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Earth is not the only body in the Solar System that is
habitable. Life as we know it requires liquid water and
free energy gradients, both of which probably also exist
on Mars and Europa, although liquid water on those
bodies is restricted to the subsurface. Earth is, however,
the only planet in the Solar System that has liquid water
at its surface. Similar planets may exist around other
stars (Chapter 21) and would be of profound interest
for two reasons. First, biology on such planets might
resemble life on Earth. Second, the biosphere on such
planets would interact with the planet’s atmosphere
and could modify it in a way that may be detectable
remotely. Today, life may be thriving on Mars or
Europa but its discovery will require subsurface explo-
ration. In contrast, we might be able to tell whether a
distant Farth-like planet is inhabited by measuring the
spectrum of its atmosphere.

Thus, from an astrobiological standpoint, one of the
most fundamental characteristics of a planet is its sur-
face temperature Ty. If Ty is not within the range in
which liquid water can exist, remotely detectable life
will probably not exist there. Consequently, the first
part of this chapter is concerned with planetary surface
temperatures. The constraint on temperature is not as
obvious as 0 < T, < 100°C. Water boils at 100°C at
Earth’s surface because the overlying atmospheric pres-
sure is | bar (= 10° N/m? = 10° Pascal) and because the
atmosphere is not in equilibrium with water at this

temperature. If Earth’s entire surface were at 100 °C,
* the oceans would still not boil because the overlying
atmospheric pressure would then be 2 bars (1 bar Np-
0, and 1 bar H,0). Thus, planetary atmospheres act
like pressure cookers, with gravity taking the place of
the pressure cooker’s lid. In general, liquid water is
stable all the way up to a temperature of 374°C
(647 K) for pure water, or even higher for salt water.

* Currently at the University of Bristol.

More practical upper limits on Ty for a habitable
planet can be considered. The currently known lower
limit for microbial activity is ~—20°C (in very salty
solutions; Chapter 15). The currently known upper limit
for prokaryotic microbial life is 121°C (Kashefi and
Lovley, 2003) while that for more complex eukaryotic
life is 60°C (Rothschild and Mancinelli, 2001)
(Chapter 14). The latter temperature is also about the
point where a l-bar atmosphere like Earth’s rapidly
begins to lose its water because the molecules can move
efficiently to the upper atmosphere. This process involves
energetic solar ultraviolet photons dissociating (breaking
up) water molecules at the top of the atmosphere, after
which the light H atoms escape to space (Section 4.2.2).

In summary, from about —20°C to 60°C would
seem to be a probable temperature range of interest
for habitable planets populated by organisms similar to
those found on Earth.

Planetary habitability is also affected by atmos-
pheric composition. There are several factors to consi-
der here, which are best discussed within the context of
our own planet Earth, for which we have considerable
data. Was a certain atmospheric composition necessary
for the origin of life? How did atmospheric composi-
tion change once life had originated? When and why
did O, become an abundant atmospheric constituent?
Could we infer the presence of life by remotely analyz-
ing Earth’s atmosphere, now or in the past? And did the
availability of O, set the tempo for the evolution of
complex life? These questions will form the basis of the
second half of the chapter.

4.1 Fundamentals of global climate

We begin by outlining a few fundamental concepts gov-
erning planetary climates. These will prove useful in
understanding how Earth’s climate has evolved and why
the climates of Mars and Venus cvolved so differently.
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4.1.1 Planetary energy balance and the
greenhouse effect

Earth is warmed by absorption of visible and near-
infrared radiation from the Sun and is cooled by emis-
sion of thermal infrared radiation. If we treat the Earth
as a blackbody radiator' with effective temperature T.,
we can equate the emission of thermal infrared radia-
tion Fig (given by the Stefan-Boltzmann law) with the
average solar radiation absorbed by the Earth. Let us
denote the annual mean solar flux at Earth’s orbit by S
(=1366 £ 3 W/m?). The Earth, with radius R, presents
an area nR” normal to the solar beam and has a total
surface area 47R*. Thus, the globally averaged flux of
solar radiation received per unit area is S/4, but a
fraction of that flux, called the albedo A (=20.3 for
Earth), is reflected back to space and does not warm
the Earth. Thus, the planetary energy balance (energy
flux out = energy flux in) is

RR:ﬂﬁzgu—@, (4.1)
where ¢ is the Stefan-Boltzmann constant. Solving for
Earth’s effective temperature yields T, =255K. Earth,
however, is not a blackbody, but instead has an atmos-
phere that warms the surface by the greenhouse effect.
Thus, the globally averaged surface temperature 7% is in
fact ~288 K. The difference between T. and T gives the
magnitude of the greenhouse effect:

AT, =T, ~ T, = 33K. (4.2)

In the greenhouse effect, the atmosphere warms as it
absorbs upwelling infrared radiation from the Earth
below. Because the atmosphere is warm it radiates.
Some of this radiation is emitted downwards towards
the Earth. Consequently, the Earth’s surface is warmer
than it would be in the absence of an atmosphere
because it receives energy from two sources: the Sun
and the heated atmosphere. The additional heating
from the atmosphere is called the greenhouse effect.
In Earth’s atmosphere today, the two most import-
ant contributors to greenhouse heating are CO; and
H;0. H,0 is responsible for about two-thirds of the

A blackbody radiator is an ideal body that reradiates all of the
electromagnetic energy that it absorbs. The spectral distribution of
this radiated energy depends only on the temperature of the body
and is given by the Planck distribution formula. If a body’s spec-
trum is only approximately that of a blackbody (as is typical for
planets and stars), one can still define the effective temperature as the

warming, although it acts in a different manner than
CO; because it is near its condensation temperature, at
least in the lowest layer of the atmosphere (the tropos-
phere, up to 8 km at the poles and 17km at the equa-
tor). CO, accounts for most of the remaining third of
the greenhouse effect. The remaining ~2-3K comes
from CH,, N,O, O;, and various human-produced
chlorofluorocarbons (CFCs). Although the total of
these trace constituents is small, they are very efficient
greenhouse gases: for example, each CH4 molecule is
~20 times more effective than a CO, molecule in the
modern atmosphere (Schimel et al., 1996). This is
because they absorb within the 7.5-12 um wavelength
region, an otherwise transparent “window” through
which most of the Earth’s thermal infrared radiation
energy escapes to space.

Equations (4.1) and (4.2) show that the mean plan-
etary temperature T depends on only three factors: (a)
the solar flux (set by astronomical geometry and solar
physics), (b) the albedo, and (c) the greenhouse effect.
Any changes in T during Earth’s history (e.g., as evi-
denced by low-latitude glaciation) can only be under-
stood by appealing to changes in one or more of these
factors. The most difficult factor to estimate well is the
planetary albedo because ~80% of it is caused by
clouds. Clouds can be observed and parameterized in
Earth’s present atmosphere, but their properties for
other atmospheres are uncertain. Climate calculations
for early Earth or for other Earth-like planets are thus
subject to considerable uncertainty.

4.1.2 Climate feedbacks and feedback loops

Water vapor acts as a feedback on the climate system
because it is near its condensation temperature. As
the atmosphere cools, the saturation vapor pressure
(the maximum vapor pressure possible before water
condenses) drops. If the relative humidity® remains
constant, then the water vapor concentration in the
atmosphere will decrease proportionately. Less water
vapor results in a smaller greenhouse effect, which in
turn results in further cooling. Just the opposite hap-
pens if the climate warms: atmospheric H,O increases,
thereby increasing the greenhouse effect and amplify-
ing the initial warming.

The interaction between water vapor and surface
temperature can be expressed by means of a feedback
diagram such as Fig. 4.1a. Here, the boxes represent

% The relative humidity is the ratio of vapor pressure to saturation
vapor pressure, usually expressed as a percentage.
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FIGURE 4.1 Feedback loops for the Earth’s climate. (a) The water
vapor positive feedback loop. (b) The H,O and snow-and-ice
albedo positive feedback loop.

three components of a simplified climate model: sur-
face temperature, atmospheric H,O, and the green-
house effect. The arrows connecting them represent
positive couplings, meaning that an increase (decrease)
in one component causes a corresponding increase
(decrease) in the next. All the couplings are positive in
this diagram, so it constitutes a positive feedback loop.
This particular feedback loop is very important for
Earth’s climate, essentially doubling the effect of any
climatic perturbations such as changes in solar flux or
in atmospheric CO;.

A second important feedback loop is shown in
Fig.-4.1b. This loop describes the interaction between
surface temperature and the fraction of Earth’s surface
covered by snow and ice. The lines with circular end-
ings represent negative couplings, e.g., an increase in
surface temperature causes a decrease in snow and ice
cover. The second coupling is positive, however,
because more snow and ice causes more reflection of
sunlight (compared to rock or vegetation) and thus
increases the albedo. But an increase in albedo causes
a decrease in surface temperature, so the third coupling
is again negative. Two negatives make a positive in this
type of diagram, so the overall feedback loop is again
positive. The snow-and-ice albedo feedback loop has
played a major role in the advances and retreats of the
ice sheets over the past 2 Myr.

Positive feedbacks are unstable because they tend
to make a parameter such as 7 greatly change, rather
than stay near an equilibrium value. Since Earth’s
climate system is stable, there must also be negative
feedbacks for T,. The most basic negative feedback
(not shown) is the interaction between surface temper-
ature and the outgoing infrared flux Figr. As T
increases, Fir increases, which is a loss of energy lead-
ing to a cooler surface (lower T5). This creates a neg-
ative feedback loop that is so fundamental that it is
often overlooked, although it is the reason that Earth’s
climate is stable on short timescales. On long time-
scales, however, factors that influence climate can
change, and we need to look for something else to
ensure stability. We will argue below that the most
important long-term climate feedback involves the
interaction between atmospheric CO, and surface tem-
perature. Let us consider what factors affect climate
over the long term and see why negative feedbacks are
required to stabilize it.

4.2 The faint young Sun problem

Detailed models of the Sun’s evolution indicate that it,
like other stars, gets brighter as it ages in its main
sequence phase. During this long-lasting, relatively sta-
ble phase, the Sun produces energy by fusing four
hydrogen nuclei 'H (4 protons) into one “He nucleus
deep within its core. lonized matter in the interior of
the Sun behaves like an ideal gas. Thus, the relationship
between its pressure P and temperature T is P=nkT,
where # is the number density of all particles (electrons
and nuclei) and k is Boltzmann’s constant. But when
hydrogen nuclei fuse to form helium, n decreases
slightly. This causes contraction as the weight of over-
lying material presses inward. As the core contracts,
gravitational acceleration g increases because
goc(radius)™?. Core pressure P increases with g
because P = force per unit area =(mass per unit area
ina column) x g, where the amount of overlying mater-
ial remains constant. Thus, 7 must also increase to
maintain a pressure balance and the core is heated.
Higher core temperatures cause fusion reactions to
proceed faster, so the Sun produces more energy. The
solar luminosity (total power output) must therefore
increase with time. Standard models predict that the
Sun’s luminosity was about 30% less when it formed
4.6Ga and that it has increased roughly linearly
with time ever since (Fig. 4.2). This theoretical predic-
tion is considered robust because it arises from basic

physics, namely nuclear fusion and hydrostatics, and is
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FIGURE 4.2 Calculations of the surface temperature of the Earth
over its lifetime, illustrating the “faint young Sun problem.” T; is
the surface temperature assuming a present-day atmospheric
composition, T, is the planetary equilibrium temperature, S is the
solar luminosity at times in the past and S, is the present solar
luminosity. (From Kasting et al., 1988.)

consistent with observations of many other solar-like
stars of various ages.

Although an understanding of increasing solar
luminosity began in the 1950s, it was not until much
later that Sagan and Mullen (1972) noted the implica-
tions for planetary climates. If one lowers the value of S
by 30% in Eq. (4.1), holding the albedo and greenhouse
effect constant for simplicity, one finds that T.dropsto
233K and T, to 266K = —7 °C, below the freezing
point of water. If one then repeats this calculation
with a climate model that includes the positive feed-
back loop involving water vapor, the problem becomes
even more severe. The dashed curves in Fig. 4.2 show
T. and T, calculated using a one-dimensional, radiative-
convective climate model, assuming constant CO,
concentrations and fixed relative humidity (Kasting
et al., 1988). The results are similar to those predicted
earlier by Sagan and Mullen: 7 is below the freezing
point of water prior to ~2 Ga. Especially once the
snow/ice-albedo feedback loop is taken into account,
this would seem to imply that the Earth was then
globally glaciated. However, geologic evidence tells us
that liquid water and life were both present back to
certainly 3.5 Ga and maybe even earlier. The presence
of an ocean at 4.3 Ga has been deduced from ancient
zirconium silicate minerals (zircons) (Wilde et al., 2001;
Mojzsis et al., 2001). These zircons are enriched in
heavy oxygen ('*0), which can result from mteraction
with liquid water at low temperature. The inference
from the zircons is that the crust from which they
formed interacted with an early liquid ocean, not a
frozen one.

Solar luminosity relative to present value

How can the faint young Sun problem be solved?
The most likely solution involves a greater greenhouse
effect in the past. A drastic decrease in cloudiness,
leading to much less reflected light (a lower albedo),
would also solve the problem (Rossow et al., 1982),
but this seems unlikely because the ancient climate
appears to have been, if anything, even warmer than
today, promoting evaporation and cloud formation.
Instead, there are good reasons to believe that the
faint young Sun problem is best solved by the pres-
ence of abundant greenhouse gases in the early
atmosphere.

4.2.1 The carbonate-silicate cycle and
CO,-climate feedback

Carbon dioxide is the second most important green-
house gas today. Over long timescales, CO, is con-
trolled by the carbon cycle, which has several different
parts. The more familiar part is the organic carbon cycle
in which plants (and many microbes) convert CO, and
HO into organic matter and O, by photosynthesis.
Organic matter on average can be represented as
“CH,0,” so the overall reaction for (oxygenic) photo-
synthesis can be written as

CO; + Hy0 — CH,0 + 0. (4.3)

Photosynthesis is almost entirely balanced by the
twin processes of respiration and decay, both of which
are the reverse of the above reaction.

There are two reasons, however, why the organic
carbon cycle cannot be the primary control on CO,
levels over long timescales. First, the living biosphere
is not a large carbon reservoir — it contains only about
as much carbon as does the atmosphere. Second, any
small imbalance that occurs when organic carbon is
buried in sediments cannot be maintained for very
long because it is controlled by a negative feedback
loop involving atmospheric O, (e.g., Catling and
Claire, 2005). Basically, an increase in organic carbon
burial causes an increase in atmospheric O,, which in
turn causes a decrease in organic carbon burial.
Moreover, this cycle is controlled more by oxygen
than by climate, so it cannot contribute appreciably
to climate stability. Indeed, this cycle may have desta-
bilized climate on more than one occasion, leading to
possible global glaciation episodes (Section 4.2.4).

The part of the carbon cycle most important to
long-term climate is the inorganic carbon cycle, also
called the carbonate-silicate cycle. Beginning at the
left-hand side of Fig. 4.3, CO, dissolves in rainwater






































































