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Overview

1. What factors influence climatic habitability?

2. What are the astrobiological implications
of the early emergence of life on Earth?
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Climatic habitability depends on stellar properties,
But what about planet properties, planetary system properties?

Classical Habitable Zone

Dependence on Stellar Properties

• Rotation rate?
• Continent/ocean distribution?
• Atmospheric composition?
• Obliquity (tilt of spin axis)?
• Eccentricity?
• Longterm history of climate?
(initial conditions)

(influenced by planetary system architecture)

Dependence on Planet Properties?

Kasting, Whitmire, & Reynolds 1993
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(0-D) Energy Balance on a Water-rich Planet

273 K
See Cowan+ 2011 re: detecting Snowballs
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High eccentricity planets are common!

~20% have e > 0.4

• Classical HZ: aout = 1.4 AU?
• Eccentric HZ: aout ~ 2 AU at e = 0.5?
•   => apoastron ~ 3 AU?
• Much more observable! 
       (Dressing, Spiegel+ 2010)
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Generalized Milankovitch Cycles:

Spiegel, Raymond et al. 2010,
see also Kita, Rasio, & Takeda 2010,
see also Barnes, Jackson, Kopparapu, etc.

Tuesday, September 6, 2011



9/1/2011

CIERA

Generalized Milankovitch Cycles:

• Very mild cyclic changes in Earth’s obliquity and 
eccentricity lead to dramatic changes in climate.
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Generalized Milankovitch Cycles:

• Very mild cyclic changes in Earth’s obliquity and 
eccentricity lead to dramatic changes in climate.
• Extrasolar systems could undergo exaggerated 
versions of these cycles.

Spiegel, Raymond et al. 2010,
see also Kita, Rasio, & Takeda 2010,
see also Barnes, Jackson, Kopparapu, etc.

Tuesday, September 6, 2011
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More eccentric companions cause 
faster and larger amplitude oscillations

Spiegel, Raymond, et al. (2010) Simulations by Sean Raymond
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Fig. 1.— Temperature evolution maps for cold-start models at 1 AU. Both models have orbital eccentricity of 0.8 along with
Earth-like 23.5◦ polar obliquity and 1 bar surface pressure. Temperature is initialized to 100 K, and quickly rises to near 273 K.
The melting of the ice-cover is handled in accordance with the prescription of §2.2. Left: CO2 partial pressure is held constant at
0.01 bars. In this model, once the equatorial region melts, the region of surface that has melted ice-cover grows steadily until the
entire planet has melted, and temperatures eventually grow to more than 400 K over much of the planet (not shown). Right: CO2

partial pressure varies with temperature, in a crude simulation of a “chemical thermostat”. In this model, the climate reaches a stable
state with equatorial melt regions and polar ice-cover.
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Fig. 2.— Evolution of temperature and eccentricity. The model planets are the same as in Fig. 1, except the eccentricity varies
sinusoidally between 0 and 0.83 with a 25 year period, to simulate a time-acceleration (by a factor of ∼102 to ∼104) of a Milankovitch-
like cycle. The planet is initialized with warm equator and cold poles, similar to present-day Earth. When the eccentricity falls below
0.05, the planet’s albedo spikes to 0.8, simulating a catastrophic event that plunges the planet into a snowball state, with the latent
heat prescription of §2.2. Left: CO2 partial pressure is held fixed at 0.01 bars. Here, as in the left panel of Fig. 1, the planet does
not establish a temperate equilibrium. Right: CO2 partial pressure varies with temperature. Here, temperature increases are muted
by reduced greenhouse effect, once the ice-cover has melted somewhere.

Spiegel+ (2010)
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Fig. 1.— Temperature evolution maps for cold-start models at 1 AU. Both models have orbital eccentricity of 0.8 along with
Earth-like 23.5◦ polar obliquity and 1 bar surface pressure. Temperature is initialized to 100 K, and quickly rises to near 273 K.
The melting of the ice-cover is handled in accordance with the prescription of §2.2. Left: CO2 partial pressure is held constant at
0.01 bars. In this model, once the equatorial region melts, the region of surface that has melted ice-cover grows steadily until the
entire planet has melted, and temperatures eventually grow to more than 400 K over much of the planet (not shown). Right: CO2

partial pressure varies with temperature, in a crude simulation of a “chemical thermostat”. In this model, the climate reaches a stable
state with equatorial melt regions and polar ice-cover.
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Fig. 2.— Evolution of temperature and eccentricity. The model planets are the same as in Fig. 1, except the eccentricity varies
sinusoidally between 0 and 0.83 with a 25 year period, to simulate a time-acceleration (by a factor of ∼102 to ∼104) of a Milankovitch-
like cycle. The planet is initialized with warm equator and cold poles, similar to present-day Earth. When the eccentricity falls below
0.05, the planet’s albedo spikes to 0.8, simulating a catastrophic event that plunges the planet into a snowball state, with the latent
heat prescription of §2.2. Left: CO2 partial pressure is held fixed at 0.01 bars. Here, as in the left panel of Fig. 1, the planet does
not establish a temperate equilibrium. Right: CO2 partial pressure varies with temperature. Here, temperature increases are muted
by reduced greenhouse effect, once the ice-cover has melted somewhere.

Spiegel+ (2010)
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Timeline of Life on Earth
Earth Formed (4.54 Gyr ago)

Earth Habitable (4.0 Gyr ago?)

“Intelligence” (105 yrs ago?)

Life arose early, so abiogenesis 
is probably a likely process.

Life has begun (by 3.8 Gyr ago?)

But, how probable is it?

Present
Tuesday, September 6, 2011
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A Common Sense Argument

Even if life is rare throughout the Universe,

• Still, it’s not surprising that 
life arose early on the planet on 
which we find ourselves –
• Especially if evolution 
requires possibly billions of 
years to develop “intelligence”

But finding life somewhere where we didn’t have to would count a lot more.

Tuesday, September 6, 2011
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Spiegel & Turner (2011)

Simple Assumption:
• Abiogenesis: a Poisson process
• Poisson rate parameter     (measured in [time-1])λ

Bayesian Inference:
• Calculate Likelihood function – P[D |    ].
• Use appropriate (uninformative) prior.

λ

Tuesday, September 6, 2011
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Abiogenesis PDF

Improbable Abiogenesis here.

Simple Assumption:
Abiogenesis: a Poisson process
Poisson rate parameter     (measured in [time-1])λ
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Abiogenesis CDF, for Exo-Life
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Conclusions

Habitability depends on properties of a star, planet,
and long-term history of planetary system.

Early life on Earth suggests life might be common, but
is not inconsistent with life being rare in the Universe.
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Life might be rare despite its early emergence on
Earth: a Bayesian analysis of the probability of
abiogenesis
David S. Spiegel ∗, Edwin L. Turner ∗ †

∗Dept. of Astrophysical Sciences, Princeton Univ., Princeton, NJ 08544, USA, and †Institute for the Physics and Mathematics of the Universe, The Univ. of Tokyo, Kashiwa

227-8568, Japan

Submitted to Proceedings of the National Academy of Sciences of the United States of America

Life arose on Earth sometime in the first few hundred million years
after the young planet had cooled to the point that it could support
water-based organisms on its surface. The early emergence of life
on Earth has been taken as evidence that the probability of abiogen-
esis is high, if starting from young-Earth-like conditions. We revisit
this argument quantitatively in a Bayesian statistical framework. By
constructing a simple model of the probability of abiogenesis, we
calculate a Bayesian estimate of its posterior probability, given the
data that life emerged fairly early in Earth’s history and that, billions
of years later, sentient creatures noted this fact and considered its
implications. We find that, given only this very limited empirical
information, the choice of Bayesian prior for the abiogenesis proba-
bility parameter has a dominant influence on the computed posterior
probability. Thus, although life began on this planet fairly soon after
the Earth became habitable, this fact is consistent with an arbitrar-
ily low intrinsic probability of abiogenesis for plausible uninformative
priors, and therefore with life being arbitrarily rare in the Universe.

Astrobiology

Abbreviations: Gyr, gigayear (10
9

years); PDF, probability density function; CDF,

cumulative distribution function

Introduction
The current fundamental questions in astrobiology are the is-

sues of whether or not extraterrestrial life exists and, if so,

of how abundant it is in the Universe. The most direct and

promising approach to answering these questions is surely em-

pirical, the search for life on other bodies in the Solar System

[1, 2] and beyond in other planetary systems [3, 4]. Neverthe-

less, a theoretical approach is possible in principle and could

provide a useful complement to the more direct lines of inves-

tigation.

In particular, if we knew the probability per unit time

and per unit volume of abiogenesis in a pre-biotic environ-

ment as a function of its physical and chemical conditions

and if we could determine or estimate the prevalence of such

environments in the Universe, we could make a statistical esti-

mate of the abundance of extraterrestrial life. This relatively

straightforward approach is, of course, thwarted by our great

ignorance regarding both inputs to the argument at present.

There does, however, appear to be one possible way of fi-

nessing our lack of detailed knowledge concerning both the

process of abiogenesis and the occurrence of suitable pre-

biotic environments (whatever they might be) in the Universe.

Namely, we can try to use our knowledge that life arose at

least once in an environment (whatever it was) on the early

Earth to try to infer something about the probability per unit

time of abiogenesis on an Earth-like planet without the need

(or ability) to say how Earth-like it need be or in what ways.

We will hereinafter refer to this probability density, which can

also be considered a rate, as λ or simply the “probability of

abiogenesis.”

Any inferences about the probability of life arising (given

the conditions present on the early Earth) must be informed

by how long it took for the first living creatures to evolve. By

definition, improbable events generally happen infrequently.

It follows that the duration between events provides a metric

(however imperfect) of the probability or rate of the events.

The time-span between when Earth achieved pre-biotic condi-

tions suitable for abiogenesis plus generally habitable climatic

conditions [5, 6, 7] and when life first arose, therefore, seems

to serve as a basis for estimating λ. Revisiting and quantifying

this analysis is the subject of this paper.

We note one previous attempt to address this issue quan-

titatively by [8]; we compare our treatment and significantly

different results to theirs below. Perhaps more importantly

however, an argument of this general sort has been widely

used in a qualitative and even intuitive way to conclude that

λ is unlikely to be extremely small because it would then be

surprising for abiogenesis to have occurred as quickly as it did

on Earth [9, 10, 11, 12, 13, 14, 15] Indeed, the early emergence

of life on Earth is often taken as significant supporting evi-

dence for “optimism” about the existence of extra-terrestrial

life (i.e., for the view that it is fairly common) [16, 17, 8]. The

major motivation of this paper is to determine the quantita-

tive validity of this inference.

A Bayesian Formulation of the Calculation
Bayes’s theorem [18] can be written as

P[M|D] =
P[D|M]× Pprior[M]

P[D]
. [1]

Here, we take M to be a model and D to be data. In order to

use eq. (1) to evaluate the posterior probability of abiogenesis,

we must specify appropriate M and D.

A Poisson or Uniform Rate Model. In considering the devel-

opment of life on a planet, we suggest that a reasonable, if

simplistic, model is that it is a Poisson process during a pe-

riod of time from tmin until tmax. In this model, the conditions

on a young planet preclude the development of life for a time
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within trequired and the fraction on which life emerged within

temerge. The ratio r ≡ ϕte/ϕtr = Nte/Ntr is the fraction of Ltr

on which life arose as soon as it did on Earth. Given that we

had to find ourselves on such a planet in the set Ltr in order to

write and read about this topic, the ratio r characterizes the

probability of the data given the model if the probability of

intelligent observers arising is independent of the time of abio-

genesis (so long as abiogenesis occurs before trequired). (This

last assumption might seem strange or unwarranted, but the

effect of relaxing this assumption is to make it more likely that

we would find ourselves on a planet with early abiogenesis and

therefore to reduce our limited ability to infer anything about

λ from our observations.) Since ϕte = 1−PPoisson[λ, 0, temerge]

and ϕtr = 1− PPoisson[λ, 0, trequired], we may write that

P[D|M] =
1− exp[−λ(temerge − tmin)]

1− exp[−λ(trequired − tmin)]
[5]

if tmin < temerge < trequired (and P[D|M] = 0 otherwise). This

is called the “likelihood function,” and represents the proba-

bility of the observation(s), given a particular model.
1

It is

via this function that the data “condition” our prior beliefs

about λ in standard Bayesian terminology.

Limiting Behavior of the Likelihood. It is instructive to con-

sider the behavior of equation (5) in some interesting limits.

For λ(trequired − tmin) � 1, the numerator and denominator

of equation (5) each go approximately as the argument of the

exponential function; therefore, in this limit, the likelihood

function is approximately constant:

P[D|M] ≈ temerge − tmin

trequired − tmin
. [6]

This result is intuitively easy to understand as follows: If λ
is sufficiently small, it is overwhelmingly likely that abiogene-

sis occurred only once in the history of the Earth, and by the

assumptions of our model, the one event is equally likely to oc-

cur at any time during the interval between tmin and trequired.

The chance that this will occur by temerge is then just the frac-

tion of that total interval that has passed by temerge, just the

result given in equation (6).

In the other limit, when λ(temerge− tmin)� 1, the numer-

ator and denominator of equation (5) are both approximately

1. In this case, the likelihood function is also approximately

constant (and equal to unity). This result is even more in-

tuitively obvious since a very large value of λ implies that

abiogenesis events occur at a high rate (given suitable condi-

tions) and are thus likely to have occurred very early in the

interval between tmin and trequired.

These two limiting cases then already reveal a key con-

clusion of the analysis, namely that the resulting posterior

distribution of λ for both very large and very small values

will have the shape of the prior, just scaled by different con-

stants. Only when λ is neither very large nor very small – or,

more precisely, when λ(temerge − tmin) ≈ 1 – do the data and

the prior both inform the posterior probability at a roughly

equal level.

The Bayes Factor. In this context, note that the probabil-

ity in equation (5) depends crucially on two time differences,

∆t1 ≡ temerge − tmin and ∆t2 ≡ trequired − tmin, and that the

ratio of the likelihood function at large λ to its value at small

λ goes roughly as

R ≡ P[data|largeλ]

P[data|smallλ]
≈ ∆t2

∆t1
. [7]

R is called the Bayes factor or Bayes ratio and is sometimes

employed for model selection purposes. In one conventional

interpretation [19], R ≤ 10 implies no strong reason in the
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Fig. 1. PDF and CDF of λ for uniform, logarithmic, and inverse-
uniform priors, for model Optimistic, with λmin = 10−3Gyr−1

and λmax = 103Gyr−1. Top: The dashed and solid curves repre-
sent, respectively, the prior and posterior probability distribution
functions (PDFs) of λ under three different assumptions about the
nature of the prior. The green curves are for a prior that is uniform
on the range 0Gyr−1 ≤ λ ≤ λmax (“Uniform”); the blue are for a
prior that is uniform in the log of λ on the range −3 ≤ log λ ≤ 3
(“Log (-3)”); and the red are for a prior that is uniform in λ−1 on
the interval 10−3Gyr ≤ λ−1 ≤ 103Gyr (“InvUnif (-3)”). Bottom:
The curves represent the cumulative distribution functions (CDFs)
of λ. The ordinate on each curve represents the integrated probabil-
ity from 0 to the abscissa (color and line-style schemes are the same
as in the top panel). For a uniform prior, the posterior CDF traces
the prior almost exactly. In this case, the posterior judgment that
λ is probably large simply reflects the prior judgment of the dis-
tribution of λ. For the prior that is uniform in λ−1 (InvUnif), the
posterior judgment is quite opposite – namely, that λ is probably
quite small – but this judgment is also foretold by the prior, which
is traced nearly exactly by the posterior. For the logarithmic prior,
the datum (that life on Earth arose within a certain time window)
does influence the posterior assessment of λ, shifting it in the di-
rection of making greater values of λ more probable. Nevertheless,
the posterior probability is ∼12% that λ < 1Gyr−1. Lower λmin
and/or lower λmax would further increase the posterior probability
of very low λ, for any of the priors.

data alone to prefer the model in the numerator over the one

in the denominator. For the problem at hand, this means

that the datum of the early appearance of life on Earth does

not justify preference for a large value of λ over an arbitrar-

ily small one unless evaluation of equation (7) gives a result

larger than roughly ten (or unless equation 6 gives a result

smaller than roughly a tenth).

Spiegel & Turner PNAS Issue Date Volume Issue Number 3

Likelihood function:

Bayes’ Theorem:

gives us the Bayesian posterior PDF of λ, which we also de-

rive for each model in Table 1. Then, by integrating each

PDF from −∞ to λ, we obtain the corresponding cumulative

distribution function (CDF).

Figure 1 displays the results by plotting the prior and

posterior probability of λ. The top panel presents the PDF,

and the bottom panel the CDF, for uniform, logarithmic, and

inverse-uniform priors, for model Optimistic, which sets ∆t1
(the time it took life to emerge once Earth became habitable)

to 0.2 Gyr, and ∆t2 (the time life had available to emerge in

order that sentient creatures would have a chance to evolve) to

3.0 Gyr. The dashed and solid curves represent, respectively,

prior and posterior probability functions. In this figure, the

priors on λ have λmin = 10
−3

Gyr
−1

and λmax = 10
3
Gyr

−1
.

The green, blue, and red curves are calculated for uniform,

logarithmic, and inverse-uniform priors, respectively. The re-

sults of the corresponding calculations for the other models

and bounds on the assumed priors are presented in the Sup-

porting Information, but the cases shown in Fig. 1 suffice to

demonstrate all of the important qualitative behaviors of the

posterior.

In the plot of differential probability (PDF; top panel), it

appears that the inferred posterior probabilities of different

values of λ are conditioned similarly by the data (leading to

a jump in the posterior PDF of roughly an order of magni-

tude in the vicinity of λ ∼ 0.5 Gyr
−1

). The plot of cumulative

probability, however, immediately shows that the uniform and

the inverse priors produce posterior CDFs that are completely

insensitive to the data. Namely, small values of λ are strongly

excluded in the uniform in λ prior case and large values are

equally strongly excluded by the uniform in λ−1
prior, but

these strong conclusions are not a consequence of the data,

only of the assumed prior. This point is particularly salient,

given that a Bayesian interpretation of [8] indicates an im-

plicit uniform prior. In other words, their conclusion that q
cannot be too small and thus that life should not be too rare

in the Universe is not a consequence of the evidence of the

early emergence of life on the Earth but almost only of their

particular parameterization of the problem.

For the Optimistic parameters, the posterior CDF com-

puted with the uninformative logarithmic prior does reflect

the influence of the data, leading to making greater values of

λ more probable in accordance with one’s intuitive expecta-

tions. However, with this relatively uninformative prior, there

is a significant probability that λ is very small (12% chance

that λ < 1Gyr
−1

). Moreover, if we adopted smaller λmin,

smaller λmax, and/or a larger ∆t1/∆t2 ratio, the posterior

probability of an arbitrarily low λ value can be made accept-

ably high (see Fig. 3 and the Supporting Information).

The Case of Mars. We have no strong evidence that life ever

arose on Mars (although no strong evidence to the contrary

either). Recent observations have tenatively suggested the

presence of methane at the level of ∼20 parts per billion (ppb)

[20], which could potentially be indicative of biological activ-

ity. The case is not entirely clear, however, as alternative

analysis of the same data suggests that an upper limit to the

methane abundance is in the vicinity of ∼3 ppb [21]. For the

purposes of the present discussion, we consider two alterna-

tive data: (i) that Mars is (and always has been) lifeless (and

we evaluate the posterior probabiity density of λ for a Mars-

like planet); (ii) that life arose at least once on Mars (and we

evaluate the posterior probability density of λ assuming that

the same λ holds for both Earth and Mars).

If Mars and Earth have different λs and life never arose on

Mars, then the likelihood of Mars’ λ (case i) is simply taken

from Eq. (2), with n (the number of times life arises) set to
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Fig. 3. Lower bound on λ for logarithmic prior, Hypothetical model. The
three curves depict median (50%), 1-σ (68.3%), and 2-σ (95.4%) lower bounds on
λ, as a function of λmin.

0; i.e., the probability is PPoisson[λ, 0, t], for appropriate t:

Pi[D|M] = exp[−λ(tMars
max − tMars

min )] . [13]

If Mars and Earth share a single λ and life did arise on

Mars, then the likelihood of Mars’ λ (case ii) is the joint

probability of our data on Earth and of life arising on Mars.

Assuming no panspermia in either direction, these events are

independent:

Pii[D|M] =

“
1− exp[−λ(tMars

emerge − tMars
min )]

”

×
1− exp[−λ(tEarth

emerge − tEarth
min )]

1− exp[−λ(tEarth
required − tEarth

min )]
. [14]

For Mars, we take tMars
max = tMars

emerge = 1 Gyr and tMars
min =

0.5 Gyr. The posterior probability distribution of λ, given

a logarithmic prior between 0.001 Gyr
−1

and 1000 Gyr
−1

, is

as represented in Fig. 2 for three different cases: (i); (ii);
and, for comparison, the Optimistic case for Earth. For case

(i), in contrast to Fig. 1, the influence of the datum (no life)

is to shift the posterior in the direction of making lower val-

ues of λ more probable. That the observation of lifelessness

would have the opposite type of effect on the posterior infer-

ence to the observation of life is entirely to be expected. For

case (ii), we see that, should future researchers find that life

arose independently on Mars, this would dramatically reduce

the posterior probability of very low λ relative to our current

inferences.

Arbitrarily Low Posterior Probability of λ.We do not actu-

ally know what the appropriate lower (or upper) bounds on

λ are. Figure 3 portrays the influence of changing λmin on

the median posterior estimate of λ, and on 1-σ and 2-σ confi-

dence lower bounds on posterior estimates of λ. Although the

median estimate is relatvely insensitive to λmin, a 2-σ lower

bound on λ becomes arbitrarily low as λmin decreases.

Conclusions
Within a few hundred million years, and perhaps far more

quickly, of the time that Earth became a hospitable location

2We note that the comparatively very late emergence of radio technology on Earth could, anal-
ogously, be taken as an indication (albeit a weak one because of our single datum) that radio
technology might be rare in our galaxy.
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Likelihood function for
Mars life & Earth life:
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Fig. 1.— This figure compares the mean flux (blue) and the ratio of periastron flux to
apoastron flux (red) for planets in eccentric orbits to that of planets in circular orbits.

The top plot is logarithmic and extends from e = 0 to e = 1 while the bottom plot is a
higher-resolution linear version to highlight the change in flux between e = 0 and e = 0.5.

For reference, the green line shows the distance of the planet at apoastron relative to the
distance of the planet at periastron. Although the average flux changes by less than a factor

of two even at very high eccentricity, the change in flux over the course of the orbit is
several orders of magnitude larger for planets at high eccentricity. Consequently, regions of
those planets may be both well below 273 K and well above 373 K during the course of a

year. Provided the planets do not freeze over completely during the long winter and enter
a snowball state, this raises the question of whether life would be able to withstand such

extreme temperature variations.

• For ocean-world (around a G-star), 
mean flux governs climate.
• For desert-world (or around an A-star), 
instantaneous flux can be significant in 
determining climate.

Effect of 
Eccentricity?

Dressing, Spiegel, et al. (2010)
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Fig. 3.— Eccentricity evolution of an Earth-mass planet at 1 AU under the influence of a range of giant planet masses and orbits,
labeled by the giant planet (GP ) semimajor axes a, eccentricities e, and masses M . Top left: Effect of changing the giant planet
mass between Saturn’s mass and 3× Jupiter’s mass for the case of aGP = 5AU, eGP = 0.4. Top right: Effect of changing the giant
planet eccentricity between 0.05 and 0.4 for the case of aGP = 5AU, MGP = MJup. Bottom left: Two cases with similar eccentricity
amplitudes but very different planetary system architectures, although both with MGP = MJup: aGP = 0.5AU, eGP = 0.1 (solid line)
and aGP = 5AU, eGP = 0.4 (dashed line). Bottom right: An extreme case, with aGP = 30 AU, eGP = 0.925, and MGP = 10 MJup
(dashed line), and with a = 10 AU, eGP = 0.25, MGP = 10 MJup, and iGP = 75◦ (solid line).

More massive companions
cause faster oscillations

More eccentric companions cause 
faster and larger amplitude oscillations

Extreme architectures can lead to 
extreme eccentricity oscillations

An inner planet can cause 
very rapid oscillation

Spiegel, Raymond, et al. (2010) Simulations by Sean Raymond
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Rotation Rate Study

Sensitivity Study at e=0.2 and e=0.5 (24−hr Day)

Polar Obliquity Indicated by Color

θ
p
 = 90 θ

p
 = 60 θ

p
 = 23.5

Ocean Fraction Indicated by Shape

+ = 70% Ocean x = 10% Ocean

Orbital Location
of the Snowball Transition

Standard (1−e2)−1/4 Scaling of HZ

Slow Rotator (72−hr Day)

Earth Rotator (24−hr Day)

Fast Rotator (8−hr Day)

Fig. 9.— Effect of rotation rate on the position of the snowball transition. Each line displays the approximate location of the
snowball transition for planets with 72-hr days (red), 24-hr days (green), and 8-hr days (blue). For comparison, the symbols
mark the position of the snowball transition for several of the model planets with 24-hr days used in the sensitivity study
discussed in Section 5.2. The orbital and planetary parameters for those planets are indicated above; for all other model planets
θp = 23.5◦, θa = 0◦, and fo = 0.7. The black line shows where the (fixed-atmosphere) outer boundary of the habitable zone
would be if it followed the (1 − e2)−1/4 scaling that is sometimes assumed. This scaling has been used by previous studies to
estimate the position of the habitable zone, and matches well with our modeled habitable zones for eccentricities � 0.65. Planets
in more eccentric orbits appear to be habitable at greater semimajor axes than the simple scaling relationship would predict.
Rotation rate has little effect on the position of the snowball transition for eccentricities between 0.35 and 0.65, but increasing
rotation rate appears to extend the position of the habitable zone for highly eccentric planets. In low eccentricity orbits, the
relationship between rotation rate and maximum habitable semimajor axis is not monotonic. The complex relationship may
indicate that the semimajor axis of the snowball transition is maximized when the planet rotates slowly enough that sufficient
heat is transported to the mid-latitudes to prevent the advance of global permanent ice coverage but quickly enough that a
significant amount of heat is retained in the low-latitudes.

Dressing, Spiegel, et al. (2010)

Fixed-composition 
atmosphere,

1-D EBM

Standard (1-e2)-1/4 scaling

Obliq=90°
eccen=0.5

Increase of ~80%!
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Timeline of Life on Earth

Present

Earth Formed 
(4.54 Gyr ago)

Earth Habitable
(4.0 Gyr ago?)

Uninhabitable/Sterilized 
due to Late-Heavy

Bombardment, etc.?

Alternate Logic:
We have sample size of one,

so we can’t draw any conclusions 
about the probability of abiogenesis.

“Intelligence” 
Arises 

(105 yrs ago?)

Life Begins
(by 3.8 Gyr ago?)
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Kokubo & Ida 2007

Isotropic spin distribution? 

to 12 with increasing b̃. We find that the initial orbital separation
of protoplanets does not change the spin properties of assembled
planets as long as 6! b̃!12. As seen in Table 4, the spin pa-
rameters for b̃ ¼ 6, 8, and 12 models are almost equivalent to
those for the standard b̃ ¼ 10 model. By the K-S test we confirm
that the distributions of the spin angular velocity and obliquity
are well approximated by Gaussian and isotropic distributions,
respectively. In each model, we obtain a K-S probability higher
than ’0.3 for all distributions. This independence of the spin
properties from the initial orbital separation suggests that it is not

the detailed differences in protoplanet distribution that control the
final state of planetary spin.

3.2.2. Eccentricity-to-Inclination Ratio

We compare the results of the model with he2i1=2 /hi2i1=2 ¼ 1
with those of the standard model (models 5 and 1). We find that
the spin parameters are barely affected by he2i1=2 /hi2i1=2 as long
as 1 ! he2i1=2 /hi2i1=2 ! 2 as shown in Table 4. The distributions
of the spin angular velocity and obliquity are well approximated
by Gaussian and isotropic distributions, respectively. In each

Fig. 7.—Left: Distributions of !x (top), !y (middle), and !z (bottom) of the spin angular velocity of all planets formed in the 50 runs of the standard model (model 1).
Right: Normalized cumulative distributions of !x (solid curve), !y (dashed curve), and !z (dot-dashed curve) with the Gaussian distribution (dotted curve). [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 8.—Left: Distributions of obliquity " (solid line) of all planets formed in the 50 runs of the standard model (model 1) with the isotropic distribution (dotted line).
Right: Normalized cumulative distributions of " (solid curve) with the isotropic distribution (dotted curve).

KOKUBO & IDA2088 Vol. 671

Obliquity near 90° favored
for terrestrial-mass planets!

Simulated
Distribution of spin-

vectors isotropic

What obliquities are expected?
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9/1/2011

CIERA

For the present-day control run, PRES23, the model cap-
tures most of the important features of Earth’s present cli-
mate reasonably well, including snow and ice coverage and
regional precipitation patterns such as the Saharan drought
and the seasonal monsoons over southeast Asia (Fig. 5),
as well as the strong mid-latitude eastward jets at y10 km
altitude. As observed, winds closer to the ground are much
weaker than those aloft. Consequently, we limit the wind re-
sults shown below to the 10 km level, which shows the
greatest differences for planets at high obliquity.
Fig. 8 compares global temperature cycles for a wide range

of obliquities. From this figure and Table 1, it is apparent that
obliquities greater than the present (PRES54, PRES70 and
PRES85) produce global annual-mean temperatures higher
than Earth’s present mean temperature of 14.0 xC. Above 54x
obliquity with present geography, the trend is for the global
annual-mean temperature to decrease as obliquity increases :
from 17.6 xC at 54x obliquity, to 16.4 xC at 70x obliquity, and
lastly to 15.5 xC at 85x obliquity.
Before explaining this trend, it is important to remember

that global annual-mean temperature would be independent
of obliquity if a planet were topographically uniform. In cases
where there is a mix of land and ocean, the exact climatic
response to different obliquities will depend on the sizes and
locations of continents because the planetary albedo is
strongly influenced by the distribution of ice and snow and by
the height of the Sun over water-covered surfaces.

The slight decline in temperature as obliquity increases
results from a disproportionate amount of land above
30x N latitude on the present Earth. Here, elevated annual
insolation warms the surface enough (Figs 9 and 10) to pre-
vent accumulation of snow and to melt present-day ice-sheets
covering Greenland and Antarctica. (We did not remove
these ice sheets in the GCM runs. For the PRES series of runs,
the ice would have disappeared given the extreme summer
temperatures over the poles, so we crudely corrected air tem-
peratures over these areas in the displayed maps as follows:
temperatures over Greenland were set equal to those near sea
level in central-northern Canada, and model temperatures
over the Antarctic ice sheet were reduced to sea level using
topographic data and an atmospheric lapse rate of 6.5 xC
kmx1.) The disappearance of snow and ice at high latitude is
responsible for lowering the planetary albedo and raising the
global annual-mean temperature 3.6 xC from run PRES23 to
PRES54. The subsequent decline in global annual-mean
temperature as obliquity is increased further is caused by the
Sun spending less time overhead in the tropics, which reduces
the incident insolation at low latitudes. Thus, the tropics are
naturally colder at high obliquity, but low-latitude tempera-
tures are reduced even further by the greater reflectivity of the
oceans when the Sun is nearer the horizon. The amount of
cooling, then, depends sensitively on the percentage of the
surface covered by oceans, which is approximately 70% for
the region between 30x S and 30x N on the present Earth.

Fig. 9. Monthly mean 2 m surface air temperatures (xC) for run PRES85. Compare with Fig. 3.

Earth-like planets at extreme obliquity 7

Williams & Pollard 2003

85° obliquity Earth

Extreme Heat!

Effect of 
Obliquity?
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10

Fig. 2.— The maximum eccentricity reached by a disk of massless test particles over a million year integration of two
systems containing a single Jupiter-mass giant planet in different configurations: a(GP ) = 5AU, e(GP ) = 0.4 (black dots), and
a(GP ) = 0.4AU, e(GP ) = 0.2 (gray dots).

Eccentricity oscillations up to ~0.5 are 
possible for entirely prosaic architectures

Mercury: Chambers (1999)

Simulation by Sean Raymond
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Summary
• Unobservable or barely observable features of a planet 
can have a profound and nonintuitive influence on climate 
and habitability: “HZ” depends on properties of planet in 
addition to star.

• HZ also depends on properties of solar system in 
which planet resides.

• For potentially habitable terrestrial planets around 
other stars, nearly any amplitude and frequency 
oscillation of eccentricity is possible.

• This might be harmful to (some kinds of) life, but might 
also restore habitability to a frozen-over world in far less 
than ~10 million years.

Tuesday, September 6, 2011
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A Few Scattered Questions to Address

• To what extent is an outer giant planet like Jupiter useful for protecting 
us from damaging impacts? Does more work remain to be done after 
the Horner & Jones studies?
• What are key observational degeneracies?
• For instance, how would we know if a planet is in a snowball state?  
Can we tell the difference between (1) a snowball Earth that is shiny 
and has cold CO2 clouds, and (2) a Venus?
• How can we discern obliquity?
• What actually happens at a highly eccentric planetʼs periastron?  Does 
it suffer severe atmospheric loss?
• What is an appropriate metric of habitability?  Should it be based on 
whether life there would be observable?
• (Is it easier to tell whether a world is inhabited than whether it is 
habitable?)

Tuesday, September 6, 2011
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EBM
vs.

Actual Earth
focean = 70% ocean

Kistler et al. (1999); Kalnay et al. (1996) Spiegel et al. (2008)

Model 
Validation:

In defense of 
simple EBMs

based on Williams & Kasting (1997)
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Fig. 3.— Model validation based on seasonality at different latitudes. The left panel shows
temperatures as a function of time for several latitudes in our fiducial Earth-like model. The
right panel shows the 2004 ocean–surface temperatures in the MIT Oceanic GCM (Wunsch &
Hiembach 2007) for the same latitudes. In both panels, solid lines correspond to temperatures
in the North and dashed lines to temperatures in the South. Time of year is measured
in fraction of a year from the northern winter solstice. Note that our model is North–
South symmetrical while the MIT Oceanic GCM is not. Extrema of temperature occur
approximately one quarter cycle after the extrema in forcing, as expected for a seasonally-
forced planet in the limit of large thermal inertia (e.g., North & Coakley 1979).
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Ackerman 1986; Kasting 1988, 1991). We solve equa-
tion (1) on a grid of 145 points equally spaced in lat-
itude. We use a time-implicit numerical scheme and
an adaptive time-step, as described in SMS08 and in
Hameury et al. (1998). Obliquity set to Earth-like
23.5◦ and to 90◦, and initial temperature is typically
set to be 100 K, with the melting of ice handled as
described in §2.2.

2.1. Dimensional Analysis of EBM

As written in equation (1), the energy balance equa-
tion appears similar to a diffusion equation, but is writ-
ten in terms of a nondimensional spatial variable (x).
It is instructive to rewrite equation (1) both in fully
dimensional and in fully nondimensional form.

The (1-D, latitudinal) forced heat equation on the
sphere may be written as

∂T

∂t
−

Kyy

cos[s/R]

∂

∂s

{

cos[s/R]
∂T

∂s

}

=
1

C
{S(1 − A) − I} .

(2)
Here, R is the planetary radius, s ≡ Rλ is the distance
north of the equator, and Kyy is a dimensionally proper
meridional eddy diffusion coefficient. This diffussivity
may be expressed as Kyy ≡ R2/τdiff , where τdiff is the
diffusion time. The factors of cos[s/R] in equation (2)
are metric terms that arise from writing the diffusion
equation in spherical coordinates.

Equation (2) may be converted to equation (1) by
replacing s with x ≡ sin[s/R], multiplying by C, and
defining D ≡ C/τdiff . For the values of C and D quoted
above (WK97, SMS08), the diffusion timescale may be
written as

τdiff ≈ (C/Cl)(9.7 × 106 s)

≈ (C/Cl)(4 months) . (3)

We find that over land, thick ice, thin ice, and ocean,
τdiff has the following respective values: ∼4 months,
∼7 months, ∼3 years, and ∼12 years. The thermal
diffusivities (Kyy) in Table 1 (∼ 109 cm2 s−1 for atmo-
sphere above ocean, 40 times greater for atmosphere
above land) might seem surprisingly large for Earth;
in fact, however, they comport with what is expected
when a process that involves large-scale advective mo-
tions is modeled as being purely diffusive (Kao & Kau
1980; Keeling & Heimann 1986).4

Alternatively, we may write a fully nondimensional
version of equation (1) by mapping t &→ Porbt∗, T &→
T0T ∗, I &→ I0I∗, and S &→ I0S∗, with I0 ≡ σT0

4 (σ
is the Stefan-Boltzmann Constant). Here, Porb is the
orbital period and t∗ is a dimensionless time variable;

4 Lorenz (1979) justified the diffusive approximation for stud-
ies of large scale climatic trends; this treatment has been used
in many EBMs in the geophysical literature in the last several
decades (e.g., Suarez & Held 1979; North et al. 1981, 1983).
Furthermore, Showman et al. (2009) provide an illuminating dis-
cussion of the applicability of the diffusive approximation. We
explored the consequences of varying D in SMS08, SMS09, and
D10.

T0 is a typical temperature and T ∗ is a dimension-
less temperature variable; I0 is the blackbody cool-
ing rate associated with temperature T0 and I∗ is a
dimesionless infrared cooling variable; and S∗ is a di-
mensionless insolation variable. Noting that the ra-
diative timescale, or thermal inertia, may be written
τrad ≡ CT0/I0 = (C/σ)T0

−3, we are left with the fol-
lowing nondimensional form of the equation:
∂T ∗

∂t∗
−K∗

∂

∂x

{

(

1 − x2
) ∂T ∗

∂x

}

= R∗ {S∗(1 − A) − I∗} .

(4)
Here, K∗ ≡ Porb/τdiff may be thought of as a dimen-
sionless thermal diffusivity, while R∗ ≡ Porb/τrad may
be thought of as a nondimensional “thermal elastic-
ity.” If R∗ ( 1 the planet’s temperature will tend to
be determined by the instantaneous irradiation; con-
versely, if R∗ ) 1, the temperature will change little
over the course of an annual cycle. Writing the equa-
tion as in (4) makes clear that increasing the orbital
period (i.e., increasing the semimajor axis a or decreas-
ing the stellar mass at fixed luminosity) increases the
model planet’s ability both to redistribute thermal en-
ergy in a given fraction of a year, and to approach ra-
diative equilibrium. While this is intuitively obvious, it
is important to notice that, even while holding many of
a model planet’s dimensional parameters constant (in
particular, while holding C and D fixed), if the orbital
separation changes then the nondimensional diffusiv-
ity and elasticity change as well. This is another way
of looking at an issue that was explored in SMS08: in
short, timescales matter, and a closer planet is not sim-
ply a more strongly irradiated version of a more distant
planet.

2.2. Modeling a Cold Start

We place a frozen planet in a variety of pre-set or-
bits in order to explore the capacity for the orbital
configuration (specifically, the semimajor axis, the ec-
centricity, and the obliquity) to thaw such a planet.
In previous work using this model, we have set “hot
start” initial conditions in which the initial tempera-
ture is set far above the freezing point of water. In
modeling the melting of a Snowball Earth planet, we
are in a different regime. We have previously implic-
itly assumed that the latent heat involved in melting
ice and freezing water is negligible. Is this assumption
still valid in the case of a snowball planet that might
have a layer of ice that is a kilometer or more thick?

The latent heat of melting ice (Lice = 3.3 ×
109 erg g−1) may be considered negligible if it is small
compared with the mean specific energy that is de-
posited into ice in a year, 〈dE/dm〉. For a crude upper
bound on this quantity, we consider just incident radi-
ant energy:

〈

dE

dm

〉

∼<
PorbFrad

hρice
, (5)

where Frad is the typical incoming radiative flux on a
planet around a Sun-like star, h is the height of a layer
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Fig. 3.— Model validation based on seasonality at different latitudes. The left panel shows
temperatures as a function of time for several latitudes in our fiducial Earth-like model. The
right panel shows the 2004 ocean–surface temperatures in the MIT Oceanic GCM (Wunsch &
Hiembach 2007) for the same latitudes. In both panels, solid lines correspond to temperatures
in the North and dashed lines to temperatures in the South. Time of year is measured
in fraction of a year from the northern winter solstice. Note that our model is North–
South symmetrical while the MIT Oceanic GCM is not. Extrema of temperature occur
approximately one quarter cycle after the extrema in forcing, as expected for a seasonally-
forced planet in the limit of large thermal inertia (e.g., North & Coakley 1979).
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Ackerman 1986; Kasting 1988, 1991). We solve equa-
tion (1) on a grid of 145 points equally spaced in lat-
itude. We use a time-implicit numerical scheme and
an adaptive time-step, as described in SMS08 and in
Hameury et al. (1998). Obliquity set to Earth-like
23.5◦ and to 90◦, and initial temperature is typically
set to be 100 K, with the melting of ice handled as
described in §2.2.

2.1. Dimensional Analysis of EBM

As written in equation (1), the energy balance equa-
tion appears similar to a diffusion equation, but is writ-
ten in terms of a nondimensional spatial variable (x).
It is instructive to rewrite equation (1) both in fully
dimensional and in fully nondimensional form.

The (1-D, latitudinal) forced heat equation on the
sphere may be written as
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(2)
Here, R is the planetary radius, s ≡ Rλ is the distance
north of the equator, and Kyy is a dimensionally proper
meridional eddy diffusion coefficient. This diffussivity
may be expressed as Kyy ≡ R2/τdiff , where τdiff is the
diffusion time. The factors of cos[s/R] in equation (2)
are metric terms that arise from writing the diffusion
equation in spherical coordinates.

Equation (2) may be converted to equation (1) by
replacing s with x ≡ sin[s/R], multiplying by C, and
defining D ≡ C/τdiff . For the values of C and D quoted
above (WK97, SMS08), the diffusion timescale may be
written as

τdiff ≈ (C/Cl)(9.7 × 106 s)

≈ (C/Cl)(4 months) . (3)

We find that over land, thick ice, thin ice, and ocean,
τdiff has the following respective values: ∼4 months,
∼7 months, ∼3 years, and ∼12 years. The thermal
diffusivities (Kyy) in Table 1 (∼ 109 cm2 s−1 for atmo-
sphere above ocean, 40 times greater for atmosphere
above land) might seem surprisingly large for Earth;
in fact, however, they comport with what is expected
when a process that involves large-scale advective mo-
tions is modeled as being purely diffusive (Kao & Kau
1980; Keeling & Heimann 1986).4

Alternatively, we may write a fully nondimensional
version of equation (1) by mapping t &→ Porbt∗, T &→
T0T ∗, I &→ I0I∗, and S &→ I0S∗, with I0 ≡ σT0

4 (σ
is the Stefan-Boltzmann Constant). Here, Porb is the
orbital period and t∗ is a dimensionless time variable;

4 Lorenz (1979) justified the diffusive approximation for stud-
ies of large scale climatic trends; this treatment has been used
in many EBMs in the geophysical literature in the last several
decades (e.g., Suarez & Held 1979; North et al. 1981, 1983).
Furthermore, Showman et al. (2009) provide an illuminating dis-
cussion of the applicability of the diffusive approximation. We
explored the consequences of varying D in SMS08, SMS09, and
D10.

T0 is a typical temperature and T ∗ is a dimension-
less temperature variable; I0 is the blackbody cool-
ing rate associated with temperature T0 and I∗ is a
dimesionless infrared cooling variable; and S∗ is a di-
mensionless insolation variable. Noting that the ra-
diative timescale, or thermal inertia, may be written
τrad ≡ CT0/I0 = (C/σ)T0

−3, we are left with the fol-
lowing nondimensional form of the equation:
∂T ∗
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−K∗
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}
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(4)
Here, K∗ ≡ Porb/τdiff may be thought of as a dimen-
sionless thermal diffusivity, while R∗ ≡ Porb/τrad may
be thought of as a nondimensional “thermal elastic-
ity.” If R∗ ( 1 the planet’s temperature will tend to
be determined by the instantaneous irradiation; con-
versely, if R∗ ) 1, the temperature will change little
over the course of an annual cycle. Writing the equa-
tion as in (4) makes clear that increasing the orbital
period (i.e., increasing the semimajor axis a or decreas-
ing the stellar mass at fixed luminosity) increases the
model planet’s ability both to redistribute thermal en-
ergy in a given fraction of a year, and to approach ra-
diative equilibrium. While this is intuitively obvious, it
is important to notice that, even while holding many of
a model planet’s dimensional parameters constant (in
particular, while holding C and D fixed), if the orbital
separation changes then the nondimensional diffusiv-
ity and elasticity change as well. This is another way
of looking at an issue that was explored in SMS08: in
short, timescales matter, and a closer planet is not sim-
ply a more strongly irradiated version of a more distant
planet.

2.2. Modeling a Cold Start

We place a frozen planet in a variety of pre-set or-
bits in order to explore the capacity for the orbital
configuration (specifically, the semimajor axis, the ec-
centricity, and the obliquity) to thaw such a planet.
In previous work using this model, we have set “hot
start” initial conditions in which the initial tempera-
ture is set far above the freezing point of water. In
modeling the melting of a Snowball Earth planet, we
are in a different regime. We have previously implic-
itly assumed that the latent heat involved in melting
ice and freezing water is negligible. Is this assumption
still valid in the case of a snowball planet that might
have a layer of ice that is a kilometer or more thick?

The latent heat of melting ice (Lice = 3.3 ×
109 erg g−1) may be considered negligible if it is small
compared with the mean specific energy that is de-
posited into ice in a year, 〈dE/dm〉. For a crude upper
bound on this quantity, we consider just incident radi-
ant energy:
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〉
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PorbFrad

hρice
, (5)

where Frad is the typical incoming radiative flux on a
planet around a Sun-like star, h is the height of a layer
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Fig. 6.— Comparison to the results of Williams & Pollard (2002). Their results for a test

planet with the geography of the Earth are shown in the top panel and our results for a
test planet with a uniform continent distribution but the same 30%:70% land:ocean fraction

as the Earth are shown in the lower panel. The slight differences between their results and
ours might be due to the presence of an asymmetric southern continent (Antarctica) in their
model but not in ours and due to the differences between their three-dimensional GCM and

our simpler one-dimensional EBM.

Earth-like worlds on eccentric orbits

Table 1 (cont.)

No. Object

Spectral Parallax Distance Luminosity

type Vmag BC mbol (mas) (pc) (L�) a (AU) e msin i

59 Tau Boo b F7 V 4�5949 �0�16 4�4349 64�12 15�60 3�27 0�0475 0 4�09

60 HD 50554 b F8 6�9706 �0�16 6�8106 32�23 31�03 1�45 2�38 0�42 4�9
61 HD 190228 b G5 IV 7�4520 �0�28 7�1720 16�10 62�11 4�17 2�31 0�43 4�99

62 HD 168443 b G5 7�0638 �0�21 6�8538 26�40 37�88 2�08 0�29 0�55 7�2
63 HD 168443 c G5 7�0638 �0�21 6�8538 26�40 37�88 2�08 2�87 0�2 17�1
64 HD 222582 b G5 7�8188 �0�21 7�6088 23�84 41�95 1�27 1�35 0�71 5�4
65 HD 28185 b G5 7�9484 �0�21 7�7384 25�28 39�56 1�00 1 0�06 5�6
66 HD 178911 Bb G5 8�2885 �0�21 8�0785 21�40 46�73 1�02 0�439 0�145 6�47

67 HD 10697 b G5 IV 6�4169 �0�28 6�1369 30�71 32�56 2�97 2 0�12 6�59

68 70 Vir b G5 V 5�1033 �0�21 4�8933 55�22 18�11 2�89 0�43 0�4 6�6
69 HD 106252 b G0 7�5473 �0�18 7�3673 26�71 37�44 1�27 2�61 0�54 6�81

70 HD 89744 b F7 V 5�8479 �0�16 5�6879 25�65 38�99 6�45 0�88 0�7 7�2
71 HD 33636 b G0 7�1300 �0�18 6�9500 34�85 28�69 1�09 2�62 0�39 7�71

72 HIP 75458 b K2 III 3�4638 �0�60 2�8638 31�92 31�33 58�12 1�34 0�71 8�64

73 HD 141937 b G2-3 V 7�3824 �0�20 7�1824 29�89 33�46 1�20 1�49 0�404 9�7
74 HD 39091 b G3 IV 5�7855 �0�20 5�6855 54�92 18�21 1�55 3�34 0�62 10�37

75 HD 114762 b F9 V 7�4130 �0�19 7�2230 24�65 40�57 1�70 0�351 0�335 10�93

�, formerly Iota Hor b.

Fig. 2. Orbital variation of global mean temperature for the study planets of GCM runs 1–3 with orbital eccentricities of 0�1, 0�3 and 0�4,

respectively. Seasonal mean temperatures are indicated by horizontal dashed lines partially covered by thick blue lines to mark the range of

orbital longitudes for which each planet is within the HZ. Orbital longitude, or true anomaly, is 0� at periastron when the planet is closest to

its star and 180� at apoastron when the planet is furthest away. The black points denote actual model data spaced 1 month (� 30 days) apart.

GCM runs 1–4 with eccentricities e� 0�1, 0�3, 0�4 and 0�7 are

January 13, February 2, 11 and March 7, respectively.

For the first set of runs (GCM runs 1–3), we examined how

an Earth-like planet would respond to increasing the ec-

centricity of its orbit near the inner edge of the HZ while

holding solar luminosity, orbital semi-major axis, and pCO2

(345 ppmv) constant. The range of orbital distances is shown

for each of the runs in Fig. 1, and the results of the runs are

given in Fig. 2 and Table 2. Increasing eccentricity from

Earth’s present value of 0�0167 to 0�4 causes the seasonal-

global mean surface temperature to increase from 14�6 �C at

present to 30�1 �C.The time spentwithin theHZalso decreases

from 365 days for e� 0�1 to approximately 180 days for e�
0�4. The detailed climate results (not shown here) reveal that

relative humidity and precipitation rise significantly with

increasing temperature, particularly near periastron when the

seasonal cycle owing to eccentricity reaches its peak.

The rise in relative humidity at high temperatures results

directly from an increased rate of evaporation of water from

the oceans, and is the first stage of climate destabilization by

the moistening of the lower atmosphere and later the strato-

sphere where water can be readily lost through photo-

dissociation of water vapour. However, the steep temperature

gradient in the lower atmosphere effectively prevents moisture

65

increasingly inaccurate for CO2 concentrations above
y10rPAL (present atmospheric level ; 1 PAL=350 ppm).
So we will focus our attention here on planets with thin

atmospheres and Earth-like surfaces with similar land–sea
ratios, some with familiar continents and others with alien
landscapes. The primary purpose of this work is to extend the
earlier work of Williams and Kasting using a model of greater
sophistication and predictive power to learn how planetary
climate responds to parameters such as continental topo-
graphy and obliquity. The results of our simulations might
then be used to make informed statements regarding the exist-
ence of life on planets that are either similar to, or vastly
different, from Earth.

Previous GCM runs at high obliquity

Earth general-circulation modelling (GCM) experiments with
high obliquities have been performed by Hunt (1982), Wil-
liams (1988b, c), Oglesby & Ogg (1998), Chandler & Sohl
(2000) and Jenkins (2000, 2001, 2003) using a wide range of
paleocontinental distributions, solar constant reductions and
atmospheric CO2 levels. All of these studies found that low
latitudes cool with large obliquities, and some cases achieve
a 100% snowball earth. Oglesby & Ogg (1998) and Jenkins
(2000) found other cases with permanent snow and ice in low
latitudes (y30x S to 30x N) and not at higher latitudes. A
common feature in high-obliquity simulations is the reversal
in meridional (north–south) heat flow toward the equator,
rather than away from it as on the present Earth. This rever-
sal stems from the poles receiving more insolation on average
than the tropics at an obliquity above 54x. In our model, heat
transport is accomplished both by advection within the at-
mosphere and diffusion in the 50 m slab ocean and is shown
to be away from the poles at high obliquity in Fig. 2.
According to Fig. 2, approximately 5r1015 W of energy
is transported away from Earth’s tropics by winds and ocean

currents and is deposited northward of 30x latitude each year.
Meridional heat transport, then, accounts fory1/8 of the net
annual energy budget (relative to solar insolation) for this
region of the planet, which illustrates how important a robust
treatment of heat transport is to accurately model climates in
three dimensions and at high obliquity.

Model description

The three-dimensional climate model used for this study is
GENESIS 2 (Thompson & Pollard 1997; Pollard & Thomp-
son 1995), which is the same model used previously to simu-
late the climates of Earth-like planets on orbits of extreme
eccentricity (Williams & Pollard 2002). GENESIS 2 is a gen-
eral circulation model coupled to multi-layer surface models
of vegetation, soil, land ice, snow and a 50 m slab ocean layer
with dynamic sea ice. The atmospheric model uses spectral
transform dynamics for mass, heat and momentum, and
semi-Lagrangian transport in grid space for water vapour
and other tracers including isotopes. Other significant fea-
tures include a diurnal cycle, an explicit sub-grid buoyant
plume model of convection and prognostic cloud water
amounts. The land–surface model includes two vegetation
layers (trees and grass) through which radiative and turbulent
fluxes are calculated. Rain or snow can be intercepted by the
vegetation and re-evaporated. A six-layer soil model extends
from the surface to 4 m depth, and includes vertical heat dif-
fusion, liquid water transport, surface runoff, bottom drain-
age, uptake of liquid water by plant roots for transpiration,
and the freezing and thawing of soil ice. The atmospheric grid

Fig. 2. Total annual northward atmospheric and oceanic heat flux

in watts for runs PRES23, with 23.5x obliquity, and PRES85, with

85x obliquity. In our model, energy is transported across zonal

boundaries by winds and by diffusive heat flow in the 50 m deep

wind-mixed ocean layer.

Table 1. Planetary parameters used in the GCM runs
(columns 1–5), along with global annual-mean temperatures
(column 7) obtained from the model results. Geographies for
750 Ma (Sturtian) and 540 Ma (close to Varanger) were
derived from paleogeographic reconstructions by Lawver
et al. (1999) for the Late Proterozoic era of Earth’s history.
Carbon dioxide partial pressures are given in ppmv (parts per
million by volume). All runs were performed with Earth at
1.0 AU around the Sun and in its present orbit with
eccentricity=0.0167. Solar luminosity is given in column 4
relative to the present output. Column 6 lists the figures with
global maps of each run

Run Geography
Obliquity
(deg)

Luminosity
(L!)

pCO2

(ppmv) Figures
Tave

(xC)

PRES23 Present 23.5 1.0 345 3–7 14.0
PRES54 Present 54 1.0 345 – 17.6
PRES70 Present 70 1.0 345 – 16.4
PRES85 Present 85 1.0 345 9–12 15.5
HICO2:23 Present 23.5 1.0 3450 – 23.6
HICO2:54 Present 54 1.0 3450 – 23.2
HICO2:70 Present 70 1.0 3450 – 21.9
HICO2:85 Present 85 1.0 3450 14 20.6
PRES0 Present 0 1.0 345 15 11.2
STUR0 Sturtian 0 1.0 345 15 7.2
STUR85 Sturtian 85 0.94 420 17–19 16.0
VARA85 Varanger 85 0.94 420 20–22 13.3

Earth-like planets at extreme obliquity 3
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Fig. 4.— Annually averaged, longitudinally integrated, meridional heat transport rates in
models at 23.5◦ and 90◦ obliquity. Transport is positive northward. In the Earth-like case
(blue solid curve), heat flows from the equator to the poles; in the highly oblique case (green
dashed curve), the annually averaged heat flow is reduced and in the opposite direction. This
result is in close agreement with a comparable one obtained by Williams & Pollard (2003)
with a full physics climate model.

Dressing, et al. (2010)

Spiegel, et al. (2010)
Williams & Pollard (2003)

Williams & Pollard (2002)

GCM
EBMObliquity

Eccentricity
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Vary Spin Rate
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Vary Spin Rate

3 “Hadley” Cells per hemisphere
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Vary Spin Rate

Faster Spin =>  ≥15 total cells3 “Hadley” Cells per hemisphere
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Fig. 4.— Space-time diagrams of temperature (in K) for two different pseudo-Earth models.
Left panels show the entire 130 years of evolution while the right panels show only the
last 5 years of seasonal climate. The top two panels show the evolution of temperatures in
our fiducial Earth-like model. The bottom two panels show the evolution of temperatures
in a pseudo-Earth model that is identical to the fiducial model, except for a coefficient of
latitudinal heat transport reduced by a factor of 9 from the fiducial value (Dfid/9). A reduced
efficiency of latitudinal heat transport is expected on fast-rotating pseudo-Earths. The model
with inefficient latitudinal heat transport makes a dynamical transition to a globally-frozen
snowball state after approximately 50 years.

fast 
rotator

24 hr-
rotation

snowball
Faster Rotation
  => Stronger Coriolis
  => less efficient 
transport of heat

Effect of 
Rotation Rate?
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Habitability Fractions

ftime[a,λ] = fraction of the year that latitude λ is in

                  habitable temperature range (0°-100° C).

farea[a,t] = fraction of the surface area that is in habitable

                 temperature range at time t.

fhab[a]     = fraction of year and surface area that is

                  habitable.
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s 2004

Earth only 85% habitable!

Fractional Habitability of Earth
Spiegel, Menou, Scharf (2008)
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Slow Earth Fast
Earth,

10% ocean

Spiegel, Menou, Scharf (2009)
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Building a Simple Climate Model

• Ice Albedo
• Greenhouse Due to H2O

• CO2 Cloud Albedo

• Water-Solubility of CO2

Feedbacks?
+-

• Blackbody Cooling
• H2O Cloud Albedo
• Carbonate-Silicate Weathering

Parameterizations?
• Heat transport
• Greenhouse effect
• Albedo

Tuesday, September 6, 2011



9/1/2011

CIERA

– 31 –
L

at
it

u
d

e

 

 

!90

!45

  0

 45

 90

260

280

300

L
at

it
u

d
e

Time (years)

 

 

20 40 60 80 100 120
!90

!45

  0

 45

   

150

200

250

300

L
at

it
u

d
e

 

 

!90

!45

  0

 45

 90

260

280

300

L
at

it
u

d
e

Time (years)

 

 

126 128 130
!90

!45

  0

 45

   

160

180

200

Fig. 4.— Space-time diagrams of temperature (in K) for two different pseudo-Earth models.
Left panels show the entire 130 years of evolution while the right panels show only the
last 5 years of seasonal climate. The top two panels show the evolution of temperatures in
our fiducial Earth-like model. The bottom two panels show the evolution of temperatures
in a pseudo-Earth model that is identical to the fiducial model, except for a coefficient of
latitudinal heat transport reduced by a factor of 9 from the fiducial value (Dfid/9). A reduced
efficiency of latitudinal heat transport is expected on fast-rotating pseudo-Earths. The model
with inefficient latitudinal heat transport makes a dynamical transition to a globally-frozen
snowball state after approximately 50 years.

fast rotator

24 hr-rotation
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Fig. 7.— Climate evolution of a model planet with e = 0.6, θp = 23.5◦, θa = 0◦, land:ocean

fraction = 30%:70% and rotation rate Ωp = Ω⊕ with a range of semi-major axes. The color
indicates temperature as shown in the colorbar. Areas of the planet shown in white are

either below 273 K or above 373 K. The planet is completely habitable at 1.025 AU, but the
temperatures at near the south pole drop below freezing during the southern winter at 1.050

AU. The southern ice sheet grows for semi-major axes > 1.075 AU and is accompanied by
a northern ice sheet during northern winter at 1.100 AU. Beyond 1.125 AU, the planet is
completely frozen.
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Fig. 7.— Climate evolution of a model planet with e = 0.6, θp = 23.5◦, θa = 0◦, land:ocean

fraction = 30%:70% and rotation rate Ωp = Ω⊕ with a range of semi-major axes. The color
indicates temperature as shown in the colorbar. Areas of the planet shown in white are

either below 273 K or above 373 K. The planet is completely habitable at 1.025 AU, but the
temperatures at near the south pole drop below freezing during the southern winter at 1.050

AU. The southern ice sheet grows for semi-major axes > 1.075 AU and is accompanied by
a northern ice sheet during northern winter at 1.100 AU. Beyond 1.125 AU, the planet is
completely frozen.

snowball

Faster Rotation
  => Stronger Coriolis
  => less efficient transport of heat

Higher Eccentricity
  => Warmer average climate
  => Greater habitable semimajor axis
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(incomplete list of)

Types of Habitability
Surface habitability
Subsurface habitability
“Spectral habitability”
Galactic habitability
Chemical habitability
Continuous habitability
Regional/Temporal Habitability
Dynamical habitability
Climatic habitability

Intertwined
concepts}
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CIERA

(incomplete list of)

Types of Habitability
Surface habitability
Subsurface habitability
“Spectral habitability”
Galactic habitability
Chemical habitability
Continuous habitability
Regional/Temporal Habitability
Dynamical habitability
Climatic habitability

Intertwined
concepts}Variations of orbital 

elements of terrestrial 
planet and other 

objects in a system.
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Spatial Resolution 
Comparison
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High eccentricity 
planets are common!

~20%, have e>0.4 e>0.4

all planets with 
measured e

Tuesday, September 6, 2011



9/1/2011

CIERA

Asteroids – IJA  BWJ  08Jan2009 33 of 34 13/1/09  4:11 PM UT  

Figure 3. Evolution of collision rate with Earth as a function of Jupiter mass 

 

Jupiter, Friend or Foe?
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What is the influence of a giant 
planet on a terrestrial planetʼs 

habitability?

Dynamical Habitability
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Fig. 5.— Distribution of fraction of stable HZ for hypothetical 1M⊕ planet (panel a) and
10M⊕ planet (panel b), in currently observed single planet systems. Of the total systems
(236) that we considered, nearly 40%(95) of the systems have ≥ 90% of their HZ stable

(peak near 1). About 38%(91) of the systems have less than 10% of their HZ stable (peak
near 0). We do not consider systems that have planetary masses > 10Mjup or if e > 0.6.

~40% of the 236 systems 
considered have 90% of 
HZ stable

Key Result

Effects on Impact Rate Effects on Orbit Stability

Menou & Tabachnik (2003)
Kopparapu & Barnes (2010)# of collisions might be greater 

with Jupiter than without.  Is this 
bad for life?  Good for evolution 
of us?

A Jovian companion can 
excite the eccentricity of a 
potentially habitable 
terrestrial planet and can 
eject planets from the 
system.
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