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Abstract This paper summarizes the understanding of aeronomy ofaieimo-
spheres in the solar system, discussing most planets aasv@iturn’s moon Titan
and comets. The thermal structure and energy balance isavehfhighlighting the
principal reasons for discrepancies amongst the atmosph&icombination of at-
mospheric composition, heliocentric distance and oth&ragl energy sources not
common to all. The composition of atmospheres is discugseerins of vertical
structure, chemistry and evolution. The final section capdynamics in the up-

I. C. F. Mueller-Wodarg
Blackett Laboratory, Imperial College, Prince Consort &daondon SW7 2BW, U.K., e-mail:
i.mueller-wodarg@imperial.ac.uk

D. F. Strobel
Johns Hopkins University, 3400 North Charles Street, Bedte, MD 21218, USA, e-mail: stro-
bel@jhu.edu

J. I. Moses
Lunar and Planetary Institute, 3600 Bay Area Boulevard, dtmu TX 77058, USA, e-mail:
moses@Ipi.usra.edu

J. H. Waite
Southwest Research Institute, 6220 Culebra, San Antonid, 7B228, USA, e-mail:
hwaite @swri.edu

J. Crovisier
LESIA, Observatoire de Paris, 92195 Meudon, France, e:@eljues.Crovisier@obspm.fr

R. V. Yelle
Lunar and Planetary Laboratory, University of Arizona, 3o, AZ 85721, USA, e-mail:
yelle@lpl.arizona.edu

S. W. Bougher
Department of Atmospheric, Oceanic and Space Scienceggeadf Engineering, University of
Michigan, 2455 Hayward Street, Ann Arbor, MI 48109, USA, aimbougher@umich.edu

R. G. Roble
High Altitude Observatory, National Center for AtmospleResearch, P.O. Box 3000, Boulder,
Colorado 80307, USA, e-mail: roble@hao.ucar.edu



2 Mueller-Wodarg et al.

per atmospheres of most planets and highlights the impoetaiwvertical dynamical
coupling as well as magnetospheric forcing in auroral negiovhere present. It is
shown that a first order understanding of neutral atmosghere emerged over the
past decades, thanks to the combined effects of spacencharth-based obser-
vations as well as advances in theoretical modeling capabilKey gaps in our
understanding are highlighted which ultimately call for ammcomprehensive pro-
gramme of observation and laboratory measurements

1 Introduction

All planets, many moons and some of the smaller objects irsthar system are
surrounded by gas envelopes which may in the widest definimreferred to as
atmospheres. However, important distinctions can be matleegen these atmo-
spheres. The first important distinction is that betweemp@ent and transient at-
mospheres; the former are atmospheres bound gravitdtidmalthe solid body,
giving them long lifetimes on the scale of the age of the sbbidy. Permanent at-
mospheres can be formed either from accretion of primondéérial or outgassing
processes and volcanism. Planets Venus, Earth, Mars, &hdtall Gas Giants in-
cluding moons Titan and Triton host atmospheres that aegrezf to as permanent.
In contrast, transient atmospheres are those not sufficieatind gravitationally,
where constituents escape the gravitational field of thie boldy. In these cases the
presence of an atmosphere relies upon an active gas saucheggsoutgassing from
the interior, volcanism or sputtering processes. Typigahgples of transient atmo-
spheres are comets, Jupiter's moon lo and most other modhe isolar system,
planet Mercury and larger asteroids.

In this chapter permanent atmospheres of planets and mesamslleas transient
atmospheres of comets are discussed. The focus will rennaireotral gases only,
which form the principal mass and volume of most atmosphe3esll fractions
of the neutral atmosphere are ionized by solar radiatiorharged particle impact
processes, forming ionospheres. These may affect neasgrgperties as well via
dynamical or chemical or energetic coupling, and some optirecipal ion-neutral
coupling processes are also reviewed in this chapter.

Table 1 compares main properties of permanent atmospmettes $olar system,
such as heliocentric distance, rotation period of the dmidly, principal gas compo-
sition and exospheric temperatures. It is evident fromdkerview that one can in
terms of composition classify the atmospheres into mahriye classes, those domi-
nated by N (Earth, Titan, Triton, Pluto), C&(Venus, Mars) and Hydrogen/Helium
(Jupiter, Saturn, Uranus, Neptune). Of the terrestriahgtis, Venus has the most
substantial atmosphere with a surface pressure of arouma@0and temperature
of 733 K. Differences between the terrestrial planet atrhesgs are considerable,
despite their relative proximity in the solar system, while¢he outer solar system
most planets are Gas Giants with essentially similar atimergs. The temperature
reached asymptotically in the thermosphere, or exosplergdrature (see also sec-
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tion 2), should to a first approximation be largely influenbgdolar EUV radiation
which is absorbed in that region of the atmosphere, and y@é Tlashows no consis-
tent trend of these temperatures with distance from the\&nus, the planet closest
to the Sun, has the lowest exosphere temperature of alltslamieile the Gas Giants
Jupiter and Saturn have exospheric temperatures largeilioae of Mars, Venus
and often Earth, despite their much larger distances frarStin. Understanding
these first order differences between atmospheres in tlhe spétem will be one
of the aims of this chapter. Comparative studies betwedardiit planets give us
a deep understanding of the main physics in planetary atnessp since applying
the same basic physics to different boundary conditiorstddce from Sun, mass
of solid body, composition) produces very different world@he paper will discuss
the thermal structures (Section 2), composition and chiey(iSection 3) as well as
dynamics (Section 4) and highlight open questions to beesdeéd by future stud-
ies (Section 5). Although discussions concentrate on dar sgstem, many of the
basic physics are believed to apply similarly to extrasplanets and understanding
our own solar system forms the basis for understanding stilar systems.

2 Thermal structure and energy balance

2.1 Planets and moons

The thermal structure of a planetary atmosphere is norrdabgribed with nomen-
clature originally introduced to describe the globally maged temperature profile
of the Earth’s atmosphere, using as principal criteriorvéirtical thermal gradient.
The Earth’s lower atmosphere is known as the tropospheeeHige 1). It is charac-
terized by a relatively constant negative temperatureignag--6.5 K km2. This
lapse rate is determined both by an intermediate value afibist adiabatic lapse
rate (which can be as low as -3 K krhup to the dry adiabat of -9.8 K knt) and
the large scale dynamics of the troposphere. At the equlagotap of the tropo-
sphere, known as the tropopause is approximately 17 km abevsurface with a
temperature 0f190 K and it slopes downward towards the poles to an altitdde o
only ~8 km but with a higher temperature210-230 K, depending on season. By
comparison the surface temperature varies from 300 K athater to 250 K at the
poles.

Photochemistry of molecular oxygen leads to the formatf@mzone, whose pho-
tochemistry driven by absorption of solar ultraviolet i@in results in atmospheric
heating and the formation of the stratosphere, which hasiiymtemperature gra-
dient of~2 K km~1. The upper boundary of the stratosphere (called the stai®)
is at 50 km and the 1 mbar level, where the temperature reaatedstive maximum
of ~290 K at the summer pole and?50 K at the winter pole with a global average
of ~270 K. Above the stratosphere is the region known as the mhasos, which is
characterized by a negative temperature gradient-8fK km~1, as a consequence
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of the ozone heating rate decreasing more rapidly withuakithan the Cginfrared
cooling rate and consistent with the observed ratio of ozmmesity to CQ density
declining with height. Collectively, the stratosphere anesosphere are known as
the middle atmosphere.

The upper boundary of the mesosphere is known as the mesopadss typ-
ically at 85-90 km and approximately the bar level. The globally averaged
mesopause temperature~d 85 K, but over the summer pole it dropstd.30 K
and can be a high as 220 K over the winter pole due to a large statidional
circulation, which transports heat to the winter pole witliedatic cooling over the
summer pole and adiabatic heating over the winter pole.uGzions have shown
that the thermal structure and dynamics of the mesosphamotée reproduced
when assuming a radiative equilibrium case (Geller, 1988)awave drag term is
needed. Physically, this represents the momentum degdwitgissipating or break-
ing gravity waves, tides and planetary waves in the atmaspla@d for simplicity
it is often approximated by a linear Rayleigh friction ter8cfhoeberl and Strobel,
1978). More comprehensive models use gravity wave parairatien schemes to
simulate the momentum deposition, as described furthee@ti® 4. Note that this
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tune, Triton and Pluto.
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affects both the dynamics and the thermal structure via @ibreof energy and
adiabatic heating and cooling.

The region above the mesopause is the thermosphere whiblaraaterized by
a very rapid temperature increase~e10-20 K km 1 and asymptotically attains a
constant (isothermal) temperature at high altitudes, contyrcalled the exospheric
temperature and denoted by.TThis temperature can be as low as 600 K during so-
lar minimum activity and as high as 2000 K during solar maximeonditions. In
addition, there is a diurnal variation in exospheric terapge of~30%, which has
a phase-shifted maximum from the subsolar point and miniffram the antisolar
point of ~2-3 hr caused by thermospheric winds. The basic physicseatirmo-
sphere is intense heating by absorption of short wavelesmjtr ultraviolet radi-
ation (<170 nm) in the dissociation and/or ionization of moleculed atoms and
the downward transport of thermal energy by heat conductiento the absence of
infrared active molecules, such as &@apable of radiating thermal energy away lo-
cally. The mesopause is the region where radiative coolimgpewnward conducted
energy becomes most effective, giving it the lowest tentpeea The mesopause
can therefore essentially be regarded as the heat sinkdfdnénmosphere. Thermo-
spheric heating is supplemented by auroral energy depositithe polar regions
(primarily Joule heating and partly particle precipitatieeating) which may exceed
solar heating rates.

Even though the heating and cooling processes in the atracepbf other plan-
ets and satellites may have a different relative balanaéicaktemperature profiles
on all planets show similar features (Fig. 1) and this nortauare originally used
for the Earth’s atmosphere is adopted for their atmosphemdstemperature pro-
files as well. The Earth’s twin planet Venus has a massive &@osphere with
a surface temperature of 733 K at low latitudes and slightymer (737 K) at
higher latitudes with essentially constant surface pmessti92.1 bar (Table 1). It
has a very extended troposphere with a lapse rate of -8.98 K kip to about 35
km and 6 bar, which is close to the adiabatic lapse rate, hbtlestAbove 35 km
where haze layers are present on Venus, the temperatut@dyndeparts from this
lapse rate, indicating heating and this trend continuesth cloud region between
50-70 km (1-0.03 bar), with one exception of a convectivetayithin the clouds
at ~55 km (0.5 bar). At 58 km, where the pressure is 0.3 bar and g¢eatyre is
~270 K, the atmosphere becomes substantially more stabladlogy with the
Earth’s atmosphere, this level is denoted as the tropopnbéhe region above as
the stratosphere, even though the temperature continglestease up to 95 km to
~162-167 K and pressure0.1 mbar. On the dayside the temperature ramps up to
an asymptotic value 0£230-325 K (the range from solar minimum to solar max-
imum activity), whereas on the nightside it decreases 1090 K. Given the slow
rotation of Venus, the dayside-nightside temperaturerashis a subsolar bulge to
antisolar hole. On the dayside the region between 95-16GKmawn as the day-
side thermosphere, whereas on the nightside in effecttatosphere extends up to
the exobase at 160 km, where the pressured® pbar, but the “nightside thermo-
sphere” is called the cryosphere. The dayside model atneosph Fig. 1 is based
on measurements by the Pioneer Venus atmospheric proli#s19e3).
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The other terrestrial C&atmosphere is the thin atmosphere of Mars with surface
pressure of 6 mbar and temperatw214 K, but which varies from 140-270 K. On
Mars the troposphere extends to about 50 km andldY, where occasionally GO
ice clouds are present and the temperatuxelid5 K. Above this level, as for Venus,
the change in atmospheric stability justifies calling tieigion the stratosphere and
the temperature gradually decreases to about 140 K depgeodiiatitude at 100 km
and 40 nbar. This level is the mesopause, as the temperatueases rapidly above
it to an asymptotic value of 180 K during low solar activity as high as 325 K
during solar maximum and when Mars is closest to the Sun. ®itaccentricity of
0.093, the solar flux varies by 45% over the orbit.

The key to understanding the differences in exospheric ¢gatpres on Venus
and Mars appears to lie in the role of radiative cooling. Asvah by Bougher et
al. (1994), 15um emissions from C@largely originate from vibrationally excited
CO, and cause significant cooling in regions of non-local thetymamics equilib-
rium (LTE). Collisions of O atoms with C®molecules cause the main vibrational
excitation of CQ and hence enhance this radiative cooling process, imptjiag
larger values of O/C@ratios favor radiative cooling. Typical values for Venus ar
O/CO, = 7-16%, while on Mars they have, in the absence of direct O oreazents
(see 5.6), been calculated to lie between 2-4%. Despitertbertainty of this ratio
on Mars due to the lack of direct O measurements there, thesahdicate a signif-
icantly lower ratio on Mars than Venus, making £0b um cooling more effective
on Venus than Mars. This finding is supported by the relativedak temperature
changes with solar activity on Venus compared with Mars dsal Barth (Forbes et
al., 2006). On Venus, C£cooling acts as thermostat to solar energy deposition. At
higher solar activity levels, dissociation of@nd CQ becomes more effective, and
hence the abundances of O, leading to more effective vamatiexcitation of CQ
and ultimately more effective cooling, offsetting much béttemperature change
which would result from the larger solar flux. Theoreticdkcdations of the cool-
ing rate rely on knowledge of the GED relaxation rate, which to-date is poorly
constrained, with values from laboratory measurementgimgnfrom 1.2t0.2 to
64+3x10 12 cm’s ! (Pollock et al., 1993; Sharma and Wintersteiner, 1990; 8hve
etal., 1991; Castle et al., 2006), as discussed also by idwtstl. (2008).

The giant planets are mostly,HHe atmospheres with deep tropospheres that
have slightly superadiabatic lapse rates consistent Wwéhoutward convection of
internal heat slowly working its way out from gravitatiorantraction during for-
mation and condensational heating associated with phaseek. Convection ex-
tends up to the cloud tops where the transition to radiatinglirium occurs. The
stratospheres are in radiative equilibrium with solar imggin near-IR CH bands
at 3.3, 2.3, 1.um augmented by solar heating of haze particles in the lowatost
sphere. The radio occultation experiments performed wighVioyager spacecrafts
provide a comparative data set for the pressure regions Irérbars to 1-0.35 mb
(cf. Table 1in Lindal, 1992). All thermospheres are subisadiy warmer than would
be expected on the basis of solar UV and EUV heating, an issyetainresolved
(see Section 5). The Voyager Ultraviolet Spectrometer (J&#ar occultation data
are still the primary data sets for the thermal structurdnefupper atmospheres of
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Saturn, Uranus, and Neptune. For the case of Saturn, thenOdkraviolet Imaging
Spectrograph (UVIS) is carrying out occultation measungsevhich will further
constrain the thermal structure of Saturn’s middle and uppwaosphere.

The best vertical profiles of density, pressure, and tentperdor any giant
planet were obtained from the Galileo Probe’s descent tiirdupiter’'s atmosphere
down to~20 bar (Seiff et al., 1997). The transition from convectiorradiative
equilibrium occurs at approximately 0.7 bar on Jupiterxx{B6 K), which is well
below the tropopause temperature minimum of 110 K at 0.1Urdike the Earth’s
atmosphere, the tropopause on Jupiter is purely deternbipeddiative processes
rather than the transition from tropospheric convectionamiative equilibrium in
the stratosphere. The latter is heated-i50 K by near-IR solar radiation absorbed
by CH, and is fairly isothermal up to gbar. Here the thermosphere begins and the
temperature ramps up to about 940 K due to an unknown heatoganisms. Wave
heating is widely suspected to be important, but the wavesctid in the Galileo
Probe data were not of sufficient amplitude and did not pateehigh enough to ac-
count for the observed temperature (Section 5). Signifiearttunts of Joule heating
are expected to be deposited in the polar regions of Jupitkttze other Gas Gi-
ants. The main problem however turns out to be the meridimedibtribution of
this energy, which is largely inhibited by the fast rotatwfrthe planets and hence
primarily zonal flow in the atmosphere. A recent study by Mdjet al. (2005)
proposed that dynamical heating induced by the low-la¢itadnvergence of the
high-latitude-driven thermospheric circulation wouldpdsit thermal energy in the
equatorial thermosphere of Jupiter via adiabatic heatatiger than direct merid-
ional energy transport by winds. In a separate study by Setital. (2007) the
opposite was found, whereby the equatorial thermospheredked as a result of
energy and momentum deposition in the auroral zones dueléavard lower ther-
mosphere winds which close the circulation cell initiatgdhe equatorward flow at
higher altitudes and transports energy poleward. While 8tedy was for Saturn,
the situation would largely be the same for Jupiter.

For Saturn, so far there are no publications of radio or smlaultation data taken
by the Cassini spacecraft to compare with the equivalenayey data. Thus the
data in Fig. 1 are from Voyager data sets. The basic struatimmecs the structure
of Jupiter's atmosphere from 5 bar up tubar with a 20-30 K offset to lower tem-
peratures. However the Saturnian thermosphere is coasigyearolder than Jupiter’s
for reasons not entirely understood. The ice giants Urands\septune have com-
parable temperatures in their tropospheres and loweosphaéres up to 10 mbar.
Above 10 mbar, Neptune'’s stratosphere increases much faateon Uranus, prob-
ably associated with the higher abundance of ©H Neptune, as the Voyager UVS
detected the Raman-scattered Lyntaline at 127 nm in the Uranian airglow, which
places severe limits on the stratospheric,Githundance (Yelle et al., 1987). The
thermal structure of Neptune’s thermosphere in Fig. 1 isthas unpublished anal-
yses by the Voyager UVS team, whereas the thermal strucfuhe d&Jranian ther-
mosphere is based on the analysis of Stevens et al. (1993).

Titan’s thermal structure has been measured most exténsyethe Cassini-
Huygens Mission from multiple data sets. The Voyager Misgiadio and solar
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occultations have now been complemented by the equival€ifs theasurements
by the Cassini spacecraft, although the data have yet to lbesped. The most re-
markable data is from the Huygens Atmospheric Science tigag®on (HASI) by
the Huygens Probe which yielded the density, pressure,engdrature structure
from 1270 km down to the surface (Fulchignoni et al., 200%)e Temote sensing
data acquired by the Cassini Composite Infrared Spect@m(€tRS) instrument
provides a global distribution of temperature over a pressange of 10 mbar to
1 pbar. At the Probe entry latitude CIRS data is not in agreemithtthe Huygen
ASI data as to the location and temperature of the strat@patusquatorial latitudes
(Achterberg et al., 2008). Titan’s stratosphere resutimfmtense solar heating of
its optically thick photochemical haze. Cooling of the uppmosphere is domi-
nated at high altitudes by rotational line cooling by HCNI{&g1991). The topside
thermosphere has a negative temperature gradient agsbwitth adiabatic cooling
from Titan’s hydrodynamically expanding atmosphere ($¢4p2008a).

The other N atmospheres in the solar system with observational datarare
ton and Pluto. For Triton the thermal structure has beemasisel from the stellar
occultation measurements reported in Elliot et al. (2000jnfthe surface up to
about 100 km and then above from Voyager UVS solar occuttatata and anal-
ysis (cf. Strobel and Summers, 1995). For Pluto, the lowmioaphere is based on
stellar occultations (cf. Elliot et al. 2007) augmented igtler altitudes by theo-
retical modeling reported in Strobel et al. (1996) and SttdB008b). The higher
temperatures in the lower atmosphere of Pluto are due tddrenbstat capability
of CHy4, whereby the near-IR 3.8m band absorbs solar radiation and the 76
band radiates heat away and maintains an equilibrium teatyrer~100 K (Yelle
and Lunine, 1999). The former is augmented by heating in tBeuth band and
the latter by local thermal equilibrium (LTE) CO rotatioriale cooling. Thermal
heat conduction delivers heat to the cold surface gengratiteep temperature gra-
dient for pressures greater thapbar. Elliot et al. (2000) found that Ct+heating
played a non-negligible role in Triton’s lower atmosphdret the radiative equi-
librium temperature is only50 K and not as well understood as that of Pluto. At
higher altitudes, solar EUV and UV heating of Bnd CH,, respectively, and ther-
mal heat conduction are important for Pluto’s thermosphetereas in Triton’s
thermosphere magnetospheric electron precipitationadsdor about 2/3 the total
power input.

2.2 Comets

The thermodynamics of cometary atmospheres is quite diftdfrom that of the
permanent atmospheres of planets due to their expansiotoandrsion between a
collisional regime in the inner coma to a supersonic freesmalar flow in the outer
coma. As aresult of the large size of the atmosphere compatkd nucleus, plane-
parallel models cannot apply. A spherical geometry with asttg proportional to
1/r? (r being the distance from the centre of mass) may be adaptefirst approach.
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Although the individual processes involved in the thermuatyics of the coma are
well understood, their coupling with chemistry, molecuacitation and radiative

trapping render their modelling difficult. Indeed, the cdetipn of a comprehensive
model including all relevant processes for a realistic dpson of the cometary

environment is a formidable project which is far from beinfpi@ved at the present
time. A recent review of this topic was given by Combi et aD{3).

Besides rare in situ observations, information on the esipanvelocity of
cometary atmospheres comes from the analysis of specteatliapes, especially
of rotational lines which can be observed at high spectsditgion at radio wave-
lengths. Information on the temperature comes, for théstofial region of the inner
coma where LTE prevails, from the simultaneous observaifaeveral rotational
lines, or from the rotational structure of vibrational oe@&fronic bands. However,
the velocities and temperatures which are retrieved by tesensing are averaged
over the instrumental field of view and along the line of sigie do not have direct
access to their profiles as a function of distance from théegc Typical velocities
are in the range 0.5-2.0 km'} and temperatures in the range 10-150 K. Velocities
and temperatures are both observed to increase when tloeddlic distancenr
decreases and the total gas production of the comet inar¢Baeer et al., 2002;
Tseng et al., 2007).

Heating in a cometary atmosphere occurs from photolysisaéaules. When
a molecule is photodissociated, part of the excess enetggrisferred to the frag-
ments. Heating subsequently occurs through thermalishtiacollisions of the fast
fragments. The process is dominated by water photolysisvi€ier, 1989), with a
heating rate of 3.810-23W per H,O molecule at 1 AU from the Sun. The contribu-
tion of other species is much smaller, in part because of geall abundances and
partly because their photolytic rates are smaller. Hedtjngther exothermic chem-
ical reactions is also negligible. Heating is effectiveyoiflthe fragments can be
thermalized. Water photodissociates mainly into H and Oétaise of momentum
conservation, most (84%) of the translational energy isstngitted to fast hydrogen
atoms. Thermalization occurs principally through codiiss with water molecules,
but because of the large difference in mass of H ap@ tbnly a small fraction of
the energy is exchanged at each collision. Many collisioestlaus necessary for
total thermalization (more than 20 collisions are needed f@0% thermalization).
The thermalization efficiency may be evaluated by Monte &sirhulations.

Cooling occurs through emissions of molecular lines. Duth&low tempera-
ture of the coma, only rotational lines can be excited byigiolhs and contribute
to cooling. Here again water plays the major role, and enissof water rotational
lines are the most efficient mechanism. Water radiativeingaian be accurately
computed in the optically thin case for LTE conditions fromQHspectroscopic
data. Typical cooling rates are 1¥W per H,O molecule at 20 K, 410-22W at
100 K. The problem is that, for high densities, optical degfflcts are critical for
water lines and seriously limit the efficiency of radiativaoting (the fundamen-
tal 1;0 — 197 rotational line of water at 555 GHz is thick within 7000 km finche
nucleus even for a moderately active comet vt ,0] =10°® s71). A full theo-
retical treatment of the problem would require knowledgeroks-sections for col-
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lisions which are still largely unknown for water and setfsistent evaluation of
water excitation, optical depth effects and thermodynamifthe coma atmosphere
(Bockelée-Morvan and Crovisier, 1987).

Initial conditions are determined by sublimation at thelaus surface. Exposed
water ice, when freely sublimating under solar insolatibr,a<1 AU, is expected
to equilibrate at a temperature near 180 K. Indeed, anatfsibe Deep Impact
mission results revealed the presence of exposed watenitteeucleus of comet
9P/Tempel 1, but with a very small surface which can in no wayla@ixgthe subli-
mation rate of water observed in this comet (Sunshine e2@06). If sublimation
occurs below the nucleus surface, it is likely that the @hitionditions are affected
by percolation of water vapour through the surface porousti®maThe initial ve-
locity at the surface is about 0.3 km’s rapidly increasing to become supersonic at
0.5-0.8kms?.

For a small comet such as 67P/Churyumov-Gerasimenko (tigettaf the
Rosetta mission), which has a diameter of 4 km and a gas ptiodu@ate of
10?8 s71 at 1 AU from the Sun, the gas density close to the nucleus iifa
~ 7 x 10" cm™3, and the pressure is1.7x10710 bar. Cooling and heating are
slow processes, so that close to nucleus, the coma undeagaamost adiabatic
expansion. The result is that the temperature first dropslyaas the coma is ex-
panding. Indeed, temperatures as low~d$) K have been observed in some cases
(small comets; comets far from the Sun).

In the inner, collisional coma, purely hydrodynamical treent of the atmo-
sphere is possible. The thermal and velocity profiles résuth the balance of the
heating and cooling processes. Heating (favoured by owik$ prevails over cool-
ing (inhibited by optical trapping) and the temperature@ases with the distance
to the nucleus, as shown in Figure 2. Indeed, temperaturksgesas 100-150 K
have been observed for comet Hale-Bopp. Outside the ariksregion, the outflow
regime evolves to a free molecular flow. The large transiioagion - which is out
of equilibrium - is difficult to model. Monte Carlo simulatis are usually employed
(Hodges, 1990). The size of the collisional coma dependb®gas production rate
of the comet, being typically200 km for a small comet such as 67P/Churyumov-
Gerasimenko wittQ[H,0] = 10?8 s~ and~200 000 km for a giant comet such as
Hale-Bopp withQ[H,0] = 10°1 s~ 1.

Current models reproduce well, at least qualitativelydhserved expansion ve-
locity and temperature, and their evolution with heliocendistance and gas pro-
duction rate. Comprehensive models have to consider ttterawith dust and, on
a larger scale, interaction with the solar wind (Ma et alQ&0

Water sublimation is inhibited far from the Sun (at typigafieliocentric dis-
tances f > 4 AU), where cometary activity is rather dominated by CO suéat
tion. The transition between CO-driven and®driven activity was observed in
comet Hale-Bopp for which the gas production was monitonedour, = 14 AU
(Biver et al., 2002). CO is the only parent molecule obseme¥P/Schwassmann-
Wachmann 1 (Senay and Jewitt, 1994), a permanently activetda a nearly circu-
lar orbit at 5.8 AU. Modelling of a CO-dominated comet is dissed by Ip (1983).
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Real comets do not have spherical symmetry, as is obviousrnost images of

comets. This is because cometary nuclei are not spherida@rhomogeneous, and

because cometary activity and aeronomic processes aendiwthe Sun. Axisym-

metric, or even 3-D models, are needed. The modelling ofritezface between the

nucleus and the coma is complex, as it involves the nucleaagt@aphy, its rotation
and thermal inertia, as well as its long-term thermal his{@rifo et al., 2005).

Fig. 2 Kinetic temperature
and expansion velocity of a
cometary atmosphere as a
function of distance to nu-
cleus, for various heliocentric
distances, from a 1-D spher-
ical hybrid kinetic/dusty-
gas hydrodynamical model
(from Combi et al. 1999).
The model is applied here
to comet C/1995 O1 (Hale-
Bopp), with water production
rates varying from % 10%°
stat3AUto 8100 ! at

1 AU. Other examples may be
seen in Combi et al. (2005).
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3 Composition and Chemistry

3.1 Vertical structure

Table 1 lists the main gases found in planetary atmosphem@srisolar system. As
previously mentioned, one may hence subdivide the planets@ons into families
of those with N atmospheres, COatmospheres andjfHe atmospheres. One may
vertically subdivide each atmosphere into two main regi¢ims homosphere and
heterosphere. In the homosphere gases are mixed by turllifieision and their
abundances controlled by chemistry, while in the heterespthe mean free path
between gas molecules becomes sufficiently large for mtaediffusion to domi-
nate the vertical gas distribution. In the heterospheregytend to adopt a vertical
distribution according to their individual scale heightsis separating from one
another. Heavy gases in the heterosphere accumulate at adtitedes, while the
lighter gases become dominant at higher altitudes. Themegiparating the hetero-
sphere and homosphere is referred to as the homopause.rivéditally speaking
the homopause is the altitude/pressure where the eddy aleduner diffusion co-
efficients are equal, however this criterium has to be tobafth caution since other
dynamical effects not necessarily captured by the eddysidh coefficient (such as
global scale dynamics and atmospheric escape) furtheemdkithe vertical distri-
bution of gases and thereby the homopause location. Thedwange may rather be
regarded as a transition region (as opposed to a specifiedafpressure) in which
the vertical distribution of a given gas changes from beiagcdibed by the over-
all atmospheric scale height to being described by its idd& scale height. Since
the mixing ratios of heavy constituents begin to decreagafgtantly near the ho-
mopause, the chemistry in the heterosphere becomes craatdisimpler than at
lower altitudes.

The homopause usually lies within the lower thermosphehi;twenergetically
is a natural consequence. Heavy molecules and those effficiediatively cooling
the atmosphere for reasons outlined above tend to decreaséing ratio sig-
nificantly near the homopause or below, so above the homepghasatmospheric
temperatures tend to rapidly increase with altitude, ardisfeature of the lower
thermosphere region. On Earth the average homopausedsltygocated near 105
km altitude (100 nbar) and principal gases above that regierO, N and G. On
Mars the homopause lies near 125 km (1 nbar), on Venus neakrhi3a0 nbar),
on both planets principal gases above the homopause bei@@9and N.. The
CH4 homopause on Jupiter is located near theub@r and on Saturn neariibar
level, above which the dominant gases are H,add He. Recent observations of
Titan's upper atmosphere by the Cassini lon Neutral Masst8paeter (INMS)
have placed the CHhomopause there near 850 km (1.6 nbar) (Yelle et al., 2008),
above which the dominant gases are,CN, and H.

While molecular diffusion is dominant above the homopatisrmospheric dy-
namics may play a key role in redistributing gases. As fireppsed for Earth by
Duncan (1969) and later calculated amongst other by Rikteet Mueller-Wodarg
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(1999), vertical winds in particular affect the distrilari of gases, enhancing the
abundances of heavier constituents in regions of upwedlitdylighter constituents
in regions of downwelling, a process also sometimes radewes "wind-induced
diffusion”. The effects of this are particularly strong imetEarth’s auroral regions
where local Joule and particle precipitation heating gateeregions of strong up-
welling and downwelling, reducing and increasing the @vatios locally (Rishbeth
and Mueller-Wodarg, 1999). This principle is also respbiesior many of the up-
per atmospheric changes observed during geomagneticsstaranchanges in the
O/Nj ratio, which in turn, via recombination processes, costiohospheric elec-
tron densities. On Venus the nightside hydrogen bulge fivseoved by the Pioneer
Venus spacecraft (Brinton et al., 1980) is believed to beediy the downwelling
as well. The vertical wind redistribution of constituergshielieved to act equally
on Jupiter (Bougher et al., 2005), Saturn (Mueller-Wodargl.e 2006a) and Titan
(Mueller-Wodarg et al., 2003), although for these atmosphiebservations yet have
to unambiguously confirm the process happening.

3.2 Composition and evolution

The atmospheric composition of a planet or satellite ogtgs from two primary
sources, outgassing of volatiles trapped in the icy grantBa planetesimals that
formed the primary body, and material accumulated via aicecrer impact of small
bodies during or after the differentiation of the primarydgoSuch a case is quan-
titatively developed for the evolution of Earth’s atmosphéy Dauphus (2003),
who invokes fractionated nebular gases and accreted cometiatiles. The frac-
tionation stage resulted in a high Xe/Kr ratio, with xenoimigemore isotopically
fractionated than krypton. Comet-delivered volatilesingdow Xe/Kr ratios and
solar isotopic composition. The resulting atmosphere hadaa solar Xe/Kr ratio,
almost unfractionated krypton delivered by comets, andtifstaated xenon inher-
ited from the fractionation episode. Similar argumentstoamade for Mars based
on the noble gas abundances and their isotopic ratios asuneeasy Viking and
from ground based analysis of SNC meteorites (Owen et &2;1Bogard et al.,
2001). Venus on the other hand shows a distinct differehesabundances of neon
and argon per gram of planet are excessively high (Owen ,et@82). This must
be considered in the context that the Venusian noble gastomeis less sampled
given the lack of a SNC analog. However, for the most part ttdengas invento-
ries of the terrestrial planets (Venus, Earth, and Marsicaté a similar origin and
evolution.

The gas giants have two distinct evolutionary differenédthough they started
from similar planetesimal fragments, once they reachediaalrsize they began to
gravitationally accrete protosolar nebular gases (H, He Ne) in copius quantities.
Furthermore, their distance from the protosun resulte@mliardment by a contin-
uous stream of icy grains whose formation temperatures belmv 50 K (Atreya
et al., 1999; Owen, 2007). The primary evidence for a sigaificontribution of
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heavy elements in the form of icy grains comes from the suplar gatios (4:2) of
argon, krypton, and xenon as well as carbon and sulfur bg&otatiles measured
by the Galileo probe in its descent through the Jovian atimas) thus the name
Solar Composition Icy Planetesimals (SCIPs) (Owen, 2007).

Owen (2007) argues that the abundances of nitrogen and rcambolanetary
atmospheres show a similar trend throughout the solarrsy&l8-20 times solar)
largely due to the fact that the carbon is easily converteal riefractory materials
via solar extreme ultraviolet / energetic particle induckdmistry in the interstellar
medium, whereas the primary carrier of nitrogen is the lyigblatile N, molecule
requiring cold temperatures for retention on silicatefnah surfaces. This is most
directly illustrated at Venus where the carbon and nitrogeatile inventory appears
to still be present in the atmosphere today. Earth’s nitnedeminated atmosphere
is largely attributed to the creation and burial of carbesa& process mediated by
the liquid water in the oceans (apparently absent at Veiis3.C/N ratio also im-
plies that for Mars with a C@dominated atmosphere there cannot be large deposits
of carbonates or the atmosphere would be predominantlygetr - the exception
would be if significant burial of nitrogen bearing mineratsars as well. The domi-
nation of N in Titan’s atmosphere again suggest the loss of copius tiesrdf car-
bon via methane escape (Strobel, 2008a) and/or the coomerktarbon to heavy
refractory compounds that are sequestered on Titan'scau(farenz, 2008), based
on radar observations of surficial features (methane sehsrganic dunes). How-
ever, both nitrogen in the form of a water-ammonia ocean aathame bound in
clathrates may be significant sources of carbon and nitrggeaccounted for. This
is backed up by the amount$¥Ar in the atmosphere (mixing ratio2+0.1 x 10~°)
equivalent to~2% outgassing of the interior (Niemann et al., 2004; Waitalet
2005).

Water is the primary form in which oxygen (and substantiabants of hydro-
gen) is found throughout the solar system, although thesdatpat it exists as vapor
is highly dependent on the planet and the temperature ofdtig Menus’ high D/H
ratio in both water and molecular hydrogen gas found in thaphere as well as its
proximity to the sun are primary arguments for the escapeuwsfmof Venus’ water
to space over geological time (Donahue 1999). Earth’s watargely sequestered
in its oceans. Mars’ small size and weak gravitational nigdof its atmosphere
have been used to argue for significant loss of H, C, N, and (pdcesover geo-
logical time (Owen et al., 1992). However, the discoverynafreasing quantities of
sub-surface water at high latitudes leaves the question apéo how much water
has been lost and how much retained in the interior and thee paps.

The abundance of water in the outer solar system is a quesitgignificant im-
portance. The Galileo entry probe did not measure a suparablindance of water
as it did for carbon and sulfur. However, at the highest pressmeasured the water
mixing ratio was still rising. This as well as similar altite dependent variations
for sulfur and carbon bearing volatiles has led theoristsastulate that the probe
landed in a 5 micron hotspot with a significant downdraft tedtto an anomalous
altitude distribution of volatiles and that future measneasts must sample below
this level to determine the water content of Jupiter (Atreyal., 1999). This is a key



Neutral Atmospheres 15

factor for determining whether the SCIP delivery of heawgne¢nts (water should
be 442 times solar) is correct or whether the heavy elements walieeded in the
form of clathrates (water should bel0 times solar).

In addition to Ny, CO; (inner solar system), CH(outer solar system) and,©@
(see Table 1), each of the planets and satellites have thairuoique sources of
minor volatile compounds that provide important clues te themical evolution
of the atmosphere. Venus’ clouds contain a host of acidicpmamds (HCI, HF,
H,SO,) as well as OCS, SO, SOand CO all presumably derived from late volcanic
outgassing in an environment where there is no ocean toatgtitpe chemistry (see
Table 1 of de Bergh et al., 2006). Viking found both &d CO in the atmosphere
of Mars (Owen et al., 1977) - photochemical products ob@Botolysis. However,
more recently Cli has been tentatively detected at the tens of parts perrbidicel
(Formisano et al., 2004, Krasnopolsky et al., 2004; Krasigky, 2007) suggesting
either an internal geological process such as serpeniirizar perhaps evidence for
life in the interior, but the detection is as yet still conteosial. Earth has a host of
minor hydrocarbon volatiles that are byproducts of biolagg many of which are
human-induced pollutants largely due to our every increpappetite for energy.

Jupiter’'s and Saturn’s atmospheres contain the condemngalaitiles NH, H,S,
as well as HO and their by products (i.e., Nj3H). These gas giant atmospheres
also contain a plethora of minor hydrocarbons derived frary @icluding CH,
CoHa, CoHy, CoHg, C3Hy, C3Hg, C4H», and GHg (see Table 1 of Atreya et al.,
2002). The induced hydrocarbon complexity is especiakyalent at high-latitudes
where energetic particle precipitation from the powerflahgtary aurorae leads to
the formation of polycyclic aromatic hydrocarbons (PAHAPNg et al., 2000). This
hydrocarbon complexity is also exemplified in the atmosploéiTitan where GHo,
CoH4, CoHg, C3H4, C3Hg, C4H2, CsHg, and GN, have been observed (see Table 1
of Waite et al., 2005 and Table 1 of Waite et al., 2007). In fhetrelative lack of
hydrogen (for recombination with the photochemical indraCHs to reform CH)
as compared to Jupiter and Saturn, combined with the existehN, and suffi-
cient sources of free energy from solar extreme ultraviatet energetic particle
precipitation provide a unique environment at 1000 km aliatan’s surface for the
initiation of ion neutral chemistry that reaches compiesitof over 10,000 atomic
mass units (Waite et al., 2007) and contains a host of nitel@mpounds (HCN,
HC3N, C;H3CN, CH,NH, CH3CN, GHs5CN, CH3C3N, HCsN, CsHsN, CH3CsN,
and GH>N) (Vuitton et al., 2007) as well as the hydrocarbons citedvab This
chemistry appears to have similar character and compléxiprocesses in inter-
stellar clouds apart from the substitution of predominanttrogen bearing com-
pounds for the oxygenated hydrocarbons of interstellanddo The large negative
ions formed via this process are postulated as the precofdtie organic haze
found throughout Titan’s atmosphere.

In summary, the noble gases and their isotopic ratios aredbieway to compare
the origin and evolution of the volatiles that make up an aphere. The predom-
inant form of carbon is C@for the inner planets and GHat the outer planets.
Oxygen and hydrogen in the form of water is found at all thenpta and satellites.
However, the uncertainty of the water content of the outarssystem planets is a
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major open issue in our understanding of planetary formablitrogen is primarily

in the form of Ny in the inner solar system and Nhh the outer solar system with
the exception of Titan, which has a thick Btmosphere. Minor species are involved
in cloud and haze formation and can tell us much about the icla¢evolution of
the atmosphere.

3.3 Atmospheric chemistry

The middle and upper atmospheres of planets in our solagrsyate cold enough
that thermochemical equilibrium tends to play a negligible in controlling atmo-
spheric composition. Instead, aeronomy in these regiodsrsinated by disequi-
librium photochemistry and chemical kinetics. Atmospbeatiemistry is initiated
when atoms or molecules absorb solar ultraviolet photod&amvhen they interact
with charged particles from the solar wind or planetary negspheres; that chem-
istry can in turn affect many properties of the atmospheog.@xample, catalytic
chemical cycles can allow trace photochemical constitugmiprofoundly affect
the composition and properties of the bulk atmosphere, aaahith odd-hydrogen
chemistry maintaining carbon dioxide on Mars or chlorinerofistry influencing
the composition of the middle atmospheres of Venus and thth EBrace photo-
chemical constituents can also profoundly affect radedbiglance and energy trans-
port in an atmosphere, which in turn can affect atmosphagemal structure and
dynamics, such as with hydrocarbon photochemical prodiaigrolling radiative
transport on the giant planets and Titan. Understandinguhetitative details of the
chemical production and loss of minor species in a planet@mpsphere is therefore
important for fully understanding the behavior of plangtamospheres.

3.3.1 Terrestrial planets

The chemistry of the middle and upper atmosphere of the Esatidlo broad a subject
to be effectively covered in this short review. Seinfeld &ahdis (2006), Brasseur
and Solomon (2005), Wayne (2000), Finlayson-Pitts and P20®00), and Brasseur
et al. (1999) provide good general reviews of the subject.

Photochemistry on Mars is not completely understood. Mdrthe basic pro-
cesses have been worked out, but current photochemicallsnoalee difficulty si-
multaneously reproducing the observed abundances,d®0, H,0,, O3z, H,O and
H», indicating shortcomings with the models (e.g., Nair et1®94, Atreya and
Gu 1994, Krasnopolsky 1995). Global-average one-dimaas$id-D) models have
now been augmented by time-variable 1-D models (e.g., @lamc Nair 1996,
Garcia Mufioz et al. 2005, Krasnopolsky 2006a, Zhu and Y¥¥ Rand by multi-
dimensional photochemistry-transport models (e.g., MMoret al. 1991, Lefévre et
al. 2004, Moudden and McConnell 2007, Moudden 2007), whachletter explain
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some of the seasonal, diurnal, and spatial variability ofcespheric constituents,
but some puzzles still remain.

The Martian atmosphere is composed predominantly of, @®ich can be pho-
tolyzed by solar ultraviolet photons to produce CO and O.rEeembination of CO
and O is spin forbidden and very slow. The oxygen atoms wslidad combine with
other oxygen atoms to formfOLarge amounts of CO and,(Gn a 2:1 ratio would
be expected to form in a pure G@tmosphere. The Martian atmosphere is not pure
COg, however, and McElroy and Donahue (1972) and Parkinson amder (1972)
first pointed out the fundamental importance of catalyticley involving the so-
called “odd hydrogen” HQspecies (e.g., H, OH, H, which together with HO»
help recycle the C®and reduce the CO and,@bundances (and the CQ/@atio)
on Mars. Water photolysis, along with the reaction ef0Hwith O(*D) from CO,,
Oz, and QG photolysis, provides the source of the KH€pecies. One important HO
catalytic cycle is

H+O,+M — HO; + M
O+ HO; — O, +OH
CO+OH — CO; +H

Net: CO+ 0O — COp,

but others involving @, H,O,, and perhaps odd-nitrogen (NONO, NO;)
species operate as well (e.g., Krasnopolsky 1986, Yung aidpe 1999). The
HO catalytic cycles are so effective at removing CO that photogical modelers
(e.g., Nair et al. 1994, Atreya and Gu 1994, Krasnopolsky62)Bave resorted to
invoking heterogeneous reactions on aerosol surfacesamigels in measured reac-
tion rate coefficients as a means of reducingdtd®undances in order to reproduce
the observed CO abundance on Mars. Note that no measureafedtglensities
have to-date been published for Mars.

HOy chemistry also strongly affects the abundance of many atmospheric
species, including § H>0,, and K. The photochemistry of ozone on Mars is dis-
cussed by Lefévre et al. 2004 and references therein. Osgm@duced through
three-body recombination of O withQand is lost through reactions with HO
species. Because H@pecies are derived from water photochemistry, an anticor-
relation between @and HO abundances is expected (e.g., Clancy and Nair 1996),
although the actual §$H,0 relationship becomes more complicated than this sim-
ple picture when full seasonal, meridional, and verticalataons are taken into ac-
count (e.g., Lefevre et al. 2004, 2007; Krasnopolsky 20dBayglow observations
from thealAg — X3Z§ electronic transition of @have also been used as a proxy
to track ozone abundances, ang(&4g) chemistry is usually included in photo-
chemical models (e.g., Garcia Mufioz 2005, Krasnopol8k$2). The chemistry of
H,0,, which is observed to vary with location and season on Matg,(Encrenaz
et al. 2004), has been extensively studied. Hydrogen pa&easi produced mainly
through reaction of Hwith HO, and is lost through photolysis. BecausgQd
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is derived from HQ chemistry, the abundances of® and HO, are expected to

be correlated to some extent (e.g., Krasnopolsky 2006adilkeni 2007), although

again complications with this correlation are present isesbations and models.
HOy species and Oz(alAg), and HO, are all short-lived enough that diurnal
variations in abundances are expected.

Molecular hydrogen, on the other hand, is long-lived on M#vater dissocia-
tion provides a source of atomic H, and reaction of H with,HBoduces H. The
long-lived H, molecules can then diffuse into the upper atmosphere whaneac-
tions convert H back into H, and the H can escape. Hydrogen chemistry on Idars i
a classic example of chemical coupling between the uppetaavetr atmospheres,
and the bulk Martian atmospheric composition cannot be rstoled without ex-
amining the behavior of the entire atmosphere, from theaserto the exobase.
Hydrogen escape over time could potentially affect the atiah state of the Mar-
tian atmosphere; however, nonthermal escape mechanismsyfgen also exist (as
well as potential surface sinks of reactive oxygen), andthgian atmosphere may
be self-regulating in the sense that a steady-state losgdiydrogen atoms for ev-
ery one oxygen atom is maintained (see Yung and DeMore 199Qrtther details),
although this has to-date not yet been proven to be the caskam

The recent tentative detection of gbin Mars (Formisano et al. 2004, Krasnopol-
sky et al. 2004, Krasnopolsky, 2007) has sparked much sitdree to potential as-
trobiological implications and due to a puzzling observadability with time and
location, but much uncertainty still surrounds this deétectMethane is expected
to have a relatively long~4300-700 year) photochemical lifetime on Mars (Wong
et al. 2003, Krasnopolsky et al. 2004) — short-term tempanal spatial variabil-
ity is therefore unexpected, and a significant source must &xreplace loss by
photolysis and reaction with OH, O, andD). Although it is possible that some
hitherto unidentified photochemical production mechanisay exist in the Mar-
tian atmosphere (Bar-Nun and Dimitrov 2006) or that the rme¢his derived from
meteoroid impacts, it is more likely that the methane derifrem crustal or in-
terior sources (e.g., fluid-rock interactions, volcanisnethane clathrate hydrates,
methanogenic bacteria; e.g., Max and Clifford 2000, Krasieky et al. 2004, Oze
and Sharma 2005, Lyons et al. 2005, Krasnopolsky 2006byAgeal. 2007). The
observed temporal variability suggests that local surfaceces and sinks could be
operating.

Venus, with its massive COatmosphere, shares some similarity in atmospheric
chemistry with Mars, but the catalytic removal of CO angtO recycle the C@
atmosphere is apparently considerably more efficient ou¥éman on Mars. Early
photochemical models (e.g., Winick and Stewart 1980, Yumd) ReMore 1982,
Krasnopolsky and Parshev 1983) overpredicted theaundance and underpre-
dicted the efficiency of C@®recycling. Aside from the HQcatalytic cycles de-
scribed for Mars, chlorine catalytic cycles, such as thivahg, likely operate to
stabilize CQ on Venus:

Cl+CO+M — CICO+ M
CICO+ O, + M — CIC(0)O, + M
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CIC(0)O; + O —» CO, + O, + Cl
Net: CO+ O — COy,

where the chlorine atoms are derived from HCI. The chloriya&es are expected
to have much more influence than the H&ycles on Venus. The above cycle, first
proposed by Yung and DeMore (1982), is used in more recertbphemical mod-
els, along with oxidation of CO on cloud patrticles, to helplein the efficiency of
CO;, recycling on Venus (e.g., Pernice et al. 2004, Mills et ab@Mills and Allen
2007), but significant uncertainties remain in the detdithe CO, cycle on Venus.
Slanger et al. (2006) have proposed that reaction betwesteex0(c1>; ,v=0)
and CO may help explain both the @&tability and an observed variability of 557.7
nm oxygen green line emission and 1.2 O,(c — X) emission on Venus.

Thermochemical equilibrium and high-temperature kinpticcesses prevail in
the lowest regions below the cloud decks on Venus (e.g. o@asky 2007). Near
~60 km (i.e., the upper cloud region), @ oxidized through photochemical pro-
cesses to form B0y, which condenses and falls to lower altitudes, where it-ther
mally decomposes to produce $@nd HO. This sulfur oxidation cycle may be
influenced by coupled CO and $®@xidation, whose net result is CO + $@
O, + H, O — CO, + HSO4 (e.g., Yung and DeMore 1982, 1999). An up-to-
date discussion of the unknown cloud constituent that dissatr blue wavelengths
is provided by Krasnopolsky (2006c). The chemistry of suifuthe Venus atmo-
sphere is rich and complex, and other interesting sulfulesybesides S@oxida-
tion may exist, including coupled chlorine and sulfur chstnyi (e.g., DeMore et
al. 1985, Mills 1998, Mills and Allen 2007) and elementalfsul“polysulfur”) cy-
cles (e.g., Krasnopolsky and Pollack 1994, Mills 1998, Yang DeMore 1999).
Nitrogen chemistry on Venus has also been examined, andcdN@mistry has the
potential to affect the major photochemical products (&igng and DeMore 1999).
Atmospheric dynamics likely affects photochemical preesson Venus, but multi-
dimensional coupled chemical-dynamical models of the tosred middle atmo-
sphere of Venus have yet to be developed.

The neutral upper atmosphere of Venus is affected by iorevgplthemistry,
solar-cycle variations, dynamics, and escape. Nonthesstape processes such as
charge exchange, sputtering, solar-wind pick up, detaplaetna clouds, and colli-
sional ejection (via hot-atom production during photochereactions) dominate
over thermal escape (see Lammer et al. 2006). The review hyZa04) discusses
recent advances related to the aeronomy of the Venusiamdisphere (see also the
older reviews of Fox and Bougher 1991, Fox and Sung 2001).

Although our understanding of atmospheric chemistry onugelnas advanced
greatly in the past three decades, numerous outstandistjojperemain (e.g., Mills
and Allen 2007, Krasnopolsky 2006c). Venus Express datahepefully provide
new key measurements on the three-dimensional distribati@tmospheric con-
stituents, maps of airglow emission, temperature retldevand wind derivations
that will improve our understanding of chemical and phylgizacesses in Venus’
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atmosphere. First measurements by the Spectroscopy festlgation of Charac-
teristics of the Atmosphere of Venus (SPICAV) instrumentrohor mesospheric
constituents and an unexpected warm layer near 100 km onghtside have been
reported by Bertaux et al. (2007). Mesospheric emissiorteaninfrared by CQ
(non-LTE at 4.3um on the dayside) and1.27 um on the nightside) have been
observed by the Venus Express Visible and Infrared Thermaging Spectrometer
(VIRTIS) (Drossart et al., 2007). These data, combined witith-needed labora-
tory experiments, theoretical models, and continued Haaded observations will
provide vital clues for deciphering the remaining questioegarding the intricate
chemical coupling mechanisms in the Venus atmosphere.

3.3.2 Giant planets

The hydrogen-dominated giant planets Jupiter, Saturmuu,aand Neptune share
many similarities in upper-atmospheric chemistry, altjiosome notable differ-
ences exist. Temperatures are low enough on the giant pl#retmajor equilib-
rium volatiles like HO, NHz, and BS will condense in the tropospheres of all the
giant planets, and even GHhill condense on Uranus and Neptune. Methane, the
most volatile of all these major hydrides, can survive pastttopopause cold trap
and be transported to the upper stratosphere or mesosplteres it will interact
with solar and stellar ultraviolet radiation and be phossdciated. Methane photo-
chemistry therefore dominates middle-atmospheric chigynis the giant planets,
and the major photochemical products are complex hydroca:iMolecular diffu-
sion of the relatively heavy methane molecules in the lightekground hydrogen
gas eventually limits the vertical extent to which thetdn be carried on the giant
planets and provides a natural boundary between the miditlesphere and ther-
mosphere. The long-lived hydrocarbon photochemical petedeventually diffuse
down into the deep troposphere, where they are thermochéynionverted back to
methane, completing the methane cycle. Uranus’ weak iatéeat source (unlike
that of the other giant planets) seems to suppress vertm#ns, allowing molecu-
lar diffusion to take over at relatively low altitudes an@penting the buildup of the
large column abundances of complex hydrocarbons that aeredd on the other
giant planets.

Our current understanding of hydrocarbon photochemisirthe giant planets
is reviewed by Strobel 2005, Moses et al. 2004, and Yung arMdpe 1999. Fur-
ther details of the photochemistry on each giant planet ediotind in models pre-
sented by Romani and Atreya 1988, Summers and Strobel 19889 et al. 1993,
Gladstone et al. 1996, Romani 1996, Bishop et al. 1998, Meisak 2000a, 2005,
Lebonnois 2005, and Moses and Greathouse 2005. Methanetisiysted predom-
inantly by Lymana photons at 121.6 nm, and the major photolysis products are
CHjs, CHz(alAl), and CH. The methane photolysis branching ratios at 121.6 nm
are not completely known. The GHadicals will either recombine with themselves
to form GHg, or combine with H to reform methane. Gfa'A;) radicals will react
with H» to either produce Cglor to quench to the ground state and eventually react
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with H to form CH. The CH radicals can insert into methane torfaC,H,, into
ethane to form gHg, or into H, to recycle CH.

The major hydrocarbon photochemical products on the gikamgps are ethane
(CoHeg), acetylene (gHy), ethylene (GH4), propane (GHg), methylacetylene (§H,),
diacetylene (GH,), benzene (gHg), and methyl radicals (CfJ, all of which have
been observed on one or more of the giant planets. The primecianisms for pro-
ducing complex hydrocarbons are radical-radical commnatactions (e.g., 2CH
+ M — C,Hg + M), CH insertion reactions (e.g., CH + GH— CyH,4 + H), and
CoH insertion reactions (e.g.,,8 + C,H, — C4H» + H). Photolysis, cracking
by atomic hydrogen (e.g., H +s8s — 2CHzg), and disproportionation reactions
(e.g., CH + C3H, — CyHy + CoH3) are the primary mechanisms for destroy-
ing carbon-carbon bonds. Atomic hydrogen is a major prodiitiis hydrocarbon
photochemistry, and reactions of H with hydrocarbons amittal importance in
defining the relative abundances of the major constitu&tlgne and acetylene are
major coolants in giant-planet stratospheres, and phetoddiry therefore strongly
influences the atmospheric thermal structure (e.g., Béaad Gautier 1985, Yelle
et al. 2001). Although hydrocarbon photochemistry on tlagplanets is qualita-
tively understood, some quantitative details are lackegpecially for the photo-
chemistry of GHy hydrocarbons and benzene. Laboratory measurements and the
oretical calculations are needed to fill in uncertain modebmeters and uncertain
spectroscopic parameters for abundance derivations gz élaestis et al., 2008).

The recent detection of oxygen compounds that are unambéyim the strato-
spheres of the giant planets (aside from the Comet Shoerhakgr9 impact de-
bris on Jupiter) indicates that external material from mgtee dust, ring/satellite
debris, and/or cometary impacts frequently enters gitarigi atmospheres (e.g.,
Feuchtgruber et al. 1997, 1999; Bergin et al. 2000; Mose$ €080b; Bézard et
al. 2002; Lellouch et al. 2002, 2005, 2006; Kunde et al. 2G0dsar et al. 2005a;
Burgdorf et al. 2006; Hesman et al. 2007). The relative irguare of each of these
sources is not well understood and may differ from planetiangt. The influx of
oxygen species can have a minor effect on hydrocarbon ahaed#e.g., Moses et
al. 2000b, 2005). Water derived from external sources wifidense in the strato-
spheres of all the giant planets and contribute to the Sjpteric haze load. Above
the condensation region, water is lost primarily by pha@yto form OH + H,
but the OH reacts with § CH,, and GHg to efficiently recycle HO. Some of
the water can be permanently converted to other oxygen congso(mainly CO)
through three-body addition of OH with,8, and GHg, which forms complexes
that eventually produce CO. These reactions of OH with wmastd hydrocarbons
most likely dominate over O + CHor OH + CHs in the photochemical production
of CO on the giant planets (Moses et al. 2000b, 2005). CO i® gtéble in giant-
planet stratospheres and will be lost through diffusion the troposphere. Carbon
dioxide can form through the reaction of OH + GO CO, + H. Interestingly, the
large CO abundance on Neptune and the vertical distribofitimat CO suggest that
Neptune may have experienced a large cometary impact orrdee of 200 years
ago (Lellouch et al. 2005; see also Hesman et al. 2007). EBetwiEs event, and
the 1994 Shoemaker-Levy 9 impacts with Jupiter, the fateoofietary debris on
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the giant planets is of great interest not only for undeditescurrent atmospheric
chemistry on the giant planets but for understanding imgzdes in the solar system.

Observers have now mapped the meridional distribution eérse stratospheric
constituents on Jupiter and Saturn (e.g., Kunde et al. 2B@éar et al. 2005a,
Greathouse et al. 2005, Prange et al. 2006, Nixon et al. 200Wett et al. 2007),
and the observations indicate the need for coupled photoistry-transport models
(see Moses and Greathouse 2005, Liang et al. 2005, Lelldwedh2006, Moses et
al. 2007). Another focus of current research is the extewttich auroral chemistry
affects the stratospheric composition locally and perteses globally on Jupiter
and Saturn (e.g., Wong et al. 2000, 2003; Friedson et al. )2@#standing prob-
lems include the underlying reasons for the differencefienhydrocarbon abun-
dances on the giant planets, the underlying physical anchiclaémechanisms con-
trolling the meridional distribution of hydrocarbons orthiant planets, the details
of the intricate coupling between chemistry, temperatiaed dynamics on the gi-
ant planets, and the reasons for the observed changes irosiiop over time.

3.3.3 Titan, Pluto, Triton, and |o

Atmospheric chemistry on Titan is vigorous and complex andeustood only in
its basics. As on the giant planets, hydrocarbon photocteyplays a large role
in the middle and upper atmosphere, but Titan is composeatbprmantly of N
rather than H, and the resulting photochemistry differs considerably.t@ giant
planets, the dominant nitrogen-bearing constituent —im¢hse NH — is phys-
ically separated from the methane photolysis region dusofmospheric condensa-
tion. Coupled carbon-nitrogen chemistry is therefore segged on the giant planets
(although Neptune, which may contain a large amount gfidlan exception, see
Lellouch et al. 1994). That is not the case on Titan. On Titenon the Earth, N
can be dissociated at high altitudes. Although 127 nm pltave sufficient en-
ergy to break the strongd\bond, N photoabsorption only becomes significant at
wavelengths below 100 nm, and photolysis occurs indirgébtlyugh excitation into
predissociating electronic states, which provides onlyi@omsource of N atoms.
Instead of direct photolysis, the,Nbond is broken predominantly through disso-
ciative ionization from impacting magnetospheric elestror solar EUV photons.
The ultimate products of this process aréBl, N, and N'. The N atoms can react
with CH3 to produce HCN, and eventually HCN and other nitriles (e.g., through
dissociation of HCN to CN, followed by reaction of CN with @tsrated hydrocar-
bons like GH, and GH4 to form HGN and GH3CN, respectively). The Nions
also can react with methane and follow subsequent pathwaysan lead to nitrile
production. The excited ND) atoms can react with CHto produce NH, which
predominantly ends up recycling the NN, ™ ions can also react with methane to
produce CH™ or CH," ions, followed by ion-neutral reactions to produce complex
hydrocarbon ions, which can recombine with electrons talpce complex neutral
hydrocarbon molecules.
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The suggestion that ion chemistry has a significant impadtitam’s neutral at-
mospheric chemistry (e.g., Banaszkiewicz et al. 2000, Mo{Cuberos et al. 2002,
Wilson and Atreya 2004) and aerosol formation has been dieatlg demonstrated
from measurements acquired with the lon-Neutral Mass &mpeeter (INMS)
aboard the Cassini spacecraft (e.g., Waite et al. 2005,;2D@¥ens et al. 2006;
Vuitton et al. 2006, 2007) and is further confirmed from ladiory experiments
(e.g., Imanaka and Smith 2007). The production of nitriedycyclic aromatic hy-
drocarbons (PAHSs), and “tholins” in particular may be augtad by ion chemistry.

Hydrocarbon photochemistry in Titan’s middle atmosphsreery similar to that
described above for the giant planets, with some minor rdiffees resulting from
the fact that H is much less abundant on Titan, and hydrogen escape affaats a
dances (see Yung et al. 1984, Toublanc et al. 1995, Lara &98b, Yung and
DeMore 1999, Wilson et al. 2003, Wilson and Atreya 2004, artidnnois 2005
for detailed descriptions of Titan photochemistry). Uglithe giant planets, how-
ever, there is no obvious mechanism for converting the ceripydrocarbons back
to methane. Methane will be irreversibly destroyed by pblogmistry on a time
scale of~10-100 million years in Titan’s atmosphere, and the compigkocarbon
products will rain down or diffuse onto the satellite sugadhe fact that methane
is still present in Titan’s atmosphere suggests eitherthehuman species observe
Titan at a point of time where much of its methane is still preésn the atmosphere
or, more likely, that a significant surface or interior s@mimsechanism must exist.
Similar to what has been suggested for methane productidfens, several hydro-
geochemical sources are possible (e.g., Atreya et al. 2686)n the giant planets,
the presence of $O in Titan’s upper atmosphere suggests an external source of
oxygen (Coustenis et al. 1998). The photochemistry of orygpecies in Titan's at-
mosphere is discussed by Wong et al. 2002 and Wilson and &{&804). Coupled
photochemistry-dynamical models have recently been dpeel for Titan to help
explain observed meridional and seasonal variations icispebundances (e.g.,
Lebonnois et al. 2001, Luz et al. 2003).

Many outstanding problems regarding neutral atmosphérgnistry on Titan
remain, including details of the complex ion-neutral caogl the pathways that
convert gas-phase species to “tholins” and other aerabelsiominant physical and
chemical mechanisms controlling the latitude, altitudel me variation of hydro-
carbons and nitriles, the evolutionary history of atmosjrehemistry on Titan, the
source of methane, the origin and fate of oxygen speciesthenthechanisms and
rates or escape of atmospheric constituents.

Pluto and Triton have vapor-pressure-controlled atmagsheomposed largely
of N2, CO, CH,, and Ar that are buffered by surface ices. The atmospheige ph
tochemistry on Pluto and Triton is expected to be similar sinare some general
characteristics with hydrocarbon, nitrogen, and oxygeot@themistry on Titan.
Methane is expected to produce hydrocarbons likel«Cand GHg, which would
condense to form hazes. Coupled-8H, photochemistry can produce nitriles,
which would also condense. The presence of abundant CO adts isteresting
atomic carbon chemistry that differs from the situation datai. lon chemistry is
again intimately linked with neutral chemistry. Atmospicescape is prevalent. For
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details concerning atmospheric chemistry on Pluto andiiygee Strobel and Sum-
mers (1995), Krasnopolsky and Cruikshank (1995, 1999),8ers et al. (1997),
Lara et al. (1997), Yung and DeMore (1999).

lo’s atmosphere is also buffered by surface frosts, butismdhse by S@ Car-
bon and hydrogen appear to be virtually absent from the syste [o’s atmospheric
chemistry is unique in the solar system. Volcanism is thienalte source of the SO
and active volcanic outgassing may locally affect atmosplaemistry. The S@
atmosphere as a whole appears to be dominated by frost stigin{e.g., Jessup et
al. 2004, Saur and Strobel 2004, Strobel and Wolven 200&g@bat high latitudes
and near the terminators (e.g., at high solar zenith angtes) the night side, where
local volcanic regions can be important. Temporal varigbis also evident in ob-
servations. Sulfur dioxide is dissociated to form SO and @r{thant branch) or S +
Oy, and subsequent chemistry produces an atmosphere in WOiGIEY), O, S, and
O, dominate the neutral chemistry. Observations paSultraviolet wavelengths
(e.g., Spencer et al. 2000, Jessup et al. 2007), NaCl atretiir wavelengths (Lel-
louch et al. 2003), and SO emission at um (de Pater et al. 2002, 2007; Laver et
al. 2007) indicate that the background atmosphere can lierped by active vol-
canoes. is short-lived and is readily photolyzed to form S or can teith O to
form SO. Other products 0f,SSO, photochemistry include,Species (e.g.,5 S,
Sg) and SO. Alkali chemistry leads to NaCl, Na, Cl, K, KCI, and perhapgcies
such as NaS@

Details of SG@ photochemistry on lo are discussed by Summers and Strobel
(1996), and the influence of volcanic species likea®d NaCl are discussed by
Moses et al. (2002a, 2002b). These 1-D hydrostatic-eqiutibmodels are useful
for elucidating the dominant chemical production and losslnanisms on lo but do
not provide realistic descriptions the actual atmospharethich the SQ gas will
flow rapidly away from the subsolar point or volcanic sourddslti-dimensional
coupled chemistry-transport models have been developedidng and Johnson
1996, Wong and Smyth 2000, Smyth and Wong 2004 (see also &iaig2003,
2004; Saur and Strobel 2004). Thermochemistry in volcaageg has been stud-
ied by Zolotov and Fegley (1998a, 1998b, 1999, 2000), FeayhelyZolotov (2000),
Schaefer and Fegley (2004, 2005a, 2005b, 2005c). The fatjprs show that vol-
canic sources can introduce more exotic species into lmisgpphere, albeit at minor
abundances.

3.3.4 Comets

Except for some limited in situ investigations (e.g., corHelley with the mass
spectrometers of VEGA and Giotto), the chemical compasitib comets is as-
sessed by remote sensing. In this investigation, radiorsinared spectroscopy are
the main techniques used, since visible and ultraviolettspgcopy are only sen-
sitive to secondary products radicals, ions and atoms \Winmbtable exception
of CO and its UV bands. The current census of these cometalgcuies is re-
viewed by Bockelée-Morvan et al. (2005) and productioesaif volatiles shown
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in Fig. 3. The major cometary species are probably all knowwm, tout many minor
constituents are still to be identified.

The overwhelming chemical process in cometary atmosphsrg$otolysis,
leading to photodegradation and photoionization of theetany molecules (Hueb-
ner et al., 1992; Crovisier, 1994). Hence the paradigm odipamolecules, directly
sublimated from nucleus ices, and their degradation pripthecdaughter molecules
(in fact a misnomer, since they are indeed radicals, atomsodecular ions). Two-
body chemical reactions between neutrals have very love ftagéeause of the low
temperature and of the energy threshold of such reactidnis.ig not the case for
ion-neutral reactions, but they have little influence onghemical composition be-
cause of the low ionization state of the inner coma (Rogeed.e2005). Thus it
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Fig. 3 Production rates of cometary volatile molecules relatvevater, in percent. These rates
are believed to trace the relative abudances in cometasy T¢®e grey portions of the bars show
the range of the comet-to-comet variations. The number wiets for which data are available is
listed on the right. (Adapted and updated from Bockeléavdo et al., 2005).
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is unlikely that the minor constituents observed in the cdfig. 3) result from
chemical reactions. They rather come from nucleus icesparn the degradation of
organic grains, the so-called distributed sources.

Photodestruction rates, normalised at 1 AU from the Surtyaieally g = 106
to 104 s 1. They are 1.310 ° s for water, 2<10 6 s1 for a long-lived species
such as C@, and around 210 s~ for short-lived species such as NH,S or
SO, (Huebner et al., 1992; Crovisier, 1989, 1994). These ratsiat yet known
with sufficient accuracy for all species, especially foricats, for which quantitative
absorption spectra are difficult to obtain.

Imaging the lines of cometary molecules with radio intesfaeters, or long-slit
spectroscopy in the visible or the infrared, give direct sugaments of the molecu-
lar space distributions. In this way, one can put stringenstraints to the photode-
struction rates, test parent molecule-daughter molecliggidns, and investigate
distributed sources. For example, in a study of sulfurdngamolecules in comet
Hale-Bopp with the Institut de Radio Astronomie Millimigme (IRAM) interfer-
ometer, Boissier et al. (2007) obtained interesting cairs to the lifetimes of the
CS and SO radicals.

The origin of some radicals is not yet fully understood: thithe case for NS and
S, which are unlikely to come from nucleus ices or from a pareolfetule. In this
situation, coma chemistry has been invoked (Canaves 208i7). Another puzzling
case is that of hydrogen isocyanide HNC (e.g., Lis et al. 8200hemical models
are unable to account for a HEN-HNC conversion. The HNC/HCN abundance
ratio is found to increase when the distance to the Sun deese@his would favour
the production of HNC from the thermal degradation of orgayrains. Among the
major cometary molecules, several bona fide parent moleeuknown to come
from a significant extended source in addition to the natiuelear source. This is
the case for HICO, OCS, CO.

Comets are not all alike. Large variations in the relativéeoolar abundances are
observed from comet to comet. From a dynamical point of vaave distinguishes
Jupiter-family comets coming from the Kuiper belt and nga&tliptic comets com-
ing from the Oort cloud. If these two main dynamical classesaspond to different
formation scenarios, one would expect different chemioahgositions (Crovisier,
2007).

The diversity of the chemical composition of comets has bstedied for
daughter molecules with narrow-band spectro-photometrihe visible (about
100 comets; e.g., AHearn et al., 1995), for parent molecditem radio spec-
troscopy (about 30 comets; Biver et al., 2002) and inframecsoscopy (about
15 comets; e.g., Mumma et al., 2003). The diversity of redgatibundances of par-
ent molecules is indicated in Fig. 3. The scatter is pedyliarge for species such
as CO, CHOH, H,CO, H,S. However, the two main fragments of the split comet
73P/Schwassmann-Wachmann 3 were found to have similarasitigms, suggest-
ing that the building blocks of this comet had a uniform cosipion (Villanueva et
al., 2006; Dello-Russo et al., 2007).

From their taxonomic study based upon daughter moleculéteahn et al.
(1995) proposed two classes of comets according to thgi€ICT ratio: typical
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comets and &depleted comets. The taxonomy studies based upon parétutes
are still in their infancy. There is no obvious link betwe@metary composition and
dynamical origin, except that the,@lepleted class of comets is found to be linked
to Jupiter-family comets (AHearn et al., 1995). It is notokvn how this translates
into terms of parent molecules, because the parents ofthadital are still poorly
identified.

4 Dynamics and vertical coupling

4.1 Global dynamics and waves on Earth

Atmospheric dynamics can in terms of time be separated &teral components,
the "mean circulation” which varies on seasonal time scahes"tidal component”
which varies on time scales of a day (rotation) or fractidrex¢of and the "turbu-
lent component” which describes variations on time scafesvall fractions of a
rotation (hours to minutes or less). Additionally, one mapdivide dynamics into
their geographical extent, namely global (planetaryecahtermediate (extending
over several degrees in latitude/local time) and local ¢@es of km or less). This
chapter will concentrate on the global mean circulationlanptary atmospheres,
describing a summary of the main characteristics of atmaspldynamics and the
importance of atmospheric waves.

Often atmospheric winds are associated with solar healingin addition to
the thermal drivers of winds there are other momentum ssyineluding turbu-
lence, wave drag and in the ionosphere/thermosphere refiimagnetized bodies
ion drag. While particular momentum sources may play a molspiecific regions
only, the atmosphere is ultimately an integrated and caugystem, whereby con-
servation of mass and other coupling processes (wave dsagsity amongst other)
require us to look at an atmosphere as a global entity. Maglyamical coupling
occurs upward, so the stratosphere/mesosphere regioaffeitt the thermosphere
more than vice-versa. However, this may not be true in tefraemposition, where
downward flux of gases formed at higher altitudes often ptaysnportant role. A
striking example of this is the atmosphere of Titan, wher®g&pheric chemistry is
believed to profoundly affect the composition of the stsatoere and below.

Extensive wind observations have been made on Earth overabiedecades
using satellites such as the Atmospheric Explorer (AE), &gits Explorer (DE),
Upper Atmosphere Research Satellite (UARS) and the Theyhese lonosphere
Mesosphere Energetics and Dynamics (TIMED) satellite a$ agerockets, bal-
loons and ground based telescopes. Some of these meastséaenbeen summa-
rized in an empirical model, the Horizontal Wind Model (HWMich represents
a spectral fit to the data (Hedin et al., 1996). Figure 4 shawsdlly and longi-
tudinally averaged zonal winds in the Earth’'s atmospheteéden the surface and
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300 km altitude, as given by the HWM for equinox conditionsoat geomagnetic
and moderate solar activity conditions.

Wind profiles such as these are successfully reproducedbglsgeneral Cir-
culation Models (GCMs), including the Coupled Mesospharé @hermosphere
(CMAT) model (Harris, 2000; Harris et al., 2002). This modebne example of
codes developed for Earth that reach from the stratospbetieetthermosphere,
covering most of the vertical extent of the atmosphere. Aeoexample of such a
model is the Thermosphere lonosphere Mesosphere Elecimotdg General Cir-
culation Model (TIME-GCM) of Roble and Ridley (1994). Despment of such
models over the past decade was motivated by the recogttigbrertical coupling
in the atmosphere was important. The need is now recognistutly the atmo-
sphere in its entirety from the lower to the upper atmosplrateer than examining
regions such as the thermosphere in isolation (see alsoHgoegjal., 2008).

The success of physical models such as CMAT in reproducisgrebd winds in
the stratosphere, mesosphere and thermosphere allowsusstigate the momen-
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tum balance in the Earth’s atmosphere. In the stratospineren@sosphere pressure
gradients balance Coriolis forces, resulting in geostiofibw parallel to isobaric
surfaces. The eastward jets in Figure 4 at mid-latitudes B@&m are driven by
stratospheric ozone heating which generates polewardswiimat shown) which be-
come eastward due to Coriolis forces. In the thermospherextmentum balance
is found to be between pressure gradients, Coriolis foxegtical viscosity and ion
drag, giving a much more complex situation that requiresenical models for ac-
curate calculation due to the non-linearity of the problgvind flow in the low and
mid latitude thermosphere is primarily from the sub-sotaamnti-solar hemisphere
perpendicular to isobars. At high latitudes ion drag leadké wind velocities con-
siderably differing from the simple sub-solar to anti-sdlaw. The strong zonal
winds in the polar thermosphere (above 200 km) in Figure 4daxen primarily
by ion drag due to the high latitude convective electric figlske also Section 4.3).
In the low and mid latitude thermosphere the wind flow is prihgadiurnal above
around 200 km altitude and semidiurnal in the lower therrhesg.

One important process in the upper mesosphere (60-90 kronrdigat is not
captured by GCMs driven by solar heating alone is the disisipar breaking of
atmospheric gravity waves which deposits momentum in #gion. The wave drag
gives rise to the closure and reversal of the zonal jets sli®igure 4, a feature ob-
served in the atmosphere which cannot be reproduced by swaithbut including
the gravity wave drag term in the momentum equation (Gel@33).

Internal gravity waves propagate vertically and may beairigither thermally, by
surface topography, convection or shear instabilitiehéliackground wind flow.
Most families of gravity waves have horizontal phase speedsf up to tens of
meters per second with respect to the surface, but theicagpropagation is deter-
mined rather by the phase speed with respect to the mearuflovthe atmosphere.
As long ast — ¢ # 0 the waves do not interact with the background atmosphere.
In the absence of any dissipation of the waves their amm@gwgtow vertically as
p~Y/2, with p being the mean atmospheric density, so amplitudes inceedmsan-
tially with altitude. Whent — ¢ &~ 0 the mean flow absorbs the wave and thereby
acts as a barrier, preventing further vertical propagafitnis and other dissipation
mechanisms such as eddy and molecular diffusion or vigcpsivent further wave
amplitude growth, filtering the wave spectrum and leadingleposition of hori-
zontal momentum in the region of breaking or dissipationv&¥atherefore act as
an effective means of vertical coupling in the atmospheresreby horizontal mo-
mentum is transported vertically. The consequences oftgraave dissipation and
breaking are three-fold, they affect the zonal and meriaionind flow, lead to po-
tentially significant turbulent mixing which affects themposition and thirdly they
affect the thermal structure via primarily adiabatic hegtnd cooling. A compre-
hensive review of wave coupling on the terrestrial plaretgven by Forbes (2002).

The gravity waves transporting most of the momentum in théhEssatmosphere
have horizontal wavelengths from 10’s to 100’s of km and amece not resolved by
global models. Gravity wave momentum deposition therefi@eds to me included
in these models in parameterized form. The gravity waverpaterization scheme
used in CMAT is a hybrid Matsuno-Lindzen scheme (Meyer, 3988e of several
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available in the literature. The Lindzen scheme (Lindz&381) assumes that ampli-
tudes of gravity waves propagating vertically grow expdizadiy with height until

a critical altitude is reached where wave perturbationatersuper-adiabatic lapse
rates and the wave begins to break. The scheme gives an sixorés eddy dif-
fusion that translates into an expression of horizontal ewtoim that prevents the
further growth of the wave above the critical level. Manyeatiative gravity wave
drag parameterizations have been developed since, mesitleby Medvedev and
Klaassen (2000), and are used in General Circulation Mddddstter represent the
middle atmosphere dynamics, although none of the schemdsfaioall scenar-
ios. The TIME-GCM also includes gravity wave schemes whighaalapted to the
particular modeled scenarios to best match observatidreut al., 1997). Gravity
wave parameterizations can be regarded almost as a freagt@ravhich is adjusted
for resulting dynamics to best fit observations.

4.2 Dynamics on other planets and moons

No direct measurements have been made to-date of mesospaer®sphere winds
in any planetary atmosphere except Earth. The techniquestaglirectly measure
winds by remote sensing rely either on Doppler-shift deteations of emission
spectra or time-tracking of distinct features such as doAdother technique used
on Venus and most recently on Titan is that of tracking atrhesp probes as they
descend through the atmosphere. None of these techniquevérwowork in the
upper cloud-free regions of atmospheres due to the low tiensihich hardly affect
the motion of atmospheric probes there and make detectiddoppler shifts in
atmospheric emissions challenging.

The planetary atmosphere currently best known apart fromhEa Venus,
largely due to the Pioneer Venus mission which was in orbitfil 978 to 1992 and
included 4 atmospheric probes which were dropped into thesphere early in the
mission. One striking feature of Venus’ atmosphere betvileesurface and the up-
per cloud top (around 70 km) is its super-rotation (Schyd&83; Gierasch et al.,
1997) characterized by retrograde zonal winds reachinggeevelocities of~100
m/s over the equator. Several theories have been proposegltin this, in partic-
ular meridional transport of momentum from mid-latitudesaaesult of eddy mix-
ing (Gierasch, 1975) and momentum pumping by thermal tiBels(and Lindzen,
1974). Dynamics near the cloud top have been describedrg thei combination of
a mean zonal super-rotating flow and two time-dependenirfesitvith each an am-
plitude of around 10 m/s, the solar tide and a 4-day traveliage (Gierasch et al.,
1997). Theoretical calculations of dynamics in Venus’ thesphere have predicted
the presence of a strong sub-solar to anti-solar (SS-AS) diaven by the large
day-night temperature difference in the thermosphere $sation 2) as well as a
super-imposed time-varying retrograde super-rotating {Bougher et al., 1997).
This circulation pattern has been indirectly confirmed byugd-based and space-
craft observations of nightside emissions at L2 These emissions result from
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recombination of atomic oxygen atoms generated on the deysom CQ pho-
tolysis and are associated with regions of downwelling i@ dtmosphere. Other
emissions used as tracers include UV emissions in theyN@d d bands which
result from the recombination of N and O. The reviews by Ldlo et al. (1997),
Bougher et al. (1997; 2006a) and Schubert et al. (2007) gdamrgrehensive sum-
mary of emissions in Venus’ atmosphere and their role invélegiwind speeds at
different altitudes.

Waves, like on Earth, are thought to play a key role in the aphere of Venus.
An early example of observed solar thermal tides was obdiditoen measurements
by the Orbiter IR Radiometer (OIR) on board Pioneer Venus@8eld and Taylor,
1983) which identified semidiurnal temperature oscillasipeaking near 95 km al-
titude that are replaced at higher altitudes by diurnal gkardue to thermospheric
heating. In situ thermospheric gas density observatiotisdiioneer Venus Orbiter
Neutral Mass Spectrometer (PV-ONMS) revealed the presgingaves of horizon-
tal scales ranging from 100-600 km (Kasprzak, et al., 198&8kwhave been in-
terpreted as signatures of gravity waves propagating upfram the upper meso-
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sphere region (Mayr et al., 1988) and depositing momentumtime background
atmosphere at thermospheric altitudes, possibly supyp#isuper-rotating flow
(Alexander, 1992). To-date, theoretical calculation$ef¥enus thermosphere can-
not reproduce the large day-night temperature gradieti(®e2) without imposing
an empirical drag term which slows down the sub-solar to-swltir flow (Bougher
et al., 2006a). Without this term, dynamics via adiabatiatimg on the nightside
reduce the day-night temperature difference to considesaballer than observed
values. It is possible that this drag is also a result of pégsig or breaking grav-
ity waves, but further observations are needed to confirm tBravity wave drag
parameterizations developed for Earth (see Section 4elihareasingly adapted to
other planets like Venus, but remain “trial-and-error” eggches due to lack of suf-
ficient observations to characterize the gravity wave spebere (Bougher et al.,
1997). The important role that gravity waves play for dynesman Venus therefore
pose a serious challenge to theoretical modelers. Obgamgdity the ongoing Venus
Express mission may help better constrain the dynamics aod/and improve our
understanding of the key momentum sources.

The other slowly rotating body with a substantial atmosphsrTitan. There,
like on Venus, super-rotation has been detected in theosphere (Hubbard et al.,
1993; Flasar et al., 2005b; Sicardy et al., 2006) with prdgraind velocities of
around 100 m/s. Theories about the origin have been propdsiet are essentially
similar to those for Venus, and numerical simulations o&ii stratospheric cir-
culation have in part succeeded in reproducing the sugatioa without the need
to artificially introduce further momentum sources (Hourel al., 1995). Measure-
ments of the Doppler shift of the radio signals from the HuygBrobe gave in situ
measurements of zonal wind on Titan neaf3Gatitude between the surface (1.5
bar) and 140 km altitude ( 3 mbar) (Bird et al. 2005). Recerseoations by the
Cassini Composite Infrared Spectrometer (CIRS) have detpastruct tempera-
ture maps of Titan’s stratosphere up to around 500 km aéitatiowing the deriva-
tion of zonal wind profiles using the thermal wind equatiotaéar et al., 2005b;
Achterberg et al., 2008). Figure 5 shows that a strong eadtjga dominates the
stratosphere on Titan. The current southern hemispheresumonditions gener-
ate a hemispherically asymmetric profile. No direct measerds are available for
higher altitudes on Titan, but calculations by Mueller-\&ogiet al. (2000; 2003;
2008) and Bell (2008) have shown that thermally driven wicalgld reach veloci-
ties in the order of 50-100 m/s in the thermosphere. One itapbfactor in this was
vertical coupling to the lower altitudes. Cassini obsdorat in Titan'’s mesosphere
(500-1000 km) region are too scarce to constrain dynamicéttie is known of
winds at 1000 km, the bottom boundary of the region systeralifiexamined by
the lon Neutral Mass Spectrometer (INMS). Further obs@matfrom Cassini dur-
ing the extended mission will help further constrain dynzsron Titan and assess
the role of waves identified in the Cassini and Huygens datéclifgnoni et al.,
2005; Mueller-Wodarg et al., 2006b).

No in situ wind measurements are presently available forMlaes upper at-
mosphere. Few ground-based observations were made tof@zising mostly on
the middle atmosphere-60-100 km) (Lellouch et al., 1991). Due to their scarcity
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and coarse resolution, these measurements did not alloraatbazation of short
term and seasonal trends in Martian winds. Most of our ctikeawledge of dy-
namics on Mars is derived from density, temperature, andtgigw observations
from spacecraft and the inferred winds that result from thglieation of General
Circulation Models to interpret these observations (Kepgt al., 1998; Bougher
et al., 1999, 2000, 2006b; Withers et al., 2003). One examipteghtglow mea-
surements on Mars are the hydrogen Lyneaf121.6 nm) and NOy andd band
emissions (190-270 nm) observed in the winter polar nigletri@ix et al., 2005).
These emissions, like those on Venus, are thought to be k oéslayside produc-
tion of N and O atoms which are transported to the nightsidadmzontal winds
and to lower altitudes by subsiding winds, where they radift recombine to pro-
duce the NO nightglow. Density measurements such as thasénet from the
Mars Global Surveyor Accelerometer readings (Keating £1898) have shown
the presence of features which have been interpreted asigiatimg tides, one of
many families of waves found to be present in the Mars uppeosphere (Forbes
and Hagan, 2000; Forbes et al., 2002; 2004; Forbes, 2002)e \@§mamics in the
upper atmosphere are thought to be driven primarily by $6ldY heating, stud-
ies have suggested that vertical dynamical coupling neeksss plays an equally
significant role on Mars as it does on Venus and Earth, moshimently in the
form of strong wave signatures in the thermosphere thata@remly formed in situ
at those altitudes, but also include effects due to topdorélporbes et al., 2002).
Bougher et al. (2006b) and Bell et al. (2007) additionallgpwrsed the existence of
a deep inter-hemispheric circulation in order to enablentiospheric winter polar
warming to operate. While most models available to-datersty on implement-
ing this coupling to lower altitudes as a lower boundary é¢ooe (Bougher at al.,
2008), codes are now appearing for Mars with a vertical rdraya the ground to
the thermosphere (Gonzalez-Galindo et al., 2005), hathiergadvantage of more
self-consistently including processes of vertical dynahcoupling.

Winds on the Gas Giants are dominated by the fast rotatiangseof the solid
planets (Table 1) which gives rise to primarily geostroptirculation due to the
large Coriolis accelerations. The presence of strong zetslin the troposphere
Saturn is well known (Flasar et al., 2004; Flasar et al., 2008ith some evidence
of their presence reaching into the stratosphere and miesasps well (Hubbard et
al., 1997). Saturn’s zonal winds are still not well undeostd/Nind speeds derived
from cloud tracking indicated values of 500 m/s near the sayu@ngersoll et al.,
1984; Barnet et al., 1992) which would imply a considerakleess of axial angular
momentum present in the atmosphere relative to Saturrésiomt Cloud tracking
observations made more recently (1996-2002) with the HulSglace Telescope
(HST) suggest smaller equatorial winds of up to 275 m/s ¢Bén-Lavega et al.,
2003), values largely confirmed by the latest Cassini-CIBSeovations (Flasar et
al., 2005a). The discrepancy between earlier and more trebservations is cur-
rently not well understood, and it is unclear whether théed#énce represents a
real change in the atmosphere or an observational uncgrtéln observational
evidence is available for winds in Saturn’s mesosphere lagiartosphere, but cal-
culations by Mueller-Wodarg et al. (2006a) demonstratedlitely dominance of
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zonal flow there as well. Little is known also about stratesphand (especially)
tropospheric winds on Jupiter. In situ measurement weraiodd with a Doppler
wind profiler on the Galileo Probe (Atkinson et al., 1996)t the probe sampled an
anomalous, cloud-free location (Orton et al., 1996), sovilmls it measured may
not be representative for Jupiter. As for Saturn, all othexdwmeasurements on
Jupiter have been indirect and based on simplifying assomgpsuch as a non-
scattering atmosphere (in the temperature retrievals)taadyradient wind bal-
ance (Flasar et al., 2004). General circulation modelstierupper atmospheres
of Jupiter and Saturn (Achilleos et al., 1998; Bougher ¢2&l05; Mueller-Wodarg
et al., 2006) have helped predict what dynamics in the thepinere and ionosphere
could be, but many aspects of these calculations still avaditlation by observa-
tions. One particular uncertainty is the source of unexgigthigh temperatures in
the thermospheres of all Gas Giants (see Section 2), whiltlafféct not only the
thermal structure but also the global dynamics. Upward agaging waves, one pos-
sible candidate energy source (Yelle and Miller, 2004), mlag deposit significant
amounts of momentum in the upper atmospheres. One addisiomae of momen-
tum in the thermospheres of Earth, Jupiter and Saturn isriag, dliscussed in the
following. In the auroral regions additional thermal enesgurces are Joule heating
and particle precipitation, which via temperature and guesgradients further alter
the dynamics.

ELECTRIC CURRENTS ALONG

MAGNETIC FIELD BETWEEN
/ MAGNETOSPHERE AND IONOSPHERE
AURORAL PARTICLES
(Particie Heating)

ATMOSPHERIC
WAVES

Fig. 6 Schematic of the
auroral particle and joule heat
inputs and current systems
in the Earth’s polar upper
atmosphere (Roble, 1996).
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4.3 Auroral dynamics

It is well known that both solar EUV radiation and auroral igyeand momen-
tum sources have a significant effect on the Earth’s thertrergpand ionospheric
structure and dynamics. A schematic of the auroral parsiolé joule heat inputs
and current systems is shown in Fig. 6.

Upper atmosphere general circulation models using thesafs (Roble et al.,
1988; Fuller-Rowell et al., 1996) have been reasonablyesstal in simulating the
thermosphere and ionosphere responses for a wide rangearbbactivity. Fig-
ure 7 is a schematic of the zonally averaged mass flow streaatidn illustrating
the response of the circulation to increasing levels of mlractivity. The aurora
increases from geomagnetic quiet conditions with an enieqyt of 10:° W to ge-
omagnetic moderate conditions with an energy input df M to a geomagnetic
storm with and energy input of 3®W. During equinox when the sun is directly
over the equator, the circulation is from the equator towhedpoles in both hemi-
spheres. Auroral energy input occurs at high magnetic gatgulatitudes in both
hemispheres and the increased heating drives a circulegibfrom high latitudes
toward the equator. As geomagnetic activity increases tiheral equatorward cir-
culation intensifies, forcing the reversal of the solar ctiee poleward flow and the
equatorward directed auroral flow to move equatorward ardwer altitudes as
shown in the left panels.

For solstice there is a similar situation. The Decembetiselsolar circulation is
from the summer pole in the southern hemisphere to the waatlerin the northern
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Fig. 7 Zonally averaged mass flow stream function illustratingdineulation in the Earth’s upper
atmosphere for equinox (left) and southern hemisphere sirtight) conditions at quiet, average
and strong levels of geomagnetic activity. (Roble et alg3)9
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hemisphere. In the summer hemisphere the joule and aureatihly reinforces the
summer-to-winter circulation whereas in the winter herhee, joule and auroral
heating is sufficiently strong to produce a small equatodviiarv at high latitudes
during geomanetic quiet conditions. For moderate conufitidhe circulations are
enhanced and for geomagnetic storms both the solar driveimsu hemisphere
and winter reverse cells are both enhanced. With geomagameivity being highly
variable, the pattern varies between the quiet, moderatstanm conditions. These
schematics represent the zonal mean circulation or mean flavwng impulsive
events the auroral heat and momentum source can launclstzatpsthermospheric
waves that can travel equatorward at speeds of up to 700 rRfsegfion altitudes
near 300 km and waves in the lower thermosphere near 150 kra®#30 m/s.
Thus, the thermospheric response is a complex mixture obveeturning of the
mean circulation with various impulsive waves superimplose
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Fig. 8 Schematic showing the response of the high latitude thgshese to different levels of au-
roral forcing. Contour lines are exospheric temperatuaa®ws are neutral winds. The upper left
panel shows the solar-driven situation only, the uppertgimel shows a situation with quiet geo-
magnetic conditions (cross-cap potential 20 kV) and theobopanel is for moderate geomagnetic
conditions (cross-cap potential 60 kV).
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Figure 8 (Roble et al., 1983) is a schematic showing the respof the high
latitude thermosphere to different levels of auroral foeciThe top left panel shows
a TGCM calculation of perturbation temperature (from a glainean) for a case
where the circulation is due to solar heating alone, witlauwbral particle precip-
itation or joule heating. Here, the flow is from the daysid¢hte nightside, essen-
tially perpendicular to isobars, with some influence of Glisiforces. The top right
panel shows the perturbation temperature and circulatiothe case of geomag-
netic quiet conditions with only a 20 kV cross polar cap ptgmrop driving ion
convection and the lower panel is for moderate steady sbatnfy of 60 kV cross
polar cap. The interaction of the solar wind with the eargfg@magnetic field pro-
duces a dawn-to-dusk potential drop and the correspondiBgdeift generates a
two cell pattern in the ion drift that transfers momentumtte heutral gas which
tends to follow the ion convection pattern. The principle t@ compared to a gi-
ant “egg beater” operating over the high latitude thermoesha addition to the ion
drag momentum source, auroral Joule and particle heaticuy @aong the convect-
ing ion boundaries in an oval in the lower thermosphere. Tthesaurora heats the
thermosphere 100-500 K and generates winds approachin§@Dm/s at 300 km.
Again, the pattern is highly variable because of the valitghin the aurora.

With Jupiter and Saturn having internal magnetic fields a#l afesufficient
strength to produce gyrofrequencies smaller than ionrakctllision frequencies
in the ionospheres near the peak density heights, similaamtjcal coupling is ex-
pected to occur there as well. No direct neutral wind obgema exist in the au-
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Fig. 9 Global model profiles of ionization and velocity in the cadating frame for the northern
polar region of Jupiter. Left panel: Colour contours of Hensity over a 0.ubar pressure surface
(location of the auroral ion peak). Arrows represent theézomtal ion velocities, following the
mixed linear/log velocity scale bar shown. The meridiarrt{eally downward in plot) indicates
the zero longitude and subsolar point. Right panel: As ferlgft panel, but with arrows now
representing the neutral horizontal wind velocity. Fronhi#leos et al. (2001)
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roral regions of Jupiter or Saturn, but ground-based olbsiens of Doppler shifts
in the Hj v2 Q(1,07) line at 3.953um have detected westward ion velocities in
the auroral regions of Jupiter reaching 1.5 km/s (Stallam@l.e2001). Similar ob-
servations for Saturn detected Wvestward velocities implying the auroral region
was sub-corotating by up to a factor of 0.43 (Stallard e2&l07). Simulations with
the General Circulation Model of Jupiter by Achilleos et #1.998; 2001) have
shown that ion velocities driven by convection electricd#ein the auroral regions
can through ion-neutral collisions drive neutral wind \@i@s of around half the
ion speeds (Figure 9). To-date, accurate models of the ctiomeelectric field on
Jupiter are not available, so most of these simulationsorelimplified electric field
models adapted from Earth conditions which do not reflechtbk time variability
of the real auroral regions. It is likely that the factor of mentum transfer from the
ions to the neutrals is nevertheless accurate within arr @fdeagnitude, implying
significant influence of the ion velocities on thermospheiinds, as on Earth. Sim-
ilar results were found by calculations of Bougher et aD0®&) using their JTGCM
code of Jupiter’s thermosphere and ionosphere, for whictvéocities (up to 1.5
to 3.0 km/sec) drove neutral velocities up to 1.0to 1.2 km/se

5 Key outstanding problems and future needs

As the result of highly sophisticated and successful spaissioms, Earth based
observations and theoretical models, the past decadesskavemajor advances
in our understanding of the atmospheres of Earth and otlarefd or moons, in
particular Venus and Titan, followed by Jupiter, Mars antli8a Little is known yet
about Uranus and Neptune as well as Triton and Pluto. The Natzéhs mission
will help considerably in advancing our knowledge about®$fuatmosphere after
its scheduled arrival in 2015, providing the first ever clogeview of Pluto and
Charon, which have never been visited by any spacecrafer8efuture missions
to the outer solar system are currently in planning or untledys including the
Juno mission to Jupiter which is due for launch in 2011 artteeia Jupiter/Europa
mission or Titan/Enceladus mission. The next planned ondsi Venus is Planet-C,
lead by the Japanese Space Agency (Jaxa) and is due for lauswainmer of 2010.
Future planned missions to Mars include Nasa’s Mars Sciealseratory (launchin
Fall 2009), Nasa’s Mars Scout mission (launch in or after@hd ESA's Aurora
Flagship mission currently named Exomars which is due faméé in 2011 or later.

Despite the significant advances over the past decadegjeariamber of scien-
tific questions remain open about the aeronomy of many @aneitur solar system,
including our own. Our knowledge has now advanced enoughtamost atmo-
spheres that we begin to obtain a first understanding of aem@processes under
different conditions and can ask increasingly sophistidafuestions. The following
outlines only a few of these scientific questions.
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5.1 Energy crisis on Giant Planets

As outlined in Section 2 we currently do not understand tleerttal balance on Gas
Giants. With solar EUV heating and magnetospheric energyces being insuffi-

cient to explain observed thermospheric temperaturesdeutse auroral regions,
the most likely candidate sources for the energy are theiangeof the planets.

Energy can be transferred to the outer regions of the atnessplvia propagating
waves, but the only in situ observations available to-date@ipiter by the Galileo

probe (Seiff et al., 1997) did not resolve this issue. Theeoked gravity waves

could not unambiguously be shown to be able to transportefeired amount of

energy into Jupiter’'s thermosphere (Yelle and Miller, 20@dmore substantial pro-
gramme of observation is needed to resolve this issue, omieedfey aeronomy
problems to-date. Atmosphere probes such as the Galildmepray considerably
help in answering this question.

5.2 Dynamics in planetary atmospheres

Despite the plentiful availability of atmospheric wind fites obtained through re-
mote sensing for most planets, aeronomy studies suffer &@@vere shortage of
direct wind measurements. Only on Earth have upper atmosp¥ieds been sam-
pled directly, with some direct measurements in the lowsioapheres available for
Venus and Titan. Mostly, winds are inferred from thermalfiees by applying ei-
ther simple approximations (thermal wind equation, gexpdtic approximation) to
derive winds from horizontal or vertical thermal gradientStuning” General Cir-
culation Models to reproduce the thermal structure andiolh@ necessary global
dynamic structure from those. Another method commonly useaibservation of
doppler shifts in atmospheric gas emissions, but thoseesteiated to regions of
significant (detectable) atmospheric gas emissions, whiaglually below the ther-
mosphere only. As a result of limited vertical coverage afidvineasurements we
still have an incomplete understanding of the global catiah system on most
planets. For all planets we are in need for more direct ancemsomprehensive
measurements of winds throughout the atmosphere, eitheabling balloons or
more systematically observing emissions from the uppeosjineres.

5.3 Stratospheric constituents on the giant planets

Systematic measurements are needed of the latitudedaltiéund time variation of
stratospheric constituents on the giant planets. Thigimétion is necessary to help
constrain heating rates and circulation. The stratosplegrergy balance is largely
determined from absorption of solar radiation and the réssion of this energy and
radiative transfer it undergoes. Understanding thesel@mmbrequires a detailed in-
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ventory of stratospheric constituents and, importantigjrthorizontal and vertical
distribution. Not only is their distribution important femderstanding the heating
rates, but some of the more inert gases can also be seenes ti@catmospheric
dynamics. Understanding their latitudinal and seasorsdtidution will consider-
ably help us understand the dynamics and chemistry of GagsGia

5.4 Atmospheric waves

As shown in section 4 atmospheric waves on all scales playadte in vertical
coupling within an atmosphere. Studies of the Earth’s aphess have shown that
we cannot understand the global dynamics without considehie effects of grav-
ity wave drag. In the thermosphere the diurnal tide lead€iooval of O via an
enhancement in the effective recombination rate due tacaddownward) trans-
port by the tide. The problem of gravity waves on Earth id st fully understood
and often taken as a degree of freedom. "Tuning” the gravdyendrag parame-
terization often allows theoreticians to fit their calcidas to observations, but this
approach ultimately remains unsatisfying. On other pkatle¢ wave spectra are
even less known and will probably never be fully understtod as systematic pro-
gramme of observation of larger-scale atmospheric wavesdime of considerable
benefit. This can best be achieved by orbiting spacecrattiwdedicate part of their
observations to monitoring of the atmosphere and its parftuttuations.

5.5 Heating efficiencies and C&v2)-O relaxation rates

The thermal balance on planets Venus, Earth and Mars distiedies on IR cooling
by the CQ molecule, mostly at 15um, which is considerably affected by vibra-
tional excitation of CQ by O (Section 2). The C&gv2)-O relaxation rate however
is still poorly known, allowing considerable degrees offilem in our understand-
ing of the thermal balance on these planets. Systematizaltying out experiments
such as recent simultaneous observation of the responseso$, Earth and Mars
to changes in solar flux (Forbes et al., 2006) may help redbiigeproblem, but
additionally laboratory measurements need to be carriédiootonstrain this rate.
Laboratory experiments are also needed to measure thagefficiencies of CQ.
As discussed by Fox (1998), theoretical models rely on |dveating efficiencies
than can be justified from molecular calculations in ordereproduce observed
thermospheric temperatures. This shortcoming highlightgher uncertainty in our
understanding of the thermal balance on terrestrial pta@r current knowledge
of the CQ(v2)-0 relaxation rates is discussed by Huestis et al. (2008
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5.6 Atomic oxygen on Mars

No direct measurements exist to-date of atomic oxygen orsMiris constituent
is not only an important tracer of dynamics, but plays a kdg io the thermal

balance of the thermosphere and photochemistry of the piewe. This therefore
constitutes a major unknown for our understanding of aergnon Mars.
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Table1 Main properties of non-transient atmospheres in the sgkiem

Object Mean helioDuration  of Principal gases Surface or 1 bar legtobase Dayside
centric dis-mean  solar P, T height exosphere
tance day temperature

Venus 0.72 AU 116.75 da§s COy, N2, SG;, O 92 bar, 735 K 160 km 230-325 K

Earth 1.00 AU 1 day N, O, O 1 bar, 185-331 K 450 km 600-2000 K

Mars 1.52 AU 1.03 days CONo, O 6 mbar, 140-270 K 180 km 180-325 K

Jupiter  5.20 AU  955M27 H,, He,H,CH,  1bar, 165K 1600 kfh 940 K°

Saturn 954 AU  10B9™22  H,, He,H,CH,  1bar, 160 K 2500 kih 420 K°

Titan 9.54 AU 15.95days N CHg, H 1.4 bar, 94 K 1430 km 150K

Uranus  19.19 AU 1M4M™245 H,, He,H,CH,  1lbar, 76 K 4700 ki 670 K©

Neptune 30.07 AU 18%M36° H,, He,H,CH,  1bar, 73K 2200 ki 470 K©

Triton 30.07 AU 5.88days N, CO,CH;, Hy 14 ubar, 38K 930 km 100 K

Pluto 39.48 AU 6.39days Nj, CO,CH;, Hy 3-90ubar, 35-50 K 1800 km 100 K

a Retrograde rotatioh Above the 1 bar level In the non-auroral regions
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