


Content of the lecture

+ Introduction
+ Structure of a planetary atmosphere
+ Aerosols and clouds on the planets
+ Energy balance
+ Global circulation
+ Atmospheres of planets
E Venus
I Mars
I Giant planets
+ Origin and evolution of planetary atmospheres
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® Solid bodies, heavy elements ® Gas balls with heavy core _
® T>1day ® Solar composition (H, He) and H,0, NH,, CH, ices
® Interior flux << Solar flux ® T~8hours
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Types of planetary atmospheres

e Fully developed atmosphers
» Venus, Earth, Mars, Titan
» Jupiter, Saturn, Uranus, Neptune

e Tenuous atmospheres (exospheres)
> Mercury
» O, Na, He, K, Ca at p < 10™ bar
* Sputtering and capture of solar wind

> Pluto & Triton
» N,, CO, CH, at p~10~ bar
* Sublimation of ices, freezing out in apohelium
* Similar processes on icy satellites
> lo
» SO, at ~10° bar
* Volcanic activity






Pressure in a planetary atmosphere

+ Hydrostatic equilibrium and gas law

A
+ Barometric law

+ Scale height
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Density in a planetary atmosphere

+ Homopause: eddy mixing ~ molecular diffusion (z~ 130 km)
+ Homo- and heterosphere

+ Hydrogen-helium coronas
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Exosphere and escape processes

free path > scale height

+ Exosphere
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+ Thermal (Jeans) escape
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Temperature Structure

Thermosphere: ® Heating by solar UV
¢ Cooling

» molegular

emission

Troposphere: ® Radiation
e Convection
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oconductivity

Adiabatic gradient:
dT/dz=-g/C,

1000 Temperature, K
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Temperatures on terrestrial planets
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Formation of lonospheres
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E Reasons for distinct
v ionospheric regions

e Spectral dependence of
penetration depth of solar
radiation

Lo~

e Composition changes
with height

® Dependence of recombi-
nation physics on density
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Structure of ionospheres

Venus Jupiter
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Radiative energy balance
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Temperatures on terrestrial planets
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Basics of the greenhous effect
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Wavelength, microns




Greenhouse effect on
terrestrial planets

Venuse@500K




Contribution of the atmospheric components to
the greenhouse effect on Venus

s 50, Clouds
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T, ~250 K Ts ~ 750 K
Bullock, 2007
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Internal sources of energy on
giant planets

Sunlight
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Planetary balance of radiative energy and entropy

Energy balance:

Esolar— Etnr = 0

4 Entropy:
/ &S=E/T
|
2-d Law of
Thermodynamics:
&:z0

\ =0 - reversible processes

>0 — irreversible processes

||‘ Entropy is a measure of
dissipative processes




Flux of radiative entropy

No atmosphere Dense atmosphere
@5 =E/T.—ET:<0

0

Planet receives negative entropy from the Sun
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Solar Thermal

Lower atmosphere (400K)
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Radiative
Energy / Entropy
balance on Venus

Radiative energy balance

@E=0
Radiative entropy balance
&5 = -100 mW/m?/K

Surface (735K)
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Entropy balance on Earth and Venus

Earth Venus |
(Goody,2000) | (this work)

Net radiative =70 -100

sink l
Moist +55 0
convection I
Mechanical +12 ~1
dissipation i
Net balance -3 -100 :

Dissipative processes in the Venus atmosphere - 22??



Entropy

Equilibrium and non-equilibrium thermodynamics

T, T.
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Non-equilibrium dissipative systems

Benard convection
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Forcing global circulation

dynamics =
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+ Non-rotating planet — one
cell per hemisphere

+ Rotating planet — deflection
of meridional winds and split of
Hadley circulation into several
cells

CybTponuyeckue o o
CTPyHHbie Tevens + If planet axis is not normal to
e ecliptic — Hadley pattern has
seasonal behaviour

Auelina Peppens

NonApHbIA GPOHT CTPYHHBIX TEYEHHIA

Monapuas auetixa







Condensation flows

+ Mars: ~20% of the atmosphere
is involved (CO,)

+ Pluto and Triton : condensation
of N,and CH,




Atmospheric dynamics equations

+ Navier-Stokes equation (inertial frame)

bv__dupy g+wWov
Dt Jo,

+ Navier-Stokes equation (rotating frame)

DV’ 1 ,
— =20 xV'——VP+(g+wr)+W*V
Dt rot 0 rot
+ Advective derivative (observer in inertial frame)
D 0
=—+V-V

Dt ot



+ Simplifications S i m pl iﬁ ed Wi nd

E incompressible and inviscid fluid eq uations
vV-V=0

E centrifugal force << gravity

ﬂ — —2(()rot X V'—iVP+ (g+w otr) -I-W/V'

Dt o,
E “shallow water” approximation
oP 0P 0P
f %:ZQSin(p-V—i@ a2 X'y
dt p dx ¥ hydrostatic equilibrium
oP
< Q:ZQsinga-u—i@ ~
dt p dy 0Z
av 1
d_ —=fVxk-—=Vp
. dz dt Jo,

f= Zﬂsir.- Coriolis parameter



Geostrophic wind
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Cyclostrophic halance on a slowly rotating planet

pressure grament
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Temperature in the Venus mesosphere
+ Latitudinal variations
+ Correlations with the cloud structure
+ Thewind is golerned by theT field

e s

Lat <30 deg

\_{at > 60 deg

Mesospheric temperatures, clouds,
and winds are strongly coupled !!
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Temperature in the Venus troposphere
+ No day / night variability
+ No variations with latitude
+ T-gradient is close to adiabatic one

+ Very high surface T Y/
B Great thermal inertia

Tropopause B Convective stability ?
B Greenhouse effect

750 K, 90 bar

200 400

Temperature, K



P. bar Mesospheric fields Z, k
, kKm
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Composition of the Venus atmosphere
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Composition of the Venus atmosphere
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Mixing ratio, ppm

+ Main gases:
CO, (96,5%), N, (3.5%)
+ Sulfur bearing pases
F 5S0,:0.1-200ppm
E COS: ~ 20 ppm <30 km
¥ H,S:~2 ppm
+ CO: 300 — 30 ppm
+ H,0: 1 - 20 ppm
+ HCl:~ 0.4 ppm
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Mesospheric
Photochemical Factory

+ 50, and H,0 profiles at the

loud tops

m HpSO4 CO

1e Formation of the H,S0,
aerosols

+ Models do not explain
observed amount of O,

+ Unknown UV absorber

+ Chlorine and sulfur
chemistry in the Earth
atmosphere



hemistry of the lower Atmosphere
+ High temperatures and pressure
+ No photochemistry

+ Chemical disequilibrium except very
close to the surfuce

+ Buffering of the atmospheric compo-
sition by the surface

+ Open questions

I surface composition

E CO and O,at the surface
E too high SO, abundance

E volcanism replenishes SO,
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Venus Cloud Properties

= Visibility > 300 m
% Altitude range 75 — 45 km
=+ Total opacity 20-40
* Particles:
BR=1-1 O’n
i EN=100-1000 cm
+ Composition:

1

1o 1 2
DAY PROBE
) e, S .

1 2 3 4 5

Aerosol extinction, km

1 1
3 4 5

+ H,S0,+? (S, AICl,, H,PO,, ...
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Aerosol population and composition
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Cloud morphology; Global UV view

Orbit #462 O/__[_:b/i:t #679










Eye of the polar vorte

VIRTLIS




VVenus polar voriex oL o nurric ane rf'm es

S. Limaye et al., GRL 2009




Radiative flux
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Venus energy balance

+ Venus gets less energy than

+ Latitudinal distribution of
radiative balance implies

dynamic energy transport



Venus global circulation #* Troposphere and mesosphere
¥ Zonal superrotation (>100 m/s)

E Poleward winds v ~ 10 m/s
E Cyclostrophic balance
+ Thermosphere (> 120 km)
F Zonal superrotation (~100 m/s)

b Solar-antisolar circulation (~200 m/s)

§ ¥ E : ¥

Altitude, km

Mariner 10 Image of Venus

Zonal wind, m/s



Global super-rotation at the cloud level
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Credit S. Limaye




Dance of the
Vortex eye

VIRTIS




Venus night airglow

Recombination
3-body recombination
Emission

Loss

O +N-—>NO*
O+N+CO,-—>NO+CO,
NO™ —>NO + hv
N+NO—>N,+0




O, airglow global average (500 orbits)

Oxygen Airlgow @ ~1.27um T L B 7 mic ron

Corrected for emission angle

and tfor thermal contribution i WL W W

Exposure time > 3s

Orbits 100-598

[ 2 micronsfsr

Radiance

2N airglow
rrected by clouds
1ck scattering and
ergence angle



Oxigen airglow in motion
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Basic facts about Mars

® Orbital radius - 1.52 a.u.
® Eccentricity ~0.09

® Obliquity 25 deg

® Sidereal day 24h 37 min
® Orbital period 687 days
® R ~ 3400 km

® Surface P ~ 6 mbar

® Surface T=120-280K

® Atmospheric composition
» 95.3% CO,
» 2.7% N,
0.13% O,
100-1000 ppm H,O
/700 ppm CO

v

v

v

Mars - February 1995 HST - WFPC2

PR95-17 - ST Scl OPO - March 21, 1995 - P. James (U.Toledo), NASA
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AFTERNOON VISIBLE OPTICAL DEFTH T

Global dust storms
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Latitude

Seasonal water cycle on Mars

TES Water Vapor Column, Scale: O (purple) - 40 pr-um (red)
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+ Seasonal variability 100 — 1000 ppm

+ Advective transport

+ Non-atmospheric reservoirs (polar caps, regolith)

60






Basic Features

+ Distance to the Sun > 5 a.u.

+ R=10-4 R, .,

+ Composition: H,, He, ices H,O0, NH;, CO,, H,S, Ne, Ar, Kr, Xe
+ Mean density ~1.3-1.6 g/cm?

+ Rotation periods ~10 -17 hours, non spherical shape

+ Effective temperature 170 — 60 K
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Jupiter band structure
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+ GRS is variable
+ GRS looks cold in the IR

4+ anti-clockwise rotation

+ GRS - long-living
anticyclon

Atmospheric
dynamics (2)

- Neptune






Accumulation of planetary atmospheres

® Outgassing during accretion phase
> M~0.1M_
» T~1600 K

> Melting of the solid body, differentiation,
and outgassing

® Volcanic eruptions

® Cometary supply




Erosion of planetary atmospheres

® Thermal or Jeans escape ® Hydrodynamic escape (blow off)
» Exobase: free path~scale height » Planets during accretion period
» Simple estimate: Vi, > V. e Impact erosion (d>H)
> Maxwellian velocity distribution M_/M ~ d?
» Escape parameter: A=(V../V,,)* e

v

Jeans flux: ® ~ NV, (1+A)exp(-A) ~
~ 10" cm™® st H atoms from Earth
|sotopic fractionation

® Non-thermal escape
Dissociation and recombinatio
Charge exchange

Sputtering

Solar wind sweeping

v

v

v v v




Records of atmospheric evolution

Noble gases on terrestrial planets

| ] ® Terrestrial atmospheres were degassed
] from planetesimals, not accreted from
T nebula

® Gases (except Ne) were trapped in the
planetesimals at ~30K

® VVenus atmosphere is more primordial

5 ® Mars and Earth has possibly survived
severe impact erosion

- ® Possibly two reservoirs - planetesimals
o and comets - fed Mars and Earth

5 e (D/H), ~150 (D/H)¢ ; (D/H),,~ 6 (D/H)
= — much greater amonts of water existed
on Venus and Mars




Two reservoirs of atmospheric material
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e Earth and Mars received
material from two reservoirs:
planetesimals and comets

atmosphere» ® ~100 km object is enough to
produce observed noble gas
pattern

® Ne abundance
> Ne is not trapped in the ice and is
expected to be primordial
» Hydrodynamic escape on Earth at
BN ricideries 3 Mars can explaln depletion of Ne
> On Venus - isotope escape
- differentiation
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Greenhouse effect and water loss (1)

+ Similar volatile inventories at origin

+ Present water amount: H,Ogyus =~ 10°° H,Ogppth

+ Deuterium enrichment: (D/H)\yenus ~ 150 (D/H)eartH
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Earth-like planet: greenhouse effect and water loss (2)

Runaway

Moist
greenhouse

g ““‘“f—"ﬁf&“{_

T >>100C

300 400

Kasting, 1988 @0



Greenhouse effect and habitability zone

MERCURY

Global
fridge

Paradise Greenhouse Runaway greenhouse
bath



