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The Contemporary climates of the terrestrial worlds are varied

Surface
Temperature

Surface Pressure
Composition
H,O content

Precipitation

Circulation

Maximum surface
winds

Seasonal Variation

Venus Earth Mars
740 K 288 K 210 K
92 bars 1 bar 7 mbar

96% CO,; 3.5% N,

78% N,; 21% O,

95% CO,; 2.7% N,

20 ppm

10,000 ppm

210 ppm

None at surface

rain, frost, snow

frost

1 cell / hemisphere, quiet at
surface but very active aloft

3 cells / hemisphere, local
and regional storms

1-2 cells / hemisphere or
patchy circulation, global
dust storms

~3m/s

> 100 m/s

~30 m/s

None

Comparable northern and
southern seasons

Southern summer more
extreme




Climate influences (surface) habitability

Pressure A

1TFa

100 GPa

10 GPa

1GPa

100 MPa

10 MPa

1 MPa

100 kPa

10 kPa

1kPa

100 Pa

10 Pa

1Pa

—
Q- X _Z
i | | | D=
L E== 2 ——T
7 0 Vi -
V H =
X — >
t ' ; Critical Point
| ”T\ . Lliql—lid | 373.85°C, 2:!.!]64)46
Solid /””
X | C I h Flgo gnll a'lt'ﬁm ra ture_:i Pressure
Freezing Point at 1 atim | Boiling Point at 1 atm
|~ 0°Q, 101.325 kPa 100 °C, 101.325 kPa
ple Point
, 611.73 Pa
Vapor

T
-250°C -200°C -150°C -100°C

T T T
S0°C 0ec s0°C  100°C 1s50°C 200°C 2530°C 300°C 350°C

Temperature A




ll. Changing Climate



Question: What could you do to a planet to change its climate?

Come up with 4 (or more) fundamentally different answers

Action
A Remove magnetic field
A Change distance to Sun
A Add life
A Change size
A Change tilt of planet
A Add ice cover
A Increase GHGs in atmosphere
A Have large impacts
A Change oceans
A Change plate tectonics
A Change planetary rotation
A Change surface pressure
A Add more volcanism
A Seed clouds!
A Change eccentricity of orbit
A Change the star
A Add large moons

You have 6 minutes

Climate response

T decreases

Affects solar flux, which changes temperature

Changes composition of atmosphere and hilarity ensues
Change gravity, change extent of atmosphere

Influence seasons, and temperature

Increase albedo, reduce temperature

Increase temperature

Wit hout Bruce Wi llis, weore
Change atmos. circulation

Also change atmos. Circulation

changes weather, circulation




Four Ways to Change Tg,ace
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Solar Output
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Planetary Orbital Elements
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Mars tilt and eccentricity have led to
periods of large and small polar caps
(small and large atmosphere?)
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Altitude [km]

Evidence for Climate Change

Venus
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Evidence for Climate Change

Geomorphology

Mars
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Evidence for Climate Change
Earth

1001&GE0 e s  Trees and Coral
Separation A growth rate A climate

Ilce
100, Oy@s0 6 s Bubbles A composition
| |Isotopes A temperatures
Pollen A conditions
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>1 million yrs Composition A temperature
Layering A climate shifts
Texture A environment
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Diffusive equilibrium, isotope ratios, and atmospheric loss

_ - Example:
The upper atmosphere | ‘ Earth D/H ~1/1000
. 1 !0 T 1” ¥ Venus D/H ""(8'120)/1000
Sw ™ N\ .. k \'z' '}
T N N Mars D/H ~(5-6)/1000
™ \. \'\, !
400 | \\\\\ \\\ \\§
E \\ =
E 300 - .
g Table 1 Martian isotope ratios and atmospheric loss*
: ~
= 200 - . Isotope ratio Measured valuet Amount lost to space (%)t
- ; D/H 5 ~B0-74
160 L —— BEAr/SAr 1.3 ~50-90
% 13G/2C 1.05-1.07 ~50-90
- BN/UN 1.7 ~90
| 1 A | i 1 i | 1 1 | | e N o Ooo OO O Ooa0000000000 000 s oo 000000000 0000Ca 0o C oo Em e oo oS00 000000 0C Co R Ao nEER O oo oo a00000000 0000 C0oe e Ce om0
108 108 10t 102 10 10 (o 0% "*0/"%0 1.025 ~25-50
Number density/m 3 *Values taken from refs 57-59, 62, 77 and 78, and references therein.
] . . . tValue estimated, observed or derived for martian atimosphere relative to terrestrial.
F18 5.2. Total number density and number densities of various con- tCalculated assuming Rayleigh fractionation. D/H range includes uncertainty in escape
stituents for mean atmospheres (from COSPAR, 1972). processes. Other ranges are based on uncertain timing of outgassing relative to escape.




Question: Suppose Mars loses oxygen atoms at a rate of 102° s,
How much atmosphere (in bars) would be lost in 4 Gy at this rate?

Helpful information:

1 bar = 10° Pascals Atomic number of oxygen =8
Ry ~ 3400 km 1year~"“ x10’s
Oy ~ 3.8 m/s?
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Atmospheric Source and Loss Processes
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Requirements for Escape

1. Escape Energy

esc

1 , GMm

E mv- = : 10 km/s 11 km/s 5 km/s

5 2GM E(HY) 0.5 eV 0.6 eV 0.1eV
V=,]—

I
E(O) 9eV 10 eV 2eV

2. Directed Upward

3. No Collisions

Escape from exobase region
kT 1
mg NS




Reservoirs for Escape

Lots of red here
(I got tired)

Thermosphere

T(z) €

Diffusive equilibrium

V: ~120-250 km
CO,, CO, O, N,

E: ~85-500 km
O,, He, N,

M: ~80-200 km
CO,, N,, CO

lonosphere

Density << neutral density

Chapman peaks from incident energy

V: ~120-300 km
O,*, Of, H*

E: ~75-1000 km
NO*, OF, H*

M: ~80-200 km
O,*, Of, H*

Exosphere

Ancollisionl|l esso

Ballistic trajectories

V: ~250-8,000 km
H

E: ~500-10,000 km
H, (He, CO,, O)

M: ~200-30,000 km
H, (O)



Extreme
Ultraviolet

Solar Wind

lonosphere

Extended Atmosphere
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R lons escape via multiple mechanisms

Extreme
Ultraviolet
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= . Some ions crash into Mars
N and splash stuff out

Extreme
Ultraviolet

W WA~ WA~

Solar Wind

[ Escaping Species: O O,

25



Extreme
Ultraviolet

Solar Wind

[ Escaping Species: O
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Extreme
Ultraviolet

Hydrogen escapes thermally

Solar Wind

[ Escaping Species: H
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aa significant fraction of Daveobs p

Summary of Escape to Space

Vesc = 4.8 km/s

Thermal Escape
Some particles in a Boltzmann distribution have v > v,

Probability
S
o
o
P

Velocity [km/s]

Photochemical Escape .
P 0,+E A O, +e
O, +e A O*+O*

Photodissociation of molecules produces atoms with v>v .

Sputtering
Particles crashing into the atmosphere splash others out

lon Loss & and especially here

At mospheric I
the solar wind

ons accelerated I n a



Question: Suppose Mars loses oxygen atoms at a rate of 10%° s,
How much atmosphere (in bars) would be lost in 4 Gy at this rate?

Helpful information:

1 bar = 10° Pascals Atomic number of oxygen = 8
Ry ~ 3400 km 1year~* x10’s
gy ~ 3.8 m/s?
- O 30 30 Q Ba 30Q L
3V 3= — = — XPTMAWWI
0 0 0 T°Y

Is this enough to change climate?
Is it a lot?
Is it a little?



I\VV. Atmospheric Escape (observed)



Atmospheric Escape from Mars
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Atmospheric Escape from Venus

FHhermalEscape

Photochemical Escape (O)
Sputtering Escape (N,O,C,etc.) ~??? st

lon Escape (O*, O,*, CO,*, H*) ~5x 10%* st
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2 Flux,cm?s’
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Atmospheric Escape from Earth

Thermal Escape (H) ~ 1026 s1

Photochemical Escape (N,O)

lon Escape (O*, HY) ~10%>-10% s
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V. Drivers of Atmospheric Escape



NExternal o drivers i1 nclude photo
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Escape rates should have been greater long ago

Loss rates

Increased EUV and solar wind
drives higher loss rate

W, /— Extreme solar events
A J

Total Atmospheric Loss

Time

Present
Day
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VI.

Do
Habitable
Worlds
Require
Magnetic
Fields?



