of polar regions

The polar regions may represent a significant source ofrdifilees between the differ-
ent dynamical cores, e.g., due to the filters used in finifedifht schemes. The sensitivity
tests done with varying resolutions have shown that the lzoimal field variations were
correlated with variations of the stream function over tiodap regions. Formations of
jets and indirect circulations in the polar regions are rtjesensitive to the horizontal
resolutions. The transport of angular momentum in thesmsgnay be a key element
to investigate in order to better understand these diffexen These investigations have
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not been possible during this intercomparison campaigrit Bhould be a goal for future
work.

7.4.3 Key questions, recommendations

The work we have conducted with these different GCMs illsthow it is difficult
to reproduce the same angular momentum budget and balaticdifférent models, even
when most parametrizations are chosen to be identical. drfgslar momentum balance
is extremely sensitive to many model parameters, whethéndéndynamical core or in
the physical parametrizations. It is also quite complexuitdbtools accurate enough to
investigate details of this budget, to explore how variaion one or the other parameter
does affect the overall balance. It would certainly be aarggting direction to explore
for future coordinated investigations : build an interc@mgon protocol oriented towards
angular momentum budget, transport terms and balance. @&etelied studies would
also help to quantify and verify angular momentum cons@watvhich should affect the
overall balance of momentum and therefore the meridiondikzamal circulations.

Among the most sensitive parameters, this work points autdpography, the plan-
etary boundary layer scheme, and the vertical and horizoegalutions. Though its role
is not obvious from the present work, the topography is adgtaffecting the meridional
circulation, as well as the budget of angular momentum. €oring the boundary layer,
the LMD-pbI3 simulation may indicate a more efficient upwarahsport, allowing the
atmosphere to transfer quickly angular momentum into tbedlregion, and therefore
reaching a similar state as when started with an excess of@ngomentumyini simu-
lation). For the boundary layer, but also for other aspaatt s atmospheric turbulence
and convection, or the role of gravity waves, parametiiratf subgrid-scale physical
processes (meso/micro-scale dynamics of waves and tud®)lés a significant direction
for further research in Venus general circulation modgllin

The choice of vertical and horizontal resolutions doescaffee results. This is a
difficult aspect of the problem, since we are limited by cotepypower. Therefore, the
zonal and meridional wind strength should always be consile/ith caution until this
dependence may be waived. In the case of the vertical résoJubere may be regions
where the resolution should be improved, while in otherargithis dependence is less
significant. This analysis is certainly a study that needsetdone in the near future.

The sensitivity of the circulation to the initial state ressquestions. Is this due to very
long timescales to reach a completely steady state ? |saiteeko angular momentum
conservation ? Are there other processes to be taken intmacthat would help solve
this problem (such as gravity waves) ? These questions elke addressed by further
modelling efforts.

This intercomparison work should be persued in the futurshdéuld include a quan-
titative assessment of the angular momentum budget, wartspms and balance, as well
as the analysis of waves and their role in the transport ofilangnomentum. It would
also be very interesting work to do when several improvedetsogith realistic radiative
transfer modules will be mature.
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Comparable features in the atmospheres of
Earth and Venus - Where Venus modeling may
benefit from experience with Earth

HAUKE SCHMIDT

Max Planck Institute for Meteorology
Hamburgh, Germany

8.1 Introduction

For obvious reasons the atmosphere of Venus has received lesgcattention in the
natural sciences than the atmosphere of Earth. The samesi$oir numerical modeling
efforts concerning the two atmospheres. The circulatiovefus’ atmosphere can be
described by the same set of basic equations valid for ther pthnetary atmospheres: the
Navier-Stokes equations describing the temporal evalutionomentum plus equations
of continuity and for the conservation of thermodynamicrgggsee Chaptes). These
equations are discretized in the so-called dynamical cofesimerical models, and it
is not surprising that Venus models, in general, use dyranimres originally built for
Earth modeling (see Chapt6). Parameterizations needed in complex planetary models
to describe subgrid-scale processes are more difficultdbange because parameters may
differ considerably among planets. Nevertheless, mangmaterizations used in Venus
models are based on developments made for other planets.

The Venus model presented bgbonnois et al[201(, for instance, see also Chapter
6 and7, uses several parameterizations applied originally téhaut also used for mod-
eling on Mars and Titan. But there may be more to learn for ¥eamodeling from more
or less recent successes in Earth modeling. Consequérlpurpose of this chapter is
to describe features of the Earth atmosphere and their ricahsimulation that may help
in the understanding phenomena of the Venus’ atmosphegsfotis will be on the zon-
ally averaged circulation both in the tropics and extrgits. Atmospheric dynamics on
Earth and Venus exhibit some significant differences. Dubedast rotation of the Earth,
e.g., wind patterns over a large range of scales can be uaddrassuming geostrophic
equilibrium, while cyclostrophic equilibrium is a usefudricept for the atmosphere of the
slow rotating Venus (see Chapte

However, there are also important similarities that willthe subject of the follow-
ing sections. For a start, it may be useful to remind the neatlthe mean circulation
in Earth’s atmosphere. FiguBla shows the annual and zonal mean zonal wind as sim-
ulated by the Hamburg Model of the Neutral and lonized Atniesp [HAMMONIA
Schmidt et a].200§. HAMMONIA is a general circulation and chemistry model esv
ing the atmosphere from the surface to the lower thermosph#®hile the observational
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Figure 8.1: (a): Annual and zonal mean zonal wind (m/s) iretligh atmosphere averaged
from a multi-year simulation with the HAMMONIA model. (b):ame as (a) but as an
average over all simulated months of July.

coverage of the troposphere and lower stratosphere, thatcaessible to balloon sound-
ings and remote sensing from satellites, is excellent, ttevkedge on the circulation of
mesosphere and lower thermosphere is much less completexaapt for sparse rocket
soundings based on remote sensing from satellite or thacgurfSimilar to the situation
on Venus, modeling is therefore necessary not only to utaleisthe observations but
also to fill their gaps. Figur8.la shows the well known westerly jets in the subtropical
upper troposphere. Stratosphere and lower mesosphereraieated by easterlies in the
tropics and westerlies in the extratropics, a picture teagrses in the upper mesosphere.
While in the case of Venus the obliquity is close to zero, #latively high obliquity of
the Earth axis leads to a strong seasonality of the cir@nafThis is indicated by Figure
8.1b that shows zonal mean winds for July. Itis clear from thiarigthat the annual mean
extra-tropical westerlies in the stratosphere are regpftiom the strong polar night jets
in the respective winter hemispheres. However, even saasond fields provide only
limited insight in the actual circulation as strong varlapiexists on many other (shorter
and longer) timescales.

Although this chapter mainly deals with phenomena of theallyraveraged circula-
tion, the importance of eddies or waves (i.e. deviationmfeozonally averaged state) for
the general circulation on both Venus and Earth can hardveesstimated. Waves may
influence the mean flow by depositing their momentum and dipenthe atmospheric
background state that defines propagation conditions. #aegk-mean flow interactions
play an important role for the phenomena described belowovemnview and a theoretical
description of important wave modes on Venus (and Earthyjaen in sectiorb.6. Fur-
ther comprehensive information on waves in the terresttiaosphere is provided e.g. in
the textbooks froniHolton [2004 and Andrews et al[1987.
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8.2 Super-rotation and the QBO - the role of eddy mo-
mentum transfer

The strong super-rotation of the Venus atmosphere is algoale of the most chal-
lenging scientific issues in planetary atmospheric studibsoretical considerations have
shown that momentum transport by eddies and the transfdredf tnomentum to the
zonal mean flow are necessary to sustain a super-rotaticap(€ts). Although today’s
Venus models are able to produce super-rotating atmospliteise still not completely
clear, which role different types of waves may play. Planesaale waves, but also small
scale gravity waves and thermal tides may all have an inflié@bapter$ and7). Zonal
winds with westerly speeds up to about 100 m/s in large pdriseoVenus atmosphere
extend by far the rotational speed of Venus that is of about2ainthe equator. Absolute
zonally averaged wind speeds observed in the Earth atmasphein general below 100
m/s everywhere (see FiguB1) and thus largely exceeded by the equatorial rotational
speed of about 400 m/s. Such high wind speeds have only ooedlyi and locally been
observed on Earth in the high latitude lower thermosphesada et al.2009.

But as on Venus, the momentum transfer through eddies playsportant role in
determining the zonally averaged circulation on Earth, a.wn this section, we focus
on equatorial zonal winds, and specifically on the phenomé&nown as QBO: the quasi-
biennial oscillation of stratospheric zonal winds. As showFigure8.2, the winds change
their direction with an observed average period of about B&tirs from easterly (of up
to about -35 m/s in the middle stratosphere) to westerly pafouabout 15 m/s) and back.
Like the super-rotation on Venus the occurrence of the QB®rkaained unexplained
for a long time and is still subject of scientific researchridds of one year or harmonics
of it are observable in many atmospheric quantities but ag@ef about 28 months had
presented a puzzle over decades. More detailed historticadyss on the discovery of
the QBO and a review of the current scientific understandiagyaven e.g. byHamilton
[1999, Labitzke and van LoofiL999, and Baldwin et al.[200]. Here we want to give
only a relatively brief overview.

After the eruption of the tropical volcano Krakatoa in they&883 a westward trans-
port of the volcanic cloud around the globe at about 25 kmtdfiale was observed. Based
on these global sightings of the clouglissel[1889 estimated an easterly wind velocity
of slightly more than 30 m/s for the cloud altitude. This fitteicely to the expectation
of having easterly winds in the equatorial region. Today wevk that if Krakatoa had
erupted a year earlier or later, the cloud would likely hawed in the opposite direction.
In 1908, the German Meteorologist A. Berson launched baBadn equatorial Africa, and
discovered westerly winds in altitudes between about 182ankim. In the first half of
the 20th century it was then assumed that narrow bands oérlestinds (called "Berson
westerlies”) were embedded in the prevailing easterligdy @fter more regular balloon
soundings in the tropics had started in the 1950s the attemaf prevailing easterly and
westerly winds, the QBO, was discovered [éged et al.1967. So in the early 1960s,
the phenomenon was observed but waited to be understooty. &saumptions that the
QBO might be a harmonic of the 11-year solar cycle provednokgive. Two main QBO
features were difficult to explain: First, why did the stiwret propagate downward with-
out any change of amplitude over a fairly large part of thatssphere, and second, why
would winds turn westerly at all. They do not represent a supgtion in the Venusian
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Figure 8.2: (a): Zonal mean zonal winds (m/s) at the equatdhk stratosphere. Pressure
levels of 100 and 1 hPa correspond to altitudes of approeiypdt and 48 km, respec-
tively. Winds are simulated by the HAMMONIA model but nudgedradio soundings
from Singapore (2N) in the lower to middle stratosphere.

sense of a zonal wind faster than the rotation, but in the sippdirection. It was shown
that the necessary momentum transfer could be explaindtenbdly meridional advection
nor by meridional eddy momentum transpafidllace and Holton1969. Rather trans-
port of zonal momentum by vertically propagating equatatiaves had to be involved,
but by which type of waves®indzen and Holtorj1969 and Holton and Lindzerj1977
developed conceptual models that explained the QBO witlrewagan flow interactions
resulting from a combination of eastward and westward tliagewaves. While in the
first paper internal gravity waves were assumed to provid@tbmentum transport, in the
second paperolton and Lindzerf1977 presented a revised theory based on equatorial
planetary waves (Kelvin and mixed Rossby-gravity waves}odk until the turn of the
century before the main features of the QBO were succegsintiulated in Earth GCMs
[e.g. Takahashi1999 Scaife et al.200(d. Today it is assumed that momentum deposition
from a broad spectrum of small scale gravity waves (that tebd parameterized in stan-
dard GCMs) and from planetary waves drives the QBO. SimardatbyGiorgetta et al.
[2009 indicate that gravity waves provide the dominant forcing the QBO east phase
while planetary waves have a larger contribution to the vpdstise. Still today, many
GCMs do not succeed in reproducing a QBO, although it hasrheabear that two major
requirements have to be met: First, an appropriate paraizegien of convective pro-
cesses that provide energy for planetary waves and secdrigh aertical resolution of
the model capable of resolving the waves that carry the mamerObservational confir-
mation of the mechanism assumed to drive the QBO seems fiffichis is in particular
related to the difficulty in quantifying gravity wave parai@is on a global scale due to
their small spatial scale and inappropriate resolutionatélte observations. Similarly,
one can expect for Venus that a conclusive theory of the sugtation will have to rely
heavily on numerical simulations.
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The QBO is not the only interesting feature in the equatdtemith atmosphere. As
can be seen from Figui@?2 the equatorial stratopause region is dominated by a semi-
annuals oscillation (SAO), and also in the upper mesospaesteong SAO is present.
The semi-annual period appears much less mysterious tlea28tmonth period of the
QBO. Many GCMs have successfully simulated the stratop8#é€ and it is generally
assumed that the east phase of the SAO is forced by a contirwdtihe effect of quasi-
stationary planetary waves and by momentum advection bjn#redional winds directed
from the winter to the summer hemisphere at the stratopabss €ausing the locking
to the seasonal cycle). The westerly acceleration is leslglunderstood, but several
studies point to the importance of gravity waves. This i® algpported by the fact that
different phases of the SAOs in the different altitudes apelutated by the QBO, which is
probably due to the filtering effects of the QBO on gravity esjsee e.g?ena-Ortiz et al.
2014. To complete the picture it should be noted that also moomartteposition by tidal
waves is supposed to play a role in equatorial dynamics,ifsgaly in the mesopause
region as discussed e.g. bigberman et al[2011.

8.3 Polar vortices on Venus and Earth

Polar vortices exist on both Earth and Venus and it is terggtincompare them, and
to learn from the better observed Earth vortices about tiei¥®ortices where the major
source of observation is the tracking of cloud features atupper cloud surface close
to 70 km of altitude. However, it is suggested biynaye et al.[2009 that differences
between the planetary vortices are large, and dynamidadiyvenus vortices may have
more similarities with another feature of the Earth atma@sphnamely tropical cyclones.

So what are the obvious similarities and differences? Banttices are seasonal fea-
tures observed to occur in both winter hemispheres. As imead earlier, due to an almost
vertical obliquity, Venus shows no distinct seasons. Itgiges are observed on both hemi-
spheres and assumed to be of permanent nature. Wind fieldghgflanets, including their
polar vortices, can largely be deduced from the temperdieids via thermal wind equa-
tions but while a geostrophic thermal wind is observed oritEéne Venus equilibrium is
of cyclostrophic nature (Chapt&j. The Earth vortices extend in the winter hemisphere
over a large vertical range from the upper troposphere tdothier mesosphere (see Fig-
ure 8.1b). Maximum wind speeds are in general obtained close toigintsl above the
stratopause near the polar night terminator (hence the fjpota night jet”). They can
easily be explained by the meridional gradient in solarihgdiy ozone absorption. Solar
heating in the VVenus atmosphere that may be relevant fordht&ces occurs mainly at
the top of the cloud layer. So the existence of the Venusaastis likely less related to
heating gradients but to the momentum transfer processataned in connection with
the super-rotation. Figurg.4 shows a plausible zonal wind field consistent with an ac-
cording distribution of angular momentum and momentumstiens that would explain
super-rotation. The wind field shows jets in both hemispherigh zonal wind maxima
close to 50 degrees of latitude. Many present-day Venus Isasiaulate polar vortices.
This can be inferred e.g. from the zonal wind fields from aetgrdof models presented
in Figure7.2 Strength and location of high-latitude jet maxima diffemrever strongly
among the models. Further work is required to understarskttdferences and the role
of the high latitudes for the global circulation on Venusganeral (see Chaptesand?).
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Figure 8.3: False colour image at a wavelength of 5.05 mmeo¥dnus south polar vortex
acquired on 28 May 2006 by the VIRTIS instrument on Venus Eggr Color shading
indicates the brightness temperature in K. The blue andrgendines mark the meridians
at 330 and 350 of longitude, respectively. The red circle indicates thetsgole. The
yellow curve is the parallel at -7®f latitude. Figure taken frorRiccioni et al.[2007.

A frequently observed feature in the center of the Venuscestis a deviation from zonal
symmetry occurring as an S-shape (sometimes also referesld dipole) Elson[1987
found that the Venus vortex is barotropically unstable. aymet al. (2009) confirmed this
in a two-dimensional model simulation initialized with ditadinal vorticity field from
Venus observations (see Figurd 7). In their model, wave-2 patterns occur that resemble
very much the S-shape structure observed on Venus. F&8hows the vortex as ob-
served during October 2006 by the VIRTIS instrument on Vdexsress. Occasionally,
Earth vortices produce similar wave-2 patterns as can beisdeigure8.4. Such events
in general belong to the category of "sudden stratosphearenings” (SSW) that still are
an important topic of middle atmosphere research. Theset®veere discovered by R.
Scherhag in 1952. His balloon soundings revealed a temperaicrease in the middle
stratosphere of about 40 K within two days. Today, it is knavat the high latitude
temperature increase is always accompanied by a reverssirémg weakening) of the
wintertime westerly zonal winds, i.e. it is a signal of aneimhediate breakdown of the
polar vortex. "Major” stratospheric warmings are definethgs®s criterion the reversal of
the zonal mean zonal wind at 60 degrees latitude and 10 hBaphversal of the usually
negative poleward temperature gradient. Such events latesedy frequent in the North-
ern hemisphere, occurring in about two out of three ye@rsflton and Polvani2007,
but have been observed only once (in 2002) in the Southermspieric winter. In the
Northern hemisphere, SSWs can be characterized eithenasinmavents, called "vortex
displacements”, where the vortex center is significantyatied from the pole, or as "vor-
tex splits” with a wave 2-structure as in the middle panel igiuFe 8.4. The occurrence
of these events can, however, not be explained with barctiogtability as it seems to be
the case on Venus. According fodrews et al[1987, early attempts to explain sudden
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Figure 8.4: ECMWF analyses of potential vorticity in unifsl0—® m? s~ K kg~ on the
850 K isentropic surfacex30 km altitude) for 1200 UTC on 20, 25, and 30 Sep 2002.
While the vortex on 20 Sep has a fairly typical shape, the splitex at 25 September is
indicative of the, so far, unique observed event of a majddsu stratospheric warming
in the southern hemisphere. Major warmings characterized teortex split occur on
average about each three years in the northern hemispheterwirigure adapted from
Simmons et a[2009.

warmings investigated the possibility of barotropic ifslity of the large scale polar vor-
tex as well as of baroclinic instability of the polar night, jeut the developing instabilities
were too small to explain the observed characteristics omiays. Today, it is generally
assumed that SSWs are the result of upward propagating Resskes that originate in
the troposphere and interact with the stratospheric mean fltis conceptual idea was
brought up first byMatsuni[1971. Many Earth GCMs are able to simulate more or less
satisfactorily the polar vortices and their occasionabko®wn in the form of an SSW. It
is however still a challenge to simulate the correct ocawedrequency of SSWs and its
seasonal cyclegharlton et al, 2007.

As stated in the beginning the dynamical origin of polar eriinstabilities on Venus
and Earth is likely to be very differentimaye et al[2009 suggested that dynamical sim-
ilarities rather exist with tropical cyclones on Earth altigh these have a much smaller
scale. They show that S-shaped structures occur also inythefecyclones, and men-
tion the occurrence of small scale transverse waves extgnddially from the centres
of both terrestrial cyclones and the Venus polar vorticescokdingly, earlier theoretical
studies have shown that barotropic instability is of impode in the inner core of tropi-
cal cyclonesSchubert et al[e.g. 1999. However, it can not be excluded that studies of
Venus polar vortices may benefit from comparisons with ttegiiestrial counterparts. Rel-
atively recently, vertical coupling processes during SS\ige been discussed that reach
far beyond the stratosphere. It is observed that stratosplvarmings are in general ac-
companied by mesospheric coolings and possibly also bynibssheric warmings [e.g.
Funke et al. 201(. This is explained by changes in the filtering of upward @@ating
waves (in particular small scale gravity waves) during SSW3 subsequent changes in
wave-mean flow interactions in the upper atmosphere. He®8®¥/s can be seen as a
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manifestation of dynamical coupling between atmosphesiers from the surface to the
thermosphere. It would be interesting to investigate ifisincoupling processes occur
also on Venus.

8.4 Conclusions and outlook

What can be learned from the comparison of Earth and Venusgohena as done
above and where could future Venus modeling benefit fronectidevelopments in Earth
modeling? All phenomena described above, super-rotatiehSshaped vortex insta-
bilities on Venus, the quasi-biennial oscillation and smdtratospheric warmings on
Earth have been observed, first, and then scientists hadktyiunderstand them with
the help of numerical models. This is not an unusual sequienaemospheric science.
Labitzke and van Loo[i1999 in their book on the stratosphere cite the German-Russian
climatologist and meteorologist Wladimir Koeppen (1848+Q). In general, theory has
to follow the experience ("die Theorie muss der Erfahrurigda”). In the above cases,
one reason for this is probably that the phenomena cannatrheged from first princi-
ples alone. In all cases parameterizations are neededsftanice of the radiative effect of
clouds in the case of the Venus circulation and of subgradesgravity waves in the cases
of the QBO and of coupling effects during SSWs. The transf@aoameterizations from
Earth to Venus models is not generally feasible, becausanpeter ranges may be very
different. A candidate for transfer are parameterizatiohsubgrid-scale gravity wave
effects. A parameterization for non-orographic gravitweshas already been used for
Venus and shown to affect super-rotatidkefda et al, 2007, but the standard approach
in Venus modeling is to parameterize the damping effect afity waves on horizontal
winds via a Rayleigh friction approach (see Chajjer

In Earth models this technique has been largely replaced drng mphysically based
gravity wave parameterizations. But also these paranzetens have severe limitations,
e.g. that they assume in general an only vertical and iret@ous propagation of the
waves and that they are poorly coupled to actual sourcesre@udevelopment efforts
try to overcome these deficiencies [eSpng and Churn2008 Richter et al, 201Q , re-
spectively]. Another approach is to eliminate parametgidns completely by strongly
increasing the model resolution and actually resolvingdaparts of the gravity wave
spectrum. This was done in a simulationHgwatani et al[2009 that successfully repro-
duced a QBO-like structure albeit with a too short periodeSehdevelopments might be
perspectives for Venus modeling, too. Future transfer cdipaterizations and knowledge
from Earth to Venus may also be useful in case of the cloudrlagecause of the large
uncertainty clouds introduce with respect to climate cleamig Earth, they are a topic of
intensive research. Numerical efforts concentrate on,lwiproved parameterizations of
cloud effects for use in global climate model and procesdistuwith limited area high
resolution models. In most Venus models of today, the claydd has been represented
only by a simple parameterization of their effect on radiatisee Chaptef). Obviously,
the sulfuric acid clouds on Venus differ strongly from theteveclouds on Earth. A link
to sulfur aerosol modeling, another important topic in eatrEarth atmosphere research,
may be more promising. A comparison of clouds and cloud migébr Venus and other
terrestrial planets is presented e.g.Ndgntmessirf201Q.

As stated in the beginning, it seems obvious that Venus niragighould exploit efforts
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made for Earth. But the transfer of code, knowledge, and rataleding is not likely to
be straightforward. A growing number of terrestrial atmue@ or climate models are
applied to extreme cases, such as very different climatémigeological history of Earth.
This is done not only to understand these historical clisbté also to possibly eliminate
parameterizations developed with too narrow a scope. blgarenfidence is gained for
the applicability of the models to a broad spectrum of clenstiates, and in particular
confidence in the ability to project future climate changeni¥s is an excellent example
for such an extreme climate.
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In spite of all spacecraft that have visited our nearestgikany neighbour a large num-
ber of questions remain to be answered. Exploration of Véntes from completed. In
this chapter we summarize the most important questions émbeered, both in the short
term, feasible with the technology of today, and those timdiy oan be addressed in the
medium to long term, after additional technology developmd large number of mis-
sions have been proposed in recent years but since Venus€spredhem et gl2007
and the ill fated Akatsukilakamura et al.2007 none of these have been selected for
flight. Short descriptions of these mission proposals, ashnag the information is openly
available, are given in the following section. The next mecteals with future ground
based observations and joint space-ground observationallyRhe priorities for future
missions, both for the benefit of improving on the theoréticadels for atmospheric cir-
culation, as dealt with in this book, and for an improved ustinding of the evolution of
Venus as a planet and of terrestrial planets in general iscassed.

9.1 Major questions

A large number of major questions have been debated in dawedtidisciplinary
groups during recent years and there is at the moment a r@aledavel of consensus in
the Venus science community about which questions are tts busning. A "top ten”
collection of questions has been agreed upon by the VenuleiEtipn Analysis Group,
VEXAG, a NASA chartered community-based group of US andrivdgonal scientists
[Smrekar and Limaye&017. The questions all fall within the three major themes of the
2010 Planetary Decadal Survey (to which VEXAG also contgdunput); (1) Building
New Worlds-understanding solar system beginnings; (2)dtay Habitats-searching for
the requirements for life; and (3) Workings of Solar Systemsaling planetary processes
through time. The questions also fit well within two out of tteeir Grand Themes of
the Cosmic Vision Programme of ESA, namely; (4) What are threditions for life and
planetary formation?; and (5) How does the solar system Work

From these general themes the top ten questions can be edrawmtg three main
groups: Questions related to understanding the origin armalgity of terrestrial planets (1
and 4 above) are,

e What was Venus’ initial rock and volatile composition andatiprocesses deter-
mined this inventory?
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e What processes controlled Venus’ thermal and chemicalu#weol throughout his-
tory?

e What are the mechanisms and timescales of resurfacing ars\&erd is it still active
today?

Questions related to understanding how the evolution oésgnial planets enables and
limits the origin and evolution of life (2 and 4 above) are,

e What is the origin and evolution of Venus'’ volatile inventan its interior and atmo-
sphere?

e Was Venus ever habitable?

e What are the past and present tectonic systems on Venus?

e How and when did Venus lose its volatiles?

Questions related to the understanding the processesitiabkcclimate on Earth-like
planets and questions related to direct comparisons betvereus and the Earth (3 and 5
above) are,

e What processes control Venus’ present climate?

e How did the climate of Venus evolve into its current state?

o What processes were responsible for the original atmospiférfenus?

In order to answer these high level questions a large nunilpeeasurement objectives
have had to be defined. This has to a large extent been done lojffiérent teams that
have been conducting mission studies or proposing misgiaesponse to recent mission
calls under various programmes. It becomes obvious thatrakguestions are addressed
by different measurements as well as that those individ@gsurements provide parts of
answers to more than one question. For detailed measurerjeatives and the corre-
sponding scientific objectives of the different proposedsioins the reader is referred to
the individual mission descriptions in the reference list.

9.2 Prospects for the next 20 years

Exploration of planets beyond our own Earth in order to amsaggor questions as out-
lined above is a major undertaking and often comes with a fegedsignificant technology
development. However, many of the listed questions can deeaded with measurements
from orbit, or in situ in the atmosphere or on the surface,digrgific instruments similar
to those existing today. For complete answers to all quest@onumber of complex mis-
sions will be required, and most likely missions focussededicated topics will need to
be flown together with larger more general and complex missio

Many of the major questions are related to the evolution aedearly history of the
planet. To answer these it is essential to get better infdoman the noble gases and iso-
topes in the atmosphere. This can be done with existingiimstntation. Remote studies
of the atmospheric dynamics, chemistry and clouds fromt @dn be done well with ex-
isting cameras, and (imaging) spectrometers from the UVithlRy and by sub-mm wave
sounders. As shown already in the 1980s by the Vega balloosisy investigations of the
mesosphere are feasible and the troposphere and the lawet lelyer can be studied in
situ with properly equipped descent probes. Surface stufdien orbit are basically lim-
ited to radar investigations and to imaging in the infraneelcsral windows between 1 and
3 micrometre wavelength. Spatial resolution on the surédd® wavelengths is however
limited to about 50 km due to scattering in the atmospherecémat layers. In addition
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the spectral windows are fairly narrow making it difficultdoquire reliable information
on surface elemental composition and mineralogy from orbit

Spatial resolution of topography and surface structurebeagignificantly improved
over the Magellan data with modern radar instruments, itiqudar by using an interfer-
ometric synthetic Aperture Radar, I-SAR, though such airunsent may need further
developmentin order to be compatible with mission mass aual trlansfer restrictions.

In situ surface studies are possible for durations up to twthitee hours with well
insulated landers, possibly in combination with the uselafg® change materials. This is
sufficient for a number of critical surface measurements fikneralogical and composi-
tional investigations and local surface and panoramic intag

Long lived stations and mobile stations/rovers will regusignificant technology de-
velopment, as they will need both advanced power systemgawolthg systems that do
not exist today. Such systems are therefore not likely todaely for flight within the
next 20 years. This limits the possibilities for extendeddo atmosphere studies, like
meteorology monitoring stations, and the deployment afrai networks. This will have
implications for the understanding of the status of the detgsior structure of today, and
even more so for the investigation of interior history. Tael of mobility on the surface
will, in the absence of a very large number of landers, leaxgstions on how representa-
tive a landing site and the related measurements will be.dvew good progress is being
made in development of high temperature electronics andghtie possible to have a
working high temperature seismometer a decade from ndvgadth power generation and
data transmission will remain a challenge. A possible &@lin for the mobility problem
may be a "hopper”, a lander using an inflatable bellows toe@hsufficient buoyancy to
lift off and drift with the wind to several different landirgjtes, but again power and data
transfer will remain difficult problems to solve.

If new missions are approved within the next 5-10 years,is@@mt scientific progress
can still be expected before 2030, using contemporary tdogy. Progress in modelling
and theory usually go together with new empirical data aredetfore there are good
prospects for getting answers to many of the driving quaestielated to present status
of the planet, to the atmosphere of the planets and to clistatiies. It may perhaps be
more difficult in the short term to answer questions aboutiep interior and the early
evolution of the planet.

9.3 New mission studies and proposals

9.3.1 The NASA Venus Flagship Mission Study

In 2008 NASA appointed a Science and Technology DefiniticanTéo study a Design
Reference Mission, The Venus Flagship Missiétal et al., 2009. The team came up
with a truly impressive and very capable concept designée ttompatible with a launch
in 2021. The science was focussed under three Themes, veithTéeeme covering three
scientific objectives:

1. What does the Venus greenhouse tell us about climate eRati@. Understand
radiation balance in the atmosphere and the cloud and chényicles that affect it. -b.
Understand how super-rotation and the general circulatiank. -c. Look for evidence of
climate change at the surface.)
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2. How active is Venus? (-a. Identify evidence of currentlggic activity and under-
stand the geologic history. -b. Understand how surface&sinere interactions affect rock
chemistry and climate. -c. Place constraints on the straetnd dynamics of the interior.)

3. When and where did the water go? (-a. Determine how thg eamosphere
evolved. -b. Identify chemical and isotopic signs of a pastam. -c. Understand crustal
composition differences and look for evidence of contirléw crust)

The mission concept is based on an orbiter, two balloonswodanders. The lan-
ders and balloons will be launched mounted on a carrier gpaitend will be launched
first and the orbiter will be launched separately six monditsr] The orbiter has a design
lifetime of four years and a launch mass of 5300kg and caateBterferometric SAR,
a Vis-NIR imaging spectrometer, a Neutral and lon mass sp@etter, a sub-mm wave
sounder, a magnetometer, a Langmuir probe, and an UltréeSTedgillator (for radio sci-
ence). The two balloons will float at 55.5 km altitude and wdlch carry an Atmospheric
Structure Instrument, a GC/MS, a Nephelometer, a Vis-IRazaima Magnetometer, and
Radio Tracking. The two landers have lifetimes of 1.5 hoapré& hour and the combina-
tion carrier craft, balloons and landers has a launch masS58kg.

9.3.2 The NASA New Frontiers Programme

In 2009 The Surface and Atmosphere Geochemical ExploreGfAvas selected for
a study in competition with two other missions as a part ofNlee Frontiers 3 selection
[Esposito L, 2011.

The leading scientific questions and the related measurtesb@ttives were: 1. Why
is Venus so different from Earth? (-a. Measure noble gasetpes and sulphur com-
pounds) 2. Was Venus ever like Earth? (-a. Measure surfatswubysurface composition
at volcanic hotspot. -b. Determine surface rock type, nalogyy, and texture. -c. Pro-
vide ground truth for Magellan images and VIRTIS emissivly Does Venus represent
Earth’s fate? (-a. Model the history of Venus and predichutare. -b. Predict observable
characteristics of Venus-like extra solar planets.)

This mission is based on a single lander attached to a cap#@gecraft with a nom-
inal launch date in December 2016. After separation thedamdll descend onto the
flank of Mielikki Mons, a volcano identified by Venus Expresdeving excessive surface
emissivity and therefore believed to have a fresh surfacetsire, possibly due to recent
activity. The carrier spacecraft will change course and@/glown so that communication
between the lander and the carrier spacecraft can be m@dtafter landing during the
three hour mission on the surface.

The scientific payload includes the following elements: Aldyl Camera (on the car-
rier s/c), an Atmospheric Structure Investigation (ASigluding sensors for Temperature,
Pressure, Wind and an accelerometer, a Doppler Wind Expati(PWE), a Neutral Mass
Spectrometer (NMS), a Tunable Laser Spectrometer (TLSescént / Panoramic Cam-
era and Microscopic Camera (DPC/MC), a Neutron-Activatad@a-Ray Spectrometer
(NAGRS), a Raman/Laser Induced Breakdown SpectroscopypéRA.IBS), and a robotic
arm to access the surface.

Unfortunately, SAGE did not succeed in the final NF-3 setettn spring 2011. The
Planetary Decadal Survey however does recommend maimeé@AGE as a candidate for
NF-4 and NF-5.
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)

Figure 9.1: An artist’s impression of the major elements 884&'s Venus Flagship Mis-
sion showing the orbiter with the solar panels, I-SAR ansgsrsmd communication anten-
nas clearly identifiable (top). The two balloons (only onsilMie) with gondolas drifting
with the high velocity winds inside the cloud layer (middl@he two landers with their
spherical well insulated outer structure on the surfaceanfug (bottom). In the real flight
configuration the separation of the two balloons and the amaérs will be much larger.
Credit: T.Balint,JPL/SWRI
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Figure 9.2: A conceptual view of the SAGE lander. A soft langdis ensured by the
crushable structure on the lower part of the body (in bluesepwhile the lateral stability
is maintained by the long legs. The small drag plate at theésqufficient to maintain
attitude and ensure a low velocity during the final descedttae landing thanks to the
high atmospheric density at low altitudes. Credit: LASR/JP

9.3.3 The NASA Discovery programme

In the most recent round of proposals, submitted in 2010 afetted in June 2011,
seven out of the 28 proposals were missions to Venus. Outesktifiour were orbiters
carrying radars as their main instrument and three were spiheyic/surface probes or
balloons. Unfortunately none of these seven proposalsseteeted for a further study. As
there is fierce competition and many of the proposers intemelsubmit similar proposals
in response to a following Discovery announcement onlytkchiinformation on these
proposed missions is available. Therefore no further eda@ given here.

9.3.4 The NASA Planetary Decadal Survey 2010

As a part of and in support of the 2010 Decadal survey thresf btiidies for Venus
missions were performe&fuyres2011:

Venus Climate Mission

The Science objectives of this mission are: to charactaheestrong CO2 green-
house atmosphere of Venus, including its variability; tareltterize the dynamics and the
variability of Venus’ super rotating atmosphere; to chégeze the surface/atmosphere
chemical exchange in the lower atmosphere; to search foosgtheric evidence of cli-
mate change on Venus; to determine the origin of Venus’ gbimare and the sources and
sinks driving the evolution of the atmosphere; and to urtdadsthe implications of Venus’
climate evolution for the long term fate of the Earth.

The mission concept is based on a gondola and balloon systenini probe, and
two drop sondes, all accommodated inside an entry capsaleghield, which in turn is
attached to a carrier spacecraft for the Earth-Venus t@jgcThe carrier spacecraft will
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Figure 9.3: An exploded view of the entry system of the Venlism&e Mission concept.
From top to bottom: Drogue parachute; Backshell; Main pauge; Balloon; Gondola;
Drop sondes (2); Helium tanks (4); Mini probe; Front aerdigfktoneer Venus heritage).
At the bottom the stowed configuration of the complete engstesm is shown. Credit:
GSFC/JPL/ARC
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enter orbit around Venus and carries a Visible-Infrareditooing camera and handles the
communication between all elements and the Earth. The dafiddoon system will float
at 55 km altitude for 21 days and carries a Neutral Mass speetier (NMS), a Tunable
Laser Spectrometer (TLS), an Atmospheric Structure Instnt (ASI), a Nephelometer,
and a Net-Flux Radiometer (NFR). The mini probe carries atfdélVass Spectrometer,
a Net Flux radiometer and an Atmospheric Structure Instnimgoth drop sondes carry
an Atmospheric Structure Instrument and a Net Flux RadiemBbth the mini probe and
the drop sondes will, once released from the gondola, dddctem 55 km to the surface
in 45 minutes.

The Venus Climate Mission can be seen as a downsized veifdioa Blagship mission
described above excluding the landers, but with signiflgdess technology development
required. The launch date for the purpose of the study is 20R& Venus Climate mission
was recommended as the 4th or 5th priority Flagship Missipthb Decadal Survey for
the decade 2013-2022. It could conceivably be chosen by Ni&$#e higher priority
missions are deemed too expensive or cannot be flown for mtheons.

Venus Intrepid Tessera Lander

The Venus Intrepid Tessera lander is the second of the Desad@y mission studies.
The science objectives of this mission are: to characténezehemistry and the mineral-
ogy of the surface; to place constraints on the size and teahpetent of a possible ocean
in Venus’ past; and to characterise the morphology andivelatratigraphy of the various
surface units.

The mission concept is based on a lander and a fly-by carfierlander shall sample
the upper and the lower atmosphere during the descent anel2baurface measurements
on tessera terrain plus relevant context images. The #aepayload is composed of
a Raman/LIBS, a NIR descent imager, a Neutral Mass Specteojree Tunable Laser
Spectrometer and a surface panoramic camera. The lifetimbeosurface shall be two
hours and communication with the Earth is through the fly-duyier.

Venus Mobile Explorer

The Venus Mobile Explorer is the third of the Decadal Surveagsion studies. The
science objectives of this mission are: to determine thgiroeind the evolution of Venus’
atmosphere; to determine the rates of exchange of key chéspiecies between the sur-
face and the atmosphere; to characterize the fundamermiaigie units in terms of major
rock forming elements, minerals in which those elementssieel, and isotopes; and to
characterize the geomorphology and the relative stragigraf the major surface units.

The mission concept is based on a fly-by carrier spacecrdfadander capable of
moving to a second site using buoyancy generated by extgrdgas filled bellows. It
will perform compositional analysis in two locations andlaltitude imaging during the
drift from the first to the second landing site. The scientifayload is composed of a
Raman/LIBS spectrometer, a NIR descent imager, a NeutrasMipectrometer, and a
Tunable Laser Spectrometer. The lifetime on the surfaceimrie lower atmosphere
shall be 4 hours or more. This includes the horizontal tiseéme, following the wind, at
an altitude of about 5 km.
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The ESA Cosmic Vision Programme
European Venus Explorer, EVE

The European Venus Explorer, EVE, was proposed in respenget2010 call for
M-class missions\Wilson and Chassefigr@01]. It was a modified version of a more
extended proposal that was submitted in response to the @0Dfbr missions where it
also included an orbiter and a land@hassefiere et gl2009.

The scientific objectives of the EVE mission are: to undewtine formation of the
terrestrial planets and the origin of their atmosphereshtracterize and understand the
strong greenhouse effect; to characterise and underdtaspacts of the cloud layer; and
to characterize and understand the atmospheric dynamics.

The EVE 2010 concept is based on a single spacecraft carayirentry probe con-
taining a balloon and a gondola to Venus. The balloon is arpugssure Helium filled
balloon floating at 55 km altitude. The communication will e a direct gondola to
Earth link at x-band. The gondola scientific payload is cosgabof, an Aerosol Collec-
tor and Pyrolyzer Gas Chromatograph Mass Spectrometer{&CHS), a Cloud X-ray
fluorescence (XRF) spectrometer, an Isotopic Noble Gas 8psstrometer (INGMS),
a Tunable Diode Laser (TDL) spectrometer, a Nephelometemd@mmeter, a meteoro-
logical package, an electric/magnetic package, and a eant@ptional instruments are,
an Attenuated Total Reflection Spectrometer (ATRS), a 3dddte magnetometer and a
microbalance for cloud microphysics investigations.

The Russian Venera-D mission

The Venera-D mission is a future concept following in thet§beps of the long series
of past Soviet Venus mission&dsova 2011. The concept is in design phase-A and the
present scientific objectives include: to investigate thecsure and chemical composition
of the atmosphere, including noble gases abundance amgisaatios and the structure
and chemistry of the clouds; to study the atmospheric dyesmnd the nature of the
superrotation; to characterize the radiative balancelamdature of the greenhouse effect;
to study the structure, mineralogy and geochemistry of thfase; to search for seismic
and volcanic activity and lightning; to investigate theeirsiction of the atmosphere and the
surface; to investigate the upper atmosphere, the ionosjpine the magnetosphere and to
determine the escape rates of the atmosphere.

The mission concept is based on an orbiter, a sub-satellit@dander. The orbiter is
derived from the Phobos-Grunt spacecraft and will be iresrito a 24 hour polar orbit.

The orbiter payload includes several spectrometers infiketsal range from UV to
MM-wave, mapping spectrometers, a monitoring camera andsaa package. The sub-
satellite is aimed for plasma investigations by simultarsemeasurement with plasma
instruments on the orbiter. The lander payload includesC a5, a pressure-temperature-
wind (PTW) package, a Nephelometer, an optical packagestare@amma spectrometer,
a Mossbauer spectrometer, a Multichannel Tunable Diodel Spectrometer (MTDL),
a Laser-Induced Plasma Spectrometer (LIPS), and a TV-aaguintaining panoramic
high resolution cameras and descent cameras. The landinig gireliminary chosen as
one of Tessera terrains, the oldest areas, where non4basaterial is likely to be found.
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Figure 9.4: An artist's impression of the European Venusl&ngs, EVE. The helium
filled super pressure balloon/gondola combination will flaa55 km altitude and will
make at least one full revolution around the planet durisgninimum lifetime of ten
days. Courtesy of T. Balint, JPL/Univ. Paris-Sud/Univ. @xf
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Figure 9.5: An artist’s impression of the Russian Venera-iBsion. The orbiter is based
on the Phobos-Grunt platform, launched on 8 November 20h&. brown sphere at the
top of the spacecraft is the entry module, containing thedamand descent system (left
panel). The lander has a strong heritage from the Vegal aga\lfanders - the last landers
that reached the surface of Venus. The black and white maethe bottom of the picture
are images of the surface from the Venera-9 and -10 landgig (sanel). Credit: NPO
Lavochkin/IKI.



176 9. FUTURE PROSPECTS

Missions to Venus by other nations

Reports have been made of interest in additional countimed)ding for example
China and India, which are planning or considering missiongenus. At the moment
the authors are not aware of any firm plans and no articles yetvbeen published in
the open literature on such new projects. It may, howevdrai@ too long before also
new players will get seriously interested in studying Vefros orbit or even within the
atmosphere or from the surface.

9.4 Advances in ground based observations

Recent ground based observations, in particular obsensthat have been done
jointly by Venus Express and ground based observers, hawverstinat such observations
have a great value. Especially the high spectral resolutirervations available in mm
wave and, thanks to new heterodyne receivers, also in ther@d range, have shown great
value in determining atmospheric circulation at a globalec These observations com-
plement the space based observations very well. It is eggeloat such observations will
play a role in the future, both as independent observatindsaa joint observations with
new missions to Venus. The advantage of such observationatithey can be performed
over a large portion of the year since they are not necegdianited to the short periods
of Venus maximum elongations from the Sun as are the cor@itobservations in the
visible wavelength range. Also other observations, suchagping of different kinds
of airglow, are important and complementary to the spacedabservations. Improved
spatial resolution, thanks to adaptive optics, indeedadlyds making such observations
increasingly valuable. With future technical progress thilikely to improve further.

9.5 Priorities

For significant progress in wide fields addressing majorc®jike planetary evolu-
tion and general topics like understanding of planetaryesys discussed in chapt@rl
and9.2it is necessary to design and fly missions at a level compatabbne or more
flagship missions, which include landing elements as majonponents. Questions re-
lated to geology, petrology, seismic activity, local metdogy and local surface history
can only be answered fully by landing on the surface of thegtla Even if the prior-
ity of such complex missions are high they may need to stacH ipeorder to allow for
additional technology development to take place. On therdtland, the main questions
in this book are related to atmospheric circulation and GCMsre significant progress
can be made without landing on the surface. Data requiretthi®include measurements
of 3-d wind fields, 3-d temperatures, cloud structure andapicysics, radiation balance,
atmospheric waves and tides, and energy and momentum ar&angis will requires at
least one orbiter, two or more balloons, preferably at déifé altitudes and a number of
drop probes. The orbiter and the balloon will be of major imaoce for the understand-
ing of the dynamics above the clouds, where an orbit thatallwacking the winds and
the clouds for an extended time, like the concept of the se¢mtiosary Akatsuki orbit,
would be very beneficial, while the balloons would circle fhenet inside the cloud layer
at different latitudes, driven by the winds. Present knolgkeon the temperature profiles
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and winds below the clouds is extremely sparse. Drop prdéesched from the balloons
at different latitudes and local times are therefore neetiésl not expected that tempera-
tures and winds at low altitudes will vary to a large extene(eif this is not proven yet).
The number of probes can therefore be limited as long as amabk coverage in local
time and latitude is provided. Flying such a set of platfomasld have the highest pri-
ority for improving the present GCMs, and perhaps aid in ustd@ding why the present
Earth-optimised GCMs have severe limitations when appbedenus, as shown in chap-
ter 7. A mission of this kind could be based on one or two major ca@xjrojects, or
could be made up of several coordinated missions of the $iX\8A Discovery Class
or the ESA Medium Class missions. A trade off study may beireduo evaluate which
strategy would be the most cost effective way to addresstmportant questions. A
serious attempt to solve the questions outlined in this &rap a major undertaking and
international collaboration would be very beneficial, it essential.
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