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Contemporary atmospheres and climates

| Venus m-mm

Distance to the Sun, a.u.
Eq. radius, km

Solar flux, W/m?
Surface pressure, bar

Main atmospheric gases

Bond albedo
Surface temperature,’C

Greenhouse effect, K

0.72

6052

2613
92

CO, 97%
N, 3%
$0,0.015%
0.9
462°

230°

6376
1364
1
N, 79%
O, 18%
Ar 1%
H,0 2%
CO, 0.04%
0.306
14°
(—90°...57°)
33°

1.52
3380
589
0.006

CO, 95%
Ar 2%

N, 1.8%
0, 0.13%
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—63°

(—140°...30°)

30



temperature (K)

100 400K 600 800
| | I | |

100 |
= _
=,
2 Mars
2 90
@

0 ' :
-200 A 200 400
temperature ("C)
Mars without Earth without greenhouse effect
greenhouse effect (-17°C)
(-55°C)
Venus without

greenhouse effect

(-43°C)




200

Venus

Slow retrograde rotation

High albedo (0.9): receives from the Sun less energy than
the Earth

Extreme greenhouse effect: CO,+ trace water
Dense H,SO,+H,0 clouds
“No climate”, isothermal surface
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Venus atmosphere: Unsolved problems

* Chemistry of the - =t

lower atmosphere 70: __ Belyaev et al., in prep
* Modern volcanism £« [1551 Team]
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Short-term climate
changes on Venus

All atmosphere profiles from
descent probes coincide

Two long data series

— Pioneer Venus Orbiter (1978-1992)

— Venus Express (2006-2014)

Observed SO, variations may be

connected to volcanic activity
(Esposito et al., Sci 1984)

Apparent increase of zonal wind

speed recognized as effect of
observational selection
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Earth: Global warming

Antropocen (E.F. Stoermer, P.J. Crutzen)

— Industrial revolution in 18 century

— Now the Earth population is 7.4 10° people .

— 2050 = ~1019 (75% urban)

Global warming
— CO, rise (400 ppm now)

— Maximal temperature grow almost every year 2015 _ 2015

NASA/GISS

Temperature Anomaly (°C)
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Global changes on Earth

Solar insolation
65 N July, Wim”

Paleoclimate records for 650
ky: temperature change
within 10°C, CO,<300 ppm
Milankowich cycles

— Precession 27 ky

— Obliquity change (41 ky)

— Eccentricity change (100 ky)
Nonlinear feedback (Ocean!)
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Daily Average
Pressure (millibars)
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Martian seasons

Mars o’

Pronounced seasonal cycle

Mean pressure (6 mbar) close
to water triple point

Condensation of CO, in polar
regions in winter

Ubiquitous atmospheric dust;
Global dust storms

No active volcanism detected
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Total estimate 230 m (Lasue et al. SSRv 2013)

SPICAM/Mars Express

70

. .=
Mars: Water inventory B m
Atmosphere: 10-20 pm B "
Polar caps ~20 m of Global Equivalent Layer z; | | | Ly
Neutron data (depth 1-2 m): 14 cm T w? = 0 "
Radar data (depth <2.5 km ): ~11 m S ottt bl

MARSIS/Mars Express

precip. um

GRS and HEND/Mars Odyssey



Mars obliquity and climate change

[Milkovich & Head

. Change of precession, axis tilt and orbit N
eccentricity JGR, 2005]
. Polar Layered Deposits
. Low latitude glaciations ( > 40 min. y) s @2 pu il
. Average period of ice accumulation ;ﬁj v Il {f M;\\ /MM »
~50 000 y (precession is the fastest 2 “”"{””H ﬂ"”W'\’W\ M\ " ‘Ik i J i {
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Geologic mapping GCM: precipitation at ~40° obliquity
[Head et al. 2005] [Levrard et al. 2007] [Head et al. 2003]



1)
2)

Mars: Short-term climate change?

Mars Global Surveyor

“Swiss cheese” [e.g. Byrne&Ingersoll
GRL 2003]

New gullies

Albedo change MGS (1997-2004) vs
Viking (1976-1980) =» warming of
0.6-0.8 K

Water vapor in the atmosphere
MGS vs Viking = cooling

Mars Express vs Viking: No change
[ISS] Team]
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Timescale | Accumulation __|__Losses

Capture and accumulation
0-10 ky of gasses from the -
planetary nebula

Catastrophic outgassing

10ky-10My due to magma ocean Hydrodynamic escape
solidification

27- i '

??-0.6 My Volatile delivery by Seekion 2

4.1-3.8 Ga (LHB) impacts

Degassing by volcanic
processes

4.? Ga- now Preferential escape
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Time since the beginning of the Solar System (Myr)

\\

-
lIlIll|’

Accretion
disk
@
7;
E
s ‘."t-'ft'.'i-.. Radial
@ oTTe e, mixing
}_
0O *li e Mass
L ] ae o
v® %%* . removal

Second mass
___ removal

Late Heavy
Bombardment

Nice model

Semi-major axis (au)

Figure 2 | Cartoon of the effects of planetary migration on the asteroid belt.
This figure captures some major components of the dynamical history of small
bodies in the Solar System based on models'"'**'**. These models may not
represent the actual history of the Solar System, but are possible histories. They
contain periods of radial mixing, mass removal and planet migration—
ultimately arriving at the current distribution of planets and small-body

populations.

630 | NATURE | VOL 505 | 30 JANUARY 2014

DeMeo and Carry, Nature 2014

Timescales

Grand Tack scenario: Jupiter’s
early gas-driven migration
Walsh et al. Nature (2011)

Alternative:

Terrestrial planet formation
from a narrow annulus
Hansen ApJ (2009)

Nice model: Migration of giant
planets long after the
dissipation of the initial
protoplanetary gas disk.
Tsiganis et al., Nature 2005



Perihelion (AU)
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PasorpeB npu akKpeuuun u, B AanbHENLLIEM, U3-33 METEOPUTHbIX
yAapos
PasorpeB 13-3a aKpaHUPOBaHMA aTMochepon

Models indicate that with very small initial volatile contents (<1 %
weight), solidification of one partial mantle magma ocean can
produce significant atmospheres (100-1000 bars H,0+CO,)
Super-critical point of water temperatures are reached within tens
of millions of years

When the surface temperature cools below the critical point
(approximately 647 K and 220 bars) the supercritical fluid and
steam atmosphere collapse into an ocean.

22 Earth and Planetary Science Letters, 43 (1979) 22-28
@ Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

(6)

EARTH’S MELTING DUE TO THE BLANKETING EFFECT OF THE PRIMORDIAL DENSE ATMOSPHERE

CHUSHIRO HAYASHI, KIYOSHI NAKAZAWA and HIROSHI MIZUNO

Department of Physics, Kyoto University, Kyoto (Japan)




Astrophys Space Sci (2011) 332: 359-364
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Fig. 4 Schematic timeline of planetary degassing into oceans and at-
mospheres. The vertical axis represents the fraction of volatiles present
in the magma ocean before solidification begins that are degassed (1
= all initial volatiles degassed; none remaining in planetary interior).
The bold solid line represents larger planets and lower initial volatile
contents in magma oceans (0.01 mass% or less), while the bold dashed
line represents smaller planets and higher initial volatile magma oceans
(see Table 3 in Elkins-Tanton 2008). The time to magma ocean so-

lidification depends primarily upon initial volatile content, which
along with planetary mass controls the time required for solid-state
mantle overturn—a process driven by density gradients within the
solid mantle following the magma ocean stage (Solomatov 2000;
Elkins-Tanton 2008)—and the length of mantle convection suppres-
sion that follows overturn to stability. By far the greatest fraction of
volatiles are released onto the planetary surface during solidification



Emergence of a Habitable Planet 51

3000 | , | ' . 1000
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2000 R « Surface Temperatur
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Fig. 5 A cartoon history of temperature, water, and CO, during the Hadean. The Hadean begins with the
Moon-forming impact. For 1,000 years Earth is enveloped in rock vapor. CO, and other gases are presumed
to degas from the convecting silicate gas, while water mostly partitions into the interior. A substantial green-
house effect and tidal heating maintain the magma ocean for some 2 million years. Most of Earth’s water
and the rest of the CO, degassed as the mantle solidified. After the mantle solidified the steam atmosphere
condensed to form a warm (~500 K) water ocean under ~100 bars of CO5. This warm, wet early Earth
would have lasted while Earth’s CO» stayed in the atmosphere. In this illustration CO, is assumed to subduct
into the mantle on either a 10 Myr (solid curves) or a 100 Myr (dotted curves) time scale. The asymptotic
CO» partial pressure is assumed to be controlled at low levels by chemical weathering of oceanic crust and
abundant ultramafic impact ejecta. Prior to the origin of life, in the absence of an abundant potent greenhouse
gas, the surface should have been ice covered and very cold, although occasional impacts brought brief thaws.

Finally, after the late bombardment, the CO» is allowed to return to ~1 bar levels in order that the surface be
clement: this too is arbitrary

Zahnle et al. SSRv 2006



CocTaB paHHeW aTmocdepsl

e Accreted atmosphere (similar to Jupiter,
Saturn, Uranus, and Neptune): H,, He, +
simple hydrides (H,0, CH,, NH,)

Hayashi et al. 1979; Lewis &Prinn 1984; lkoma & Genda 2006

e Secondary atmosphere (similar to volcanic
gases): H,0O, CO,, and N, + little CO and H,

Holland 1962; Abelson 1966; Holland 1984

— Alternative: Reducing atmosphere

Urey 195x
Zahnle et al. 2010



Noble gases

ok e P [e—el—e p  Mars: Viking Landers, Mars
Y axis: meteorites
Absolut .
Y| Btessnir il Sy * Venus: Pioneer Venus
relative to Solar
(normalized to Si) .
-4 M/A0S) Cl Chondrites a
Log of MAOS)  fm 0-{ o o o o
(M10°Si)g,,, U\‘E) -
-6 = Mass M ,g -2
AMU, = e
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Fig. 3. Concentrations of the four heavier noble gases in the atmospheres of the W Mars

three major terrestrial planets normalized to the rock-forming element Si and to 20 I 36] 84[ 130l
solar composition (figure reworked by T. Balint after Pepin, 1991). Also shown are Ne Ar Kr Xe
the data of the chemically most-primitive meteorites, the  chondrites, which

might serve as a possible analog of planetary building blocks. The uncertainties on

the abundances of Kr and Xe are of nearly one order of magnitude.

Pepin, Icarus 1991; Mousis et al., ApJ 2010; Lammer et al., SSRv 2013; Marty et al., EPSL 2016



Noble gases

The difference between the measured atmospheric abundances of
non-radiogenic noble gases in Venus, Earth, and Mars is striking

Many studies: Pepin 1991, 2006; Owen et al. 1992; Owen and Bar-
Nun 1995; Dauphas 2003; Marty and Meibom 2007

Earth might collided with 3-4 times more comets than Mars
[Horner et al. 2009; Mousis et al. 2010] = ~3 times less noble
gases at Mars (but not ~100 times less).

Possible explanations:

— Giant impacts on Earth and Mars (and not on Venus)
— Hydrodynamic escape

— Sequestration by CO, clathrates in the planet or in the solar nebula
No satisfactory explanation so far

Gas

GEOCHEMISTRY
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Fig. 2. Comparison of the
estimated hydrogen iso-
topic compositions of wa-
ter in various chondrite
groups with those mea-
sured in Oort cloud and
Jupiter family comets (JFC),
and Saturn’s icy moon
Enceladus. See (3) for de-
tails and sources.
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Fig. 3. The bulk hydro-
gen and nitrogen isotopic
compositions of chondrites
(TL, Tagish Lake). The line
conneds the solar and ter-
restrial isotopic compo-
sitions. Bodies similar to
chondrites are potential
sources of Earth’s volatiles.
For reasons discussed in
the text, (-like material
with ~10% contributions
of material with isotopi-
cally solar compositions,
but a roughly chondritic
H/N value, can most sim-
ply explain Earth’s bulk
hydrogen and nitrogen
isotopic compositions (3).
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Earth volatiles: Cl-type +10% of primordial nebula composition




Rosetta model of cometary composition

* contribution of cometary volatiles < few % of the total volatile inventory of the
Earth.

 Theisotope signatures of H, N, Ne and Ar can be explained by mixing between
two endmembers, solar and chondritic, and do not require isotopic fractionation
during hydrodynamic escape

Iog (ISN/MN)No'm. Solar

1.00
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N Comets

0.60 S _gion
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Moon '
Protosolar Martian interior H escope
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Marty et al., EPSL 2016 108 (D/H)niorrm. sotar
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Fig. 3. 36Ar/H,0 (a) and 36Ar/N (b) versus D/H mixing diagrams between cometary
and chondritic (asteroidal) end-members. The mixing curves are constructed as

minor contribution of cometary
volatiles to the Earth’s inventory for
water (<1%), carbon (<£1%), and
nitrogen species (a few % at most).

cometary contributions may be
significant for the noble gases

may be acquired during LHB

observations are consistent with
volatiles of Earth and Mars being
trapped initially from the nebular gas
and local accreting material, then
progressively added to by
contributions from wet bodies from
increasing heliocentric distances.

concurs with #Ar data

Marty et al., EPSL 2016
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Hydrogen-Nitrogen Greenhouse
Warming in Earth’s Early Atmosphere  Science 2013

Robin Wordsworth* and Raymond Pierrehumbert

A 10°

2000




Atmosphere of Earth as a terrestrial planet

Ocean (GEL= 2.8 km) MEAN GLOBAL TEMPERATURE
CO, sequestration - \vmum\f\/\ sl ™
Albedo effect , 'U
) | o -
— Very low albedo of water surface (0.04) § 218|¢ §§§ IR g'g"% g |5 §
- effective heating g g(5|35(315|% (%] 8 Bls|3|%|%] 8

0LSH
T4

— High albedo of clouds regulates the 8
warming (negative feedback) ‘

81

344

— Even higher albedo of ice and snow
amplifies cooling (positive feedback)

Snowball Earth: Total glaciations (3-4
episodes, 250, 650-750 miny;
2.4-2.1 Ga)

— Tointerrupt these deepest ice ages
required 0.13-0.2 bars of CO,

[Pierrehumbert et al 2004, 2011] B .
100-300 ppm of CH, ?[Pavlov etal. = <[
S sk
Geol 2013] ’ _ . . . _ ‘ .

Age (Gyr ago)

Rise of oxygen; forming ozone layer
[Lyons et al. Nature 2014]



nature _
LETTERS geoscience

PUBLISHED ONLINE: 9 MAY 2016 | DOI: 10.1038/NGEO2713

Earth's air pressure 2.7 billion years ago
constrained to less than half of modern levels

Sanjoy M. Som™", Roger Buick', James W. Hagadorn?, Tim S. Blake?, John M. Perreault',
Jelte P. Harnmeijer'" and David C. Catling’



Climate evolution: Evidence from volatiles

* Similar initial volatile inventory of the terrestrial planets

* Very simple backward extrapolation of volatiles (after
Krasnopolsky, PSS 2011)

e |00 e

Venus 90 (90) 2 (2) 2.3 (1.3 cm)

Earth 112 (5x104) 2.5(0.8) 2.8 (2.8)

Mars 16 (6 mbar) 0.35 (0.1 mbar) 1.4 (30 m)
p = PO(&)Z 0.6—2.7 cosmogonic

Lunine et al., Icarus 2003
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Preferential escape from Mars and Venus

* |nitial GEL inferred from D/H ratios: Mars -150 m;
Venus -2 m

=» Hydrodynamic escape
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Mars water reservoirs estimates based

~21 m (North + South PLD)

~137 m, 20% of surface

Ancient equivalent ocean

Water reservoir (w.r.t. present)

on D/H

-

— Possible water evolution based on

— Clay minerals - Gale Crater

---------

atmospheric and meteoritic D/H measurements

Crust D/H - ALH84001
Boctor etal. 2003, Greenwood et al. 2008

Atmospheric variability

Mahaffy et al. 2015 )
introduced by Vapor Pressure

\Isommwpm

Mantle D/H -Yamato 980459
Usui et al. 2012

..... 1

Time before present [Gyr]

Villanueva et al. Sci 2015

See also Krasnopolsky, Icarus 2015

8 (3D 7000 %o)

6 (8D 5000 %o)

(MOWSA) H/Q 4332 M

1(AD 0 %)



Isotopes of noble gases

36Ar / 38Ar ratio
(6]
1

4™

3-

Primordial Argon (Ar) = Ar from a processed atmosphere
2

Fig from Atreya et al. GRL 2013; Mahaffy et al. Sci 201z * SAM=Sample Analysis at Mars
For D/H etc. isotopes see Webster et al 2013

A
Jupiter
— I Earth
X
x Mars Mars
meteorites MSL
Venus 2013
- !
Mars
Viking
1976

Proves that Mars meteorites are indeed

from Mars

significant loss of argon of 50% up to 85—

95% in the past 4 billion years

confirms substantial preferential escape

New instruments (ex. MSL CGMS with
enrichment) allow to increase drastically
the accuracy of measurements

O /. T

suite @ MSL
*  Pyrolysis (59)
*  Wet extraction (9)
* Gas chromatograph
* Tuneable Laser spectrometer

* Quadruple Mass-
Spectrometer



COJ/IHEYHbIN BETEP «COAUPAET» ATMOC®EPY MAPCA

CToJIKHOReHHA aTOMOE M MOJIEKY.I
aTMocdephl ¢ IHePrHYHBIMU

YacTHIIANG COJIHEYHOI'0 BeTpa H
3axpayeHHBIE HOHEI

;“mm“mm ik’ OCHOBHble MeXaHU3Mbl:
%

YO ) e “pick-up” 3axBaT NOHN30BAHHbIX
AN~ NNaHeTapHbIX MOHOB NMOTOKOM
Commemeatinexep COJIHEeYHOro BeTpa
N?Aﬁ > =« ‘“sputtering” CTO/NKHOBEHWUA aTOMOB
AAAAN N MONEKYN aTMmocdepbl €
p—— YCKOPEHHbIMU MOHAMM COJTHEYHOTO
mi e BeTpa M 3axBayeHHbIMu (“pick-up”)

sacrimps NNaHeTapHbIMU NOHAMM.

* MNJIaHEeTapHbIX BeTep: 3aXBaT MOHOB
MArHUTHbIM NOJIEM COIHEYHOTO
BETPa, MPOHMNKAKOLIMM B
NoHocpepy.



Mapc: YTo npousowno ¢ naaHeTapHbIM AUHAMO?

MarHuTHble aHoOMannn Ha noBepxHocTK Mapca

[lonoxeHne NoncoBs ApeBHero MarHUTHOro
nonAd Mapca Ha MOBEPXHOCTU

* AKTMBHOE AMHAMO CYLLEeCTBOBaN0 4 mappa. neT Ha3aa. MpuunHa 3aTyxaHuA — ocTbiBaHUe
nnaHertbl.
« [Npyras runoTte3a — MarHuTHoe noJsie Mapca HaxoguTca B NpoLecce nepeopueHTauumn?



Preferential escape from Mars

 Contemporary (thermal and non-thermal mechanisms) can remove from
Mars 3-80 GEL of water (Fobos-2; Mars Express) [Barabash et al. Sci 2007,
see Vaisberg PSS 2015 for review of earlier estimates]

e New MAVEN results: During observed interplanetary coronal mass
ejection (ICME) escape rate for O,* enhanced by a factor of 20 [Jakosky et.
Science 2015; Hara et al., GRL 2016]

* Given the likely prevalence of ICME-like conditions earlier in solar-system
history it is possible that ion escape rates at that time were dominated by
storm events




More news on the escape from Mars

e Variability of hydrogen corona from HST observations
[Clarke et al. 2014] and from SPICAM/Mars Express data
[Chaffin et al. 2014]

e Strong seasonal dependence [Bhattacharyya et al. 2015]
* Dependence on H,O vertical profile and the dust storm

[

12

Fedorova et al., in prep]
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PAHHUU TEN/bIN MAPC

 Cnepbl 0OUNBbHOM KNOKOM
BOAbl HA NOBEPXHOCTU

— 3.5 mnpa. net
— ~500 m BOAbI

* MuHepanbl
dopmunpoBannch B
NPUCYTCTBUE BOAbI

— [nuvHbI

— KapboHaTbl

centimeters
0 10 20 30 40 50
E——— —

3emna ILEIETOGT [poTepo3on

Mapc (reon. wkana) npeHoncKanMrEanPMMCKAﬂ
Mapc (reoxum. wKana) PhyIIosian Theiikian
-

M/H NeT Ha3az Q-’) 4000  -3500

o —— Mmars express

-3000 -2500 -2000 -1500 -1000
OMEGA/Mars Express [Bibring et al., 2005]
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PaHHUM XonoaHbI Mapc

Fairen et al. NatGeo 2011. Cold glacial oceans would have
inhibited phyllosilicate sedimentation on early Mars.

Forget, F. et al. Icarus 2013. 3D modelling of the early Martian
climate under a denser CO, atmosphere: temperatures and

CO, ice clouds.

Wordsworth, R. et al. Icarus 2013. Global modelling of the early
Martian climate under a denser CO, atmosphere: water cycle

and ice evolution.
Ramirez et al. NGeo 2013. Warming early Mars with CO, and H,

Batalha et al. Icarus 2015 Testing the early Mars H,—CO,
greenhouse hypothesis with a 1-D photochemical model

Wordsworth, R. D. et al. JGRE 2015. Comparison of “warm and
wet” and “cold and icy” scenarios for early Mars in a 3D climate
model.

Ramirez & Kasting, Icarus 2017. Could cirrus clouds have
warmed early Mars?
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IBontoumna atmocdepbl Mapca

L.H.B. 3.8 Gyr

oachian esperian mazonian
I | I~
~5 — 30Myr _ 3.6 Gyr 1 Gyr present
P[bar]4 Young Sun: extrem GrTeysi'EU@,ﬂbsma B
Impact H : ——
L delivery of B >+
H,0+hv>s H + OH
<::\:\\ Gro\\vth of a secondary CO,
10 e aine NN \\\ atm6§phere due to volcanic
‘ agrna‘z)cean \\\‘\ “ -outgassing
5 P \\‘ \\:\’EozH . ‘\&5 \ Escape anfi surface
A% \ R 2 o weathering (e.g
Mgé’fn \ B 5(‘*--}_*_3%}_\_ serpentinization, etc.)
st s \ 3 n B Ceeaoiatceaoo
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=F I ' | o L T
| | | : I
~4.55 Gyr 4.5 Gyr 4.0Gyr 3.5 Gyr Time [b.p.] present

Lammer et al. SSRv 2013




The case for Venus

Accretion of 2-5 TO of water from Accretion of 0.1 TO of water from

embryos ‘ comets \‘

- Hydrodynamic escape of hydrogen| - Hydrodynamic escape of - Non-thermal escape of H,0O

(all) and oxygen (most) hydrogen (all) and oxygen contained in a GEL of 2 m

- Fractionation of Ne to present (few) depth

value - Build up of a =15 bar O, - Fractionation of H to present
- Build up of a massive O, atmosphere value

atmosphere (a few 100 bars) - Subsequent loss of O, to - Continued loss of O, to the

- Loss of O, to the surface -or the rock surface by iron rock surface by iron oxidation
magma ocean- through iron oxidation

oxidation

10-100 Myr 100-500 Myr 500 Myr-Now

Fig. 2. Possible scenario of water history on Venus (from Gillmann et al., 2009).
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[Toyemy BeHepa TaK oTAanyaeTca ot 3emMnun’?
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[Hamano et al., NatGeo 2013]
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Geophysical Research Letters

RESEARCH LETTER
10.1002/2016GL069790

Key Points:
« Venus may have had a climate with
liquid water on its surface for

Was Venus the first habitable world of our
solar system?

M. J. Way'2, Anthony D. Del Genio', Nancy Y. Kiang’, Linda E. Sohl'3, David H. Grinspoon®,
Igor Aleinov'?, Maxwell Kelley', and Thomas Clune®
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} editorial

Nature Geoscience July 2016

Earth's changeable atmosphere

Billions of years ago, high atmospheric greenhouse gas concentrations were vital to life's tenuous foothold
on Earth. Despite new constraints, the composition and evolution of Earth’s early atmosphere remains hazy.



Missions and measurements needed

* Venus:
— Venus Express is not yet fully digested
— High expectations from Akatsuki

— Need for in situ mission (ex. Venera-D). Modern
instruments can do a lot!

— Need for SAR mission (volcanism, ex. VERITAS)
— Need for better escape characterization

* Mars:

— MAVEN, MOM, ExoMars TGO, UAE Mars Orbiter are
atmospheric missions. But something could be improved
already now

— Better meteorological coverage (Vikings ... MISL)
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