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Fig. 3. Schematic chronology of atmospheric escape on Mars. A factor of
100 loss is expected to have occurred during the heavy bombardment
period, by impaci loss and possibly hydrodynamic escape. In the
subsequent period, by using radiogenic argon as a tracer of sputtering

Chassefiere et al. (2007) escape, an additional loss by a typical factor of 10 occurred.



R D LR

EAIEGE Thermal escape

* Hydrodynamic escape

— EERXRK (EE) A KFIEDEUV (extreme-ultraviolet) ST THNE S
TERICHES. HAVWIIKELGEEWIRANEBRXRDZ{EFLHD
Hoklzkl, jc_h?ﬁ\mb\mr_i—cr_ﬁ‘ét NRIEDEHBEEERN

HEDE PENSY RSt 5= LA CE I B AE ok > T RS A
| TR 2EAR

* Jeans’ escape

— HHEIB DD FILHETHIIZ #‘HR%‘.EE%&E

HL [H11
D V7LV B (exosphere) Tl In 1S

ATHY,
n (j:_T_EagD:FEﬁ' A :@ éo

JEELAY BN Nonthermal escape

. fREEFIEEES . charge exchange, pick-up, sputteringZi &
— j(j'?@’“ﬁ%)iﬁf‘bﬁﬁﬁﬂ@x)]%l FYUEBVWIRIILF—ZH-H

FHVERT

— —f%IZ hydrodynamlc escape LY ERHIZH > THELIENFTEINS,



Log p (ubar)

1 1 1 [} 1
N WA OO

)d#

f:&? x_\,d)lmli

tE1=

(Mueller-Wodarg et al.)

T T T T T I T | !

B p \Titan Saturn Jupiter 1
B | Mar /Z
- enus Neptune Earth _~ -
Triton — | J
L Thermosphere -
B ‘" Uranus Mesopause il
N Mesosphere i
i Earth Stratopause al
R Stratosphere 5
[ Tropopause il
= . Troposphere =
B Saturn | Venus .
i 1 Jupiter | B ol 1 . i
0 200 400 600 800

Temperature (K)

1000



HEIGHT {km)

HEOIRILY

(Bougher et al. 1994)

\\—

—INDO R

LB
1R

AYIIEZS

i

AR

&

2,

VAN

COOLING RATES

rreC

;O -(*P) Cooling

/
M. Conduction

TEMPERATURES e
700 | ] i I I 1 1 T ] T 1 T
- EARTH SMAX 200 -
600 a 190 |
- - 100 |
500} - 170 |-
I SMIN | ) ™
400 1 = g 158
l x
B } 7 140 |-
300 | -
| 138
- ] -
/ 128 ( :
200?‘ . i
ne
190
100 a -
1 ! 1 ] ] ] ] | ] ] ] “._
200 400 600 800 1000 1200

TEMPERATURE (K)

50 180 150

280 2580 J00

150 408 450

UMITS ARE OECREES PER EARTH DAY

Total Heating

T

508 550 o600 659

108



1 L) Al LA LIl
E+5 | T :
10000 — :
Solar spectrum ;
100 .
£ !
b !
=R !
‘5‘ g 0.1 _!
= 001 ]
E ]
£-3 — K ]
1 3
sk Bl == 5770 K Rk
1
£-5 L il soaaaasl sl
1m L5 D Il'lIl' T Al 'l""l’]’ '
oof () A7 PIVEHHZER
c
= 10
= -
R £ 1 o ﬁiﬂllf)‘bﬂ)ﬂﬂﬂﬁ
23 F TN e 5 M
g - WA
. L =~ Z o001
(7 I/‘yb-v E%E 1 --.... Y i
K ppE=) 5'13 ““““““““ B N S
& lllll Lllln_ 7 ,ll l A L
B4 100 1000 10000 1E45



Source of solar EUV
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Table 1. Physical parameters and age-rotation relation of well observed and studied solar proxies in comparison with the Sun (after Giidel, 2007). Ly
refers to a range of 0.1-2.4 keV as measured by the ROSAT satellite.

Star name Type Mass [Msun] Radius [Rsun] lag( f.ii) Rot. [days] Age [Gal
HD 129333 [EK Dra] G15V 1.06 0.95 —3.61 2.68 0.1
HD 72905 [xr! UMa] G15V 1.03 0.95 447 4.9 0.3
HD 206860 [HN Peg] GOV 1.06 0.99 —4.52 4.86 0.3
HD 39587 [ Ori] GLV 101 0.96 —4.65 5.24 0.3
HD 1835 [BE Cet] G2V 0.99 1.02 —4.46 7.65 0.6
HD 20630 [ic! Cet] G5V 102 0.93 —4.73 9.21 0.65
HD 114710 [ Com] GOV 1.08 0.925 552 12 16
HD 190406 [15 Sge] G5V 1.01 1.1 —5.64 13.5 1.9
Sun G2V 1 1 ~6.29 25.4 4.6
HD 146233 [18 Sco G2V 101 1.03 — 23 4.9
HD 128620 [o Cen A] G2V 1.1 1.22 —6.67 ~30 5.6
HD 2151 [ Hyi] G21IV 1.1 1.9 —6.41 ~28 6.7
HD 186408 [16 Cyg A] G15V 1 1.16 — ~35 8.5

Table 5. Solar radiation flux enhancement as function of wavelength normalized to the present solar flux value from present to 3.9 Gyr ago (Ribas er
al., 2005; Giidel, 2007).

Solar age I b.p. X-ray SXR EUV FUV Lyman-c uv
[Gyr] [Gyr] [1-20 A) [20-100 A] [100-920 A] [920-1180 A) [1200-1300 A) [1300-1700 A]
4.6 0 1 1 1 1 1 1

3.2 1.4 2 1.6 1.5 1.4 1.3 —

2.6 2 3 2 1.9 1.6 1.5 —

1.9 2.7 6 3 2.7 2.1 1.9 2.4

1.1 3.5 16 6 5.1 3.4 2.8 —

0.7 3.9 37 11 8.6 5 3.9 —

Lammer et al. (2012)



Stellar evolution

UV radiation from the Sun and late-type
stars originates in magnetic
chromospheric and transition-zone
regions which have been heated to
temperatures of ~10% 10° K. Magnetic
activity driven by the star’s rotation is
believed to be critical for this heating. SOLAR WIND

For stars with masses <1.5M , and ages
of about a few 100 Myr, angular
momentum loss by a stellar wind brakes

rotation. The rotation period of the young 4\ &

Sun was much faster (~few days) during ‘o"&

the first 500 Myr after the arrival at the w 25

main sequence. NS 1%
The radiation and plasma history of our v.s/‘

Sun can be separated into a period of a radial plasma /3 \x.-/

moderate decrease from about 4 Gyr ago sutbow &

to the present and a very early extreme 9
period of about 500 Myr after the young . ietary v W
Sun arrived at the main sequence. magnetic field ¥

planetary
“obstacle”
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Fig.S. Evolution of the ratio between the X-ray and bolometric lumi-
nosities as a function of age for stars of different masses. The solid lines
represent semi-empirical laws, while symbols give observed values for
G (+), K () and M (¢) stars. The dashed line gives the upper limit for
the value of log(Lx/Lyy) in the case of Gl 581, for which there is no
ROSAT detection.
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Figure 6. Temperature profiles for different solar EUV flux cases (normalized to preﬂﬂnl—da;' solar
mean energy flux ~1 times present EUV, which represents solar EUV energy flux ~5.1 mW/m~). It is
shown that when solar EUV energy flux exceeds certain critical value, the upper part of the thermosphere
begins to cool as a result of the increasingly significant adiabatic cooling effect. Beyond the critical flux
(~5 times present EUV in this plot), the higher the energy input into the thermosphere, the lower the
exobase temperature. This behavior is typical in the studies of hydrodynamic flow in planetary
atmospheres.



A simple solution of hydrodynamic escape

Solar wind is accelerated from subsonic near the Sun to supersonic near
the Earth.

"4 "4
—_— —_—>
. >
HhEk

Letting the pressure be p, the mass density be p, the velocity be v, the
gravity constant be G, and the Solar mass be , we have

rdr dr r°
4or° 1v = const.
p = IRT




Assuming that the temperature T does not depend on the distance r

1842 .' dv 2 GM1
;8? - é% _; - Cf ? ¢, = RT :Sound speed

At the point where v = c,, dv/dr goes to infinity unless the RHS
becomes zero there. Therefore, we assume the RHS becomes zero
atr=r,wherev = c,. Then we have

_GM
]/'_

2
© 2

S

In this case, dv/dr > 0 is satisfied both atr <r.and r > r_, enabling the
velocity to be accelerated from subsonic to supersonic.

In the solar wind, letting T = 10° K, the velocity exceeds the sound speed
at r.=8x10° km (5% of the Sun-Earth distance).



Solutions of hydrodynamic escape
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would happen to Earth if it were
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Kasting & Pollack (1983)

EscAPE RATES FOR HiGH H,0 LEVELS

Case co(H,0) o ... (H) F
(cm~2sec”!) (g ster!sec™)

A 7.2 X 104 2.2 X 10° 1.3 x 103

B 6.3 X 1073 3.8 x 10t 2.3 x 104

C 5.5 x 102 1.3 x 1on 7.7 x 104

D 4.6 x 107! 2.7 x 10" 1.6 X 105 —20(EE THhEkD
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Terrestrial planets may evolve through phases where their

upper atmospheres are hydrogen-rich.

High c,, (H,0 mixing ratio) levels and/or high XUV fluxes result
in @, (escape flux) in the range of about 1011-1013 cm2 s'L,

Table 4

Escape fluxes of atomic hydrogen during hydrodynamic conditions from
Venus’ upper atmosphere as a function of various mesopause H>O mixing
ratios ¢y, and solar XUV flux (see Kasting and Pollack, 1983)

CH,O 0.00072 0.0063 0.055 0.46

XUV flux ¢y (em—=s71)

1 ~2.2 x 10” ~3.8 » 10" ~1.3 x 10" ~2.7 % 10"
2 ~6.5 % 107 ~8.3 x 10" ~3.2 % 10" ~f.6 x 101
4 ~1.0 % 10" ~1.8 x 10" ~6.2 »x 10" ~1.3 = 10"
8 ~1.8 % 10" ~3.2 x 10" ~1.0 »x 10" ~2.3 = 10"
16 ~2.8 % 10" ~4.9 x 10" ~1.7 » 10" ~3.5 = 101
100 ~2.2 % 10" ~3.8 x 10% ~1.3 » 10" ~2.7 = 10"

Kulikov et al. (2006)
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atmospheric water varies greatly due to condensation.
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Bulk plasma escape

Multi-fluid MHD
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Fig. 4. Evolution of the escape rate of oxygen (upper panel) and of carbon
{lower panel) due to non-thermal mechanisms of escape applied to the
Martian atmosphere (estimated as described in the text). On the upper
panel are also indicated the measured escape rate of total ion oxygen
{probably the sum of the ion escape and ionospheric outflow) reported by
Lundin et al. (1989) for solar maximum conditions (from ASPERA on
Phobos spacecraft) and the escape rate recently estimated from ASPERA
electron measurements on board Mars Express for solar minimuom
conditions (Sauvand A., personal communication ).



MAVEN’ s Timing in the Solar Cycle

Cycle 24 Sunspot Number Prediction (2014/08)
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MAVEN
Primary
Mission
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Hathaway/NASA/ARC

MAVEN's primary mission occurs on the declining phase of the solar cycle,
when solar storms are most intense and most abundant.




Mars Atmosphere and Volatile
EvolutioN (MAVEN) mission

Arrive at Mars : September 21, 2014

The MAVEN Mission:
Exploring Mars’ Climate
History




MAVEN Science instruments

NGIMS (Neutral Gas and lon Mass Spectrometer)

— He, N, O, CO, N2, O, 02, Ar and CO2, and their major isotopes

— thermal O+2, CO+2, NO+, O+, CO+, C+, N+2 , OH+, and N+
LPW (Langmuir Probe and Waves)

— thermal electron density and temperatures

— electric field wave power at frequencies important for ion heating
STATIC (Supra-thermal and Thermal lon Composition)

— major ions (H+, O+, 0O+2, CO+2 ), their corresponding ion temperatures (~0.02
eV to >10 eV), and the 3-component (X,Y,Z) ion flow velocities (~0.2 to 25
km/s)

IUVS (Imaging Ultraviolet Spectrometer)

— H,C, N, O, CO, N2, and CO2

— C+and CO+2

SEUV (Solar Extreme Ultraviolet)

— solar irradiance at soft X-ray (0.1-7.0 nm), EUV (17-22 nm), and UV (Lyman-a)
wavelengths

SEP (Solar Energetic Particle)

— energy spectrum and angular distribution of solar energetic electrons (30-300
keV) plus protons and heavier ions (30 keV—-6 MeV)



The MAVEN Spacecraft

» Launch (Wet) Mass: 2455 kg at launch
» Spacecraft Dry Mass: 810 kg at launch
* Power: 1135 W at Mars Aphelion 7 LPW(E)
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MAVEN Observes All Regions Of Near-Mars Space
Throughout The Orbit
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Discovery of diffuse aurora on Mars
Schneider et al. (2015)

electrons on
open field lines: o
diffuse “polar "c'\\@”
rain” aurora 5 )

. electrons near y
*_closed field lines:
discrete aurora

Earth B Mars

Fig. 5. Comparison of field geometry for diffuse and discrete auroras on Earth and Mars. Mars lacks an internally generated global magnetic field,
due to the cooling of its core. Fields surrounding Mars are a combination of small structures locked in the crust billions of years ago (lower right) and
solar wind field lines draped around the planet.
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“Diffuse auroras may have additional effects on atmospheric processes. Only a
fraction of the de- posited energy results in atmospheric excitation and emission.
Incident particles also ionize and dissociate atmospheric species, as well as heat
the target atmosphere. These effects can lead to increased atmospheric escape
rates: lonized par- ticles at sufficient altitudes can escape via out- flow processes,
and atmospheric heating can lead to increased thermal escape. “
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Kasting (Icarus, 1991)
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Forget & Pierrehumbert (Science, 1997)
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3D modelling of the early martian climate
under a denser CO, atmosphere: Temperatures

and CO, ice clouds
(Forget et al. 2013, Icarus)

e 3D global climate simulations of the early martian climate
performed assuming a faint young Sun and a CO, atmosphere
with surface pressure between 0.1 and 7 bars

e Previous studies had suggested that CO, ice clouds could have
warmed the planet thanks to their scattering greenhouse
effect. However, even assuming parameters that maximize
this effect, it does not exceed +15 K. As a result, a CO,
atmosphere could not have raised the annual mean
temperature above 0 ° C anywhere on the planet.

e This is consistent with a cold early Mars scenario in which
nonclimatic mechanisms must occur to explain the evidence
for liquid water.



Role of thick CO, atmosphere

e [t has been suggested that a 5-bar CO, atmosphere would raise
the global mean surface temperatureto0° C or more,
allowing “warm and wet” conditions.

e At higher pressures CO, can condense in the middle
atmosphere. This decreases the greenhouse effect because of
the latent heat warming of the middle atmosphere, which leads
to cooling of the lower atmosphere. Furthermore the resulting
CO, ice clouds would raise the planetary albedo and further
cool the planet.

e Assuming that the CO, ice cloud particles are larger than a few
micrometers, they can readily scatter infrared radiation and
reflect outgoing thermal radiation back to the surface. The
resulting ‘ scattering greenhouse’ effect will warm the surface.



Model

3-D Global Climate Model

Surface temperature evolution is governed by the balance between
radiative and sensible heat fluxes (direct solar insolation, thermal
radiation from the atmosphere and the surface, and turbulent
fluxes) and thermal conduction in the soil.

Parameterization to account for the condensation of CO, on the
ground and in the atmosphere (CO, ice clouds).

To estimate the size of the cloud particles, we assumed that the
number mixing ratio of cloud condensation nuclei [CCN] is constant
throughout the atmosphere.

To explore the impact of atmospheric dust on the early Mars
climate, we added a second type of aerosol in addition to the CO,
ice clouds particles.



Mean surface temperature
vs. Surface pressure (column CO, amount)

e Surface temperature increases up to 2

bar. Above 2— 3 bar Rayleigh scattering M0 ' ' — T T .
by CO, gas more than compensates for - — Active clouds ]

——- Inactive clouds

the increased thermal infrared opacity 230

of the atmosphere. Increasing the
atmospheric thickness does not result
in an increase of the mean surface
temperature.

220

210

e Taking into account the radiative effect
of CO, ice clouds results in a global
warming of the surface by more than
10 K resulting from the CO, ice cloud
scattering greenhouse effect.

Global mean surface temperature (K)

200

190 I \ 1 \ I | I \ 1 | 1 \ I
0 1 2 3 4 5 6 7

Mean Surface Pressure (Bar)

® Th e Cco I I apse Of th e atmos P he re into Fig. 1. Global mean annual mean surface temperature (K) as a function of surface
. . . pressure in our baseline simulations (obliquity=25°, [CCN]=10°kg !, circular
pe rmanent COZ ICe Ca pS IS p red |Cted orbit) with and without radiatively active CO, ice clouds.

for pressures higher than 3 bar.



Surface temperatures for present-day ground albedo (0.22)

Ps=0.5 bars Ps=2 bars
(a) Annual mean temperatures (K) (b) Annual mean temperatures (K)
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e annual mean surface temperatures are always significantly below 0 ° C.



Surface temperatures for ice-covered ground albedo (0.4)

Ps=0.5 bars
(a) Annual mean temperatures (K)
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Meridional cross section

Northern Winter (L, = 270° — 300°)

(b) Zonal mean temperatures (K) (b) Zonal mean CO, ice density (1076 kg m=3)
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temperatures below the CO2 condensation point are predicted above
about 11 km, and CO2 ice clouds form at all seasons and latitudes



An example of the instantaneous CO, ice clouds coverage for a
mean surface pressure 2 bar
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e CO, ice clouds cover a major part of the planet but not all. Their
behavior is controlled by a combination of large scale ascents and
descents of air, stationary and travelling waves, and resolved gravity
waves related to the topography.

e The mean cloud warming remains lower than 15 K because of the
partial cloud coverage and the limited cloud optical depth.



CO; ice clouds visible opacity, L, = 270°, noon at 0°E

Low resolution 32 x 24 High resolution 64 x 48
9ON T — 90N ==
60N - 60N 4
30 ) 30
"_.::". 20 , 20
30N ol B 30N 1 15
j MH10 HH10
EQf e Xr : i, ¥ H5 EQ{ v & F o\ P < H5
. D CA 7«\.‘ N3 / N b - a _2 M o e & » Ly ° _2
305 - \ . '. - ',_,,.-.-:-'::.,‘ — 1 30S 1 O > «f¥ ' '_,_-:—-::::..m . 1
o % % ; . ik 1H0.5 5 . . 2 B N . 1§ °°
P, O R ‘ 0.2 o 8. - b oA 0.2
605 - e = v 60S 1 P g o Sy v
. & "
90S = 2 = . . = == 90S + - - - - - —
180 120W 60W 0 60E 120E 180 180 120W 60W 0 60E 120E 180

Fig. 11. An example of the instantaneous CO, ice clouds coverage for two simulations with different horizontal resolution (mean surface pressure 2 bar, obliquity = 25°,
[CCN] = 10° kg~ !, circular orbit).

average visible opacity ~ 4.5

- A CO2 atmosphere could not have raised the annual mean
temperature above 0° C anywhere on the planet. The collapse of
the atmosphere into permanent CO2 ice caps is predicted for
pressures higher than 3 bar.

- Consistent with a cold early Mars scenario in which nonclimatic
mechanisms must occur to explain the evidence for liquid water.



Unsolved issue: cloud condensation nuclei (CCN)

e CCN is a key parameter which directly controls the properties
and the impact of the modeled clouds. This parameter is
poorly known.

e Even in the absence of surface or chemical sources, a

minimum number of nuclei would be provided by meteoritic
dust.



Unsolved issue: Early Sun

e The gradual increase in luminosity during the core hydrogen
burning phase of evolution of a star is an inevitable
consequence of Newtonian physics and the functional
dependence of the thermonuclear reaction rates on density,
temperature and composition.

e The only way to explain a brighter early Sun is to assume that
it was more massive initially and that it subsequently lose the
excess mass in an intense solar wind during its first billion
years.

e A younger more massive Sun has also been suggested
recently



Unsolved issue: Other greenhouse gases

e Ammonia (NH;) : 500 ppm of NH; in a 4-5 bar CO, atmosphere
could raise surface temperatures to 273 K. However, NH; is
photochemically unstable and would require shielding to survive.

e Methane (CH,) : even at concentrations of 500 ppm CH, does not
significantly boost the greenhouse effect of a pure CO,/H,0
atmosphere. CH, would require strong sources to sustain the above
concentrations.

e Sulfur dioxide (SO,) & hydrogen sulfide (H,S) : An obvious source for
these gases is volcanic activity. SO, needs to build up to
concentrations around the 10 ppm level or higher. SO, readily
converts to aerosols, and these aerosols should have a net cooling
effect on surface temperatures. Furthermore, SO, is highly soluble
and will washout quickly when conditions become warm enough for
rainfall.
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Figure 3. Mean annual surface temperature for a range of obliquities. The eccentricity is 0.12, and the Lg at which
perihelion occurs is 270, corresponding to southern summer. A thermal inertia of 250 J m ™2 s> K™, an albedo of
0.25, a surface pressure of 600 Pa, and an infrared dust opacity of 0.1 are assumed. Discontinuities in the slope of each
curve are due to the effects of seasonal CO, frost.

Mellon & Phillips (2001)
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Permanent CO, cap at the South pole
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Figure 1 Global maps of CO, and H.0 ices at the south pole of Mars. Left, the CO,-ice  that the H,0-ice areas extend far beyond the CO;
absorption feature is scaled from blue (deep) to brown (CO,-ice-free areas); right, isolated units tens of kilometres wide.
mapping of the H,0 ice, from blue (deep absorption) to red (ice-free). Comparison shows

Bibring et al. (2004)
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COZRFMBEDEMITT
= > \ Fig. 8. Three year changes in unit B. Registered clips from MOC image E11-01220
% H 20 7 % :t superposed on HiRISE image PSP_004744_0870. Note that the three year change

includes one or two ridges interior to the present depression edge. [llumination in

MOC images from upper left, in HiRISE more from the left. MOC L = 286°, HiRISE
L = 287¢. Scale bar 50 m. Centered at 86.9°S, 89.4°W.



« Water in the southern polar cap : remnant from the past
where the southern water ice was stable?

« How stable is the current southern water ice cap?

“Reversed

Perihelion

Circulation

......... favors North
asymmetry

Climatcrs favors North | ......... favors South
asymmetry
North wins ! ?7?

Montmessin et al. (2007)
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MONTMESSIN ET AL.: PRECESSION-INDUCED TRANSPORT OF WATER ON MARS
Present-day 21,500 yr ago
CO2 cold trap

Water Ice accumulation rate mmq&o

Figure 5. A comparison of water ice accumulation rates predicted by the model in the south polar
region for the two perihelion configurations. Present-day map shows net accumulation only at the south
pole itself (equivalent to 1 grid point in the model) where the prescription of a CO, cold trap forces a
local and permanent deposition of water ice. In the reversed perihelion simulation (Figure 5, right), the
CO; cold trap has been removed and the pattern of accumulation is only controlled by a precipitation
versus sublimation positive balance on an annual average.
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MONTMESSIN ET AL.: PRECESSION-INDUCED TRANSPORT OF WATER ON MARS

South

‘Reversed Perihelion™ Present-day configuration

-21,000 yr =10,000 yr -1,000 yr
L, =70° L, > 180° L, = 250°
Water ice layer CO; ice cap

formation formation

-

Figure 9. Illustration summarizing the sequence of events in the south polar region since the last
reversed perihelion regime of the precession cycle. At event 1 time, water was extracted off the north
polar cap and was deposited over the south PLD terrains thanks to a favorable summer insolation gradient
between the poles. For event 2, passage to present-day configuration, with perihelion argument now
entering a northemn spring regime, reversed the orientation of the insolation gradient and forced water to
progressively return back to the north pole. For event 3, in a third act, the erosion process stopped as
permanent CO, ice slabs formed and kept water from subliming further.
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Schorghofer (2007)
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Figure 1| Snapshots of the vertical ice distribution from model
calculations. a, At present and with atmospheric humidity constant
throughout history. b, For strongly varying atmospheric humidity,

568,000 years ago. ¢, For strongly varying atmospheric humidity, at present.
Dashed lines show the present-day equilibrium depth.
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