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First, from last time…

• Could Earth experience a runaway 
greenhouse as a consequence of 
adding CO2 to its atmosphere?
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• The answer is ‘no’, although Earth 
would be on the verge of losing its 
water at a CO2 partial pressure of a few 
tenths of a bar



Let’s turn now to Mars and to the outer 
edge of the habitable zone…

• Ever since Mariner 9 (1971) and then 
Viking (1976), we have known that 
water flowed on Mars’ surface early in 
its history…



Martian ‘Outflow’ channel (Viking)

From: J. K. Beatty et al., The New Solar System, 4th ed
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How did the martian valleys 
form?

(At least) Two different models:

1. Warm early Mars model
Mars’ early climate was essentially Earth- 
like. The water needed to carve the 
valleys came from rainfall.

2. Cold early Mars model
Mars was cold most of the time, but it 
warmed up sporadically due to impacts 
(Segura et al., Science, 2002)



• Let’s test the impact hypothesis (Cold 
early Mars model)…



Nanedi Vallis
(from Mars Global Surveyor)

~3 km

River channel

• The Grand Canyon on Earth required  ~17 million 
years to form

• During this time, roughly 5106 m of rain should have
fallen on the Colorado plateau (assuming 30 cm/yr
of rainfall)

• By contrast, those who have argued that the martian
valleys could have formed in a cold environment,
following large impacts (Segura et al. Science, 2002)
assume much lower volumes of precipitated water, 
50-500 m

• The terrestrial analogy suggests that these estimates
are too low by a factor of 104-105!



How could early Mars have been 
kept warm?

• To answer this question, we first need to think 
about how Earth remained habitable early in 
its history

• Low solar luminosity was a problem for the 
Earth, as well

• Earth has stabilizing feedbacks, though, most 
importantly the one between CO2 and 
climate, acting through the carbonate-silicate 
cycle…



The carbonate-silicate cycle

(metamorphism)

• This cycle regulates Earth’s atmospheric CO2 level over long time scales
and has acted as a planetary thermostat during much of  Earth’s history,
because CO2 builds up as the climate cools

• CH4 may also have contributed to the greenhouse effect on early Earth,
but that is a different story



Back to Mars…
• Question: Could this same 

feedback have happened on 
Mars?

• Answer: Yes, but only early 
in its history when the planet 
was more volcanically active

• Early Mars had lots of 
volcanoes  

• Carbonates could also have 
been remobilized by impacts

• There is a problem in 
warming early Mars with 
CO2 , though…

Olympus Mons



SURFACE PRESSURE (bar)

0.001 0.01 0.1 1 10

SU
R

FA
C

E 
TE

M
PE

R
A

TU
R

E 
(K

)

180

220

260

300

MARS

0.7

0.8

0.9S/S0 = 1

J. F. Kasting, Icarus (1991)

Martian surface temperature vs. 
pCO2 and solar luminosity

• Previous calculations showed that greenhouse warming by CO2 (and 
H2 O) could not have kept early Mars’ mean surface above freezing

S/S0 = 0.75 at 3.8. b.y.
ago, when most of
the valleys formed

Freezing point of water



Why is it difficult to warm early Mars?

• Two reasons:
– Condensation of CO2 

reduces the tropospheric 
lapse rate, thereby 
lowering the greenhouse 
effect

– CO2 is a good Rayleigh 
scatterer (2.5 times 
better than air), so as 
surface pressure 
increases, the increase in 
albedo outweighs the 
increase in the 
greenhouse effect

CO2 
condensation

region

Ref.: J. F. Kasting, Icarus (1991)



Inverse climate 
calculations for Mars
• These are analogous to the 

inverse calculations shown 
yesterday for Venus

• Surface is held constant at 
273 K, while surface 
pressure (assumed to be 
pure CO2 ) is varied

• This is also how the outer 
edge of the habitable zone 
was calculated in the ’93 
paper

Maximum
greenhouse

limit

J.F. Kasting, Icarus (1991)



The (liquid water) habitable zone

http://www.dlr.de/en/desktopdefault.aspx/tabid-5170/8702_read-15322/8702_page-2/

• If we put all this together, we can estimate the boundaries of the 
habitable zone, where liquid water can exist on a planet’s surface

• The habitable zone is relative wide because of the negative feedback
provided by the carbonate-silicate cycle



Possible problems for planets 
around M stars

• Tidal locking
– But this can probably be 

overcome by atmospheric 
and oceanic heat transport

• Lack of magnetic field 

 
atmospheres may be 
removed by flares and 
sputtering (H. Lammer et al., 
Astrobiol., 2007)

• Initial deficiency in volatiles 
due to smaller orbits, hotter 
accretion environment, more 
energetic collisions (J. 
Lissauer, Ap. J., 2007)

GRIN: Great Images in NASA
http://www.fanboy.com/science/



• Thinking well ahead of today, there may 
be other limits to consider, as well, as 
we search farther from Earth…



The galactic habitable zone
• There may also be a 

preferred time and location 
within the galaxy for 
habitable planets to exist

• Stars that are too close to 
the center of the galaxy are 
subject to frequent near- 
collisions and more 
supernovae and gamma ray 
bursts

• Stars that are too far out in 
the galaxy (or that evolved 
too early in its history) may 
be too metal-poor

• Fortunately, though, the 
GHZ is probably large 
compared to the local solar 
neighborhood

Ref.: Lineweaver et al., Science (2004)



• In the near future, we are interested in 
exploring the nearby solar 
neighborhood (nearest 10-15 pc)

• How do we do that, and what 
spectroscopic signatures should we 
look for?



Possible biomarker gases
Thinking back to John’s list of biogenic gases, we have

• O2 (and O3 )
– These are useful potentially observable gases but could have 

abiotic sources in some cases (e.g., leftover O2 after a runaway 
greenhouse)

• CH4
– This is observable but only at concentrations significantly higher 

than on Earth today
– CH4 also has substantial abiotic sources (e.g., serpentinization)

• N2 O
– Not observable (low concentration today, 0.3 ppmv; photolyzes 

quickly in the absence of O3 )
• H2 S

– Not observable (rains out); also has big abiotic sources
• Other biogenic sulfur gases (OCS, DMS, CS2 )

– All of these photolyze quickly and would not be observable 
(Domagal-Goldman et al., Astrobiology, submitted)



TPF-I (or Darwin): Free-flying IR 
interferometer

• In the thermal-infrared, where planets are brightest, one could use a 
free-flying interferometer, similar to ESA’s proposed (but now postponed) 
Darwin mission

• Advantages: good contrast ratio, excellent spectroscopic biomarkers
• Disadvantages: needs cooled, multiple spacecraft



Thermal-IR
spectra

Source:
R. Hanel, Goddard 
Space Flight Center

Life?



TPF-C: Visible/near-IR 
coronagraph

• It may be easier, however, to do TPF in the visible, using a single
telescope and spacecraft

• Advantages: single spacecraft, good spatial resolution
• Disadvantages: high contrast ratio between planet and star



New Worlds Observer: a 2-spacecraft 
visible planet finder

• One can also detect terrestrial 
planets in the visible by placing 
an occulting disk, or starshade, 
between the telescope and the 
target

• Advantages: Excellent starlight 
suppression capabilities!

• Disadvantages: 1) Multiple 
spacecraft 2) Pointing this array 
at multiple targets and 
maintaining precise inertial  
alignment over 50,000 km is 
time- and fuel- consuming. 

Webster Cash’s New Worlds Observer

NWO



Visible spectrum of Earth

Integrated light of Earth, reflected from dark side of moon: Rayleigh
scattering, chlorophyll, O2 , O3 , H2 O

Ref.: Woolf, Smith, Traub, & Jucks,  ApJ 2002;  also Arnold et al. 2002



Conclusions
• Early Mars could have been kept warm by a 

combination of high CO2 concentrations plus back-
scattering of outgoing IR by CO2 ice clouds

• Habitable zones around F, G, and early K stars are 
relatively wide (although they are short-lived for early 
F stars)

• M stars have good CHZs but their planets are beset 
with many other problems (tidal locking, atmospheric 
loss, lack of initial volatiles?)

• Within the next 20 years, we should be able to image 
nearby Earth-like planets and look for spectroscopic 
indicators of habitability and of life itself



• Backup slides (CO2 ice clouds)



New theories for warming early  
Mars

1. Greenhouse warming by CO2 ice clouds (dry 
ice) 

– Forget and Pierrehumbert, Science (1997)
2. Greenhouse warming by SO2 (sulfur dioxide)

– Volcanic SO2 builds up when the climate is cold 
(similar to CO2 feedback on Earth) (I. Halevy et al., 
Science, 2007)
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New theories for warming early  
Mars

1. Greenhouse warming by CO2 ice clouds (dry 
ice) 

– Forget and Pierrehumbert, Science (1997)
2. Greenhouse warming by SO2 (sulfur dioxide)

– Volcanic SO2 builds up when the climate is cold 
(similar to CO2 feedback on Earth) (I. Halevy et al., 
Science, 2007)

– But this doesn’t work, because SO2 photolyzes to 
give sulfate aerosols, which cool the climate (F. 
Tian et al., JGR, 2010)



Ref.: Forget and Pierrehumbert, Science (1997)
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Ref.: Forget and Pierrehumbert, Science (1997)
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• Problems with the scattering 
greenhouse hypothesis:
– Need near 100% cloud cover (which is 

unlikely for condensation clouds)
– Low (or thick) clouds can cool, as they do 

on Earth (Mischna et al., Icarus, 2000)
– Need to study this with a 3-D model!

(Robin Wordsworth has done this, but the 
results are not yet published. He finds that early 
Mars can be warmed above the freezing point 
when CO2 clouds are included.)



Rayleigh scattering
When the sun is high in the sky, the
shorter wavelengths are preferentially
scattered, making the sky appear
blue

When the sun is near the horizon,
the blue wavelengths are scattered
out of the beam, making the sun
appear orangish-red



Scattering greenhouse effect

• CO2 ice crystals are expected to be 10- 
50 m in size, comparable to thermal-IR 
wavelengths

• Outgoing thermal-IR radiation is 
therefore backscattered more effectively 
than incoming (visible/near-IR) solar 
radiation

 surface warms…



• We must also think about the time 
evolution of the habitable zone…



Definitions 
(from Michael Hart, Icarus, 1978)

• Habitable zone (HZ) -- 
the region around a star 
in which an Earth-like 
planet could maintain 
liquid water on its 
surface at some instant 
in time

• Continuously habitable 
zone (CHZ) -- the 
region in which a planet 
could remain habitable 
for some specified 
period of time (e.g., 4.6 
billion years)
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