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Content of the course

+ Introduction

+ Structure of a planetary atmosphere

+ Composition, chemistry and clouds

+ Atmospheric dynamics

+ Basics of radiative transfer

+ Methods of investigation

+ Origin and evolution of planetary atmospheres
+ Radiative energy balance

+ Atmospheres of planets
F Venus
E Mars
I Giant planets
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Diversity of the Solar system bodies

+ 8 Planets

+ 67 moons

+ 100s of comets

+ 10,000 asteroids

£ 10,000 Kuiper Belt Objects



Types of atmospheres

e Fully developed atmosphers

» Venus, Earth, Mars, Titan
» Jupiter, Saturn, Uranus, Neptune

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

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



Structure of a planetary
atrmosphere




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

+ Exosphere: free path > scale height

4+ Thermal (Jeans) escape

+ Non-thermal escape
I dissociation
I charge exchange
I sputtering
I acceleration by electric field

I sweeping by solar wind
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Altitude

100

Temperature Structure

Thermosphere: ® Heating by solar UV
e Cooling

» molegular
oconductivity
emission

Mesosphere:
P ¢ Radiative balance
~ 0.5 bar

Troposphere: ® Radiation Adiabatic gradient:
o Convection  dT/dz=-g/C

200 500 1000 Temperature, K




Temperatures on terrestrial planets
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Pressure (mb)

Temperatures on Earth and Venus
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Emission spectrum

79 S -~

VMesospheric “thermostat” on Giants

+ Mesospheric temperature
increases by solar heating until it
reaches the temperature,for which
maximum of the Planck function
overlaps with absorption bands of
hydrocarbons. This makes
radiative cooling efficient.

A C,H, absorption
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cexamples of structural parameters
Venus Earth | Titan |Jupiter | Saturn
g, m/s? 8.87 9.78 |1.35 ~25 ~10
v ~44 29 28 ~4 ~4
Scale height, |5-16 8.5 30-40 |18 35
km
Lapse rate, 8 8 ~1 1.9 0.84

K/km




Formation of a planetary ionosphere
+ Single gas

+ Monochromatic radiation

Electron density

3
3
3

..-..-..-..-..-.

3
':
3
2

S LR
"'"'"'""""""""""""""""""T-"-T."-T."-T.""""' ..-..-..-..-..-..-..-..-..-..-.
o
-y """"""'"-T."""""'":""'""""""""'""""""""
by by
. .
--\.--\.--\.--\._:_-\.--\.- e
.

+ Parabolic distribution of e- density
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Structure of ionospheres
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lonosphere of the Earth
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Composition, chemistry & clouds




lerrestrial planets

Venus |Earth Mars Titan

N, 3.5% 78% 2.7% 90-97%
O, 0-20 21% 0.13 -
CO, [96.5% 350 95.3% 10 ppb
CO 30-1000 [ 0.2 700 10

H,O |30 <3% <100 0.4 ppb
SO, [~200 - -

CH, |- 3 10 ppb 4%




Glant planets

Sun Jupiter |[Saturn |Uranus |Neptune
H, 83.5% 86.4% 96.3% 85% 85%
He 19.5% 13.6% 3.2% 15% 15%
H,O 600 ? ? ?
CH 4 2000 4500 ~2% ~3%
NH, ~1000 500 <200 <200
H.,S 77 ? ? ?

Other trace gases: PH;, GeH,, AsH; C,H,
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nuous atmospheres (in cm™)

Mercury | Moon Pluto lo
O 4 10% +
Na 3104 70 +
He 6 10° ~104
N, +
Ar ~104
SO, 1011-1012




Physical processes
+ Condensational equilibrium
¥ Atmospheric H,O on Earth and Mars
¥ CO, on Mars

¥ N, on Pluto and Triton

+ Physical buffering by surface
I Mars: regolith-atmosphere H,O exchange

+ Volcanic/ geiser activity

I lo: SO, atmophere

I Enceladus: H,O supply by geisers
+ Sputtering

' Mercury: Na
+ Capture from solar wind

' Moon and Mercury: H, He



Chemical processes

+ Thermochemistry
I Venus lower atmosphere

+ Photochemistry
¥ CO on Venus and Mars
I Upper atmosphere of Titan

+ Chemical buffering by surface minerals
I Venus: atmospheric SO, and carbonates/ pyrites

+ Heterogeneous chemistry on dust particles
+ Biogenic / antropogenic influence



Aerosols and clouds

+ Condensational clouds
¥ Earth: H,O clouds
¥ Mars: mesospheric CO, layers
I Giants: NH, and H,O ice clouds

+ Chemical aerosols
I Jupiter and Saturn: NH, + H,S - NH,SH (solid)

+ Photo-chemical aerosols
¥ Venus: SO, + H,0 + hv 2 H,SO, (liquid)
¢ Titan: CH, + hv=> C.H, (tholines)

¥ Earth: photochemical smog

+ Dust
I Mars & Earth



Microphysical processes

micromet«’—iorites

condensation
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Microphysical processes

+ Homogeneous ||~
nucleation  — AGH

Interfacial energy

4+ Heterogeneous
nucleation

+ Diffusional growth

Yolume free energy

- + Coagulation -

B small droplets grow faster
I

+ Sedimentation -



Aerosols 1n Titan’s atmosphere

~400 klll photochemical production
L]

: : i o128 egafion

300 km X ¢ ﬁ,

E sedimentation & aggregation
ethane nucleation?

50-80 km
; methane nucleation
30 km

~1 nm 0.0l pm 0.2 um
| | |

aggregation

precipitation




Aerosol effects
+ Radiative effects

I Deposited solar energy: Earth vs Venus
I Greenhouse effect: Venus & Mars

25 TTT 1 SN 592! i2s0ons msoome won dtoocns wooa: wom I T - r
Atmospherlc temperatures on Mars
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+ Cleaning of the atmosphere




Dynamics of planetary
atmospheres




Radiative forcing of the global circulation

Energy
transport by

atmospheric
dynamics




Polar cell Had ley
circulation

Polar front

' ; SER Ferrel cell
Surface westerlies -+« .=

Hadley cell

A
\ 4
= Q-
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Surface Easterlies

& Non-rotating planet — one cell per
hemisphere

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

! Jf planet axis is not normal to ecliptic —
Hadley pattern has seasonal behaviour
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Thermal ti

+ Global energy balance

(1- A)Ft = C ,MST
£ 0T /T ~ 0.4% for Venus (tides in the thermosphere)
+ 0T /T ~ 20% for Mars (tides in the entire atmosphere)

4+ Maintenance of the Venus super-rotation



Condensation flows

L Mars: ~20% of the atmosphere is involved (CO,)
#t Pluto and Triton : condensation of N, and CH,



Atmospheric dynamics equations

* Navier-Stokes equation (inertial frame)

ﬁ:—lvp+g+vv2v

Dt Yo,

+ Navier-Stokes equation (rotating frame)

DvV' 1
= 2w  xV'-—VP+(g+o’

2 )+ WY
Dt Yo,



+ Simplifications sim pl ified Wi nd
¥ incompressible and inviscid fluid eq uatiOns

E centrifugal force << gravity

DvV' 1
—=-2w, XxV——VP+(g+q@. r)+\¥WV
D / rot ,O rot
1 £ “shallow water” approximation

I
¢ du 1 dp hydrostatic equilibrium

— =2Qsing- v———
dt
dV
<§=mwu—id—p - ——fok——Vp
U S -
| dz - f=20sir)- Coriolis

parameter




Steady horizontal flow (1)

Geostrophic wind

+ Ro<<l1 ‘importance of Coriolis force

+ Geostrophic wind blows along isobars _
. Pressure gradient
perpendicular to \; D I !
* Wind

Coriolis force
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Polar cell

" Global circulation on
Vg Earth
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/ Cy6Tponuyeckue
CTPYHHbIE TEYEHUs

O In the No
e Cyclones — anticlockwise rotation
s MonsApHbIA GPOHT CTPYHHbIX TEYEHUI - - .

o Anticyclones — clockwise rotation




Steady norizontal flow (2)

Cyclostrophic wind
2 2
Yoty V1 gy o0 RO
dt P R 0 On Oz tan@ 0@
=
Nq) pressure gradient qui@tﬂ _

force

westward
zonal

rotation force




77 clostrophic super-rotation

./ VM CU\/ on Venus
E 70 km
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Mean circulation on Jupiter

& High
e
X High
e

T High

!t “Zebra” of cyclonic (low P) dark belts
and anticyclonic (high P) bright zones

#t Equatorial super-rotating jet




General Circulation Model: the MAOAM example

Originate from Earth GCMs

Grid point model from the
surface to 120 km

Variable vertical (~1 km)
and horizontal (64x36)
resolution

Log-pressure coordinates
(6 mb at z=0 km)

Realistic topography and
surface parameters: albedo
and thermal inertia
State-of-the-art physics
package
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MAOAM atmospheric temperature

Hartogh, Medvedev, et al., JGR, 2005



Pressure (mbar)

Pressure (mbar)

Temperature and thermal winds on Mars
from TES/ MGS observations
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MAOAM-TES comparison
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Mars surface temperature
AOAM vs. TES
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MAOAM predictions and

CNTF

MCS observation

Temperature (K)

Daytime

wy ‘epmn|y

Latitude

Hartogh et al, JGR, 2005

Nature Geoscience, 2008

McCleese et al,
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Basics of radiative transfer



Radiative transfer equation

dE= I ds d@yildt — definition of intensity

x lds (I+dl) ds il
« ds @@l |
25 X

dI / dx = . 40‘- volume extinction coefficient

or

>

@- volume emission coefficient

di/ t.‘ - +.S dg=@ix- optical depth

S =@@- source function



Basics of radiative transfer

1. General solutlon
Tea) - 20 @4 2t + [h) 7~
2. Empty space (a=0, 8—0)
I(x)=const
3. Medium without sources
(o0, €e=0) (Beer s law)

T T / o) AL



Scattered solar light in the atmosphere

1. Radiative transfer equation

A
A e o1

2. Smgle scattering appr0x1mat10n §<<1)

R z-Banfes R,

N o /L
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Y47
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* Multiple scattering case

=7/ Hy
E e
>
X

Eoe—f/,uo 0 p(j/) |
47

ﬂ:—a]+g

dx

£ = X j 1(@)p(r) 22 ;

T



Thermal radiation

I

«—| T

2hV’ |
2 hv
C e kT —1

D = CTT4 - full thermal flux

&, =a,BVv,T)=qa,

+ Local thermodynamic equilibrium (LTE)
+ LTE breakdown above relaxation level (n~1075 cm-3)

+ Thermal radiation in gaseous atmosphere



Brightness [erg/cm*2/s/sr/cm—1], 0.1sTransmittance, 100+SR

Atmospheric spectrum in CO, band
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Radiative transfer equation for thermal radiation

Space

/" wy=eB @y [BITEWL,

Surface
Scattering is neglected

space

— je_rv(z)dz - transmittance

ZV

Space

I(v)=&,B,(T))i, + |BIT(]-K,(£)ds
Surface
c=1gp
or,
0¢

K,(5)=-

- weighting function



Basics of spectroscopy



Water Vapor ©PRB

Eond length = 0.96 &4 Bond angle = 105 dey Rotation about the x—axis
T 3 1 1 :
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Molecular
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Water Vapor ©PRB
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Spectral bands of atmospheric gases

Spectral bands of atmospheric gases
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Spectral line shapes

1. Spectral line shape: k(v) = S-L(v - v0)
2. Natural broadening: Av ~10 "'’ em™
3. Doppler broadening

L= ey 0 o

oy = L W~/0 o R P
4. Lorentz broadening

* A el o e
LT Bhrim T (--)

5. Voigt line profile
E A e~ d}fz
Vi ket ol B ale gt
e OrliRe . s 8 S




Solar range: Equivalent width and curve of grouth

1. Equivalent width
2. Absorption in isolated Lorentz line

U e e
W(:/"";)‘S# Fex L/U)"’*J;;Uf’fﬁ ?_M
2 liex, a:'e

o
3. Absorption in isolated -
Voght line "

| ‘ sim—

4. Elsasser band model o

_ 25y SA 27 Y psay
et = zﬁagfcj_zz;q—mery é “p )

SV v oz
(f = ——— A = — = —
Ve Z A 8 Gy g

Solar reflected spectrum depends mainly on gas amount and
to a less extent on the temperature!
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21 (cm

Spectra of thermal emission

1. Radiative transfer equation
7 =& - &%) 7T +/3/7z¢/_/a/r’

7 SR + ,//s/mj KG)ds  F=46P

2. Weighting function 473/-- 2=
, 8 Examples of thermal spectra of planets
TH,0T / IHSO AN | | | T T T T T | MEcleome  umme e w5 s —
g *‘ﬁ,{ N N\ =« Venus : :
‘ ° ?FTSE/Venera-I b) & = .
é a0~ s Mars -
5o / (IRIS/Mariner-9)

Thermal spectrum depends temperature and gas abundance!



General shape of the planetary spectra

Wavelength

1 mm 100 s« 10 e 1 se

T
10—5 L T herrmal S‘:—
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Additional slides to
Basics of Radiative Transfer



Principles of temperature sounding

* In strong bands of atmospheric Weighting functions of
gases thermal radiation forms at thermal sounding at Mars
different altitudes depending on LG TR .
wavelength ‘ S I

o 0)=& BT ) +./£ﬁ%f/k/)a’r Jl
K= 5; ;E;ﬁ g ‘f::‘*z:\

NN .:'
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Example of temperature sounding

Measured spectra of Mars Retrieved temperature profiles
e ERMES S SR s [ ST M S (s 0.0001 ; Y . — 110
o y  IRISMarier-9 |
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s I - 0.0100 65
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Scattered solar light in the atmosphere (2)

S. Two stream approximation
/Schwarzschild- Schuster/
T = [ 78 e TV = [ 18 5B
i %’f_j: A 4
-jé{;:ﬁ_g = S/ = F(r+ L)
St = £/ 777%)

6. N-stream approximation

po L < Tlop) - L Top) t-2t.44




Scattered solar light in the atmosphere (3)

3 Spherical phase function X(y)=1 /Hvolson/
/J*Z“S

g = /-7/}/ ‘&g
o ) = 2 [Efet) 0t + 2EC G 01TEY

/

4. Reﬂectmn from semi-infinite atmosphere
/Ambartsumjan/

=

i )= e ) fe )
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Basics of spectroscopy (3)

Absorption bands of atmospheric gases

Wavelength, micron
10.00 5.00 - B 2.50 2.00 1.67 1.43 1.25
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Energy balance of planets

Planetary spectra
Wavelength
1 mm
10~3%
g 10—*%
..l. s> " 'g 108
] E
" , & Vg 3 2 10
| W Qe e
30— 1e
Effective temperature
E(1 "A) - 40T49ﬂ: m_“u} — e o il
Solar constant Wave number (cm—")

Ee = 1370 W/mv




Investigations of planetary atmospheres:
methods and results



Remote sensing

+ Imaging

+ Spectrometry

+ Polarimetry

+ Limb sounding

+ Occultation methods
+ Radar sounding

+ Thermal sounding

+ Microwave investigations



Spectrometry of reflected solar radiation

+ Wavelength range UV — Near-IR (0.3 ... ~ 3m)

+ Good sensitivity to the  total number of molecules
on the line of sight

+ Low sensitivity to the atmospheric temperature
+ Day side observations

+ Multiple scattering needs to be taken into account



Radiance, erg/ s cm? srcm™

Composition of the atmosphere
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Spectrum in arbitrary units

Monitoring the atmospheric water on Mars

PFS/MEX spectrum in the 2.56 ggn H,0 band

Orbit#61 normal. spectrum, H,O band at 2.56 um, spectra 321—-337
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Seasonal cycle of water on Mars
H.O column density - PFS/LW
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Latitude

Seasonal water cycle on Mars
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+ Seasonal variability 100 — 1000 ppm

+ Advective transport
+ Non-atmospheric reservoirs (polar caps, regolith)
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Atmospheric water above Hellas Basin
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Feflectance

Composition 0
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Detection of perennial water ice on the South pole of Mars (OMES&/ MEX)




Emissivity

TES: Surface mineralogy
Carbonates and weathering products
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TES: detection of hematite
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Polarimetry of Venus: discovery of sulfuric acid clouds

[

0 30 60 90 120 150 Q@ 180° 0] 30 60 20 120 150 Q@ 180°

+ Sensitivity to aerosol optical pr  operties and size distribution
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Imaging at different wavelengths
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Limb sounding

+ Air mass advantage

+ Vertical sounding

+ Higher altitude resolution in
temperature sounding




Venus limbs by Venus
Express Monitoring Camera
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Solar occultation sounding




Cloud top

Transmitance
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Cloud top
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Detected molecules:

COgIRO, HDO, CO, HCl, SOy

Orbit 232 — Order 129
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COSPAR, Montréal, July 15, 2008 m



Examplesof SOIR Venus Expresspectra

tm20061224 - Order 121 - Slit 2 1 2 1
T

tm20061224 - Order 171 - Slit 2 1 7

3825 3830 3835 3840 3845 3850 3855

tm20061224 - Order 149 - Slit 1

ir fua=ts R 1k
0.9+ - 4 0.9F
N A A AN A\ U T AR S A A A
0.8 0.8
0.71 0.7+
06l 0.6
osk 0.5F
0.4 0.4+
0.3F
0.3
0.2F
0.2
0.1
0.1+ B
,,,,, I B o
0 = 3820
2700 2705 2710 2715 2720 2725 2730
1F
0.9+
0.9+
0.8
0.8
0.7+
0.7+
0.6
0.6
0.5+
0.5-
0.4
0.4
0.3+
0.3
0.2
0.2
0.1+
0.1+
0
‘ 3325

0
4265

-
4270

4275

4280 4285 4290 4295 4300 4305




Earth radio occultation

+ Uses spacecraft tel

+ High vertical resolution 0.1 - 0.2 km but
gpatial averaging

+ Deep penetration in the atmosphere
+ Complete |atitude coverage

+ Occultations occur in Seasons
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VeRa/Venus Express temperature profiles
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Atmosphere static stability from radio-
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Venera-15-16 ‘?i &

Venus unveiled...




In-situ investigations

+ Descent probes

I Pressure/ temperature sensors
I Optical studies

I In-situ analysis of gases, aerosols, and rocks

+ Balloons

+ Rovers
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Intensity (W m=2 um-1 sr)

Spectra of the Titan atmosphere

DISR/ Huygens/ Cassini
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Nephelometryon descent probes

+ Vertical profile of aerosol extinction

+ Optical properties of cloud particles

ALTITUDE, km

E'E I [ I |
« WINDOW
COVER OPENS
4 : -
60 :
56 1t
52 -

DAY PROBE 0o T 3 3

,m_L!IE
01 2 3 4 b

Extinction coefficient, km-1




ALTITUDE (km)

H,SO4

FeS
Py
|

4. LOWER HAZE

e =

10 10 100

CONCENTRATION (Ncm )

e

| H2SO4 + Unknown UV absorber (S, S,0, FeCl;...)

.3 1
NUMBER DENSITY (Ncm um )

400
|

300 -

1

DIAMETER (MICRONS)

Spectrometry of the aerosol particle s

500 ———

2

1zes

3

4

5

T
i
1, MODE | LOG-HORMAL i
\ 1
A 1
: i
! :
1
\ i
\ i
\ \
\ 1]
\ :
i |
1 K
MODE 2 GAUSSIAN L=
Fl ‘r
E ' A
- 1 1! MODE 3
L Vool oo-hormaL
2 \ HH iN 1
= Pl HEL i
“ 4 i |1 1
H ] :
10+ \ i ’_
1
1
1 L :
u 1 i
11|k :
]
1
i
1
i
i
|
S
o L
10( %
DIAMETER (4m)




G
S

as
ample

In-situ composition analysis: gas chromatography

COS

J

Adsorptiobn
column |I C02 |
HpS |
0,
r —-Injection

- —————————

wn
o
~N

|

Time ¥:



”Ar ‘"Ar
131,13
”Ar wz Xer %]

o JL




VEGA@l, @2 Balloon Experiment (1984)




Global network of tracking stations
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Spectrometry of thermal radiation



Spectrometry of thermal radiation

+ Wavelength range mid —far-IR (3 - 10004n)
+ Good sensitivity to

I 1. atmospheric temperature and

I 2. total number of molecules
+ Both day and night side observations

+ Multiple scattering is usually of minor importance



Brightness temperature (K)

Thermal emissions spectra of terrestrial planets
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Brightness temperature (K)

Thermal emission spectra of Giants and Titan
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Temperature sounding
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Altitude of the level @= 1
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Vertical sounding of the temperature structure
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Principles of the temperature remote sensing

+ In strong bands thermal radiati on forms at different altitudes
depending on wavelength ( 7~ 1 rule)

+ Gas should be well mixed, not variable, with known abundance
+ Local thermodynamic equilibrium (LTE)

+ Vertical resolution ~ half a scale height

= 0B
[BITE)]K, (&)dE =1(v) B,[T]=B,[To] + ——AT(S)

N &

Temperature retrieval is an ill-posed problem.

Special stabilization (regularization) methods are required
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Temperature sounding of the Martian atmosphere
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Temperature sounding of the Venus mesosphere
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+ Very high spectral resolution
03-10% cm

+ Temperature sounding

+ Trace gases sounding

I Very high sensitivity
I Vertical profile

+ Doppler wind measurements
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Planetary atmosphere Science:

Remote sounding of the atmosphere temperature

Ther F T profiles

JOURNAL OF THE OQPTICAL SOCIETY OF AMERICA VOLUME 49, NUMBER 10 OCTOBER 1959

Inference of Atmospheric Structure from Remote Radiation Measurements*

Lewis D. KapLan
Massaclusetls Instilule of Technology, Cambridge, Massachusells

(Received April 27, 1959)

A detailed analysis of the structure of the atmosphere, including the three-dimensional distribution of
temperature and water vapor, can be obtained from the spectral variation of its thermal radiation as viewed
from a reconnaissance aircraft or earth satellite. In order that the measurements be capable of unambiguous
interpretation, however, it is essential that the selection of spectral intervals to be used are based on a care-
fully planned interpretation scheme.

A possible program is outlined, in which the temperature distribution is obtained by measurements in the
15-1 COq band and the water vapor distribution obtained by simultaneous measurements in the rotational
band. The temperature-and-pressure dependence of the absorption coefficients must be taken into account.

The instrument should be a multiple-slit or multiple-detector grating spectrometer, capable of resolving
10 cm™ at 15 .

Spectral models and methods of analysis of the spectra are discussed briefly.
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Planetary atmosphere Science:
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What is the sub-mm/mm region?

Long wavelenght THE ELECTROMAGNETIC SPECTRUM

wavelenght ‘
S Low frequency Penetzates
: il Bth [V T ] V] N
,‘ Atmosphere?
(G R T T (S G T
\/I \_/I 103 102 10°5 5x100 108 10710 1012
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A A

Buildings Humans HoneyBee Pinpoint Protozoans Molecules Atoms Atomic Nuclei
Short wavelengh! s
. N ] 104 108 1012 1015 1016 1018 1020
High frequency —
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What do we detect In the sub-mm and FIR region?

2122 pm
850 pm

thermal radiation!!!!

s with molecular Lﬁbrati%s; .

‘Water Vapor ©PRB
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But, how the spectrum Is formed?

The absorption of gases is due to both vibration-
rotational bands and collision induced absorptions.

S
Two vibrating COZ2 molecules as they intercept (red wavy line) during a m\/ﬁ@@\(\

eM
Radiation is absorbed; half is trap @@9@5 the rotation of the molecules, and

\  )alf goes toward translation, 719 the two molecules move faster relative fo

b other (b S
each other (blne m{g@,

qQC

We need:

m For deriving the temperature profile: resolve
the spectral shape

For detecting weak and narrow lines of
molecular species: very high spectral
resolution

02.12.2009 MPS Lecture




Heterodyne Technique

The source signal is combined with the
Source signal of the LO .

Beam Mixing shifts signal (preserving
Combiner el s spectroscopic information)

RF signal processing, amplification,
analysis, etc. does not add noise

IR Mixer

Difference Frequency, GHz

RF Analyser

The main advantage is the capability to
Spectrum provide high-resolution spectroscopy!

02.12.2009 MPS Lecture




Thermal emissions spectra of terrestrial planets
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emission spectra of Giants and Titan
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Spectrometry of the thermal radiation

#t \Wavelength range mid — far-IR

1
#1 Good sensitivity to
1
1
#t Both day and night side observations

#t Multiple scattering is usually of minor importance

02.12.2009 MPS Lecture




How? Ingredients

Observations

Deriving information from the spectra )
Forward model — Inversion Algorithm

To model the expected observed emission spectra

\4

To retrieval physical parameters as the mixing ratio

MPS Lecture
02.12.2009




Technique to retrieve profiles of temperature and

volume mixing ratio [paiiﬁiim ]. [Azﬁgge]. -
\ &

Optimal estimation algorithm

RT
Comparison . Synthetic
with data Spectra

Svnthetic spectra

T profile

P profile

Vmr profile

|

Fitting algorithm

30 layers

W.=absorption coefficient

New set of parameters

<
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Physical and mathematical basis of the
forward and retrieval models

RT : Asuming LTE,

Specific intensity of the radiation at S,

10 = L™ 4 [ o (B (e ds

o
e

Radiation entering the atmosphere

opacity Absorption coefficient

Tg= brightness temperature

h= Planck's constant Source function
c= speed of light
kg= Botzmann'‘s constant

02.12.2009 MPS Lecture




Retrieval model: Inverse problem and

y=F(xb)+e,

- o g
—_— . > ?
I - I ( y! b } E ) . .iC.Z;' ) pie g (b) Dragon

_ Tigure 1.5 (a) The direct problem: Describe the tracks of a given dragon. (#) The inverse
y = measurements problem: Describe a dragon from its tracks.

F = Forward model
X = unknown parameters to be retrieved (T, abundances)
b = remaining model parameters

c = additional parameters (a priori)

Ey = error

X, = a priori state vector Afsus
S, = error covariance matrix fory K. — dF (x,b)
S, = error covariance matrix por x, * Ox

XDy

OEM Xp41 = Xq +(K;r ) Sl_] - K, ‘i_Sa_] +7 U)_]

solution <KL Sy {(y — F(Ruy b)) + Ks - (B — Xa)} +7 - UGhn — xa)]
Gamma = Levenberg-Marquardt parameter
MPSyeetyiiit matrix (S, 1) 15



Principles of the temperature remote sensing

M |n strong bands thermal radiati on forms at different altitudes
depending on wavelength ( )

# Gas should be well mixed, not variable, with known abundance
M | ocal thermodynamic equilibrium (LTE)

# Vertical resolution ~ half a scale height

MPS Lecture




Vertical sounding of the temperature structure
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P bar Temperature sounding of the Venus mesosphere




Ground -based observations of planetary atmospheres
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The Earth’s Atmospheric Window

Space-based the Earth’s atmosphere is partially transparent
astronomy

100%
b
%

Ground-based astronomy

Atmospheric
Opacity
3

0inm 1nm 10nm 100nm Tpm  10pm 100pm 1 mm 1cm 10¢cm 1im 10m  100m

Wavelength

numerous water vapour
absorption bands:
| o observing sites have to be
Gamma Rays, X-Rays and Ultraviolet from Earth, ::::rsl;ehds:::i from Earth, blocked. dry COOI an d W| th S table

Light blocked by the upper atmosphere 5
(best observed from space). with some gasses (best

distorton, | observed weather conditions

Most of the

These various
atmospheric 'windows'
determine which kinds of
astronomy can be done
from the ground, and
which have to be done
from space. ’1

MPS Lecture




Ground-based observations

M
the! ¢ I'bserved flux that is, in
‘f erature units)

7 - 4

- We need: J .
=good performance of the telesce f_ ! l T T

sexcellent and stable atm ﬂ;}I 1he- <

Anntenas must be very large
Detectors must be very sensitive

MPS Lecture
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Why study VenliSie
atmospherc; dynaiimes,

» To understand the possible
consequences of future climate
changes on Earth

B e s T P e - -
|| A e ST .
- b P _ ,_""-*."." _1- < .._. : . o T o - o : -
- = Polar iear forages on dry ground; Barrow AK- © 2002 Braasch.
Abrupt Transitions in the Summer Sea Ice 'l'
1990-1999 Avg SEPT aice 2010-2019 Avg SEPT aice 2040-2049 Avg SEPT aice ﬂ'ﬁ
: ] ’ ~——— 4 ~u——

oy,

=l
. *—q_._.q

4 50 0 3 2 50 3 2 i = b »

e

NH Average SEP lextent = Gradual forcing results in
A ‘ abrupt Sept ice decrease
M —“Abrupt” « Extent decreases from 80 to
W transition 20% coverage in 10 years.
» Relevant factors:
Observations : » Ice thinning
Stmulated « Arctic heat transport
S-year running mean | « Albedo feedback
» Winter maximum shows
smaller, gradual decreases

Sept Extent 10° km?




Example 1

Why: study Venusian ==
atmospherne dynamlcs ’> W 1“

* To assess extrasolar plahét‘
. habltablllty




Why study. Venusian
atmospherlt adynamics %

e To learn about VenEs |

The atmosphere of Venus canbewertically

three different dynamical regions®

(1) the tropoesphere. below 70 km: -

(2) the thermosphereraboligszi=120 s

(3) the mesosphere, between z=70 and 1! Km.

% Combination of two different windregimes
sub-solar to anti-solar flow pattern =
time-variable retrograde super rotation® "

“*acts as a transition region e
ect

altitiide (km)

Venus International Reference
Atmosphere(1985)

80 km upper haze

Mf: ML
R\

bt ol

—-— A__ﬂsm‘ migdle cloud

4851 km L.ower cloud
deck

0 100 200 300
temperature (°C)




Example 1

On 5th June 2007 : NASA MESSENGER spacecraft encompassed a flyby to Venus
ESA’s Venus Express orbites around Venus

MESSENGER

Second Venus
Flyby

Credits:JHU/ APL

Both spacecrafts carried out multi-point observations of the Venusian atmosphere for

several hours.
02.12.2009 MPS Lecture 27




Example 1

A 1st coordinated observational campaign [23 May — 9 June (later) 2007]:
Remote sensing from Earth - radio,
/ \ submillimetre, infrared and visible -

Space A st

7 .l

42

Credits:]HU/ APL

IRTF Texes
JCMT-15m
> VLT-UVES

Spacecrafts & Satellites: o Keck-HIRES
Venus Express B2 OHP/Sophie
Messenger e 2. Nobeyama
= IRAM-30m

27.11.2009




Example 1

A 2nd coordinated observational campaign [January — June 2009]:

Remote sensing from Earth - radio,
/ \ submillimetre, infrared and visible -

Space ?,f?;... e

Keck-HIRES

T w5 APO/ARCES
Credits;JHU/ APL . 2 ~  CFHT/ESPaDONS
T -- “Okayama/HIDES

f [
Spacecrafts & Satelli e AAT/IRIS 2

Venus Express

. o~ “Kitt Peak/THIS
27.11.2009 =2 29




Example 1

Science Goals

During the coordinated
ground-based campaigns,
observations by the different
teams  focuses on
atmosphere above Venuss
cloud layer and include:

grature vertical profiles

Wind measurements at 8l profiles of CO
different altitudes iti

- cloud top level: visible

spectroscopy

- mesosphere (90-105 kegg)k

mm/submm spectroscopy

- thermosphere (120 km)id

LM observations

Morphology of the mesosphE

airglow emission (O, O2)

Mesospheric compositioNEBIECHINEZSUrements of wind from Doppler
(H20, SO, SO2, HCI) ‘ 0 line and mapping the wind velocity

Deep atmosphere nightside _..-H_r Venusian disk
composition

MPS Lecture Credifi° ESA




Example 1

How? Ingredients

Observations

Deriving information from the spectra )
Forward model — Inversion Algorithm

To model the expected observed emission spectra

\4

To retrieval physical parameters as the mixing ratio

02.12.2009 MPS Lecture




Example 1

Il.- Spectral Line Observations of Venus

Between 7.6.07 and 16.6.07 (1st campaign)

Results:

36 spectral line observations of Venus
with the lines

10-m Submillimeter Telescope COJ=3-2 - 15 mi_n - SIS-345
(HHSMT, Arizona) 13CO J=2-1 - 30 min - 1.3mm ALMA
Instrumentation used : 12O J=2-1 -150 min - 1..3mm ALMA

Receivers : 345 SIS, 2mmJT/1.33JT ALMA
[320-375] [210-279] GHz

Backends :

e Chirp Transform Spectrometer 40 kHz)

» Acousto-Optical-Spectrometers (AOS’s)

* Forbes Filterbanks (FFBS)
27.11.2009 MPS Lecture

at 15 different beam positions at the
Venus disk




Example 1

Fractional disk illumination

Apparent disk of Venus for 2007 Jun 8 and 16 at 20:00 UT

02.12.2009

Venus

Sub—FEarth lon 202.6 lat -2.3
Sub—-solar lon 292.8 lat -1.1
Phase 0.499 Diameter 23.5"

49.9 %

MPS Lecture

Venus

Sub—FEarth lon 221.9 lat -1.7
Sub—-solar lon 317.4 lat -0.5
Phase 0.452 Diameter 25.58"

45.3 %

N




Example 1

02.12.200¢

Dec [arcec]

Dec [arcec]
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Example 1

Spectra Morphology for the 12co J = 2-1 line for different backends

12CO0J=2-1-30min
at center of Venus
CTSA

. . b ’ . L
2.305 10° 231 10° 2.305
Hesl F Freg

_ _ Hartogh, Jarcho, 56, 1688, 2008
Very narrow, deep absoption lines

are obtained!
02.12.2009 MPS Lecture




Example 1

lll. Technique to retrieve profiles of temperature and

CO V0|ume mIXIng ratlo [ pagg)llél:ers ] . [AI:;L:I;giear:ce ] . -
Optimal estimation algorithm ™

RT

Comparison . Synthetic
with data Spectra
T profile

Svnthetic spectra

P profile

Vmr profile

|

Fitting algorithm

30 layers

W.=absorption coefficient

New set of parameters
02.12.2009 .

<
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Example 1

V.- Results: Thermal structure and
CO Distribution

02.12.2009

£
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E
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mperaturn

e

brighiness

CO (3-2) 345 GHz nadir

40 0 40 BO 120
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Rengel, Hartogh, Jarchow, PSS 56, 1688, 2008
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0.0 0:2 0.4 0.5 D8

averaging kerngls [dimensionlzss)

1.0




Example 1

V.- Results: Thermal structure and
CO Distribution

27.11.2009

®
-4
=
!‘.1
o
(=%
E
8
L
2
£
(=2
£

brightness temperature (K)

150

CO (2-1) 230 GHz nadir

J
A

120 -ED -40 ] 40 8O0 120

offset freauency (MHz)

-ED -4 ] 40
offset frequency (MHz)

MPS Lecture

{:

100 200 300 a0

temperature {¥)

1
0.2

L LI I R I B B O L S B R e

s
'
&

o 200 <00 @00 300 10D 12D0

volume mixing ratio {ppm)

0.0 0.2 0.4 0.4 0.8

awveraging kernels {dimensionlzss)

‘.

0.0 0.2 0.4 0.8 D.8

averaging kernzls (dimensionless)

1.0

38
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Example 1

V.- Results: Thermal structure and

CO Distribution

CO (2-1) 230 GHz nadir
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temperature (K]

LI, I L I B N O D N

T A I I W o e i
200 400 @00 800 1000 1200
volume mixing ratic {ppm)
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Example 1

V.- Results: Thermal structure and
CO Distribution

27.11.2009
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averaging kernels (dimensionless)
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Act 1

V.- Results: Thermal structure and
CO Distribution
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Example 1

V.- Results: Thermal structure and
CO Distribution

13-CO (2-1) 220 GHz nadir
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a0
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A e SPICAV Orbit 1

Night
Day
5—7 p.n1

SPICAV Orbit 1(

4PV Night Probe [1978]

02.12.2009

180

Temperature [K]

MPS Lecture

 Temperature pea
detection at 90-100 km —
thls seems to support the
qgvyly found of the extensive

e P

i,m;ﬁ/éi* gffvarm air detected

by SPICAV (Bertaux et al.
2007).

e Day-to-night temperature
variations ~25 K at 100 km
(15 June)

e Temporal diurnal
temperature variations ~10
K at 80 km and nocturnal at
100 km. 43




Example 1

V.- Results: Wind Velocities »

2CO (2-1) (14— 15 June 2007)

120

Altitude [km]

os
o
|

02.12.2009

Wind Velocity [m/s]
MPS Lecture

« Day-to-day variations of
the wind velocities (at 92
km and 105 km altitude)

44



Example 1

V.- Results: Wind Velocities

20

Dec [arcec)
=

-10

-20 F

=30 F

.
SETRE RRRTRERRT (FRRRERTRT] IETRERRET] [ARRTER LA SR ANE PN R ARRTRRENEY INT]

Field of view of Venus

30

10

30 20 10 0 -10 -2 -30
R [arcsec]

02.12.2009

S S
400 - ; d
& 200 . .
E I
-'_:_::' I
a i ]
[ b 5K _
E ° I W
= i 1
s W W
200 | .
b W _
8 10 12 14

Beam position number

Fig. 15, Retneved wind welocily measurements for dilferent beam
positions on the Venus® dise for two observing days. Squares: 14 June,
tnanghes: 15 June. Retneved velocity error bars are mdicated. E: East, W:
WeslL

MPS LecRiengel, Hartogh, Jarchow, PSS 56, 2008, 1368




Example 1

date

Winds measurements

n/sh’ reference

observatory

Dec 1985,
Oct 1986,
Mar 1987

Apr. May
1988

Aug 1991

Oct 2002
Nov 2002

896 1s2& 10

9526 35215 45:15  elouchew.

9o

05 10195 10T EO0E sl

L msadelysonil hioeoe

105 dominant
105 - dominant

Goldstein etal.
1991

Shah etal.
1991

IRTF, 10 micron
heterodyne.

dayside only.

OVRO, interferometer
12C0 (1-0)

- IRAMsingledish

ik

RO

Clancy 2005

JCMT, single dish
12C0 (2-1)

May-Sep
2007

Strong variability

#1 VEX - GBO
Campaign
(PSS 2008)

IRAM, APEX, JCMT, SMT
PdBI, NMA

Table credits: Sagawa




Example 1

Interferometric CO observations

1*‘\ j nli'_ --:i \jf;‘ i...lil{l by ::;-_ o=

SMA
(submillimeter Aray)

CARMA - Succesfully

bl measurements of the

e NN S

9 Status: Yonus Diametar hem|Sphere |

Data analysis Cintona © s a ~ Stongspatia
Inhomogenity in the

wind pattern

Artenna Exém# 6x10dm9xé1m i
Baseline length 95-25m 11-150m YR Y
Raceiver Band \/eloc!tx_sf}?&: ap ,<XX Mon 09
Observed Lines | : S :%
Wind Sensing Alt®2 95-105 km  105-110 km 95-100 km e D . i T
FOV (FWHM) 48" 32" 60" {10m-antenna) # z \\ :
Spatial Resolution  4.3° X 3.0 55" x 1.7" 40" % 46"
Freq. Rosolution 100 kHz 30 kHz

Simultaneous retrieval of T(2), Visualize the wind pattem around
€O, wind vertical profiles by the antisolar paint, and map the

Final Goal
using 3 CO fines. enhancement of CO at nightside.

Sagawa, Hartogh, Gurwell, Rengel, Moullet, in preparation



Bampyl- Conclusion 1sigEXeiisle

m  We have carried out sevej
observations on differe
around the MESSEN
mission

nd 13CO J = 2-1 line
SC during June 2007
tions from Venus Express

From the spectra y

Jerature, CO distribution,
and wind velocitie .

Venus

Changes in the sphere are detected

Day-to-night smgiiNEpEIeiiiENaiaiensiandisnort-termi(day-to-day) on a
time scale as sheSIBHENEAVA/AENGHSIGIVINAS Andiemperature are evident
in our data.

This is consisteniVibRENICIUIERSREIEmALICVanaility of t he Venus
mesosphere withiEUESNINEIMPEIRMIEIOCCUING| on| _Short scales
(Clancy et al., 200 r

Retrieved winds shé

yetween the winds on 14
June and those on 1 :

]

30 J = 2—1 and retrieved
mperature peak detection at
e extensive layer of warm air

HHSMT line observation

thermal profiles of the me

90-100 km) seems to SuppOfUIEN
SNt

cligiefle)
detected by SPICAV onboard

flnle
IUSTEXPrE 5
VIPS Lecture

U’ l—l



Example 1

VI. - Outlook for the future

Dec. 2010 - Jan. 2011 3rd coordinated campaign

A proposed coordinated campaign in
support of VEx-VCO at

VCO orbit insertion in Dec. 2010

VEX and VCO arhijis

JAXA's Venus Climate Orbiter




2rncl exclrnolg

AXP’E)( @bs eryati t’j@nzs

Based of the ESO project E-081.F-9812A-2008
MPS Lecture




Example 2

Pressure [hPa]

Temperature profile

"

o

<

~.
J

thermosphere

stratosphere

C_’ troposphere

50

100 150 200
Temperature [K]

1655 Chri sti aan Huygens
di scovered M nas
1847 John Herschel suggested the

~ nanme of Titan (sisters and

11400

Altitude [km]

‘brothers of Cronos, the G eek

Saturn.)

The atmosphere of Titan can be vertically split
into four different dynamical regions :

(1) the troposphere:. below 45 km

(2) the stratosphere, between z=45 and 250
km

(3) the mesosphere, between z=250 and 500
km

(4) the thermosphere, above z = 500 km




Example 2

understood ancNis

* CH, Is/ thersecondiieseisiifeElfissidEcic detected
*HCN IS the mesteisiiiEElgiNiigiEXsisRic

*CO originis ReVEl uEEIS orl

TDT = 1.5 h)

Water, CO, f
been detecte o

Flux (I¥)

J\Wﬁ

Titan (TDT = 1.7

avenumber {em ')

b)

PEEEE cten Seminar
Coustenis et al .

5 lLl*/h)\ r\ ‘ g
110f f/J\‘NV 3 g

Why Titan?

= The origin of TitaRiSaifiesSpREse IS poorly

Titan observations
with SWS/Grating
of two water lines
at 43.9 and 39.4
UM respectively,
along with the off-
source spectra.

Comz‘emx et al. A>A. 336, 1.85-1.89 (1998)

52



Example 2 The APEX Swedish Heterodyne Facility
Instrument (SHFI) was installed on the APEX
12m telescope on Chajnantor in 20C

m Test feasibility and capaBiiies
of APEX-1 and APEXESHiG);
planetology, In paltichli2@ioe)
Titan s atmospherie
observations. Full="disk
spectroscopy of Titam:

m Investigate possiblevericzal
profile retrievals of C
HCN with APEX-1.

MPS Lecture Credits: BSA




Example 2

How? Ingredients

Observations

Deriving information from the spectra )
Forward model — Inversion Algorithm

To model the expected observed emission spectra

\4

To retrieval physical parameters as the mixing ratio

02.12.2009 MPS Lecture




™ Spectral Line Observations of Titan

Proposed lines: Time allocated: 11.5 hrs
8.2 hrs observed - 2.5 hrs in very bad weather

Frequency Integration Trime
60 min (PWV 2 mm, rms 0.04 K, FFTS 16384)
HC'N(3-2) . 258.156 GHz | 39 min (PWV 2 mu. rms 0.04 K, FFTS 16384)
CO(2-1) v 230.538 GHz 36 min (PWV 2 mu, rms 0.033 K, FFTS 16384)
' 56 mm (PWV 2 mum, mms 0.025 K, FFTS 16384)
1.4 h(PWV 2 mm rms 0.025 K _FFTS 16384)

430.235 GHz 2h (PWV 0.5 mm, rms 0.08 K, FFTS 16384)
461.040 GHz 190 (PWV 0.5 mm, rms 0.09 K. FFTS 16384)

12-m APEX Telescope (Chile) _ 161 (PWV 0.5 mum, ruus 0.055 K, FETS 16384)
Between 21.3.08 and 27.6.08

Instrumentation used Results:
| | -Improvement of the control software. After this
SHFI Receivers : APEX-1  yrgiact it was possible to properly point and track
2] (i data on a moving target.

Backends : . : :
FFTS1 (up to 122 kHz - spectral line observations of Titan

Bandwidth 1 GHz) with the lines
Mode: Position switching CO J=2-1 - 13 min
02.12.2009 HCMnde3e2inr19 min




Example 2

The atmosphere above Llano de Chajnantor during these observations

Atmospheric window at Chajnantor Annual variation of PWV at Chajnantor

Chajnantor PWV
APEX, Llano de Chajnantor, alt. 5100m 75% quartile -
50% quartile
25% quartile

Jan Feb Mar Apr May Jun Jul Aug Sep Oct MNov Dec
Month

02.12.2009 MPS Lecture




Example 2

Results: Titan s spectra

1 TITAN

HCN(3-2)

RA: 10:25:24.622 DEC: 11:41:57.79 (2000.0) Offs: 0.0 0.0 Eq
Unknown  Tau: 4.5560E-02 Tsys: 284.0 Time: 18.84 El: 55.15

N: 255 10: 128.0

FO:  265886.000 Df:  3.906 Fi:

B ef: 1.000
H20 : 0.6053 Pamb:

V0: —8.002 Dv: —4.404 LSR
253885.089

F ef: 0.9500 G im: 0.1000
552.5 Tamb: 268.3 Tchop: 287.0 Tcold: 73.3

Tatm: 0.0 Tau: 4.55608eBZitfdkmis) 0.0 Tau i 4.1287E-02

300

24565, 24867, 24569, —500

AP—H201-F102 O: 23—-JUN—-2008 R: 23—-JUN—2008

2.656 10°

2.658 10° 2.66 10°
Rest Frequency (MHz)

Smooth 5

CO@2-1)

23; 1 TITAN co(2—1)

RA: 10:25:24.170 DEC: 11:41:59.93 (2000.0) Offs:
Unknown  Tau: 6.1966E-03 Tsys: 191.9 Time:

Nz 63 10: 32.00 VO: —8.008
FO:  230538.000 Df:  15.62

B ef:  1.000 Fef: 0.9500
H20 : —7.1931E—02 Pamb: 552.3
Tatm:
500 245600 24562,

AP—H201-F102 O: 23—-JUN-2008 R: 23-JUN-2008
0.0 —.723E-02 Eq
12.59 El: 55.11
—20.32 LSR

218537.092

0.1000
Tamb: 268.8 Tchop: 287.1 Tcold: 73.3
0.0 Tau: 6.1966BeRBILTdlmM/s) 0.0 Tau i: 5.3034E—03

—~500

2.304 10° 2.306 10°
Rest Frequency (MHz)

First observations of a planet/satellite with APEX-1

But not optimal for retrievals of vertical distributions... However
MPS Lecture

02.12.2009

10°

Smooth 7

2.308 10° 2.31

S/IN=5
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Example

1. Modeling procedure

3rd step:
Integrate and convolve with the antenna pattern

2nd step:
Calculate RT along each ray path

1st step:
Calculate absorption
coefficient at each layer

/ Z=0 — 600 km

02.12.2009




Example 2

Adopted Titan‘s thermal and pressure profiles for the opacity calculations

g
2
=
=
s
=
=
4

100 150
TEMPERATURE (K)

Hidayat et al. 1998

Profile based on Coustenis and B ezard
1995 & Yelle et al. 1991.

Atmospheric composition based on

oL _ :
o 1w’ 1wto 003 006
Volume mixing ratio

Marten et al. 2002 Kok et al. 2007

Also used by:
Gurwell 1995, 2000 CO
Marten et al. 2002 HCN

The resulting spectra allow the retrieval of stratospheric CO and HCN profiles

02.12.2009

MPS Lecture 59




Example 2

V.- Results

We investigate the possibility to retrieve the mixing ratio profiles of CO and
HCN

m Mixing ratio of CO (2-1)
assuming that CO is constant with altitude, we just compare
observational and synthetic spectra

]_ ( ._I é'::'il
E CO 50 ppm

CO 10 ppm

—
=
—
>
=
(W
©
et
o
—

-200 0
v — vo [MHz]

With 15 MHz spectral resolution: spectrally resolve the absorption line

02.12.2009 MPS Lecture




Example 2

Table 2. OO mixing ratios

Altitude [km] Mixing ratio (ppm) Wavelength Facility Reference
Stratosphere 30-180 115.27 GHz Modeling .
Stratosphere fil+40 2.6 mm Owens Valley /2 elements interferometers 1
T f 3 -+ 100 = - Yo i b P Tt wd 4 : o Py 31

Imoposphere 4854 1.57 pm Kitt Peak /Fourier transform interferometer

Stratosphere 2 _f 2.6 mm IR AM-30m/3-mm SIS receiver e
Stratosphere BO+10 2 6 mm Owens Valley/6 104 m diam. antennas 3
g _ 11 P -1 g i
Imoposphere ll.:-'_1t1 4 A mm UK IR Telescope /CGS54 spectrograph o
Stratosphere 5246 1.3 mm Owens Valley /antennas »
Stratosphere 5114 345 GHz SMA /5 and 6 antennas Ly
153350 60 4.504.85 um VLT /ISAAC 36
Tropo-Stratosphere 15415 4.64 pm Cassini /CTRS e
Stratosphere 178 30-60cm Cassin/ CLHS =

Rengel, Sagawa, Hartogh, submitted to AdGeo

02.12.2009 MPS Lecture




Example 2

m Mixing ratio profile of HCN

-Try to retrieve the HCN vertical profile with the nomimal T1 profile = no fits
- Try to retrieve the HCN vertical profile with T2

; HCN(3-1) 4 MHz resolution [ manann a prior

- e— reirieyved

Total Flux [y]

—_——

‘luﬂz'"I"""'|'--|---I...: L
-600 -400 =200 0 T7 200 400 -6 0 1.0

HCN log (VMR) Avrg. Kernel

v = vo [MHz]
Rengel, Sagawa, Hartogh, submitted to AdGeo

Simulated observations and fitted spectra, HCN distributions for the simulated
observations

02.12.2009 MPS Lecture




Example 2
Poor S/ N bhere

Comparing these results must be considered cantionsly. . .

Table 3.

HCN mixing ratios

Altitude [km]

Mixing ratio

Wavelength

Facility

Reference

Stratosphere
Stratosphere
Stratosphere
Stratosphere
Stratosphere
Stratosphere

83

300

400

400

400

400

500

~600
700
700

3.0 x 107

88.6 GHz
713 em—?
88.6
713 em !
88.6 GHz
713 cm—!
177.26 GHz
177.26 GH=

88.6 GHz

712.25em—1

3 pm

[RAM-30m /SIS receiver
Voyager/IRIS
IRAM 30-m /SIS receiver
Voyager /IRIS
IRAM 30-m /SIS receiver
ISO/SWS
SMA /5 and 6 antennas
SMA /5 and 6 antennas
Model prediction
Model prediction
TRAM-30m /SIS receiver
Model prediction
Cassini/CIRS
Keck II/NIRSPEC
Model prediction
Model prediction

2
40
11
18
42
43
17
L7
44
45
39
46
47
46
45

46

02.12.2009

Rengel, Sagawa, Hartogh, submitted to AdGeo




s HCN Although still in progress, the retrieved HCN mixing ratio suggests higher
HCN abundances than Marten's result, in particularly at altitude of 200-300

km km. 500 e
------ a priori ::
400 _——retrreued i 7
Vertical profiles set up by photochemistry and — 1 i 3.2 times
condensation can be modified by atmospheric £ 300} '
dynamics. = :
HCN profiles retrieved from CIRS data: £ 20 .
- HCN is enriched in the north compared to the 100+ i

south

0 : ! !
-9 -6
HCN log (VMR)

58S (T6) 15S (Th) 67N (T7) 82N (T4)

400

300

ALTITUDE (k)

200

2

10® 107 10® 10°10° 107 10® 10°10® 107 10° 10°10® 107 10® 10° ~-[ —
vmr vmr vmr vimr

Teanby et al. 2006

Marten et.al. 2002

1078 10
MIXKING RATIO

64



m HCN Although still in progress, the retrieved HCN mixing ratio suggests higher
HCN abundances than Marten's result, in particularly at altitude of 200-300

km.

...... a priori
400 | e retrieved

Maybe this layer is an enriched HCN layer

Enriched air from the north pole becomes
entrained in a Hadley type circulation cell
and is advected to lower latitudes

 ALTITUDE (km)

. Marten et.al. 2002
02.12.2009 MPS Lecture 1™ o :u;:'n\::: I 10




Example 2
V

.- Conclusion 2d Example

We report the firsirelsEleiRENesiciECRYI the
APEX-1 instrumentenicypeiEieg/SeieiiEietimnosph
taken during SV CO(Z2=1) e RSGINEEZREIgRINTAN. }
These obsen/ationsHmpIeYEERERAsIgusIEsEiillere of the
APEX telescope; neNiNSHeEEisERsRieIsfslcincts
WERIEEilefziieticle €O ziricl FICHN cornpositiorn oRERs

e
stratosphere: GuUIRECONIXITEN Rl IiEiion! |
consistent WitiFSemMECuIERel IS GINNI)ic S
require furthefinvestigaiie
Nitriles and COrappeaiSNERAeVOlEIsIENiNie
submillimeter rangerexploEcRitiRIgERAL

02.12.2009 Planeten Seminar




Example 2

VI.- Work to do

m 1.3 THz Observations at the APEX Telescope

This receiver covers a frequency band that won'’t be
observed with the HIFI instrument of Herschel, and
therefore both instruments could benefit from each
other. The HIFI band 5 currently reaches 1271 GHz,
therefore at least the CO(11-10) and CS(26-25) are

observable with both receivers, which IS ver Important
for cross calibration purposes.

Increase pointing measurements

= only initial relative offsets were

found between the different bandSEas | VAL
Rizsacher et al. 2009

02.12.2009 MPS Lecture 67




Example 3

3rd Example

Atmospheric Gases of Titan
Predictions from Herschel

“_;-.-
,'.."r e
.J"F
"-H-"" » b \

e
-‘.IW-
&

a

| I
\ . L

02.12.2009 Credits:ES A/ AOES Medialab -




Example 3

1l.- Herschel -based observations/simulations

Herschel Space Observatory will observe the ,,cool universe*

&
. e
Key Programme with guaranteeg\‘m'\ne:

2
"Water and Related Chemistry iQ@Q\g\Solar System*
P.1.: Paul Hartogh (MPS Ling)
Hartogh et al. PSS 57,6 13, p. 1596, 2009.

Ly # -

A

- A
o~

A Y

ANAT,

Credits:ES A/ AOES Medialab

The Program will result in a

comprehensive set of sensitive and

well-calibrated spectra of water, its

isotopologues, and chemically related

species in Solar System objects: Mars,

Outer Planets, Titan and Enceladus , Hss& |

cor{efs?009 MPS Le§jwi%er and Related.Chemistry in the Solar Syst&m

Guaranteed Time Key Programme with the Herschel Space Observato




Example 3

2

Marek Banaszkiewicz’,
Frank Bensch?
Edwin A. Bergin3
Francoise Billebaud*
Nicolas Biver®
Geoffrey A. Blake®
Maria I. Blecka’
Joris Blommaert?°
Dominique Bockelée-Morvan?
Thibault Cavalie, (Associate)
José Cernicharo’” (mission scientist)
Régis Courtin’®
Jacques Crovisier®
Gary Davis?
Leen Decin?®
Pierre Encrenaz® (mission scientist)
Thérese Encrenaz’®
Trevor Fulton
Thijs de Graauw’ (ex HIFI-PI)
Armando Gonzalez (Affiliate)
Paul Hartogh' (PI, coordinator)
Damien Hutsemékers'?
Christopher Jarchow'" (Col)
Emmanuél Jehin'?
Mark Kidger??
Michael Kiippers
Arno de Lange

11.204%a-Maria Lara’3

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
&

HSSO Participants

Sarah Leeks

Emmanuel Lellouch?®

Dariusz C. Lis®

Rosario Lorente22

Jean Manfroid21

Alexander S. Medvedev'" (Col)
Raphael Moreno5

David Naylor14

Glenn Orton15

Ganna Portyankina

Miriam Rengel’ (Col, HIFI Calibration Scientist)
Hideo Sagawa (Associate)
Miguel Sanches-Portal22
Rudolf Schieder16

Sunil Sidher17

Daphne Stam18

Bruce Swinyard17

Slawomira Szutowicz1

Gillian Thornhill22

Nicolas Thomas19

Miguel de Val Borro (Associate)
Bart Vandenbussche20

Eva Verdugo22

Christoffel Waelkens20
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Example 3

Planned Spectral Line Observations of Titan

Instruments onboard Herschel:
Heterodyne Instrument for the Far-Infrared (HIFI).
»E, Helmich , SRON
‘of  Resolutions: 140, 280, 560 kHz, 1.1 MHz

515 Technology HEB Technology
THz D48*004 —*080 —*006 —*1.12 —*127 141-+10

pm: 825™488 375 *312 s 238 2137157

480 — 1150 GHz 1410-1910 GHz

R LA 4
i o S 711
& 11
o TS \\‘ﬁ b

‘ ":;i'}‘"“f'rréy Camera and Spectrometer (PACS).
Pl. A. POIItSCh MPE 55 —-210 ym

Spec‘frt@ﬂé’rr e e
sngie i‘ i’.‘ j'
. 1”. m!. 4 T’

%I { BHot _metﬂtl aging Receiver (SPIRE)
V. rn‘ﬂ\@ ‘“‘tardlffv University
S " Photometer: 250, 350, 500 ym
02.12.2009 MPS Lecture Spectrometer 194- 672 7&m_




Example 3
Hel;scbel and Planck Iaunch: Fantastic Iaunch, good performance, great ground segment.

RN

Y
li

/]

-

T

zeg

%
il

= Al three instruments started up without problens

_
—_—

.

- — — - ﬂedllﬁf ESA)




Example 3

Table 8: Detailed list of outer planet observations

Target Instr. Line Freq. Resol, Tirme SN Repetinon  Toal Gioal
(GHe ) /Maode (hour) {hour)

Jupiter HIFI
HIFI

HIFI

HIFI
PALCS
PACS
PaCS

Salum HIFI
HIFI

HIFI

HIFI
PACS
PACS
PaCs

Titan HIFI
SPIRE 3 e e i i Line (GHz) Uranus Neptune Titan
Pars o Faltrange N E A i |3 3458 Exnloratici Mot 4600 2250 2250 4100

AN : I SEER AR A byt gt hbomizorng 4512 250 250 500

Pacs Tlimes  Bimescane 3785 0 hes 3TRA Vasl. profite 4469 el L

PACS 4512 Line scan 7

PACS

Enceladus PACS
Uranus HIFI
SPIRE

PACS

PACS

PACS

PACS

PaCs

PACS

Neplune HIFI
SPIRE

PACS

PACS

PACS

PACS

PACS

PACS
U Per resolution element for HIFL: per line for PACS line scan: on the continuum for SPIRE and PACS full mage spectra

d RelategLChen'iistry in the Solar System

e Key Programmewith the Herschel Space Observatory

Table 9: Observation times (sec) for HoO line spectral scans with PACS

: : 3977 350 350 650
50 Jtimes  0.440 Ha O variab. 3654 1100 1100 2000
2774 290 290 550
2392 2040 2040 3800
Total Zh Zh 35h

Investigate possible vertical
profile retrievals of H,O,
HCN, and CO with HIFI and

PACS for the expected
signal-to-noise ratios.

73




Example 3 I I I

Modeling procedure

3rd step:
Integrate and convolve with the antenna pattern

2nd step:
Calculate RT along each ray path

1st step:
Calculate absorption
coefficient at each layer

/ Z= 0 — 1400 km

02.12.2009




Example 3 _ _ _
Adopted Titan‘s thermal and pressure profiles for the opacity calculations

i

imulating the spectra

[

| il
\ Lara et al. 1996 |

02.12.2009 MPS Lecture




Example 3

V.- Results

m Synthetic spectra of the Herschel Spectroscopic
observations of Titan

B We show model calculations of the synthetic spectrum of Titan's
atmosphere (CH4, H20, HCN and CO) with the SPIRE (0.04 cm-1),
PACS (1-4 GHz) and HIFI (1 MHz) spectral resolutions.

| (\ HIF]
'- Expected Wat

| H20 ?097.3} GHz spectra
observations

| f\ ol \ith HIFI
0

* H20 5569 GHz.
/ : 0 20
Frequency [THz] v — vo [MHz]

02.12.2009 MPS Lecture




=’ Results - PACS

We determine a temperature profile from the emission spectra of CH4
We retrieve the mixing ratio profiles of the species

m [emperature profile

CHa PACS Temperature weighting functions for CH4

" M\ line center full range scan
1\

\ low samp,
. [GHz]
\ 1882

\ 2195

Results after considering PACS spectral
resolution and range Scan mode.

1.0 T
Weighting Function [Jy/K/km]

PACS

e s ,= Temperature retrieval from the PACS CH4
o range scan mode (S/N 100).
' Blue : used to calculate the synthetic spectra
Red: retrieved profile

Altitude [km]
S

—
=]

' | , Averaging kernels of the retrieved temperature
N N

40 80 120 160 0 1.0
Temperature [K] Avrg. Kernel

27.11.2009 MPS Lecture




Exampl&&trieval simulations of water mixing rations

ILine scan

IFl il mode
: Combinati
on of 10

lines

T
1097 GHz : }! 1097 GHz
I
|

B
=
o

Flux Dyl
Altitude [km]

N
=.
(=]

— true
—_— true

apriori
retr.

0 1 L 1 0 L 1 1 1
=20 -10 0 10 20 0 0.6 ol + .
Frequency, v — vo [MHz] In(VMR) Avrg. Kernel - -

5 -5 @
HCN log(VMR) Avrg. Kernel

mixing ratios \ ¥ s

PACS mixing ratio retrievals |

require the use of multiple-line % - \
observations with different line ,1 '
opacities for each specie. o o

02.12.2009 MPS Lecture CO VMR [ppml] Avrg. Kernel

Altitude [km]




Example 3

V.- Conclusion 3rd Example

We have calculated the expected full range spectra of
Titan"s with HIFI, PACS and SPIRE.

More than 10 CH4 rotational lines are expected to be
detected by PACS, but it is not able to resolve the
shape lines. - A combination of lines lets to retrieve
the Titan"s atmospheric temperature at 20-140 km.

10

:

10°

High spectral resolution spectra of water is expected to .| emessere =
be observed with HIFI, which enable us to retrieve the ¢
water mixing ratio at the altitude range of 100-400 km. {"

Altitude [km]

0
10} stratosphere

It is also expected that the line scan observations of [ |
multiple water lines with PACS will contribute to e

o
50 100 150 200 250

constraints the water abundances. N - .

These results in preparation for Herschel show out technique
to be a promising tool for the analysis of Titans atmospheric
data.

27.11.2009 MPS Lecture




Example 3 Cassini Mission Overview

Four-Yaar Prime Tour + Two-Yaar Extended Mission (Proposed), July 2004 - July 2010

'Extended Mission

Year of Tour 1 p | 3 6

Orbits 11 T 39 21 26 Titan flybys

Titan

XXM Science Objectives - TITAN

. Seasonal-Temporal Change
Proposed CaSS|n|' — Determine seasonal changes in the

Huygens SOlStiCE MiSSiOn methane/hydrocarbon hydrological cycle

— Determine seasonal changes in the high

(additional 7-year phase) latitude atmosphere

New Questions

Determine the types, composition,
distribution, and ages, of surface units

Determine internal and crustal structure

Measure aerosol and heavy molecule
layers and properties

02.12.2009




Future of planetary observations in the mm/submm

m Atacama Large Millimeter
Array Project (ALMA)

0.3 mm — 9.6 mm
50 12m dishes
Ready 1n 2012

James Webb Space Telescope
(JWST)

0.6 um — 28 um
Telescope 6.5m
Launch: 2013

02.12.2009 MPS Lecture
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tor)

ATMOSPHERIC

nsing by REMOTE

SENSING BY
MICROWAVE
RADIOMETRY

Giant Planets of Our SolalgSysic

Atmospheres, Compositioligel

Structure
Patrick G.J. Irwin (Autho

02.12.2009

cicl
GIANT PI.J\NETS _

OF OUR y
SOLAR SYSTEM

Atmospheres, Compa
and Structure

Second Edhhn

. Patrick Irwin |8

&1 Springer nfy
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e, 56, 1688

nd arm, EXPIESS
Pages 1368-1384. DOI informaieiioRioaks[He

m Titan - APEX

= Titan : preparations fc
Rengel M., Sagawa H., Hartogh P.

Herschel observations of Titan". Advance Ii
02.12.2009 MPS Lecture
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Outline of the talk

+ radiative energy budget

+ forcing of the general circulation
+ greenhouse effect

+ balance of entropy



Radiative energy budget




IRPTION %

Energy balance of planets

g

LB, (NORMALIZED)

] BLACK BODY o 5
CURVES

/ \

IIIIIIII IIIJIlll

[
&l

1
] :;-2 1 i :z

53

v w.n-.ELENGTH "
B0l caouNo |
g0 LEVEL II
401

L,.IJ L '4.1

Q

Q{IHI‘;{IE ||| Fgﬂ m‘H' E,!M Hr;,l &1 J___p@ He (retatiee)

Effective temperature
E(1-A) = 40T,

Solar constant
Eo=1370 W/m*

Flux (watt cm™ st cm™)

Planetary spectra

Wavelength

1 mm 100 10 g

10—°3

10—

1G—F

102

10 (£4]

1011

]
| Thermal -

T o ]
Reflected
emission emission

1 ;=

10 100 1 000

Wave number (cm

10 000

—1y



Radiance, erg/(s*cm’ums#sr)

Composite spectrum of the outgoing radiation

10°
10°
10*

10°

/ ~~ Solar reflected
r \
Y
/ v Y .
d 1
! (LA
rf o\
! \
! \
\
\
Solar flux at the top of .
the Venus atmosphere A
E ~ 2600 W/m? :~..5

Venus

Thermal IR from
the cloud tops

~T=230-280 K

=

1.0
Wavelength, um

10.0



Sources of energy on Giants

Sunlight

Sunlight

i !
£ % 3 g
= T g% o
Earth Jupiter | Saturn Uranus | Neptune
D, au 1 5.2 9.56 19.22 30.11
Solar flux, | 1370 50.66 15 3.7 1.51
W/m?
Energy 1 1.67 1.78 1.06 2.61
balance,
FIR / Fabs




Radiative flux

Latitudinal distribution of energy sources and sinks

230 —

290::.—.—.—.-—.-.—.—._....‘_

Venus _.L—-\

;«nt_—“"“‘"—-ﬂ

Eart

Received -
from the Sun

L

130 —

100 =

Emitted to space

L

! l i | { [ 11

-0

L}

10 20 30 40 50 &0 70 %0

Latitude

+ Venus gets less energy than
the Earth !

+ Net heating at equator, net
cooling on poles

+ Latitudinal distribution of
radiative balance implies
energy transport by circulation

Taylor et al., 1983



Vertical distribution of deposited solar energy

Radiance, W/(m?*sum=sr)

1000 [ | | T
[ C02

o4

62 H,0

51 |

- 49
40

25

16

100

10

Venera-13
10 | | ‘ | | | |

0.4 0.6 0.8
Wavelength, um

Ekonomov et al., 1983

Altitude, km

80

60

S
o
T

20

TT T T T T 11

I
Global mean '!
i
net solar flux , ,

74 Downward flux

100 1000
Solar flux, W/m?*



Altitude, km

80

60

TN
(&}

20

0

0.001

0.010 0.100 1.000 10.000 100.000
Cooling / Heating rate, K/day

Global mean heating
and cooling rates

+ half of solar energy
deposited on Venus is
absorbed by the unknown
UV absorber in the cloud

layer

Tomasko et al., 1985
Crisp & Titov, 1997



Mean deposition of solar energy on

terrestrial planets [ W/m?2]

Venus |Earth Mars
Atmosphere 130 70 ~0
Surface 20 170 125




Atmospheres as heat engines

F Energy transport by atmospheric motions
I Dissipation due to friction T

F Efficiency g<]1--2
Tl




Greenhouse effect



Basics of the greenhouse effect

=

05uym  1pm 5pm 10 ym
Wavelength, microns




Absorption bands of the atmospheric gases

107'® '
H,0

H,0 HClI

CO

g

Intensity (cm™'/mol—cm?)

1.0 1.9 2.0 2.9 3.0
Wovelength (um)



Venus - the queen of greenhouse

D T

50, Clouds

CO.@420%K COS@12%K,
H,0@70K. CO0-3K
Clonda@il40  SO,@3K

& r—h—]

T ~250 K Ts~750 K
Bullock, 2007

Temperature, K



Greenhouse effect on the
terrestrial planets V.

Venus (CO,, clouds, H20)

AT~ 500K (
\

>

Earth (H,0, clo 0 s)

Mars (dust, CO,)
AT ~ 5K



Entropy balance



Planetary balance of radiative energy and entropy

Energy balance:

Esolar— Etnr = 0

Entropy:
@S =ET

2-d Law of
Thermodynamics:

: &8520
\ =0 - reversible processes
>0 — irreversible processes
||‘ Entropy is a measure of
dissipative processes




Flux of radiative entropy

No atmosphere Dense atmosphere

@S =E/T.—EMT.<0

0

Planets receive negative entropy from the Sun



70

50

Solar Thermal

Lower atmosphere (400K)

L ]

Surface (735K)

Radiative
Energy / Entropy
balance on Venus

Radiative energy balance

8 ~0
Radiative entropy balance
&S =-100 mW/m?/K




Entropy balance on Earth and Venus

Earth Venus

(Goody, 2000)
Net radiative =70 -100
sink
Moist +55 0
convection
Mechanical +12 ~1
dissipation
Net balance -3 -100

Dissipative processes in the Venus atmosphere - ??2?



Equilibrium and non-equilibrium thermodynamics

- - 2

Chaos t Chaos

/ N\

Order
Tlme V Time

Entropy
Entropy




Non-equilibrium dissipative systems

Benard convection

o
=
A

T,

+ critical temperature gradient
+ high level of order
+ high entropy production

non-equilibrium
sipative system




Origin and evolution of
planetary atrospheres



Sun in the Galaxy

e N~10"stars
e R, ~ 30,000 Ly.

. 1 e p~1star/300 (Ly.)’

eV, ~250 kmis
® Tg,, ~ 250 Myears



Origin of the solar system

Orion nebula Protoplanetary disc
= Up to 10° Mo % — .
= T~10-30 K

I.'I |I I| .'I b

® Gravitational collapse of a molecular cloud
(N~10*, T~ 30K)
¢ Infall stage (10° - 10° years)
¢ Formation of protoplanetary disc
® Momentum re-distribution
» Magnetic field
~ Gravitational torques
» Turbulent viscosity

¢ Fragmentation

e Clearing stage (T-Tauri) 10° - 10’ years
after protostar formation

Jeans mass
Y SR TS VATTRRAVI VM« Observations of proplyds - disc like

structures (~100 a.u.) Around the young
stars




Here comes the Sun...

SOHO image

e Ro~7-10°km =109 Ra
e Mo~210%g
e po~1.4g/lcm’

e Composition
» H, =76.4%
» He = 21.8%
» Heavy elements < 2%

e Spectral class G2
e T ,.~5800K

e Age ~ 510° years



Formation of planets

.-"ll

Inner zone Outer zone

e T~ 500-1000 K e T~ 100K
e Silicate and iron compounds e H, Heandices H,O, CO,, NH,....

® Chondrules =Fast cooling processes - ® Significant amount of heavy elements as

e Growth to 1 km size planetesimals compared 1o soial

» Gravitational instabity in quiet disc ® Fast gccretion "?f gas (t~10 My)
» Or two-body colisions in turbulent disc ~~ ® Effective accretion of heavy elements

® From planetesimals to protoplanets » Sce_nario Graviftational collapse N
» Collisions between planetesimals » Disagreement with the data on compositio

» Runaway growth of embrios (v << v,,,) ks S.t rucjcure . ;

+ Time scale ~107 - 10° years @ Scenario 2: Accretion + gas accumulatior
o Folinatioh 6f BiEhats » Formation of solid core (0.1M,,,4,, 1MY)
P » (Gas runaway accretion (10M,, 4, 10My)

> Differentiation of interiors + Contraction (~0.01-0.1 My)
» Formation of proto-atmospheres

(blanketing effect)



Family of the Sun

Thanks C.V. Hamilton Distance in a.u
]
)

Uranus Neptune

=
O
©
e
o
od
2.
o

Triton#®
€ Titan
2 M . Meanh b M > 2c""""‘eanh 3
® o~ 5g/em’ ® p~1.5g/cm
® Solid bodies, heavy elements ® Gas balls with heavy core
® T>1day ® Solar composition (H. He) and H,0. NH,;. CH, ices
@ [nterior flux << Solar flux T 8 hours
® [nterior flux ~ Solar flux

Atmospheres: CO ,, N,, O,,

H,0, SO, Atmospheres: H ,, He, CH,, H,0O, NH;, H,S




Composition of the nebula

Element abundance Samples of primitive material

Cume:tWest ' - Comet Halley

Hydrogen

All
other
elements
i N Meteorltes
o Cometary particles [ R
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Records of atmospheric evolution

Noble gases on terrestrial planets

| 3 ® Terrestrial atmospheres were degassed
from planetesimals, not accreted from
nebula

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

® Venus atmosphere is more primordial

® Mars and Earth has possibly survived
severe impact erosion

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

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




Accumulation of planetary atmospheres

® Qutgassing during accretion phase
> M~0.1 Ivlearth
» T~ 1600 K

> Melting of the solid body, differentiation
and outgassing

® Volcanic eruptions

srap T

® Cometary supply
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Two reservoirs of atmospheric material

|

1

BKS’

atmosphere

10

30

100

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

dogﬁﬁ km object is enough to

produce observed noble gas
pattern

e Ne abundance

> Ne is not trapped in the ice and is
expected to be primordial

> Hydrodynamic escape on Earth a

S N C meteorites Mars can explain depletion of Ne

> On Venus - isotope escape
differentiation

® VVenus is closer to solar
composition



Erosion of planetary atrospheres

Thermal or Jeans escape Hydrodynamic escape (blow off)

Exobase: free path~scale height Planets during accretion period
Simple estimate: V,, > V.

Maxwellian velocity distribution Impact erOS|on2(d>H)
Escape parameter: A=(V../Vy)? Me/ M~d
Jeans flux: @ ~ NV, (1+1)exp(-A) ~
~ 10" cm™? s H atoms from Earth
|sotopic fractionation

Non-thermal escape
Dissociation and recombination
Charge exchange
Sputtering
Solar wind sweeping




Main factors and processes in evolution of

terrestrial planetary atmospheres
+ Earth
E removal of CO, by silicate weathering (Urey reaction)
CO, + H,0 + CaSiO qcarbonates (CaCO,)
B CO, recycling by plate tectonics
I self-regulation of CO2 abundance by weathering and outgassing
E photosynthesis of O,
E antropogenic production of CO,

+ VVenus

F runaway greenhouse ’water escaped to space
E no liquid water, no plate tectonics ’CO2 stays in the atmosphere
I global resurfacing ~700 MiY ago’sulfur-bearing gases

+ Mars
+ possible impact erosion
+small size of the planet
+ obliquity changes
+ warmer and wetter climate before ~3.8 BiY §CO, loss



MPS)

Why Earth, Mars, Venus so different?  .ss=s=

ave

Property Venus i Efrth S~ ﬂ Y\ars
Mass [10 1G] 4.9 B do )l |oss

Radius [km] 6049 R 41 b 8390
SolarDistance [AU] 0.72 1.0 1.52
SolarConstant [W/m 2] 2613 13>V/ \V/ 589
Atmosphere Mass[10 °Gt] 500 5.1 0.31
N, [%] <2 78 <3

O, [%0] <10+ 21 <0.25
CO, [%] 98 0.035 >96
H,O[%] <0.3 <4 <0.001
D/H ratio [10 4] 240 1.5 9
EscapeVelocity** [km/s] 10.3 10.8 4.8
EscapeEnergy [eV] H:0.54 O:8.64 H:0.61 0:9.69 H:0.12 O:1.91
ExobaseTemp * [K] 275 1000 300
ExobaseAltitude * [km] 200 500 250
lonosphereAltitude*** [km] 120 300 150
ThermalEscape [t/a] 0.0013 2800 7800

*Upper limit of collisional domain ** _at exobase ***electron peak density
MPS Fachbeirat 2007 Franz,Dubinin,Roussos Mars-Venus Escape



Planetary Atrnospheres:
a Grand Tour









Temperature structure
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Altitude (km)

Composition of the Venus atmosphere
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Mesospheric Photochemical Factory

@

70

50

+ Decrease of SQand H,O abundance at the cloud tops
+ Formation of the H,SO, 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

o wso,

8050, a9 50, + 3@

+ Decomposition of BSO,

50 + No photochemistry

+ High temperatures and pressure

+ Chemical disequilibrium except vel
close to the surface

+ Buffering of the atmospheric compc
sition by the surface

+ Open questions

I surface composition

F CO and Qat the surface

I too high SQ abundance

I volcanism replenishes SO



Climate and composition

Earth Venus
Surface P, bar 1 90
Surface T, °C +15 + 460 (1)

Composition , %

N,|0.78 0.035
0,(0.21 ~0
Atmospheric H,O | < 0.03 0.00005
Total H,0O, cm | ~3 ~310°
CO,|0.0003 0.965
SO, [~0 0.0001
Clouds | H,0 H,SO, +7?
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Venus planetary vortex

VMC UV (0.365 um)
o~ 70 km

VIRTIS IR (1.7 um) P 4
~ 50 km




Polar “eye"




Venus polar vortex *mc/ hurricane Frances

.
.- 2P

S. Limaye et al.



Global Circulation Regimes

s Troposphere and mesosph
3 Zonal superrotation(>100m/<
3 Polewardwinds v ~ 10m/s
O

# Thermosphere (> 120 km)
3 Zonal superrotation(~100m/s

3 Solar-antisolar circulation
(~200m/9

Mariner 10 Image of Venus © Copyright Calvin J . Hamilton



’ Global super -rotation at
the cloud level
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Zonal wind speed, m/s

Zonal wind field
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=ye of tne polar vortex

2.8 microns
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Venus night airglow

Recombination
3-body recombination
Emission

Loss

Recombination
De-excitation

Quenching

ernoon

tx

O +N-—>NO’
O+N+CO,-->NO+(CO,
NO™ —>NO + hv
N+NO-—>N,+0
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Oxygen Airlgow @ ~1.27um
Corrected for emission angle
and for thermal contribution
Exposure time > 3s
Orbits 100-599
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Venus South Pole - Latitude vs Local Time

Gerard, Drossart, Piccioni



Venus unveiled...




Greenhouse effect and water loss (1)

v R =

+ Similar volatile inventories at origin

+ Present water amount: H ,0,gyus ~ 10 H,Oppr1H
+ Deuterium enrichment: (D/H) enus ~ 150 (D/IH)cartH



“Earth” at different distances from the Sun

WET

1.5




Plasma environment [JRYZS
and escape processes

escape

H*, O, He'

Solar wind

oc¥

oo <

Magnetopause

Solar wind







Basic facts about Mars

Mars - February 1995 HST - WFPC2

PR95-17 - ST Scl OPO - March 21, 1995 - P. James (U.Toledo), NASA

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

o Obliquity 25 deg

o Sidereal day 24h 37 min
® Orbital period 687 days

® R~ 3400 km

o Surface P ~ 6 mbar

o Surface T=120-280K

® Atmospheric
composition
» 95.3% CO
» 2.7% N,
» 0.13% O,
» 100-1000 ppm H,0O
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Surface pressure variations

Viking landers
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Dust storms and
dust devils
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Dust opacity
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Dust and atmospheric temperature
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Latitud

Seasonal water cycle on Mars

TES WaterVapor Column Scale: 0 (purple) - 40 pr-um (red)
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+ Seasonal variability 100 — 1000 ppm
+ Advective transport

+ Non-atmospheric reservoirs (polar caps, regolith)
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Titan

N, 90-97%
CH, 4%
C,H, 2ppm
C,Hs; 10 ppm
CO, 10 ppb
CO 10 ppm
H,O 0.4 ppb

T ita n @ Copyright 1998 by

Calvin J. Hamilton



Radiance (erg s 'ecm™@sr'/cm™)

Thermal IR spectrum

5 FTrrirprraed i L VL L O LI T I S O T L L AL I rrrryprrri ] I L I L LA L L T POt IO WA
HC,N
4l C,H, CIRS Iir_r11b viewing |
. 0.5 cm  resolution
Keh ., HCN| HON _
3 / co, y
i CsH, | i/ I
2 - CaN, C3Hg -
F
|| c.H, CaHe _
i _
| A
_A\; /J ___J - CH,D  CH,
0|||||t1|||1|||||1||||||||||r|||||r||||| e T
200 400 600 800 1000 1200 1400

Wavenumber (cm")



Titan
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Giant planets




+ Distance to the Sun > 5 a.u.

+ R =10-4 R4

+ Composition: H,, He, ices HO, NH,, CO,, H.S, Ne, Ar, Kr, Xe
+ Mean density ~1.3-1.6 g/cfh

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

+ Effective temperature 170 — 60 K



Inner structure of the Giants

124 K Thin Gaseous

Atmosphere 50 K Gaseous

Atmosphere

71000 km Liquid Molecular
" Hydrogen 26 000 km Liguid

000 km . Molecular

Hydrogen

18 000 km \
Liquid Metallic - Melted Ice
Hydrogen
8000 km
14 000 km
i~y Melted Toe - Molten Rock
S Molten Rock

(7000K ¥ 70 Mbar S000K V8 Mbar
Jupiter Uranus, Neptune



Atmospheric structure

Saturn
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Clouds on the Giants
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Winds at cloud top level

+90° : LT H
Jupiter || - Saturn Uranus Neptune "~
!
+0° | i ; o i
HST data
H0°F et o | 1+
W . L
S E
= 0 | (" |
- . Yoo Voyager \ t
3 ‘. N daa *
30°F 1-30°
g -— Ry
(" — : )

| | 1 | | B L | | fodig | | |
0 100 0 100 200 300 400 500-00 0 100 200 -300 -200 <100 0 100 200

EASTWARD WIND SPEED (meters per second)




Great Red Spot

Neptune

+ GRS Is variable
+ GRS looks cold in the IR
+ anti-clockwise rotation

+ GRS —long-living
anticyclon




Saturn polar vortex







Enceladus
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