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ABSTRACT

The recent discoveries of extrasolar planets have generated widespread anticipa-
tion of detecting a life-supporting environment, such as an Earth-like planet or moon,
around a nearby solar-type star. Future observations will enable life on such worlds to
be detected remotely through the spectral identification of CH4, O3, and H,O vapor
in their atmospheres. This thesis addresses the climatic and dynamic factors affect-
ing whether an Earth-like biosphere might exist around another star and, hence, the
likelihood that extraterrestrial life will be discovered in the foreseeable future.

To remain habitable for billions of years, a planetary body must be large enough
to form and retain an atmosphere. Earth’s Moon (~ 0.01Mg) does not satisfy this
basic criterion. Objects with atmospheres must orbit their stars within the habitable
zone (HZ) for liquid water to exist on their surfaces. Otherwise habitable worlds can
have their climates destabilized by the slow brightening of their stars as the age, or by
chaotic variability of their orbits and obliquities over time. Earth’s 23.5°-obliquity is
presently stable, but the spin-stability of extrasolar Earths will depend on the masses
and proximity of satellites and neighboring planets.

Climates of planets with high obliquities are investigated using an energy-
balance climate model. At high obliquity, Earth’s climatic zonation is reversed so
that the lower latitudes are permanently frozen and the poles are subjected to ex-
traordinary swings in seasonal temperature. Planets within the outer HZs around
their stars are less affected by obliquity because they develop dense-CO5 atmospheres
as a result of the carbonate-silicate geochemical cycle. Efficient heat transport within
such atmospheres reduce latitudinal temperature gradients and limit the amplitudes
of seasonal temperature extremes.

Geologic evidence for low-latitude glaciation during the Precambrian era sug-
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gests that the obliquity of early-Earth may have been much higher than it is today.
Earth’s obliquity could have been reduced to its present value as a consequence of
obliquity-oblateness feedback. In this process, obliquity-driven changes to continen-
tal ice volume and oblateness may have caused a secular downward drift in obliquity
of ~ 30° between 600 Ma and 500 Ma. Such an event may account for the present

non-zero inclination of the lunar orbit.
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In the beginning, when God created the heavens and the earth, the earth
was a formless wasteland and darkness covered the abyss, while a mighty
wind swept over the waters. ........... Thus the heavens and the earth and

all their array were completed.

—Genesis 1:1-2;2:1

That there are many Suns — perhaps 400 billion of them in our Galaxy
— we can readily grant. But are there many planets, many Earths, many

biospheres?

—Carl Sagan
Circumstellar Habitable Zones: An Introduction

Doyle (1996)



Chapter 1

INTRODUCTION

1.1 Stars With Planetary Systems

Astronomers are now taking inventory of planetary systems in the near-solar neigh-
borhood of the Galaxy with the common goal of finding planetary environments capa-
ble of supporting life. The size of the region of space in which it is currently possible
to detect planets around Sun-like stars is ~ 1 Kpc in radius, assuming that milli-
arcsecond resolution is possible from the ground with good adaptive-optics technol-
ogy (Angel 1994). Microlensing might yield more distant detections, but the locations
of planets would be effectively lost after the lensing event (Peale 1997). Thus, the
volume of space probed by planet surveys that would enable follow-up observations
is ~ 107 the volume of the entire Galaxy. It is on this small region of space that I
will focus my attention.

The present-day stellar mass function indicates that there are ~ 50 million stars
within 1 Kpc of the Sun, but only a fraction of these stars will survive long enough
to form planets having terrestrial surfaces that might potentially harbor life. The
terrestrial planet-formation process itself may require 107 —10® years to reach comple-
tion (Wetherill 1996), which excludes from these considerations stars in spectroscopic
classes earlier than ~A5 (~ 10° stars), which have lifetimes comparable to or shorter
than this.

Once a terrestrial planet has formed, the time scale for the subsequent evolution of

life on its surface is difficult to determine precisely. On Earth, the age of the earliest



fossils (~ 3.5 Gyr) is approximately coincident with (and was perhaps enabled by)
the end of late-heavy bombardment of the terrestrial planets by rock/ice planetesi-
mals (Sleep et al. 1989). Life could, in principle, have appeared earlier on Earth and
survived up to the present, given a milder impact history and an adequate amount of
liquid water. The time scale for primitive life to develop is not useful for this discus-
sion, however, as only long-lived biospheres may be unambiguously recognized from
space. Primitive life might be detected by looking for CH4 in a planet’s atmosphere,
but CH4 can also be produced abiotically. A stronger case for extraterrestrial life
could be made with the spectral identification of O, which is produced biogenically
on Earth, or O3 which is formed from photochemical reactions involving O,. Hence,
for the purpose of remote detection either through spectroscopic analysis of a planet’s
atmosphere or by direct radio communication, life may need to occupy a planetary
surface for 1-5 Gyr; it took ~ 2 Gyr for life on Earth to produce a spectroscopically
strong ozone signature (Kasting 1996b) and ~ 4.6 Gyr for life to develop the means
to send radio signals into space. Excluding stars with shorter main-sequence lifetimes
(stars earlier than F0, or ~ 5 x 10° stars), leaves ~ 45 million stars within 1 Kpc of

the Sun that may have habitable planets.

1.2 Habitable Zones

The concept of the habitable zone (HZ), or the region around a star in which
planets might be able to support life, has been discussed in the scientific literature
for many years (Huang 1959, 1960; Dole 1964; Shklovski and Sagan 1966; Hart 1979),
although the subject has recently seen renewed attention (Kasting, Whitmire and
Reynolds 1993 — henceforth KWR,; Kasting 1996a and accompanying references in the

same volume). Common to all of these works is the assumption that “habitability”



and “life” refer to organisms having chemistries with which we are familiar and that
depend on liquid water for survival. The HZ, then, is the range of orbital distances
from a star in which a planet (or moon) with an atmosphere can maintain liquid
water on its surface.

One of the simplest assumptions to make is that the atmospheres of habitable
environments will resemble the atmospheres of terrestrial planets in the Solar System.
Thus, the model atmospheres of KWR, contain Ny and COs, plus HyO vapor from
standing bodies of liquid water (O is sometimes left out of model atmospheres since
its high concentration in Earth’s atmosphere is a result of biology.) Under these
assumptions, KWR demonstrated that an Earth-like planet would warm and begin to
accumulate significant amounts of stratospheric water vapor if it were only 5% closer
to the Sun than Earth is now, or 0.95 AU (Astronomical Units). At 0.84 AU, such
planets would experience global evaporation of oceans, followed by photodissociation
of HyO vapor and loss of Hy to space (Kasting 1988). These events may help to explain
the high D/H ratio and low HyO vapor concentration in Venus’ present atmosphere.
Thus, KWR viewed 0.84 AU to be the least conservative value for the HZ inner edge

around the Sun.

The HZ outer edge is approximately the orbital distance at which the planet-mean
temperature falls below the freezing point of water. On Earth, such a catastrophe
would be prevented for small, positive, radial displacements in its orbit by the negative
feedback response of the carbonate-silicate cycle (Walker et al. 1981) to falling surface
temperatures, which would result in a build-up of atmospheric CO,. The carbonate-
silicate cycle relies on heat in a planet’s interior to drive plate tectonics and to vent
COg stored in the crust through volcanos at plate margins. To keep this climate-

stabilizing cycle going for > 2 Gyrs, a planet (or moon) must be larger than Mars



(see Chapter 7). (Smaller bodies would lose their internal heat too quickly and would
become tectonically inactive.) Elevated COy levels might be able to keep Earth warm
out to 1.67 AU, at which point the surface would be cooled by scattering of light away
from its overlying dense, CO, atmosphere (Kasting 1991). The HZ outer-edge may
be closer in (KWR; see also Chapter 2) or farther out depending on whether CO,
clouds, which form in the atmospheres of planets at such distances, act to cool or

warm planetary surfaces (Forget and Pierrehumbert 1997).

Complicating the above discussion is the fact that the luminosities of main-
sequence stars evolve with time. The Sun was perhaps only 70% its present brightness
upon entering the main sequence at 4.6 Ga (Gough 1981). The gradual increase in
luminosity over a star’s main sequence lifetime is a consequence of nuclear fusion,
which reduces the particle density within the core. The reduction in pressure enables
the core to shrink, which causes core temperature and energy production rate to in-
crease with time. The brightening of a star causes its HZ to move outward. Thus, if
a planet is to maintain equable surface temperatures for billions of years, it must lie
within the continuously habitable zone (CHZ), or the HZ defined for a certain length
of time. According to KWR, the inner edge of the Sun’s 4.6-Gyr CHZ is the HZ inner
edge today (~0.95 AU), and the CHZ outer edge is the HZ outer edge when the Sun
first entered the main sequence (~1.15 AU). Thus, the CHZ for the Solar System is
0.2 AU in width, which is ~1/2 the mean-planet separation (0.4 AU) of the terrestrial
planets. This implies that the probability of finding a planet within the CHZ of the
Sun, and similar stars, is ~ 50% (KWR).

The HZ limits for stars of different masses and, hence, luminosities are shown
in Fig. 1.1. Stars with luminosities less than the Sun (K-M) have narrower HZs

that are closer in than the limits reported here, while stars of greater luminosity



Figure 1.1: The approximate width of the habitable zone around low-mass stars.
Dashed lines mark the region in which terrestrial planets are likely to accrete and the
dotted line is the orbital distance for tidal locking. Borrowed from KWR.

have wider HZs that are farther out. However, the width of HZs around all stars
is approximately equivalent on a logarithmic distance scale. Thus, stars of different
luminosities should have roughly equivalent numbers of planets within their HZs if
their planets are spaced logarithmically, as they are in the Solar System.

Also shown in Fig. 1.1 is the orbital distance for tidal-locking; planets to the left
of this line will have their rotations captured by their stars within 4.6 Gyr. Therefore,
all of the planets within the HZs of M stars (~ 70% of stars within 1 Kpc of the Sun)
should have synchronous rotations. This condition is a possible threat to planetary
habitability because such a planet might have its atmosphere condense out on its
cold, permanently-shaded side. One way to prevent atmospheric freeze-out is to have
enough heat transported away from the sub-stellar side to the dark side by winds

to keep the planet warm. (Another solution is to have a close-in planet rotate non-



synchronously in a spin-orbit resonance, as does Mercury.) Simple energy-balance
models (Haberle et al. 1996) indicate that a 100-mbar CO9-HyO atmosphere is all
that would be required to make this work, so at least some planets subjected to tidal

locking might still be suitable for life.

1.3 Extrasolar Planets

As the search for planets and brown dwarfs around nearby stars accelerates, we should

expect to be surprised. Guillot et al. (1996)

The unconstrained theories pertaining to life-bearing planets around other stars
were paid little notice until observations showed that extrasolar planets do in fact ex-
ist. The first extrasolar planets were found in orbit around a pulsar - PSR B1257+12
(Wolczszan 1994), a rapidly-spinning neutron star which completes one rotation in
~ 6 milliseconds. The planets were detected through their gravitational tug on the
pulsar, which causes minute, but measurable, variations in the star’s otherwise highly
regular wave train of pulses. The radial-velocity amplitudes (~ 1 m sec™! at the pul-
sar) and periods of the timing perturbations on the very accurate pulsar clock enables
one to estimate the masses and orbital distances of the three planets. The planetary
masses (assuming zero orbital inclination relative to our line of sight) are 0.015 Mg,
3.4 Mg, and 2.8 My, and orbital distances are 0.19 AU, 0.36 AU, and 0.47 AU,
respectively.

The temperatures of the pulsar planets are affected by the radiative and charged
particle fluxes coming from PSR B1257+412. Most of the pulsar’s thermal energy is in
the form of X-rays. For an X-ray luminosity of 103! ergs sec™! (Becker and Truemper

1997), the effective radiating temperatures of the three pulsar planets (assuming zero



X-ray albedo) are 144 K, 104 K, and 98 K, respectively. The surface temperatures of
these planets could be slightly higher if they were somehow able to form atmospheres
and warm themselves through the greenhouse effect. Alternatively, the planets might
be warmed by charged particles from the pulsar. If the charged particle luminosity of
the pulsar is ~ 103* ergs sec™' (Taylor et al. 1993), or ~ 5 times the solar bolometric
luminosity, then the effective temperatures of the planets increase to 875 K, 636
K, and 557 K, respectively. Unfortunately, few of the pulsar’s physical parameters
are known with enough confidence to enable more than these speculative remarks

concerning the habitability of these worlds.

Soon after the pulsar planets were discovered, radial velocity searches (sensitive
to the 10 m sec™! level) began revealing the presence of giant planets in orbit about
Sun-like stars. Beginning in September of 1995, when the discovery paper of a Jupiter-
sized planet orbiting the star 51 Pegasi went to press (Mayor and Queloz 1995), one
extrasolar planet detection or confirmation was announced every month, on average,
over a 6-month time period. The number of main-sequence stars with possible plan-
etary companions has now grown to 10. Some important physical parameters of the
new planetary systems are listed in Table 1.1.

All of the new planetary objects have masses of at least 0.5 Mj, although the
actual masses could be much larger than the values indicated in Table 1.1 if their
orbits are inclined to our line of sight. Current planet searches are biased in favor of
finding such high-mass objects because the stellar reflex motion from smaller planets
is presently below the observation detection limits (see Boss 1996b). Surprisingly,
many of the giant planets are closer to their stars than Mercury and Venus are to the
Sun, contrary to the theoretical expectations of Boss (1995), and just about everyone

else.



star M* (®) L* (®) Mpsini (My) a (AU) e reference
HD- 0.73 1.75 12+1 0.34 0.25+0.06 Latham et al. 1989
114762 12+1 0.34 0.380+0.015 Cochran et al. 1991
9+1 0.34 0.35+0.05 Mazeh et al. 1996
51 Peg 1.0 1.24 0.47+0.02 0.05 0.09+£0.06  Mayor & Queloz 1995
0.45+0.01 0.05 0.012+0.01 Marcy et al. 1997
70 Vir 0.92 0.667 6.6+0.1 0.43 0.4040.01 Marcy & Butler 1996
47 UMa 1.05 1.43 2.394+0.24 2.11 0.03+0.06 Butler & Marcy 1996
Lal 21185 0.39 0.006 0.9 2.5 unknown Gatewood 1996
55 p' Cnc 0.85 0.58 0.84 0.11 0.051+0.013 Butler et al. 1996
7 Boo 1.2 4.41 3.87 0.046  0.018+0.016 Butler et al. 1996
v And 1.2 5.92 0.68 0.057 0.10940.04 Butler et al. 1996
16 Cyg B 1.0 1.0 1.5 1.6 0.634+0.082  Cochran et al. 1997
p CrB 1.0 1.77 1.1 0.23 0.028+0.040 Noyes et al. 1997

Table 1.1: Physical parameters of known extrasolar planets. Columns two and three are the
adopted stellar masses and luminosities relative to the Sun. Adjacent columns list minimum
planetary masses (expressed M sin¢) relative to the mass of Jupiter (M;), orbit semi-major

axes in astronomical units, and orbit eccentricities, e.

According to standard theory (Podolak et al. 1993), the giant planets in the Solar
System were formed by gravitational collapse of solar nebula gases onto a rock-ice
core of at least 10-15 Mg. It is difficult to explain, however, how core masses could
grow to this size by pair-wise accretion of planetesimals in the inner protoplanetary
disk before the nebula was cleared of gas by stellar winds. Calculations by Wetherill
(1996) suggest that the collisional accumulation of terrestrial planets (~ 1Mg) from
a planetesimal swarm in a protoplanetary disk may require ~ 10% years, which is
an order of magnitude longer than the observed lifetimes of protostellar disks. The
preferred scenario is to form large core masses beyond the water condensation radius
in the protoplanetary disk (Boss 1995) where relative Keplerian velocities of plan-
etesimals are small and where the volatile-rich planetesimals tend to stick together,
rather than fragment, in collision.

Many attempts have been made to reconcile this theory with observations. Gray

(1997) has argued that the observed periodic variation in the spectra of star 51 Pegasi



is a consequence of stellar pulsations rather than planets, although this claim has
recently been retracted (Gray 1998, Hatzes et al. 1998). Others who have tackled the
problem have universally sided with the standard theory by accepting that the basic
picture of where giant planets form must be correct. Thus, the extrasolar planets
are assumed to have first formed beyond the water-condensation radius at several
AU from their stars, and later moved inward to their present orbits. One possible
mechanism for moving the planets inward is dissipative tidal interaction between a
planet and a long-lived, viscous protoplanetary disk (Lin et al. 1996, Rasio et al.
1996). This explanation, however, requires a very special set of circumstances to
park the planets at small orbital distances without having them fall onto their stars.
Another possibility is that giant planets on crossing orbits experience a close encounter
which sends one planet inward toward the star and the other on a nearly parabolic
trajectory away from the star (Rasio and Ford 1996). This theory has the advantage
of also being able to explain giant planets on tightly-bound eccentric orbits (e.g.,
HD114762 B, and 70 Vir B), which is a typical result of such dynamical interactions.
It has been argued most recently (Tremaine 1998) that planetary migration could
also occur as a result of momentum exchange between a giant planet and a disk of
planetesimals in which it is embedded. The outward scattering of planetesimals may
have similarly reduced (although to a lesser extent) the orbital radii of Jupiter and
Saturn in the early Solar System (Fernandez and Ip 1984). Such migration would
naturally cease once a planet entered the region of the close-inner disk, which should
be relatively devoid of planetesimals.

The orbital eccentricities of extrasolar planets are also difficult to explain. Table
1.1 shows that three planets (HD114762 B, 70 Virginis B, and 16 Cygni Bb) have
orbital eccentricities > 0.4; by comparison, the largest eccentricity of any planet in

the Solar System is that of Pluto (0.25). Circular orbits are expected of planets which
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form by pair-wise accretion of planetesimals in a protoplanetary disk. Eccentric orbits
suggest that extrasolar planets either experienced a close encounter with objects of
comparable mass early in their histories, or that they formed in a way more akin to
stellar objects, such as through fragmentation and collapse of a protoplanetary nebula
(Boss 1996b). Recently, Black (1997) has argued on similar grounds that objects with
high eccentricities are actually brown dwarfs. Some of the objects in Table 1.1 could
very well be brown dwarfs, with masses > 13M; (Saumon et al. 1996), if their orbits

are slightly inclined to our line of sight, as should be expected.

1.4 Orbital Stability of Terrestrial Planets

Could any terrestrial-sized planets also be present around the stars listed in Table
1.17 More importantly, are there any terrestrial planets that orbit within the HZs,
or CHZs, of these stars? The presence of such a planet within an extrasolar HZ does
not, by itself, guarantee that it is fit for life. It is also important to know whether
its orbit is stable over geologic time scales. The discovery of extrasolar giant planets
within what is the terrestrial-planet region of the Solar System suggests that many
planetary systems may not be as well configured for orbital stability. In the simplest
sense, a terrestrial planet could have a stable orbit in the new planetary systems if
the giant planet and terrestrial planet are initially well separated, as in Figs. 1.2a
and 1.2b.

The condition for long-lived orbital stability would also be satisfied if a terrestrial
planet were in orbit about a giant planet or brown dwarf, as illustrated in Fig. 1.2c.
Such moons would need to orbit within the larger object’s Hill Sphere, or sphere of
influence (see Roy 1988), to avoid being pulled away by the gravity of the parent

star. Since the limits for the orbital stability of moons are well known, most of the
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Figure 1.2: Conditions for orbital stability in 3-body systems containing one Jupiter-
sized planet (J) and one Earth-sized planet (E) in orbit around a Sun-like star (S).
discussion pertaining to such objects (Chapter 7) will concern their size limits for
being able to hold an atmosphere over long periods of time.

The minimum orbital separation limits of systems 1.2a and 1.2b are not known
(and, in fact, cannot be known) precisely because the limits depend on all six of the
orbital osculating elements, as well as the masses of planet (J) and planet (E). Even
if this information were available, the 3-body planetary problem cannot be solved
analytically without restricting the planets to circular, co-planar orbits. Nevertheless,
some useful information about orbital stability may be obtained through numerical
integrations. Orbital simulation experiments have traditionally suffered from rapid
accumulation of error, so that the time taken to perform integrations of sufficient
accuracy and duration is often prohibitively long. Here, we have used the method of
symplectic integration (Gladman et al. 1991; Wisdom and Holman 1991,1992), which
conserves energy and momentum to within machine precision, to study the evolution
of planetary systems for 1-100 Myr. While integrations lasting 100 Myr do not yield
precise information about planetary positions (accumulation of error in orbital phase
is still very rapid), they do provide usefully accurate information on the long-term
evolution of planetary orbits. Integrations of the Solar System and of hypothetical,

extrasolar planetary systems were performed here to enable long-term integrations
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of the equations of precession. Some simulations of closely-spaced planets have also

been performed, but a detailed exposition of these results is not possible at this time.

1.5 Spin Stability and Climate

Laskar and Robutel (1993) complicated the discussion of planetary habitability
with their discovery that the obliquities (spin-axis inclinations) of the terrestrial plan-
ets in the Solar System undergo large-amplitude, chaotic fluctuations on time scales
of ~ 10 Myr. The reasons for obliquity variations are well understood. A gravita-
tional couple exerted by the Sun (and the Moon in the case of Earth) on a planet’s
equatorial bulge causes precession of the spin axis about the orbit normal, as well as
nutation, which changes the obliquity. Gravitational interactions with other planets
cause orbit normals themselves to nutate and precess about the normal to the Solar
System’s invariable plane (the plane defined by the combined angular momenta of all
the planets). When the rates of precession of the spin axis and orbit axis come into
resonance, large and unpredictable excursions in obliquity occur.

This behavior has been well studied in the case of Mars (e.g., Ward 1973, 1979,
1991), whose spin axis fluctuates between 15° and 35° with dominant periods of 0.12
and 1.2 Myr. Mars’ obliquity may possibly reach 45° or 50° if a spin-orbit resonance
is encountered (Ward 1991, Touma and Wisdom 1993). Laskar and Robutel (1993)
predict chaotic obliquity fluctuations in the range 0° to 60° for Mars in spin-orbit
resonance. A companion paper (Laskar et al. 1993a) showed that Earth’s obliquity
would vary even more radically (0° to 85°) were it not for the stabilizing presence
of the Moon. Nearly 2/3 of Earth’s couple on its oblate figure is contributed by the
Moon, with the remainder contributed by the Sun. Consequently, Earth precesses

faster than any of the other terrestrial planets and so avoids the numerous secular
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resonances that exist at lower frequencies. Thus, the present variation in Earth’s
obliquity is small, +1.5° about a 23.3° mean.

Ward (1974) was perhaps first to mention that Earth’s obliquity would vary by
much more than it does today if the Moon were not present. Although the variation
found by Ward for a moon-less Earth was relatively small (£10°), he recognized that
larger hypothetical variations would profoundly affect climate. For example, if Earth’s
obliquity ever exceeded 54°, the planet would receive more annual-average insolation
at the poles than at the equator. Seasonal cycles at high latitudes also become
very pronounced when a planet’s obliquity is high. The discovery that Earth might
possibly reach an obliquity as high as 85° led Laskar et al. (1993a) to suggest (albeit
implicitly) that accompanying changes to climate might render Earth uninhabitable.
The number of habitable planets around other stars may, therefore, be proportional
to the fraction of planets with sizeable moons. Earth’s moon is currently thought to
have been formed as a result of a glancing collision with a Mars-sized object during
the latter stages of accretion (Hartmann et al. 1986). Such moon-forming collisions
may be relatively improbable events: Earth is the only terrestrial planet with a large
moon. If most Earth-sized planets lack large moons, and if the climatic excursions
caused by the obliquity variations are too severe, the chances of finding life elsewhere
in the galaxy may be significantly reduced.

These arguments, however, rely on the assumption that all extrasolar terrestrial
planets will encounter a spin-orbit resonance at approximately the same frequency
of spin precession, which is not always true. The specific frequency for spin-orbit
resonance is set by the value of the main frequency of orbit precession, which is a
function of the configuration of planets in a planetary system. Earth’s dominant fre-
quency of orbit precession is much smaller than its main frequency of spin precession

and, consequently, the spin axis is quite stable. Planets in other systems with differ-
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ent orbital configurations may have larger orbit precession rates than the terrestrial
planets do within the Solar System, especially if giant and terrestrial planets orbit
in close proximity, as may be the case in the newly discovered planetary systems. In
this case, rapid spin precession resulting from large satellites may be a threat to spin
stability. This problem will be examined in more detail in Chapter 6.

Finally, it will be demonstrated here (see Chapter 5) that an otherwise stable
spin axis can also change significantly on time scales of 108 years through the influ-
ence of large, continental ice structures on planetary oblateness. Geologic evidence of
low-latitude glaciation during the Precambrian era suggests that Earth’s own oblig-
uity may have been significantly higher than its present value. Here we consider the
possibility that the cyclic advance and retreat of polar ice sheets may have enabled
Earth’s high obliquity to drift downward to its present value during the Late Protero-
zoic glacial period (850-500 Ma). The direction of obliquity drift depends on climatic
parameters which vary with time and from planet to planet, so ice sheets could either
raise or lower obliquities of terrestrial planets in other systems. Thus, planets with
otherwise stable spin axes might also be subject to the climatic problems associated

with high obliquity.

1.6 Thesis Outline

The topics addressed by the remainder of this thesis are as follows. In Chapter
2, a climate model is used to examine the temperature threats to Earth-like planets
at high obliquity for different continental topographies and orbital positions within
the habitable zone. Chapter 3 includes a detailed discussion and derivation of the
equations of precession, as well as a short description of the precession code obtained

from Jacques Laskar and used in Chapters 5 and 6. Chapter 4 contains a short in-
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troduction to symplectic integration, as well as a brief discussion of computational
error and the workings of the computer code SWIFT used in Chapters 5 and 6. In
Chapter 5, the equations of precession are modified to account for periodic changes
to Earth’s oblateness during an ice age. The obliquity is integrated over 100 Myr to
determine if Earth may have had its early obliquity (which was possibly much higher
than it is today) reduced to its present value as a consequence obliquity-oblateness
feedback. The effect that this change in obliquity would have on the lunar orbit is also
considered. Chapter 6 shows the results of orbital and precessional simulation exper-
iments of Earth, both with and without a moon, in hypothetical planetary systems.
In Chapter 7, moons belonging to extrasolar giant planets are considered as possible
abodes for extraterrestrial life. Included is a synopsis of the important climatic and
dynamic factors (e.g., longevity of an atmosphere, variable insolation, tidal heating)
which could influence whether such moons might be habitable for billions of years.

Thesis conclusions and directions for future research are in Chapter 8.

Portions of the thesis text are unedited excerpts of text appearing in papers by
Williams and Kasting (1997; Secs. 1.5 and 8.2, and Chapter 2), Williams et al. (1997;
Chapter 7), and Williams et al. (1998; Chapter 5). I greatfully acknowledge textual
contributions and edits from Jim Kasting and Richard Wade. Figures 2.4-2.8 and
Tables 2.1-2.4 are borrowed directly from Williams and Kasting (1997). Figure 1.1 is
borrowed from Kasting et al. (1993). Figures 6.3 and 6.5 are borrowed from Laskar

et al. (1993a) and from Laskar and Robutel (1993), respectively.
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Chapter 2

THE EFFECT OF HIGH OBLIQUITY ON
PLANETARY CLIMATE

2.1 Overview

A one-dimensional energy-balance climate model was used (Williams and Kast-
ing 1997) to investigate the effects of large obliquity fluctuations on climate and to
formulate a reply to the suggestion made by Laskar et al. (1993a), that Earth-like
planets would be inhospitable if their obliquities were much greater than Earth’s is
today (23.5°). Early versions of the model (Williams et al. 1996) gave surprisingly
pessimistic results: Monstrous seasonal cycles for planets with high obliquities yielded
opposing solstice temperatures of 220 K and 430 K on high-latitude continents. Here,
we show that an Earth-like planet can have its seasonal cycles damped and equator-
to-pole temperature gradient reduced, provided it possesses a dense CO, atmosphere
built up in response to the carbonate-silicate cycle. Such an atmosphere is expected
to exist on planets located toward the outer edge of the HZ. Weathering on tecton-
ically active planets enforces a balanced exchange of CO, between the atmosphere
and the carbonate-rock reservoir within the crust. Less than ~ 0.001% of Earth’s
60-bar subsurface CO, inventory resides in the atmosphere; however, Earth-like plan-
ets within the outer HZ (1.1-1.4 AU) might lose over 2% of their crustal carbonate
in forming CO,-rich atmospheres, provided they demonstrate similar amounts of vol-

canic activity. Many of these planets could have relatively stable climates even if



17

they were subject to large obliquity variations. By demonstrating this explicitly here,
we show that obliquity variations are not an insurmountable obstacle to life being

present around other stars.
2.2 Model Description

2.2.1 Energy-Balance Methods

The model employed for this study is a zonally-averaged energy-balance climate
model (EBCM), of the kind described in detail by North and Coakley (1979), and
North et al. (1981) [see also Caldeira and Kasting (1992)]. The operating principle of
EBCMs is straightforward: Planets in thermal equilibrium must on average radiate
as much long-wave energy to space as they receive at UV, visible, and near-IR wave-
lengths from stars. Radiative energy fluxes entering or leaving a particular region
are balanced by dynamic fluxes of heat transported into or away from the region by
winds (see Fig. 2.1). Our model divides Earth into 18 latitudinal zones, each 10°

wide. We express radiative and dynamic energy-balance for each zone by

T (z,t) QD(l_xQ)aT(x,t)

¢ ot o0x o0x

+ 1 = S(1-4), (2.1)

where x is the sine of latitude and 7' is the zonally-averaged surface temperature.
The terms in the energy-balance equation represent, from right to left: the absorbed
fraction of incident solar flux, S, where A is the top-of-atmosphere albedo; outgoing
infrared flux to space, I; dynamic heat-transport flux (modeled as diffusion); and the
rate of seasonal heating and cooling. The thermal inertia is determined by the effective
heat capacity, C, of the surface ocean and atmosphere. The diffusion coefficient, D,
is a measure of the transport efficiency, which is assumed to depend on atmospheric

pressure (as will be discussed in Sec. 2.2.8).
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Figure 2.1: Zonal energy fluxes calculated by the energy-balance climate model.

2.2.2 Diurnally-Averaged Incident Solar Flux (S)

The bolometric solar flux at 1.0 AU, ¢q, is ~ 1360 Wm 2. Changes in solar flux
over Earth’s eccentric orbit were included in the actual calculation, but eccentricity
will be neglected in the following discussion. The instantaneous solar flux received
by a particular latitude is ¢y cos Z, where Z is the solar zenith angle and cos Z = pu,

which is written as
p = sinfsind + cos cosd cos h. (2.2)

Here, @ is latitude, ¢ is solar declination, and A is solar hour angle. Solar declination,
0, depends on obliquity, expressed here as &y, and orbital longitude, Lg, through the

equation

sind = —sindycos(Ls +7/2), (2.3)
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where orbital longitude for circular orbits is a simple function of time ¢:
Ly = wt. (2.4)

In Eqn. 2.4, w is the planet’s angular velocity, found from Kepler’s third law,

—3/2
w o= 1.721><10‘2°(GM®)1/2<1.02U> , (2.5)

where G and M, are the gravitational constant and Sun’s mass in cgs units, respec-
tively, and a is the planet semi-major axis in AU. The diurnally-averaged solar flux
is S = qoi, and the averaging of p is over a complete rotation. Averaging first over
the sunlit portion of rotation, i.e., over solar hour angle from h = —H to +H, where

H is the radian half-day length given by
cosH = —tanftand, for0<H <, (2.6)

we obtain

o
/ dh(sin @ sin § + cos @ cos 6 cos h)

—H
H

/ dh
“H

sin H

=l
I

). (2.7)

= (sinfsind + cosf cosd

Now, the averaging of ;1 over the entire diurnal cycle is completed by scaling Eqn. 2.7
by the factor H/m, because H = 7 if the Sun remains above the horizon for a complete
rotation. The diurnally-averaged solar flux, S, may then be written as

S = QO<£>E

m
@(Hsinﬁsin(S+cos€cos§sinH), (2.8)
m

which may be expressed for any planet having an orbital semi-major axis, a, as

1.0A
S:@<0U

2
> (Hsin@sind + cosf cosdsin H). (2.9)
m a
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2.2.3 Top-Of-Atmosphere Albedo (A)

The fraction of short-wave solar energy returned to space as a consequence of at-
mospheric or surface scattering is the top-of-atmosphere (TOA) albedo. TOA albedo
depends both on the distance photons travel through the atmosphere, which is set
by the solar zenith angle, and on the surface albedo. Levels of CO, and H,O affect
TOA albedo by their respective contributions to Rayleigh scattering and absorption.
COs, raises the albedo significantly because its cross section for Rayleigh scattering is
over 2.5 times that of nitrogen. H50 is an efficient Rayleigh scatterer, but it is also a
good absorber in the near IR. Hence, for the low temperatures and small HoO mixing
ratios encountered by our model, the dominant effect of H,O is to decrease albedo by
raising atmospheric absorption. The water vapor contribution to Rayleigh scattering
does not begin to dominate its contribution to absorption until surface temperatures
exceed ~360 K and the stratospheric H,O mixing ratio becomes large (Kasting 1988).

For these calculations, the atmosphere was assumed to consist of 1.0 bar Ny, and
variable amounts of CO, and HyO. The stratosphere was assumed to be isothermal,
following Kasting (1991), and the troposphere was assumed to be fully saturated
with water vapor. Using a more realistic (for present Earth) distribution of relative
humidity would have complicated the model without changing any of our basic con-
clusions. We chose to exclude O, from the calculations because we wanted to give
equal consideration to planets without photosynthetic life from which Earth’s present
oxygen level is derived. Again, the model results are only weakly sensitive to this
assumption.

Following Caldeira and Kasting (1992), we parameterized TOA albedo as a 2nd-
order polynomial of four variables: pCOy (here referred to as p), i, surface temper-
ature, 7', and surface albedo, as. We obtained best fits to the results of over 24,000

runs of the radiative-convective climate model used by Kasting and Ackerman (1986),
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Figure 2.2: Low- and high-temperature model fits to top-of-atmosphere albedo for
different surface temperatures and CO, partial pressures. Surface albedo was taken
to be 0.3 and solar zenith angle was set to 60°. CO, partial pressure was started at
0.1 bar and then varied from 1 to 10 bars in steps of 1 bar. The low-temperature fits
(solid) were calculated using Eqn 2.10 and the high-temperature fits were calculated
using Eqn 2.11

and Kasting (1988,1991). We made separate fits for temperatures above and below
T = 280 K (see Fig. 2.2) to yield smaller rms errors than was possible with one fit
over the entire temperature range (190 K< 7' < 370 K). The fits we obtained may
be applied confidently for 107 bars < p < 10bars, 0 < as < 1, and 0 < p < 1. In the

temperature range 190 K < 7" < 280 K,

A = —6.8910 x 107" + 1.0460as + 7.8054 x 10737 —2.8373 x 10™*p —
2.8899 x 10 1y — 3.7412 x 10 %asp — 6.3499 x 10 3up +

2.0122 x 10 'agp — 1.8508 x 10 %a,T + 1.3649 x 10~ *uT +
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9.8581 x 107°pT + 7.3239 x 10 2as> — 1.6555 x 107°1T? +

6.5817 x 107'p* + 8.1218 x 107212, (2.10)
and for 280 K < T < 370 K,

A = 11082 + 1.5172a5 — 5.7993 x 10737 + 1.9705 x 10~ %p —
1.8670 x 107 'y — 3.1355 x 10 %agp — 1.0214 x 10 %up +
2.0986 x 10 ag — 3.7098 x 10 3a,T — 1.1335 x 10~*uT +
5.3714 x 107°pT + 7.5887 x 10~ %as®> 4+ 9.2690 x 10772 —

4.1327 x 107'p* + 6.3298 x 102y (2.11)

The rms errors for the fits are 7.58 and 4.66 W m~2, respectively, when scaled by the
planetary-average incident solar flux (qo/4).

One should note that there is a discrepancy between Eqns. 2.10 and 2.11 above
and their analog equation, Eqn. 5, of Caldeira and Kasting (1992). An analysis of
these formulae reveals that TOA albedo increases with Z in Eqns. 2.10 and 2.11, as
it should, but decreases with Z in the older Eqn. 5. The inconsistency originated
with differences in the way the radiative-convective model, which was used to make
both sets of fits, was used to calculate stratospheric temperature, Ty;;. Caldeira and

Kasting calculated Ty, using Eqn. 1 of Kasting (1991),

1/4
(1— A)] , (2.12)

1 75
Tstrat |:

21/4 |40
where S is incident solar flux, and o is the Stefan-Boltzmann constant. This equa-
tion, however, is appropriate only for global average conditions (i.e., for Z = 60°)
and, thus, was applied incorrectly in calculating Ty»; and TOA albedo for latitudes

having solar zenith angles different from this value. We circumvented this problem
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by parameterizing Tyt as the following function of Z.

(2.13)

FS(Z) 1/4
Fia)|

Tstrat(Z) - Tstrat (600) [

Here, in the notation of Kasting (1991), Fy is the absorbed fraction of incident solar
flux, which was calculated for a variety of zenith angles between 0° and 90° using the

radiative-convective model, and T, (60°) was obtained using Eqn. 2.12 as before.

2.2.4 Surface Albedo (ay)
All of the planets that we considered have Earth-like (30:70) land-sea ratios, and
their geography was varied by adjusting the zonal ocean fractions for the three geo-

graphic cases given in Table 2.1.

Ocean fraction

Latitude Present geog. Equatorial geog. Polar geog.

90—80N 0.934 1.000 1.000
80—70 0.713 1.000 1.000
70—60 0.294 1.000 1.000
60—50 0.428 1.000 1.000
50—40 0.475 1.000 1.000
40—30 0.572 1.000 1.000
30—20 0.624 1.000 1.000
20—10 0.736 0.250 1.000
10—0 0.772 0.000 1.000

0—10S 0.764 0.000 1.000
10—20 0.780 0.250 1.000
20—30 0.769 1.000 0.367
30—40 0.888 1.000 0.000
40—50 0.970 1.000 0.000
50—60 0.992 1.000 0.000
60—70 0.896 1.000 0.000
70—80 0.246 1.000 0.000
80—90 0.000 1.000 0.000

Table 2.1: Latitudinal land-sea fractions for three model geographies.
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Zonal ocean fractions for the present Earth were obtained from Sellers (1965). Sur-
face albedo depends on temperature through its effect on the extent and reflectance
properties of snow and ice cover. We assigned albedos to land and oceanic surfaces
for three different temperature regimes.

For T' > 273 K, land was assigned an albedo of 0.20, which is characteristic of many
terrestrial surfaces (Kondrat’ev 1969). The albedo of unfrozen ocean depends on solar
zenith angle through the Fresnel reflectance formulae for water and can range from
0% to 100%. The fraction of incident short-wave energy reflected from a smooth
oceanic surface (n = 1.33), for 0° < Z < 90°, was read from a table prepared by
Kondrat’ev (1969, p.439).

For 263 K < T < 273 K, land was allowed an unstable snow cover having an
albedo of 0.45, and sea ice with ag = 0.55 was permitted to form in the oceans. We
used data from Table 1 of Thompson and Barron (1981) to parameterize the ocean

fraction covered by sea ice, f;, as a function of surface temperature,

fi = 1—exp [ (2.14)

(T — 273K)]

10 '

For T" < 263 K, the continents and oceans were assigned an albedo of 0.7, which is
appropriate for stable snow cover over an ice cap.

The contribution of HyO clouds to the global albedo was treated simply by assum-

ing that clouds cover 50% of the surface at all times, and that the albedo of the cloud

cover depends linearly on solar zenith angle (Cess 1976),
as = o+ pBZ. (2.15)

The values of a (—0.078) and /3 (0.65) were adjusted to allow the model to reproduce
Earth’s latitudinal albedo profile (Jacobowitz et al. 1979). If we delineate albedos and

zonal surface fractions for ocean, land, and ice using subscripts o, [, and ¢ respectively,
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the zonally-averaged surface albedo, as, may be expressed as

a;s = 0.5 {(1 — fo)al + fo [fiai + (1 — fi)ao]} + 05(0( + ﬂZ) (216)

2.2.5 Effective Heat Capacity (C)

The thermal time scale, 7, depends on the effective zonal heat capacity, C', through

the equation

= — 2.1
r= (217)

where I is the outgoing infrared flux and C' = pc,Al. Over the continents, p, cp,
and Al are the density, specific heat, and depth of the atmosphere, giving 7 ~50
days. We adopted the effective heat capacity of the atmosphere over land, Cj, used
by North et al. (1983), 5.25x10% J m~2K~!. Oceanic areas have much longer thermal
time scales (7 ~b years) because the surface temperature is coupled to the slowly
varying temperature of the wind-mixed ocean layer with Al = 50 to 100 meters. The
effective heat capacity of the atmosphere over ocean (', and sea ice C; depends in an
unpredictable way on atmospheric and oceanic dynamics and, hence, can be treated
as free parameters in time-dependent EBCMs.

North et al. (1983) chose C, = 60C; and C; = 9.2C), where the value of C,
corresponds to a wind-mixed ocean layer 75 meters deep, and the value of C; was
introduced and adjusted to raise the amplitudes of seasonal cycles in the high lati-
tudes. We required a similar, albeit slightly more complicated, approach to reduce 7
over the poles. We introduced an additional frozen oceanic heat capacity to resolve
expected thermal differences between surfaces of thin transient sea ice (263 K< T' <
273 K) and of a stable ice cap (T' < 263K). In the first temperature regime, we al-

lowed C; = 9.2C), and over the ice cap, C; = 2.0C|. We also reduced the depth of our
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wind-mixed ocean layer to 50 meters, giving C, = 40C), to better match the observed
latitudinal distribution of seasonal cycle amplitudes (North and Coakley 1979). We

obtained a zonally-averaged effective heat capacity using the equation,

¢ = (1 _fo)cl+fo{(1_fi)00+fici}- (2'18)

To summarize, the values of surface albedo and effective heat capacity used in the

model are given in Table 2.2.

Ocean Land

Temperatures (K) G C/Ci a5 C/C

T > 273 0-0.99 40.0 0.2 1
263 < T < 273 0.55 9.2 0.45
T <263 0.7 2.0 0.7

Table 2.2: Model surface albedo (as) and heat capacity (C' = C) for land).

2.2.6 Outgoing Infrared Flux (I)

As was done for TOA albedo, we used the radiative-convective model developed
by Kasting to parameterize long-wave energy losses to space as a function of 7" and
pCO, (p). Surface temperature sets the humidity and, hence, the contribution of H,O
vapor to the greenhouse effect. The parameterized outgoing IR flux is a polynomial
fit to output from ~300 runs of the radiative-convective model.

Because we sought a numerical, rather than analytic, solution to the energy-balance
equation, Eqn. 1, we did not require the form of I to be the simple linear function
of T (e.g., A + BT) used in similar models (Caldeira and Kasting 1992, North et al.
1981). We thereby used a higher order polynomial in 7" to obtain a low rms error (4.56

W m~2) over a larger temperature range (190 K < T < 380 K) than was obtained by
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Figure 2.3: Model fits to outgoing infrared flux for different surface temperatures and
CO, partial pressures. Surface temperatures are varied between 190 K and 370 K in
steps of 30 K. The fits were calculated using Eqn. 2.19.

Caldeira and Kasting (their Eqns. 2-4). The polynomial given below may be applied

in the range 107° < p < 10 bars. In units of W m 2,

I = 9.468980 — 7.714727 x 107%¢ — 2.794778T — 3.244753 x 1073¢T —
3.547406 x 107*¢? + 2.212108 x 107272 + 2.229142 x 1073¢°T +
3.088497 x 107°¢T? — 2.789815 x 107°¢°T? — 3.442973 x 1073¢* —
3.361939 x 107°7T3 + 9.173169 x 1073¢>T — 7.775195 x 10°¢p>T? —
1.679112 x 1077¢T? + 6.590999 x 1078¢*T° + 1.528125 x 107 3T —
3.367567 x 10 2¢* — 1.631909 x 10 *¢*T + 3.663871 x 10 °¢*T? —

9.255646 x 10~ 2¢*T?. (2.19)

Here, ¢ = loge(p/3.3 x 107*). A graphical representation of the above function is

given in Fig. 2.3. As with the albedo fit, the troposphere was assumed to be fully
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saturated with HoO and the stratosphere was isothermal. Reduction in the outgoing
IR flux by HyO-cloud absorption was taken into account by subtracting 14.06 Wm~2
from Eqn. 2.19. The value of the cloud correction was determined by requiring the
model to obtain Earth’s observed globally-averaged surface temperature (288 K) for
the observed globally-averaged TOA albedo (0.31).

2.2.7 The Carbonate-Silicate Cycle

A key aspect of our attempt to simulate climate on planets with orbital character-
istics and obliquities far removed from Earth’s was to include the carbonate-silicate
cycle, which controls the concentration of atmospheric CO5 and, thus, the magnitude
of the greenhouse effect. In this cycle, CO, released from volcanos is consumed by
weathering of silicate minerals and precipitation of carbonate sediments on the sea
floor. The rates of these processes on Earth must balance on time scales in excess of
a half million years (see Holland 1978; Berner et al. 1983). The negative feedback
that keeps the cycle in balance involves the dependence of silicate weathering rate
on temperature (Walker et al. 1981). If surface temperatures become too low, sili-
cate weathering slows down, and volcanic CO, accumulates in the atmosphere until
the surface warms up. Conversely, if the surface temperature is too high, silicate
weathering speeds up, CO, is removed from the atmosphere, the greenhouse effect
diminishes, and the surface cools down.

Weathering was parameterized in the model as a function of zonal temperature and
the available weathering surface, which is the zonal land fraction with 7" > 273K.

We adopted the weathering dependence on temperature suggested by Berner et al.

(1983):

W(T) = [1 + 0.087(T —Tp) + 1.86 x 10 *(T — Tp)*|Wo, (2.20)
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where T is the zonally-averaged surface temperature, Ty is taken to be the planet
average temperature (288 K) of present Earth, and Wy is the present rate of CO,
consumption by silicate weathering, 3.3 x 10'* g yr~! (Holland 1978). Averaged over
all latitude belts and over the seasonal cycle, the mean weathering rate, W, must equal
the estimated global CO, production by volcanos, which is assumed to be equal to

Wy. This balance may be written as

-  mnbelts
- CW/ dt S A1 + 0.087(T, — To) + 1.86 x 10-3(T, — Tp)?]

0 n=1
LA 2.21
WO 7( )

/ "t
0

where A, is the fractional zonal area available for weathering, 7 = 1 yr, and C,, =
2.88 is a constant which we adjusted to balance global weathering and outgassing
for present Earth. The additional constant is required because our seasonally- and
spatially-varying weathering rate does not equal the weathering rate calculated at a
fixed global-mean surface temperature.

In our parameterization, the globally- and annually-averaged silicate weathering
rate is always assumed to be equal to the volcanic outgassing rate of CO5 on the
present Earth. This implies that a planet that receives less sunlight than does Earth
must have a higher atmospheric CO, concentration. Thus, planets farther out in
the HZ tend to accumulate dense, COq-rich atmospheres. [The terrestrial planets
do not follow this pattern, but that is because Venus is inside the inner edge of the
HZ (Kasting 1988), while Mars is too small to recycle CO, effectively (Pollack et al.
1987).] Atmospheric CO levels can also change in our model if the planetary obliquity
is varied or if the surface geography is changed, because both of these factors affect
the weathering rates calculated by Eqn. 2.21.

Note that our model assumes that atmospheric COs levels respond instantly to

changes in planetary obliquity. This is a reasonable assumption for a planet with
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Earth’s COy concentration, because the time scale for the carbonate-silicate cycle
to equilibrate (~0.5 Myr) is shorter than the 10-Myr time scale for large, chaotic
obliquity fluctuations (Laskar and Robutel 1993). However, atmospheric CO, would
not have time to equilibrate over the 41,000-year period of Earth’s current obliquity
variation, or over the shorter (120,000-year) of the two dominant periods over which
Mars’ obliquity varies. So, the obliquities assumed in our climate simulations may be

thought of as the average over one of these short-term cycles.

2.2.8 Dynamic Heat Transport

Transport of heat by advection is critical to the zonal energy balance of planets
with high obliquities because their atmospheres develop large temperature gradients
which should drive the winds. Traditional treatment of dynamic heat transport in
EBCMs has been to average the velocity field over a scale height and around the planet
and to model the heat flow as diffusion using the transport term of Eqn. 2.1. The
diffusion coefficient, D, is commonly adjusted until models comfortably reproduce
Earth’s present latitudinal temperature gradient (see North 1981). Some investiga-
tors (Lindzen and Farrell 1977) have attempted a more realistic representation of
transport by parameterizing D as a function of latitude, allowing for the differences
in transport efficiency between the symmetric Hadley regime below 30° latitude to a
baroclinic eddy transport regime at mid-latitudes. Here we have employed a method-
ology similar to that of Hoffert et al. (1981) who parameterized transport efficiency
as a function of dynamic factors which may vary greatly from one atmosphere to
another.

The case of Venus suggests that atmospheric pressure and planetary rotation rate
are important transport parameters. Venus’ atmosphere is ~100 times more massive

than Earth’s and exhibits an extensive Hadley circulation that heats the poles to
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within a few degrees of the equatorial temperature (Schubert 1983). A measure of
the efficiency and poleward extent of the Hadley circulation is the Rossby number,

R, expressed by Farrell (1990) as
R = gH6,/Qr, (2.22)

where ¢ is gravitational acceleration, r is planet radius, H is pressure scale height, {2
is planet rotation rate, and 9y is latitudinal temperature gradient.

The Rossby number for Earth is ~ 0.2, which corresponds to a Hadley cutoff
latitude of ~ 30° (Farrell 1990). The Rossby parameter for Venus is ~ 10* times that
of Earth, allowing its Hadley circulation to reach the pole. An examination of the
Rossby number form, however, reveals no explicit atmospheric pressure dependence,
indicating that the strength of Hadley transport on Venus derives not so much from
its dense atmosphere as it does from its slow rotation (27/Q2 = 243 days). Hadley
circulation is truncated at mid-latitudes on rapidly rotating planets (e.g., Earth) by
large Coriolis forces that deflect air masses azimuthally and disrupt the symmetry of
the north-south flow.

Neither Venus nor Earth rotates at its primordial rotation rate, as they have been
affected by tidal interactions with the Sun and Moon, respectively (Laskar and Robu-
tel 1993). However, the 24-hour rotation rate of Mars suggests that terrestrial planets
born and evolving in relative tidal isolation will have rotation periods of many hours
rather than many days. For want of a better choice, the planets we consider here
are assumed to have 24-hour rotation periods, which implies that the extent of their
Hadley circulations should be similar to Earth’s.

Changes to scale height, H = RT/mg, will also affect Hadley heat transport.
Temperatures do not vary much in the model atmospheres considered here, but the

mean molecular weight, m, increases as the atmospheres become more COy-rich. All
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else being equal, larger mean molecular weights for atmospheres of planets in the
outer HZ (assuming N, is the other dominant gas) will cause the extent of their
Hadley circulations to be slightly smaller.

The above discussion implies that dynamic heat transport on rapidly rotating,
Earth-like planets will be accomplished most effectively by baroclinic eddies. The
dynamical heat flux, ()4, caused by eddy circulation is expressed by Gierasch and

Toon (1973) as the following proportionality,

Qa4 /Ooo pcpvTdz. (2.23)

The velocity, v, and temperature, T', of the flow are averaged over longitude and time,
p is the density, c, is the specific heat of the atmosphere, and the integral is carried
over height, z. Using the hydrostatic law and assuming vT varies little with height,

Eqn. 2.23 may be written
Q4 o pepuT, (2.24)

giving the desired transport dependence on atmospheric pressure p. Additional de-

pendences can be inferred by examining the form of vT given by Stone (1972),

T o (2.25)

mE
where f is the Coriolis parameter, oc 2. It is comforting to recognize that these vari-
ables are components of the Rossby number considered previously, and additionally
that the dominant rotation dependence (£272) is common to both forms. A notable
difference is the m =2 dependence here compared to the m~! dependence in the Rossby
number. For consistency, we have included the dependence of transport on specific
heat, c,, which is slightly lower (by 14%) for CO, than for Ny. Combining Eqns. 2.24

and 2.25, we obtain

Qa o peym Q72 (2.26)
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The above proportionality may be expressed as an equation using the diffusion coeffi-
cient, D, which may be expressed in terms of normalized variables (with the subscript

» referring to present Earth) as

2

&) - ) ()G () a0
We adjusted Dy = 0.58 W m 2 K~! to match Earth’s present latitudinal temperature
gradient, and the latitude (~ 72°) of the 263 K seasonal-mean ice line. Thus, the
value of Dy includes to first approximation the effect of heat transport by ocean
currents, which is an important driver of climate on Earth. We took c,, = 0.2401
cal g7'K~! (CRC Handbook of Chemistry and Physics 1985-86 ed.), m, = 28.0 amu,
and Q = Qg = 27 /24hrs.

2.2.9 CO4y Clouds

The HZ outer edge has been suggested by KWR to be the distance at which
COq first condenses to form clouds within a planet’s atmosphere. This is clearly a
conservative assumption, as COy clouds should not noticeably affect climate until
they begin forming over large portions of the planet, and because high-altitude CO,
clouds may warm, rather than cool (as do cirrus clouds on Earth) [see Forget and
Pierrehumbert 1997]. KWR could not look at the spatial and temporal distribution
of CO; clouds because their model was one-dimensional and time-independent. We
revisited this problem with the energy-balance model to determine where and when
clouds form, and to provide a revised estimate for the HZ outer edge. As in KWR,
CO3 clouds were not included explicitly in the planetary radiation balance. Only
their effect on the tropospheric lapse rate was taken into account. The troposphere
in each latitude zone was searched seasonally for clouds by comparing the saturation

vapor pressure of COy to its ambient pressure using the following method.
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First, the depth of the troposphere was determined by our assumptions regarding
stratospheric temperature. We parameterized Ty as a function of pCOy and T in

the same way we performed the fit to I to obtain Eqn. 2.19. We obtained

Tyras = —188.1 —1.955¢ + 3.810¢° + 2.3287 + 3.733 x 10~ *¢T —

2.856 x 1072¢*T" — 3.329 x 107372 4+ 2.214 x 107°¢T? + 4.605 x 107°¢*T?,  (2.28)

where ¢ is the same as before. The fit was performed with Z = 60° using Eqn. 2.12,
which means that we slightly overestimated Ty.;, and hence tropospheric depth,
at the poles while underestimating their values at the equator. This suggests that
clouds in reality are less likely to form at the poles and more likely to form at the
equator than the model indicates. The effect of this error on our results, however, is
expected to be small because a counterbalancing error is introduced in approximating
tropospheric lapse rate, as will be discussed below.

Once Tgiray was found, the troposphere was divided into 20 layers of equal thickness.
The model stepped from the surface to the tropopause by assuming a constant lapse

rate ¢ = 6.5 K km ! and the barometric law for CO,,

mg/kc
p(h) = p(0) (%) . (2.20)

Here, g is the gravitational constant, k is the Boltzmann constant, h is physical height
and, here, m is the mean molecular weight of the atmosphere. Our assumed lapse rate
for this calculation is slightly smaller than over the poles (~ 10 K km™!) and slightly
larger than over the tropics (3-4 K km™!) in reality and so, here, we underestimated
polar cloud cover while overestimating clouds in the tropics. Thus, we err in the
opposite sense of our previous error introduced in approximating Tga¢, Which should
mitigate the effects of both approximations for this calculation. Clouds form at a

height at which p > pg, the saturation vapor pressure, which we calculated using
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Eqns. A5 and A6 of Kasting (1991). Finally, we determined the fraction of the globe
that is covered with COs clouds by summing over the latitudes in which clouds form

and weighting them by zonal area and insolation.

2.2.10. Solving the Model

We obtained latitudinal temperature profiles by finding numerical solutions to the
zonal energy-balance equation, Eqn. 2.1, with the constraint that the profiles also be
solutions to the CO, weathering-balance equation, Eqn. 2.21. We integrated both
equations simultaneously using the following method. We began with an isothermal
planet (e.g., T'= 288K) at the vernal equinox (Ls = 0), and stepped the planet in its
orbit by incrementing the time and orbit longitude using Eqn. 2.4.

For each At, we performed a spatial integration over all latitude zones. Orbital
longitude set the solar declination according to Eqn. 2.3 and, hence, the diurnally-
averaged insolation for each zone using Eqn. 2.9. The TOA albedo, outgoing IR flux,
and weathering rate, which all depend on surface temperature, followed from Eqns.
2.10-2.11, 2.19 and 2.21, respectively. The dynamic heat transport term of Eqn. 2.1
was spatially differenced to 2nd-order in x, and operated on the global latitudinal
temperature profile. The pressure-dependent transport coefficient D was calculated
using Eqn. 2.27. Once the climate parameters for each zone were computed, the first
term of Eqn. 2.1. was temporally differenced according to our assumptions made
concerning effective heat capacity, and the surface temperatures were updated.

Every five orbits, we compared the seasonal-global mean weathering rate to the
rate of CO, production by volcanos, and if the ratio of weathering to outgassing
was less than unity, we increased pCQO,. Conversely, we decreased pCOy for ratios
greater than unity. The size of the adjustment was proportional to the size of the rate

imbalance. We staggered the adjustments to pCO, by five orbital periods to allow
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the slowly varying temperature of the oceans time to respond. We iterated on this
procedure until the weathering rate converged to within 1073 of the outgassing rate.

The rate of convergence was predominantly affected by orbital semi-major axis,
which set the orbital period, by the step-size At, and by the initial choice for pCOs.
For a = 1.0 AU, At = 1 day, and py = 330 ppm, the model calculations required 38
seconds of CPU time on a CRAY supercomputer. By contrast, convergence took 59

seconds for the same time step, but with a = 1.4 AU, and py = 2.0 bars.

2.3 Results

2.3.1 Earth’s Present Climate

First, we adjusted the model’s free parameters to obtain a reasonable approxi-
mation of Earth’s climate at 23.5° obliquity. We payed particularly close attention
to reproducing the seasonal- and global-mean albedo (0.31) and surface temperature
(288 K), the latitude of the permanent ice line (72°), and the amplitudes of zonal
seasonal cycles. Results of the modeling are given in Table 2.3 and in Fig. 2.4a,
where we illustrate how zonal temperatures vary over a 1-year seasonal cycle.

Focusing our attention on the zone centered on +45°, we find that the temperature
varies from 271.3 K (-1.8°C) to 285.8 K (12.7°C) with a seasonal cycle amplitude of 7.3
K, which is substantially smaller than the observed amplitude (~ 16°C) for continen-
tal interiors at this latitude on Earth. Thus, our model amplitudes in zones containing
substantial amounts of water are less than half the size of observed amplitudes over
continents in the same zone, in good agreement with seasonal cycle amplitude differ-
ences found using a more sophisticated 2-D model (North et al. 1983) that resolved

the continents and oceans.



37

geography obl. (°) T, (K) As  pCOs (ppm)  Thax (K) Tmin (K)
present 23.5 288.1 0.311 330. 304.5 (-5°) 241.3 (85°)
equatorial ) 276.6 0.351 44.0 293.3 (-5°) 234.6 (-85°)
polar . 282.4 0.323 38.7 325.9 (-85°) 217.0 (-85°)
polar 35.0 250.0 0.510 11.8 364.0 (-85°) 195.7 (-85°)
present 90.0 282.3  0.312 19.4 352.2  (-85°) 2664  (15°)
equatorial ) 300.2 0.269 1670 339.4 (-85°) 274.1 (-5°)

Table 2.3: Model output with Earth at 1.0 AU. obl is obliquity, T,y is the seasonal- and
global-mean temperature, A,; is the seasonal- and global-mean albedo, and pCOs is carbon
dioxide partial pressure, given in parts per million. Global temperature extremes, Ty and
Tmin, are listed left of the latitudes at which they occur.

Our simpler model averages the heat capacities for land and ocean within a zone
around the entire globe. This presents the following problem: Because the model
heat capacity for unfrozen ocean is 40 times that of the atmosphere over land, a
simple weighting of the heat capacities by the respective zonal surface fractions yields
a heat capacity characteristic of an oceanic zone rather than a continental zone. For
zones with comparable amounts of land and sea (e.g., +45°), the zonally-averaged heat
capacity and, hence, thermal time scale are over 20 times that over a continent. Thus,
the magnitudes of temperature extremes returned by the model are substantially

smaller than those which would occur over a continental interior.

2.3.2 Earth at 90° Obliquity

Our second climate simulation was performed with Earth’s obliquity set equal to
90°. Results for the run are given in Table 2.3, and Fig. 2.4b illustrates the remarkable
changes to Earth’s climate that would follow. First, the tropics would become cold
enough to sustain permanent snow cover because at high obliquity the Sun spends
comparatively little time near the zenith at low latitudes. Also, each pole would be
heated for 6 months, as they are at 23.5° obliquity, but with the Sun spending over

40 days within 20° of polar zenith. Because the opposite period of cooling would be
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Figure 2.4: Representative seasonal temperature cycles for Earth at (a) 23.5° obliquity
and at (b) 90° obliquity. Lg is the orbital longitude of the planet with respect to the
vernal equinox (Lg = 0°). Solstices occur at Ly = 90° and 270°. Temperatures are
shown for 5 latitude zones, each 10° wide and centered on the latitude labeling the
curves. Northern latitudes are indicated by solid lines, and southern latitudes are
indicated by dashed lines.
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equivalent to the length of darkness experienced by the pole at any obliquity, the net
change to polar climate would be a warming, which would cause the ice to melt.

Under these circumstances, Earth’s oceanic (northern) and continental (southern)
poles would demonstrate markedly different seasonal cycle amplitudes because of their
different thermal inertias. Despite the relatively high thermal inertia of the north-
ern pole, the intensity and duration of sunlight experienced there at high obliquity
doubles the amplitude of its temperature cycle (see Fig. 2.4), bringing summer tem-
peratures over the Arctic ocean above 320 K. The seasonal variation in temperature
over the southern pole is even more dramatic, with summer temperatures reaching
353 K, slightly lower than the survivable high-temperature limit (383 K) for ther-
mophilic bacteria (Segerer et al. 1993) but higher than the maximum temperatures
at which more advanced life forms survive today (~ 330 K). The seasonal minimum
temperatures still dip below the freezing point of water.

Large seasonal temperature variations might also present a problem for life at lower
latitudes. At 4+45°, for example, model temperatures are found to vary between 268
K and 304 K. Over the continents at this latitude, the temperature variation could
be twice this large, which would allow summertime temperatures to exceed 322 K
and wintertime temperatures to fall below 250 K. Even more remarkable is that
this variation, which exceeds the present range of temperatures observed on Earth
today, would take place in only 6 months time. Whether any of Earth’s dominant
species could survive these rapid and large variations in temperature is an interesting
biologic question. Photosynthetic life might be substantially challenged by long (~90-
day) periods of darkness during the winter at this latitude. Areas nearer the equator
would have smaller seasonal temperature variations and shorter periods of darkness,
so at least some areas of the planet might still be suitable for life at 90° obliquity.

Earth’s CO; level would also be affected by its obliquity because the weathering
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rate depends on surface temperatures through Eqn. 2.21. Figure 2.5a compares the
seasonally-varying global weathering rate for Earth at 23.5° and 90° obliquity. We
find, in both cases, that the greatest weathering takes place during northern hemi-
sphere summer, when the bulk of Earth’s continents is warmest. Also, the weathering
cycle amplitude is greater at high obliquity because the seasonal temperature vari-
ations are exaggerated. A second peak in the 90°-obliquity weathering cycle results
from weathering of continents in the southern hemisphere around the northern winter
solstice. Earth’s equilibrium CO, level at 90° obliquity is 19.4 ppm (Table 2.3), sig-
nificantly lower than at present (330 ppm). This is because for a given COs level, the
continents weather more rapidly, on average, at 90° obliquity than at 23.5°. Thus,
pCO, must equilibrate at a lower value for the high-obliquity planet than it does for

the present Earth.

2.3.3 Effects of Changing the Geography

The difference in seasonal cycle amplitude over the northern and southern poles
in Fig. 2.4b shows the model to be very sensitive to the location of continents.
The difference would be even more pronounced if the Antarctic continent were larger
because it would be able to sustain an even greater temperature gradient.

To examine the effects of continental size and position on climate for planets with
different obliquities, we imitated Marshall et al. (1988) by performing simulations
with all of Earth’s continents clustered together to form a supercontinent, which we
chose to center either on the equator or over the southern pole. Results of our sim-
ulations are given in Table 2.3 and in Fig. 2.5b. At 23.5° obliquity, an equatorial
supercontinent would experience substantial weathering at the equinoxes. This would,
in turn, draw down atmospheric CO, from 330 ppm to 44 ppm, where the surface

could cool enough to weather more slowly. A similar result was obtained by Marshall
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Figure 2.5: Variations in the global-mean weathering rate over a seasonal cycle for
Earth at 1.0 AU, and with a 23.5° (solid lines) and 90° (dashed lines) obliquity. Cycles
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a supercontinent covering 30% of Earth’s surface centered on the equator, and a
supercontinent centered on the south pole. The model forces the seasonal-average
weathering rate to equal the CO, volcanic outgassing rate = 3.3 x 10* g yr~! (dotted
line).
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et al. (1988). Thus, the lower CO, level would safeguard the equatorial superconti-
nent from temperatures that might otherwise be warmer than Earth’s tropics today.
While permanent sea-ice caps would cover both poles poleward of +52°, continental
temperatures would range from 286 K to a mild 293 K, which would provide optimal
conditions for terrestrial-type life.

At high obliquity, the equatorial supercontinent would cool initially, which would
cause weathering to slow or even cease, and CO, would accumulate in the atmosphere.
We find that 1670 ppm of COs is needed to thaw the continent and raise the weather-
ing rate. As at low obliquity, the greatest weathering takes place near the equinoxes
when the continent is warmest. Even in this extreme case, the supercontinent would
remain unfrozen with temperatures never falling below 274 K.

The case of the polar supercontinent is more problematic because, even at 23.5°
obliquity, areas near the southern pole would alternate between superheated (326 K)
and subpolar (217 K) states every 6 months. Only a narrow region near the coast
of the supercontinent (-26° latitude) would demonstrate a seasonal cycle amplitude
smaller than 30 K. Although the solar zenith angle would remain small during the
sunlit summer months the prolonged illumination would be enough to warm the
supercontinent and cause it to weather rapidly, as shown in Fig. 2.5b. Table 2.3
shows that the CO, level needed to balance the carbonate-silicate cycle (38.7 ppm)
is even lower than for the case of the equatorial supercontinent. A slightly higher
obliquity (35°) yields an even larger seasonal cycle, and temperature extremes near
the confidence limits (360 K and 190 K) of the model, set by the fits to top-of-
atmosphere albedo (Eqns. 2.10 and 2.11). For this case, an ice cap would cover
the entire hemisphere opposite the continent, while the temperature extremes on the
supercontinent would be everywhere damaging to life. These problems would be even

more pronounced for planets having higher obliquities, or for planets with smaller



43

101 3 T 1.0
3 |
|
10° - - 08
‘@
g | S
S 10t - 1067,
7] 3 )
o 1-D first CO, / =
& condensation limit -
T - >
% 102 //L\ -1 04 a
o / weighted S
S / cloud fraction
O )
10 -/ 402
L/
L/
// Mars
10'4 ! ! ! //\/ ! ! ‘ 0.0
1.0 11 1.2 1.3 14 15 1.6

Orbit Semi-Major Axis (AU)

Figure 2.6: Carbonate-silicate cycle equilibrium COy levels (solid line) for Earth at a
variety of positions within the HZ. The 1-D first-COs-condensation limit at 1.37 AU
(dotted line) was found by KWR. CO, cloud fraction (dashed line) is an area- and
insolation-weighted sum of the latitude zones in which clouds form somewhere within
the troposphere.

endowments of water and larger continents. Clearly, high-obliquity planets with polar

supercontinents are not very attractive candidates for harboring land-based life.

2.3.4 Dense CO9 Atmospheres and the HZ Outer Edge

Earth could circumvent the problems it would face at high obliquity, or with a polar
supercontinent, if it were farther from the Sun, where its atmosphere might contain
larger amounts of CO3. A COs-rich atmosphere would have a long radiative time
constant because COy is highly opaque to infrared radiation leaving the planet. The
increase in Earth’s global thermal inertia would decrease the amplitude of its seasonal
cycle and cause the climate to be only weakly sensitive to continental topography.

To determine how dense an atmosphere one might expect to form, we performed
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simulations with Earth at several orbital positions between 1.0 and 1.5 AU, while
holding its obliquity and geography constant at present values. The object was to
determine the level of CO, required to balance the carbonate-silicate cycle at these
distances. The results of these calculations are shown in Fig. 2.6. Steady-state atmo-
spheric CO, partial pressures range from 3.3 x 10~% bar for Earth in its present orbit
to nearly 4.0 bars at 1.50 AU. The CO, partial pressure asymptotically approaches 5
bars at the “maximum greenhouse” limit of 1.67 AU, beyond which a planet cannot
be warmed by further addition of COy (KWR). Here, the increased albedo caused by
COs outweighs its contribution to greenhouse warming.

A planet might not remain habitable out to this distance, however, because the
planet would be covered by CO, clouds that possibly cool the surface. The results of
Forget and Pierrehumbert (1997), however, suggest that such clouds might contribute
to surface warming by increasing atmospheric opacity at infrared wavelengths. This
issue is far from being resolved, so we are still justified in adopting the conservative
assumption that the formation of CO, clouds is the limiting factor in defining the HZ
outer edge. The distance at which CO, first condenses in a 1-D atmosphere was deter-
mined by KWR to be 1.37 AU (Fig. 2.6). This served as their conservative estimate
of the HZ outer edge. Our model demonstrates that, in a two-dimensional model,
clouds first appear at the poles around 1.30 AU, and that they become widespread
between 1.40 and 1.45 AU. Thus, a conservative choice for the the outer edge of the

Sun’s present HZ is ~ 1.40 AU, not far from the 1-D estimate.

geography obl. (°) T, (K) A, pCOy (bars) Thax (K) Tmin (K)
present 235 2906  0.337 2.12 2064 (-15°) 2745 (85°)
equatorial . 285.5  0.346 1.89 2015  (-5°) 2724 (-85°)
polar . 289.6 0.334 2.04 309.3 (-85°) 257.1 (-85°)
polar 65.0 2462  0.488 1.15 362.8  (-85°)  189.9  (-85°)
present 90.0 287.9  0.324 1.87 319.1 (-85°) 275.5 (65°)
equatorial . 203.3  0.319 2.15 3133 (-85°) 2829  (-5°)
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Table 2.4: Model output with Earth at 1.4 AU.

2.3.5 Temperature Gradients and Seasonal Cycles at 1.4 AU

Planets near the outer edge of the HZ have dense CO, atmospheres as a result of
the carbonate silicate cycle. One consequence of this is a reduction in the equator-
to-pole temperature gradient. The reason for this reduction is two-fold. First, the
poles are not able to cool as rapidly in winter as they do beneath a relatively IR-
transparent atmosphere at 1.0 AU. This results in a warming of the poles relative to
the equator, and a flattening of the latitudinal temperature profile (Fig. 2.7). The
tropics are also warmed initially, but under these circumstances, the globally-averaged
surface temperature is too high to maintain the present global weathering rate. To
compensate, the model adjusts (lowers) the concentration of CO; until temperatures
are globally reduced (i.e., the temperature profile in Fig. 2.7 is lowered) and the global
weathering rate is re-equilibrated with the rate of CO, production by outgassing for
the new latitudinal distribution of surface temperatures. Thus, despite its possessing
a dense COsy-rich atmosphere, Earth at 1.4 AU is shown to be cooler in the tropics
than it is at present, although the average temperature of the planet increases to
290.6 K (Table 2.4).

A second reduction in latitudinal temperature gradient derives from more efficient
dynamic heat transport as the total atmospheric pressure, P, is raised. At 1.4 AU,
pCO2 = 2.12 bars, P = 3.12 bars, ¢, = 0.91¢,,, m = 1.35my so, from Eqn. 2.27,
D = 156Dy = 0.91 W m 2 K~!. Figure 2.7 contrasts the effects of raising the IR
opacity of the atmosphere and of enhancing heat transport. The dotted-line profile
for Earth at 1.4 AU shows the effect of opacity alone, whereas the solid-line profile

for 1.4 AU illustrates the combined influence. Nearly 70% of the reduction in the



46
310 \ \ \

300 |-
290 |-
280 -
270 |-

260 -

Seasonal Mean Surface Temperature (K)

250 | | | | |
-90 -60 -30 0 30 60 90

Latitude (degrees)

Figure 2.7: Latitudinal temperature profiles for Earth at 1.0 AU and 1.4 AU (both
marked with solid lines). The profile indicated by a dotted line is for Earth at 1.4
AU with the heat transport parameter held constant (D = 0.58 W m~2 K~!). Obser-
vations (dashed line) are taken from North and Coakley (1979) and parameterized as
T(x) = 14.2 — 30.2P5(z), where T is the seasonal-average surface temperature (°C),
z is the sine of latitude, and Py(x) is the second Legendre polynomial (322 — 1)/2.
equator-to-pole temperature gradient between 1.0 AU (47 K) and 1.4 AU (15 K) is
caused by the radiative properties of CO,, while the remainder is caused by dynamics.
This is significant because it implies that our results are only weakly sensitive to our
uncertain assumptions concerning heat transport in atmospheres vastly different from
Earth’s.

We next experimented with Earth at 1.4 AU and with a 90° obliquity to illustrate
how elevated CO, levels affect seasonal temperature cycles. Figure 2.8 shows that the
amplitudes of temperature cycles would be greatly reduced. The reason for this is the

same as before: as more CO, accumulates in the atmosphere, the global thermal time

constant and, hence, global thermal inertia grow. Thus, zonal temperatures respond
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Figure 2.8: Seasonal temperature cycles for Earth at 1.4 AU, and with 90° obliquity.

slowly to changes in insolation, and the magnitudes of the seasonal temperature
extremes are reduced.

A comparison of Figs. 2.8 and 2.4b shows that the amplitude of the seasonal
cycle at +45° latitude is reduced by 30% in moving from 1.0 AU to 1.4 AU. The 90°
obliquity seasonal cycle at 1.4 AU is only slightly greater (2 K) than the observed
amplitude for the same latitude on Earth today. Differences in heat capacity and,
hence, temperature extremum (315 K and 319 K) for the northern and southern poles
are shown to be essentially eliminated. We note that Earth would be ice-free under
these circumstances and, with the exception of the summertime poles, would be able
to support life over an even greater fraction of its surface than it does at present.

Finally, we repeated the geographic variation experiments described in Sec. 2.3.3
with Earth at 1.4 AU to determine if an Earth with a dense COy atmosphere and a

supercontinent would be equally habitable. Results from these runs are given in Table
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2.4. The promising result is that such a planet would be able to sustain temperatures
over a polar supercontinent within the limits of the model to a much higher obliquity
(65°) than at 1.0 AU. At 23.5° obliquity, the polar supercontinent would demonstrate
a seasonal temperature range comparable to the equator-to-pole gradient for present
Earth. This suggests that a wide variety of planets with COs-rich atmospheres would

be immune to the climatic problems caused by high obliquity.

2.4 Discussion

An obvious weakness of our model is the averaging of heat capacity, surface albedo,
and temperature over 10°-wide latitudinal zones extending around the planet. This
causes us to underestimate the amplitude of the seasonal cycle over the continents
(except in the supercontinent scenarios, where an entire latitude band may be devoid
of water). Also, by averaging the climate parameters around the planet, we have ig-
nored meridional land-sea temperature gradients which affect dynamic heat transport
and weather.

Perhaps the most severe limitation of the model is its gross oversimplification of
the effects of weather on the global climate. As explained in Sec. 2.2.8, we modeled
latitudinal heat transport as diffusion, whereas in reality, wind patterns and energy
transport are much more complicated. This simplification afforded us speed in com-
putation, but we are not really able to predict how latitudinal energy transport would
differ on planets with higher obliquities, or with denser atmospheres. Some first-order
changes were predicted by adjusting the diffusion coefficient, D (Eqn. 2.27), to ac-
count for changes to atmospheric pressure. Large latitudinal temperature gradients

in atmospheres of planets at high obliquity (Fig. 2.4b) may tend to increase heat
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transport to a greater extent than we predict by driving vigorous Hadley circulation
cells and causing increased baroclinic wave activity. We suspect, but cannot prove,
that temperature gradients in more realistic dynamic atmospheres would be smaller
than predicted here.

A third area of uncertainty is the model’s treatment of HyO-clouds, which we
assumed to cover exactly half of the planet’s surface at all times, as is approximately
true on Earth. If HyO-cloud cover increases as the surface temperature warms, as
seems likely, then surface temperature extremes may be further buffered by cloud
feedback. This is particularly important over polar oceans where the temperatures
predicted by our model exceed 320 K at high obliquity. Negative cloud feedback might
significantly reduce these summertime extremes, rendering the polar regions much
more habitable. A three-dimensional atmospheric circulation model with predictive
clouds is needed to investigate this possibility.

Given the limitations of the present climate model, a natural question is: Why
even attempt to study this problem at this crude level of approximation? The answer
is that many of our conclusions depend more strongly on atmospheric CO, levels and
the carbonate-silicate cycle feedback than they do on the details of the atmospheric
climate model. The problem deserves to be examined with a 3-D general circulation
model, but the results of any such study will be of dubious utility unless it includes the
types of feedback processes studied here. Using a 2-D, azimuthally symmetric model
(e.g., Farrell 1990) would make the calculation considerably more difficult without
improving significantly on such factors as high-latitude heat transport or the spatial
distribution of clouds. Even with a more rigorous treatment of climate, we suspect
that our basic conclusion of this chapter would remain unchanged: that many planets

(i.e., those with dense atmospheres) would still be climatically suitable for life at high



obliquity.
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Chapter 3

THE EQUATIONS OF PRECESSION

3.1 Preface

The equations of precession and their manipulations appear many places within the
astrophysics and geophysics literature (e.g., Goldreich 1966; Colombo 1966; Kinoshita
1975, 1977; Ward 1974, 1991; Laskar et al. 1993a, 1993b, and Laskar and Robutel
1993; Williams 1994; Touma and Wisdom 1994), but many (not all) of these works
suffer from either brevity and incompleteness or, on the other extreme, from the
inclusion of burdensome detail. Of the more useful resources are the books by Roy
(1988), Danby (1988), and Stacy (1992). Indeed, much of what is shared below has
been obtained from these works, as well as from the papers by Laskar, Ward, and
Colombo referenced above.

The equations of precession may be obtained with minimal effort by formulating
a Hamiltonian for the rigid body motion of the Earth in the presence of the Sun
and the Moon (e.g., Laskar et al. 1993a, Touma and Wisdom 1994b); however, little
intuition is gained by doing this. Here, the equations are derived from the basic laws
of mechanics; that is, by calculating the changes to Earth’s spin-angular momentum
that result from torques exerted by the Sun and the Moon on Earth’s equatorial bulge.
The main goal of this chapter to take these very simple principles and to derive, with
sufficient and comprehensible detail, the equations of precession as written by Ward

(1974) and Laskar et al. (1993a, 1993b).
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ecliptic
plane

(or Moon)

Figure 3.1: The Earth-Sun (or Earth-Moon) configuration of maximum precessional
torque. The torque results from Earth’s asymmetric gravitational potential (i.e., it’s
equatorial bulge), and is directed perpendicular to the spin axis, $, and into the page.
The sign of the torque is the same for both halves of the orbit, which causes the spin
axis to precess about the ecliptic normal, 7, with a frequency w,. Maximum torque
is applied when the Sun or the Moon is farthest from Earth’s equatorial plane. Thus,
the solar contribution is zero at an equinox and greatest at a solstice. Adapted from
(Stacey 1992).

3.2 Torques on Earth’s Equatorial Bulge

Fundamentally, Earth precesses because it is made oblate by its rotation. The
gravitational potential, V', of the oblate Earth at a distance r from its center of mass
is given by MacCullagh’s formula (Danby 1988),

GM G
Vo= —T— - 5(A+BO-3). (3.1)

Here, GG is the gravitational constant, M is Earth’s mass, and A, B, and C' are Earth’s

inertial moments along the three Cartesian coordinate axes, x,y, and z, respectively.
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The = and y axes lie in the plane of Earth’s equator, and the z axis is parallel to
the spin axis. The center of mass is the coordinate origin. Thus, C' is the principal
inertial moment, and A and B are the secondary inertial moments. The variable I is
Earth’s moment of inertia about a line parallel to 7 = 27 + yj + z/::,and extending to
the distant position r = (22 4+ 32 + 22)'/2, and may be written

Ax? 4+ By? + C2?

I = = (3.2)
Inserting Eqn. 3.2 into 3.1 gives
GM G 3(Ax? + By? + C2?
yoo GM G gy dATEBYH O (3.3)
r 2r3 r?

Terms of the form f(r) that are a function of r only will not contribute a gravitational

torque T since 7 x —V f(r) = 0. This leaves

3G
vV = 2—705(141‘2 + By® + C2%). (3.4)

The potential energy is then U = mV, where m is the mass located at r. Thus,
7x VU gives

B 309 Byysit (A= C)enf + (B — A)ayh]. (3.5)

rd

This is the torque exerted by the oblate Earth on mass m, which is simply the negative
of the torque exerted by mass m on the Earth. Reversing the sign in Eqn. 3.5 and

assuming symmetry about the spin axis, so that A = B, yields

_ 3Gm(C — A)z(yi — vj) (3.6)

il

with I', = 0. With the relations

yi—x] = Fxk=r(fxk), (3.7)
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Figure 3.2: Variables used in averaging the precessional torques over an orbit. The

solar perturbations are averaged over the orbit of the Earth.

Eqn. 3.6 may be written
(3.8)

3.3 Averaging the Torques Over an Orbit

What follows is a procedure borrowed from Colombo (1966). Equation 3.8 may be
alternatively expressed as a change to Earth’s angular momentum, dﬁ/ dt, resulting
in a reorientation of the spin axis. The momentum variation may then be averaged

over the orbital period of the perturbing body (P = 1 year for the Sun) by writing
/P (7 - k) (7 x k)dt
(3.9)

L
AL 3am(c — a)h _r
/ dt
0

The integration may be performed over orbital longitude, ¢}, by making the substitu-
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tion dt = d19/19. Thus, Eqn. 3.9 becomes

dL  3Gm(C - A) /w (- k) (7 x k) (5.10)
0 r39 ' '

dt P
Now, it can be shown using Kepler’s second law that

. 2 21_21/2
rt = M(PG) , (3.11)

where a and e are the orbital semi-major axis and eccentricity, respectively. Also, the

equation of an ellipse

a(l —e?)

= — 3.12
1+ ecos? ( )
may now be used to substitute ¢ for r. Equation 3.10 then becomes
dL 3Gm(C — A) o o
T = oo 62)3/2/0 (14 ecosd) (7 - k) (7 x F)dv (3.13)

The unit vectors a and l;, defined in Fig. 3.2, lie in the orbit plane and are perpen-
dicular to each other. A third unit vector n is normal to orbit plane and points away
the page. This vector is the normal to the ecliptic plane if the perturbing body is the
Sun. Thus,

F = acosd+ bsind

b = nxa. (3.14)
The vectors a, I;, and 7 define the coordinate axes for the orbital plane. Recalling
that %,}', and k are the coordinate axes fixed to the spin axis of the Earth, k may

be written in terms of components k,, ky, and k, defined with respect to the orbit

coordinate axes. Hence,

ko= kot + kb + ko, (3.15)
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and

3>
x>
|

k, cos + ky cos

3>
X
x>
Il

kn (sin 9 — cos 9b) + (cos Ok, — sin Ok, ). (3.16)

Inserting these relations into Equation 3.13 gives

L —A) -
- = 213;71(0_ 62)332/0 (1 4+ ecos ) (kq cos ) + ky cos ¥) [kn(sin Ya — cos Ub)

+(cos Dk, — sin 9k, )] o, (3.17)

which, after considerable algebraic manipulation, may be easily integrated to obtain

dL 3Gm(C — Ak, (ko — kqob)

a 2a3(1 — €2)3/2 ‘ (3.18)
Now, it may be recognized that
kn = k-7
kyi — kb = kX . (3.19)
Also, the spin-angular momentum, E, may be written
L = Awgi+ Buw,j + Cw.k, (3.20)
where w is the angular velocity of the rotating Earth. It is also true that
Aw,i = Buw,j < Cuw.k, (3.21)
so that
L = Cuw,k. (3.22)
Dropping the subscript on w, and writing
dL = de—l; (3.23)

dt dt’
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leads to the expression for the precession rate of Earth’s spin axis

dk 3Gm(C — A)(k-n)(k x n)

ki 3.24
dt 2a3(1 — e2)3/2Cw (3:24)
Now, it helps to recognize that
k-n = cosf
kxn = sinfp (3.25)

where # is Earth’s obliquity (Fig. 3.1) and p is the direction of precession, which is

perpendicular to both k and 7 (i.e., into the page in Fig. 3.1). Also,
dk
‘a x cosfsinf, (3.26)

so that the precession rate is maximum when 6 = 45°. The total precession rate is

found by summing the influences of the Sun (®) and the Moon (m). Hence,

dk 3G(C — A)(k - n)(k x ) M, My
dt Cw a’(

- 1 — e2)3/2 + a3 (1 — e2)3/2 (3.27)

In addition, the lunar contribution contains a small correction factor 1 — %sin2 Im
to account for the slight 5°-inclination of the lunar orbit with respect to the ecliptic
plane. Writing Kepler’s third law n? = GMg/a, where n is Earth’s mean angular

velocity about the Sun, Eqn. 3.27 may be expressed (using $ now in place of IAc)

ds

— = al&a)(Exn), (3.28)

where

302 C - A My [ a\? 3
e [ i (%) (1= €2) 721 = 2 sin i) | (3.29)

is known as the precession constant. Together, Eqns. 3.28 and 3.29 are the fundamen-

tal equations of precession that apply when the plane of Earth’s orbit is stationary.
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The case in which the ecliptic plane is also moving will be considered in the next

section.

3.4 The Moving Ecliptic Plane

Earth’s orbit is in constant motion as a result of gravitational interactions with
the other planets. The orbit is thereby made to precess about the normal to the
invariable plane of the Solar System. The invariable plane is an inertial plane of
reference and has a normal vector k (see Fig. 3.3). The moving ecliptic plane defines
the noninertial plane of reference. The goal of this section is to obtain the equations
of precession in the noninertial reference frame. What follows is an expanded form of
a similar exposition by Ward (1974).

First, the unit vector § in the inertial reference frame is related to the vector §* in

the noninertial (orbit) frame by the transformation
& = As (3.30)

where A is an Euler transformation matrix relating the invariable plane to the ecliptic
plane through an inclination and a rotation. After the plane is inclined by an angle I,
the rotation is about the normal to the ecliptic plane n and by an amount €2, which is
the longitude of ascending node (Fig. 3.3). Thus, the transformation may considered
in two parts, with I and 2 as the Euler angles, and using the matrices B and C

written by Goldstein (1980) as

cos{) sinQ2 0
B=] —sinf2 cos) 0
0 0 1

(3.31)

Y

and
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x>

n

orbital plane

plane of reference

ascending node

\
/ equinox of reference
equinox of date

Figure 3.3: Planes and variables of precession. The plane of reference is either the
invariable plane of the Solar System (Ward 1974) or the J2000 ecliptic plane (Laskar

et al. 1993b).
1 0 0
C=1]10 cosI sinl |. (3.32)

0 —sinl cosl

Now, A=BC, or

cos € sin € 0
A= —cosIsin) coslcos€? sinl |. (3.33)
sin/sin) —sinlcosQ) cos/

Differentiating Eqn. 3.30 with respect to time gives

ds* dA . ds

(3.34)

pm ot
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Now, replacing § with A§* and using Eqn. 3.28 to substitute for ds/dt allows Eqn.

3.34 to be written

ds* dA
— AflA* A AW NS ) )
pm A + a(§"-n") (8" x n") (3.35)

The inverse transformation matrix A~ is equal to the transpose matrix A given by

. cosf) —cosIsin{) sin/sinf?
A= sin] coslIcos? —sinlcosQ |. (3.36)
0 sin cos 1

Forming the time derivative dA /dt (by employing the raised - notation), and multi-

plying with A yields

A - 0 cos I —sin ()
sin 1) 1 0
Now, multiplying by the unit vector $* = siz* + sj¢* + s;2%, where 2* is along the

line of nodes and 2* is parallel to n (see Fig. 3.3), gives

0 cos I —sin IO sy
dA - : : X
%Aé* =1 —cosIQ 0 I Sy
sin 1) I 0 S,

55 cos IQ — % sin 1) (3.39)

= -5 cos I + s;‘f
Sysin I+ s71
This is the desired substitution for the first term on the right-hand side of Eqn. 3.35.

The second term on the right-hand side of Eqn 3.35 may be rewritten using

(8" n7) (8" x ') = as;(s;a" — s39"). (3.39)



61

Equation 3.35 now yields three expressions for the rate of change of the spin vector

in the noninertial frame.

dsi/dt = S;COSIQ—sZsinIQ+as;‘s;
dsy/dt = —stcosIQ + st 1 — as’st

ds'/dt = s sinIQ — S;I

(3.40)

Finally, the vector §* may be expressed in terms of the spherical coordinates ¢ and 6

shown in Fig. 3.3 using the relations

* _ .
sy = cos¢sind
sy, = singsinf
sr = cos#,

where 6 is the obliquity. Taking the time derivative of Eqns. 3.41 gives

dsi/dt = —sin¢sin 06 + cos ¢ cos 00
dsy/dt = cos¢sin ¢ + sin ¢ cos 06

ds'/dt = —sin6d.
Then, solving for the quantities gzﬁ and 6 yields
¢ = (85 + 8, sin ¢ cot 0) csc O sec ¢,
and

= —s csch.

(3.41)

(3.42)

(3.43)

(3.44)

Finally, using Eqns 3.40 and 3.41 to eliminate all components of the spin vector §*,

and converting the raised - notation back to standard form, we obtain

dag
dt

dQ) dl
= —sinJcosp— + sin p—
sin cosqﬁdt +sm¢dt,

(3.45)
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and

9
dt

= —acosf — (cosI —sin I cot fsin qﬁ)% + cot f cos qﬁ%. (3.46)
These equations describe the motion of the spin vector as viewed from a reference
frame co-moving with the orbital plane, and are the fundamental equations of luni-
solar precession as written by Ward (1974). It is important to note that if the ecliptic
were stationary (i.e., [=Q= 0), then the spin axis would precess at a constant rate
d¢/dt = —a cos f about 1 with a constant obliquity. [The spin axis would also “nod”,

or nutate, slightly (by < 10”) over the lunar month and over the year from torques

directed perpendicular to the precessional torques.]
3.5 Converting to the Notation of Laskar

The goal of this section is to obtain the equations of precession as written by Laskar
et al. (1993a and 1993b) from Ward’s Eqns. 3.45 and 3.46. This will be accomplished

by defining a new parameter
pa = A-=Q, (3.47)

where A is the angle on the ecliptic plane from the equinox of date to the ascending
node, and 2 is the angle between the equinox of reference and the ascending node
(see Fig. 3.3). And, by definition, the angle between the spin axis and the equinox
of date is 90°. Thus,

A = 90° — ¢, (3.48)
so that

¢ = 90° —pa — Q. (3.49)
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Now, Eqn. 3.49 may be used to substitute for the variable ¢ in Eqns. 3.45 and 3.46.

Hence, these equations become

do <2 dl

% = " sin I cos(90° — pa — Q)% +sin(90° — pa — Q)% (3.50)
Q Q
_%_Ccii_t = —acosf —[cos —sin I cotfsin(90° — pa — Q) Cil—t—i-
dl
cot  cos(90° — pa — Q)% (3.51)

Using trigonometric identities, it is easy to show that

cos(90° —pa — Q) = sin(pa + Q) = sinpa cosQ + cosp, sin 2,

sin(90° —pa — Q) = cos(pa + Q) = cos pa cos 2 — sin py sin Q. (3.52)

Inserting these relations into Eqns. 3.50, and grouping all the terms containing pa

yields
do ds? dl
= = (—sin I cos Q% — sin QE) sinpa +
ds? dl
(—sin I'sin QE + cos Qﬁ) COS PA (3.53)
Q Q Q I
—% - Cfl_t = —acosf — cosfcfi—t + cot f [(sin[cos Qc;—t + SinQ%) COS pA+
Q I
(—sin I'sin chl_t + cos Q%) sinpA] . (3.54)

The analytic symmetries in Eqns. 3.53 and 3.54 enable them to be simplified by

defining new variables:

1
A = cos Qd— — sin [ sin Q@
dt dt
1 Q
= sin Q% + sin I cos chi_t (3.55)
Also,
1— 1) dQ)
¢ - (L—cosl)dQ (3.56)

2 dt’
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Equations 3.53 and 3.54 may now be expressed

df
- = —Bsinpa + Acospa (3.57)
dpy dSY dQ
—W—E = &COSH+2C dt+
cot (A cospa + Bsinpa) (3.58)

Equation 3.58 may be simplified further to read

d

% = «acosf — 2C + cot O(Acospa + Bsinpy). (3.59)
To account for the effects of space-time curvature in the vicinity of the Earth, a small
correction p, ~ 0.02"yr !, known as the geodetic precession, is subtracted from Eqn.

3.99 to give

d
% = «acosf — 2C + cot B(Acospa + Bsinpa) — p,. (3.60)
Together, Eqns. 3.60 and 3.57 are the equations of precession as written by Laskar

et al. (1993a, 1993b).

3.6 The Laplace-Lagrange Variables h, k, p, and q

Secular changes to a planet’s orbital elements are traditionally calculated from
six perturbative equations (one for each element) first developed by Laplace and
Lagrange, and later refined by Brouwer and van Woerkom (1950) and Brouwer and
Clemence (1961). Today the equations appear in many introductory textbooks on
orbital mechanics, including Roy (1988) and Danby (1988). In these works (and many
others), it is pointed out that a useful simplification may be made if the eccentricity
e and the inclination ¢ are small quantities; the six perturbative equations may be
reduced to four by expressing them in terms of the variables (called Laplace-Lagrange

variables)
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h = esinw
k = ecosw (3.61)
p = sin(i/2)cosQ

q = sin(i/2)sin €.

Here, 7 is the inclination of the orbit relative the plane of reference, w is the argument
of perihelion, which is related to longitude of perihelion, w = €2 + w, and the other
variables are as explained earlier. There are a couple of important differences between
the notation of Laskar and Ward. First, the plane of reference used by Laskar is the
J2000 ecliptic plane, whereas Ward uses the invariable plane. Here I have referred to
the inclination of the ecliptic plane relative the invariable plane as I. To convert to
the notation of Laskar, I is simply exchanged with ¢, and while I is different from i,
dI/dt does equal di/dt. Also, the longitude of the ascending node as measured with
respect to the J2000 ecliptic plane will not equal the same quantity measured with
respect to the invariable plane. However, d€)/dt is the same for both, and since this
is the only form in which 2 appears in the equations, no adjustments are necessary.

In the works by Laskar, the precession equations are often written in terms of the
Laplace-Lagrange variables p and q, rather than ¢ and €2, using the variables A, B,
and C that were employed earlier. In terms of p and q, these variables are (Laskar et

al. 1993a, 1993b)

A= o= pf_ zyva(@-+ plap — pa)
B = = p22_ )17 (p —a(ap — pa)) (3.62)

C = (ap—pq)
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Equations 3.55 and 3.56 may be expanded using Eqns. 3.61 and their derivative

equations

Thus,

. cos(if2)sinQdl . dQ
p = 5 7 + sin(i/2) cos g
. cos(if2)cosddl |, . dQ
q = 5 o sin(i/2) sin o (3.63)

C = (qp—pq)

_ sin(i/2) cos(i/2) cos QsinQdl ., 5 dS)
= 5 o + sin®(i/2) cos” -
in(7/2 /2 QsinQ dI )
_sin(i/ )cos(zé ) cos 2 sin o + sin?(i/2) sin? QE
d§2
_ . 2/ D)
sin®(i/2) g
(1 — cosi) dQ
—_— 3.64
2 . . .
1= pt = )2 (@ +p(ap — pq))
2 cos(i/2)cosQdl . . dQ . dQ
— - 2) sin Q— 2) sin Q—
cos(i/2) 5 o sin(i/2) sin o + sin®(4/2) sin o
dI  2sin(i/2)sin QdQ  2sin®(i/2) sin Q d2
cos {1— — , — : —
dt cos(i/2)  dt cos(i/2) dt
dI  2sin(i/2)sin Q dQ2 9.
Q— — —(1 — 2
O cos(i/2)  dt (1= sin"(i/2))
dI d2
cos Q% — 25in(i/2) cos(i/2) sin QE
dI ds)

cos Qa — sinisin QE, (3.65)
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B = - = zy7a(® — alap — pa))

2 cos(i/2)sinQdl . . a5 dQ

= — 2 Q— — 2 Q—

cos(i)2) 5 o + sin(i/2) cos o~ sin (¢/2) cos p”
B sinQﬂ N 2sin(i/2) cosQ2dQ 2sin*(i/2) cos 2 df2
B dt cos(i/2)  dt cos(i/2) dt

. dIl  2sin(i/2) cos Q dS2 Ry
= 0O— —(1 — 2

T * cos(i/2) dt( sin*(i/2))

. Al o . ds?
= sin QE + 25sin(i/2) cos(i/2) cos Q%

.o ~dl ds?
= smﬁg—l—smzcosﬁﬁ. (3.66)

Thus, we have arrived at the Eqns. 3.55-3.56 from another direction.

3.7 Solving the Precession Equations

For this work, solutions to the equations of precession (Eqns. 3.57 and 3.60) were
obtained using an extremely accurate Fortran code borrowed from Jacques Laskar of
the Bureau de Longitudes in Paris, France. The integration scheme has been thor-
oughly described by Laskar in the readily available literature (Laskar et al. 1993b).
Here I will summarize the main points concerning the workings of Laskar’s code.

Because the motion of Earth’s spin axis depends on the secular changes to its
orbital plane that arise from the gravitational influences of other planets, the first
step in integrating the precession equations is to obtain an accurate solution of the
positions of all the planets in the Solar System. Traditionally, the orbital solution
(e.g., Bretagnon 1974, Applegate 1986, Sussman and Wisdom 1988, Laskar 1988,
1989) has been obtained first and, then, used as input to code used to integrate

the precession equations. [For the integrations performed in Chapters 5 and 6, I
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used a self-generated orbital solution obtained using the code of Levison and Duncan
(1994).] The motion of Earth’s spin axis was obtained in this way by Berger (1976),
Berger et al. (1992), and more recently by Laskar and Robutel (1993), and Laskar et
al. (1993a, 1993b). Quinn et al. (1991) integrated the equations of motion for the
complete Solar System and the spin axis simultaneously over 3 Myr. This solution
was successfully compared to the DE 102 ephemeris obtained by Newhall et al. 1983
and employed by the Jet Propulsion Laboratory. The error in ecliptic pole position
over 3 Myr, which results mainly from computational roundoff, is estimated to be
< 0.03 radians. Laskar et al. (1993b) later showed that his latest orbital solution
(La90) and precession solution was a close match to the solution of Quinn et al., with
differences of < 0.002 in eccentricity and < 0.001 radians in obliquity. Thus, these
two solutions may be viewed as equivalent and standard for testing the accuracy of
all subsequent solutions.

The code employed by Laskar to integrate the precession equations uses the orbital
solution La90 (a file listing the Laplace-Lagrange variables h, k, p, and q from -20
Myr to 10 Myr) as input. The form of Eqns. 3.57 and 3.60 requires one to first
calculate p and q from the input data. Once completed, the actual integration is
performed using an Adams multi-step method with a step size of 200 years (< 1%
Earth’s present 26 Kyr precession period) and a Runge Kutta routine of order 8 to
create the starting table. With this step size, the integration is rapid; a 10 Myr
integration takes < 25 seconds using a Sun Ultra 1 computer.

Apart from roundoff error, the second significant source of error in the precession
integration arises from uncertainty in the variables comprising the precession rate
parameter « in Eqn. 3.57. Variables such as the spin rate of Earth (w) are known with
considerable precision and, thus, are not suspect. However, the dynamic ellipticity

(C'— A)/C =~ 0.00327379(3) (where the digit in parentheses is the lo-uncertainty in
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the last digit) is less constrained by available data. If the dynamic ellipticity is in
error by only 1 part in 10%, the error in obliquity over 10 Myr is ~ 10~* radians, which
is still far less than the 0.03-radian error attributed to roundoff over 3 Myr. To see
how the magnitude of roundoff error is affected by the choice of step size, I compared
the results of two integrations performed over 10 Myr using step sizes of 200 and 400
years. The difference in obliquity at the end of the runs was ~ 107! radians, which
suggests that the 200-year step size was more than appropriate for these calculations.

It should be pointed out that even with the most accurate code available, one
should not expect to be able to model accurately the motion of the spin axis for more
than ~ 10 — 20 Myr because even the smallest numerical imprecisions in input will
result in exponential divergence of solutions on a time scale of ~ 5 Myr (Laskar 1989).
Thus, over 5 Myr, the 0.03-radian roundoff error (compounded over 3 Myr) would
become 0.05 radians = 2.9°, which is approximately equal to the range in obliquity
that Earth’s spin axis moves through over a precessional cycle. Therefore, after 5
Myr, one cannot know anything about the position of spin axis except for that it is
somewhere within its 3°-range of motion. Beyond 5 Myr, one does not even know this
much with absolute confidence. Some of the integrations performed for this thesis
were done for periods longer than 100 Myr. Such integrations do not yield exact
positions of the spin axis over the period of the integration, but they do constrain the

dynamical evolution that is possible.
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Chapter 4

THE SYMPLECTIC ORBIT INTEGRATOR
SWIFT

4.1 Symplectic Integration

Symplectic integration schemes have the advantage over traditional orbit integra-
tion methods (e.g., Burlisch-Stoer multi-step, or high-order Runge-Kutta) of conserv-
ing energy and momentum to within machine precision. This is because symplectic

integration operates on the N-body Hamiltonian (Wisdom and Holman 1991),

n—1 2
B P Gmim;
H = ZE:O o > , (4.1)

i i<y Tig
rather than on the Newtonian equations of motion (Quinn et al. 1991),
d’r; G(M, +m; n Gm; " Gm,;
= ( © )I'Z' + Z J (I' —I'Z') — Z —3JI']', (42)

2 3 3\ .
dt T; o T — 1 j=1£i Tj

which do not map the energy of the system with infinite precision (Gladman et al.
1991). Thus, truncation error in the integrals of motion for ordinary differential
equation (ODE) integrations accumulates over time, whereas the same error for the
symplectic scheme does not. Indeed, the dominant source of error in symplectic inte-
grations is from computational round-off (O 107'* —107!6). The practical advantage,
then, is that symplectic integrators can achieve numerical precision comparable to
the ODE integrators but with a significantly greater (~ 10x) time step. Thus, the
symplectic schemes are particularly useful for long billion-year integrations such as

have been attempted by Wisdom and Holman (1991,1992).
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two-body Kepler
problem solved

between kicks

planet interaction kicks
applied here

Figure 4.1: The principle of the symplectic orbit integrator SWIFT

4.2 Phase Error

A weakness of the symplectic scheme is that an integrator can conserve energy and
momentum without retaining any information regarding the position, or phase, of a
planet in its orbit. Thus, phase error tends to accumulate over time so that after many
orbits, the investigator knows nothing about the specific whereabouts of a planet in
its orbit. This feature of the symplectic algorithm is particularly troublesome for low-
order calculations. Gladman et al. (1991) find phase-error growths of O 10 per 1000
orbits using a symplectic integrator of order 4 and doing 200 calculations per orbit,
which translates into a cumulative phase error of 27 radians in only 1 Myr. Higher-
order routines have been found to reduce the phase-error growth rate by several
orders of magnitude, but the number of steps required per orbit to achieve adequate

precision over long time scales is still too large to give symplectic algorithms an
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advantage over traditional schemes. Thus, the symplectic algorithm is not especially

useful for making long-range projections of planetary position.

4.3 SWIFT

The symplectic integrator employed for this thesis was coded by Hal Levison
and Martin Duncan using the mapping method described by Wisdom and Holman
(1991,1992). The code, known as SWIFT, has been tested and successfully applied
to problems of far-reaching importance ranging from the orbital evolution of comets
(Levison and Duncan 1994) to the orbital stability of closely-spaced planets (Cham-
bers et al. 1996). Here, I have applied SWIFT to the problem of reducing a possible
high obliquity of early Earth with ice sheets (Chapter 5), and to simulate the orbits
of hypothetical terrestrial planets in extrasolar planetary systems (Chapter 6). The
method of Wisdom and Holman is to allow each planet to orbit for a time about the
Sun subject to no external perturbations. This is the 2-body Kepler problem, which
can be solved exactly (see Danby 1988). Planet interaction kicks are then applied ev-
ery time step (Fig. 4.1) by calculating an interaction Hamiltonian in the barycentric
(Jacobian) rest frame. The Jacobi coordinates are specified relative the barycenter
of the system interior to the orbit of the planet in question. Thus, the Jacobi coor-
dinate origin of Venus is the barycenter of Mercury and the Sun, and for Mars is the
barycenter of the Sun, Mercury, Earth, and Venus. Use of the Jacobi coordinates is
necessary to enable the planet interaction to be expressed in terms of a separable,

2-body Hamiltonian, which can be solved exactly.

4.4 Numerical Precision and Choice of Time Step
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The precision of the mapping method depends critically on the number of interac-
tion kicks applied per orbit. If the points per orbit (PPO) is too small, a numerical
truncation error will accumulate rapidly. The goal, then, is to choose a small enough
step size so that truncation error is comparable to that introduced by machine im-
precision for the desired length of integration. Gladman et al. (1991) show that error
in momentum from round-off is ~ 10~!3 after 105 years using a symplectic integrator
of order six and 200 PPO. Using SWIFT to calculate 100 PPO, I obtain a positional
error of 7x 10713 over 2x10° years. (The error was found by integrating the equations
of motion forwards and backwards by the same amount and comparing the initial po-
sition to the final position.) Reducing the number of PPO to 10 increases the error by
approximately one order of magnitude. Thus, if the error in position over 10° years is
10712 AU, the error over 100 Myr is ~ 1072 AU, or 100 meters. This level of precision
is more than acceptable for the qualitative studies to which SWIFT is applied here.
Hence, a step size was chosen to ensure that the PPO for the innermost planet was
always greater than 10, and typically between 20 and 50. A 10-Myr integration of
the entire Solar System with 20 points on Mercury’s orbit required ~ 6 hrs CPU time

using a Sun Ultra 1 computer.
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Chapter 5

HIGH OBLIQUITY AS AN EXPLANATION
FOR LOW-LATITUDE GLACIAL CLIMATES
OF THE EARLY EARTH

5.1 Overview

Was Earth’s own obliquity ever much different from its present value? Geologic and
climatic indicators suggest that the answer to this question may be “yes”, even though
Earth’s current 23.5°-obliquity is very stable (Laskar et al. 1993a). Paleomagnetic
data suggest that Earth was glaciated at low latitudes during the Paleoproterozoic
[~ 2.4 — 2.2 Ga] (Evans et al. 1997, Williams and Schmidt in press) and during the
Neoproterozoic [~820-550 Ma] (Frakes 1979, Embleton and Williams 1986, Zhang and
Zhang 1985, Schmidt and Williams 1995, Park 1997, Kirschvink 1992), although some
of the Neoproterozoic data are disputed (Meert and Van der Voo 1994, Williams et al.
1995). If Earth’s magnetic field was aligned more or less with its spin axis, as today,
then either the polar ice caps must have extended well down into the tropics — the
“snowball Earth” hypothesis (Kirschvink 1992) — or the present zonation of climate
with respect to latitude must have been reversed. The simplest explanation for the
low-latitude Precambrian glaciations is that the climate was very cold in the past as a
consequence of reduced solar luminosity, uncompensated by high levels of greenhouse
gases. The expected 6.5% decrease in solar luminosity at 0.8 Ga (Gough 1981) would

have caused at least a 10° drop in global surface temperatures, had atmospheric COy
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levels remained constant (Kasting 1992), and the ~ 17% luminosity decrease at ~ 2.3
Ga would have had an even larger cooling effect.

It is difficult to explain, however, how the ice caps could have extended to low
latitudes without causing the extinction of most or all surface life. Energy-balance
climate models (Marshall et al. 1988, Caldeira and Kasting 1992, Crowley and Baum
1993) suggest that runaway glaciation should occur if the ice line extends equatorward
of 25-30° latitude. At least some of the ancient glaciations appear to have occurred at
latitudes much lower than this (Kirschvink 1992). Had the ice line moved down below
the critical latitude for stability, the Earth should have transitioned into a globally-
glaciated state in which even the oceans would have frozen down to a depth of ~1 km
(Bada 1994). If this had occurred during the Neoproterozoic, Earth could eventually
have escaped from this state by atmospheric buildup of volcanically-released COs.
However, this process would have required ~ 10* — 10° years, during which time
the ocean would have been deprived of sunlight. No evidence for a corresponding
mass extinction of marine life is seen in the geologic record. Runaway glaciation
during earlier periods of Earth history has been suggested to have been effectively
irreversible (Caldeira and Kasting 1992), although this may not be true if CO; ice
clouds are strongly warming (Forget and Pierrehumbert 1997).

An alternative explanation for low-latitude glacial climate during the Precambrian
(Williams 1975, 1993) is that Earth’s obliquity was > 54° during its early history,
which would have made the equator the coldest part of the planet (Ward 1974). The
obliquity of the early Earth is unconstrained by the giant impact thought to have
formed the Moon (Hartmann et al. 1986). Williams (1993) has argued that the
Moon-forming collision between the Earth and a Mars-sized object could have tilted
the terrestrial spin axis by as much as 70°, although the obliquity need not have been

this high to glaciate the lower latitudes preferentially.
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However, for this theory to be viable, one needs to identify a mechanism that could
have caused Earth’s obliquity to decrease by several tens of degrees between ~ 600
Ma — the age of the youngest low-latitude glacial deposits (Frakes 1979, Embleton and
Williams 1986, Zhang and Zhang 1985) — and 430 Ma, when paleo-tidal data suggest
that the obliquity was close to its present value (Williams 1993). Williams himself
suggested that core-mantle dissipation could have caused the obliquity to decrease.
However, this appears to be unlikely because the viscosity of the outer core is too
low (Rochester 1976, Néron de Surgy and Laskar 1997). Furthermore, even if it could
be shown to work, this mechanism should have operated throughout Earth’s history,
making it difficult to explain how the obliquity could have remained high as late as

600 Ma.

5.2 Climate Friction

To make Williams’ hypothesis work, one needs a mechanism for reducing the oblig-
uity that might have operated preferentially during the Late Proterozoic. We suggest
that obliquity-oblateness feedback (Rubincam 1990), sometimes termed “climate fric-
tion”, could have done the job. A secular obliquity drift can occur as a result of the
time delay between a planet’s oscillating obliquity and cyclic variations in oblateness
resulting from changes in continental ice volume and sea level. To understand the
analytic origin of the obliquity drift, we will first obtain a simplified solution of the
equations of precession (Eqns. 3.45 and 3.46). The variables in the following discus-
sion are taken from Chapter 3. In the limit where the orbital inclination [ is small,
dI/dt = 0, and d/dt = constant [actually a sum of many time-varying sinusoids

(Ward 1974)], Equs. 3.45 and 3.46 may be approximately written
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do . s}
-~ sin I cos ¢—dt (5.1)
do

A lesser third term containing sin ¢ was eliminated from Eqn. 5.2 because it con-
tributed only a small correction. Also, cosf in Eqn. 5.2 is reasonably approximated
by cos @, where @ is the mean obliquity, since # varies little over an obliquity cycle.
As df/dt x cos ¢, and the right-hand side of Eqn. 5.2 is approximately constant,
it is easy to see that, to first order, the obliquity executes a sinusoidal variation of

amplitude sin I d€)/dt and frequency
w = (—acosf — cos I d/dt). (5.3)

We are interested in the case when the right-hand side of Eqn. 5.2 is not constant,
but variable as a result of an ice age. The growth and decay of continental glaciers,
and subsequent isostatic response of Earth’s upper mantle changes the oblateness of
Earth (hence, the dynamic ellipticity and the precession constant «) slightly over an

obliquity cycle. Thus,
a = ap+ Aa, (5.4)

where the subscript zero denotes the value of an ice-free planet in hydrostatic equi-
librium. Dividing Eqn. 5.1 by 5.2 yields
dd _ sinlcos¢dQ/dt

— = — . 5.5
do acosf + cosI dQ/dt (5:5)
Using Eqns. 5.3 and 5.4, this may be written
df  —sinlcos¢dd/dt (5.6)
dp ~ w1l — (Aacosf/w)]’ '
which after first order Taylor expansion becomes
do N —sin I cos ¢ dQ2/dt <1+ Aacos?) ' (5.7)
do w w
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Figure 5.1: Diurnally-averaged, summer-solstice insolation received at 45°N latitude
(S45). The solar constant is 1350 Wm™2. The mean insolation (marked by the lower-
horizontal dotted line) and maximum insolation-cycle amplitude (normalized to 1)
are updated every 1 Myr.

The variable A« depends on obliquity-induced changes to insolation through its effect
on glacial mass, ocean depth, and the deformation of the solid Earth. The area of
a large, pole-centered glacier is assumed to be limited by the maximum diurnally-
averaged insolation received at 45° latitude, Sy5 (see Fig. 5.1). Milankovitch employed

Se5 to model glaciers of the Pleistocene, but the glaciers modeled here extend to much

lower latitudes. Equation 2.9 may be used to write
Sis = L(Hsin(45°)sin 6 + cos(45°) cos O sin H), (5.8)
T
where ¢, is the solar constant and

cosH = —tan(45°)tan6. (5.9)
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Figure 5.2: Oblateness response to a hypothetical, sinusoidal obliquity cycle. The
contribution from ice sheets (indicated by a solid line) is shown to lag the obliquity
by an angle &. The solid-Earth response (indicated by a dashed line) has a relative
amplitude of f(&) and lags ice volume by an angle &.

Now, following Ito et al. (1995),

3n?x (C — A) AJ.
Aa = ZVX( C ) J22 f(gs)545(¢—§i—§s)—545((/)—§i) , (510)

where y is the portion of Eqn. 3.29 in [] brackets, AJy/Jo = (AC — AA)/(C' — A) is
the change to Earth’s oblateness resulting from the ice sheets, and lagging the phase

of the insolation cycle by &;,

f(&) ~ 0808 <9§()S0> (5.11)

is the normalized amplitude of the oblateness changes resulting from isostatic adjust-
ment of the solid earth, which is assumed to lag the phase of the periodic ice-volume

variation (see Fig. 5.2) by

o}

360
& = (0.033P + 2570years) 2 (5.12)
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(see Ito et al. 1995). Here, P = 27 /w is the main period of the obliquity oscilla-
tion which may be estimated using Eqn. 5.3. In the actual computation, Sy5 was
normalized (see Fig. 5.1) so that the oblateness variation from ice loading was never
greater than the largest possible value of AJ,/.J, for maximum glacial coverage (as
will be estimated in Sec. 5.3). A useful analytic simplification is enabled by the

approximation of Sy;(wt) with sin(wt). Inserting Eqn. 5.10 into Eqn. 5.7 gives

dd  —sinTcos¢dQ/dt 3n’xsinl dQ/dtcosf (C — A) AJ, y
dp w 2vw? C Jo

[f(fs) (COS(SS + &) sin ¢ cos ¢ + sin(& + &) cos? qﬁ) —
(cos(fi) sin ¢ cos ¢ + sin(&;) cos d))] : (5.13)

Averaging Eqn. 5.13 over a precession cycle eliminates terms containing cos ¢ and
cos ¢ sin ¢. This may be recast using ¢ = wt to give the secular drift of obliquity over
time,

df 3n?xsin I dQ)/d 0(C— A)AJ
i ~ nXSln4Vw/ tcost ( . )J22 sin(&) — f(&) sin(é + &)| .(5.14)

5.3 Changes to Oblateness During an Ice Age

Rubincam (1993) demonstrated that such “climate friction” could account for a 10°
drift in the Martian obliquity over 4.5 Gyr. Bills (1994) later calculated that a much
larger drift (+60° in 100 Myr) was possible for Earth, assuming a glacial-interglacial
variation in oblateness of 1% based on oxygen isotope data for the Pleistocene glacia-
tions. This estimate was later revised downward (see Rubincam 1995) after it was
pointed out (Peltier and Jiang 1994) that the original calculation had neglected ice-
induced compression of the solid Earth. The long response time (~ 10* years) of the

viscous upper mantle to changes in ice volume allows the solid-earth variation to can-
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cel only a fraction, f(&)AJy/Js, of the water-ice variation. Subsequent calculations
(Peltier and Jiang 1994, Mitrovica and Forte 1995) that included this effect lowered
the estimate of the net change in oblateness to ~ 0.4%. Constrained by this result,
subsequent authors (Ito et al. 1995, Rubincam 1995) have concluded that the change
to Earth’s obliquity cannot have been more than 10-20° over Earth’s entire (~ 450
Myr) glacial history.

These calculations, however, assume that all ice ages were of comparable sever-
ity to those in the Pleistocene, which is not necessarily true. Different continental
configurations, and possibly lower global-average temperatures, could have resulted
in larger AJy/Jy values for earlier glaciations. If the continents were at one time
clustered around one of the poles, as may have occurred during the Late Proterozoic
(Hecht and Scotese 1997) the change to oblateness from ice loading and lowering of
sea level would have been maximized. The maximum oblateness variation that was

possible may be estimated by first expressing the oblateness of Earth

C—-A

with C' and A being Earth’s principal and secondary inertial moments, respectively

(M and @ are Earth’s mass and mean radius). This enables one to write

AJy AC — AA
S —— 1
Jo C—-A (5.16)

The problem is to calculate AC' and AA for the ice-age redistribution of ocean wa-
ter. This is done by assuming that in an ice age, Earth’s continents are covered
completely by water ice of uniform thickness, and that the water used to form the
continental glaciers is uniformly subtracted from the global ocean. The changes to
the inertial moments as a consequence of ice loading my be calculated independently

of the changes resulting from the lowering of sea level. Hence,

AC = ACice + ACocean, (5.17)
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Figure 5.3: Geometry for the calculation of the ice-age change to oblateness.

and
AA = AAje + AAocean- (5.18)

The geometry needed to solve these equations is illustrated in Fig. 5.3, where ¢} and
¢ are the polar and azimuthal angles, respectively (Jp, short for ¥, and ¥y short
for Ymign), and R is Earth’s radius.

The continental area is indicated in Fig. 5.3 as a darkened band lying between the
latitudes J;, and Jg. The principal moment axis is used to calculate changes to C,
and the secondary moment axis is used to calculate changes to A. Adding ice to the
solid Earth increases both C' and A; hence, ACi.. and AA;. are positive quantities.

The change to the principle moment may be written

ACie = / dMieor?, (5.19)
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where » = Rsin®) is the distance between the ice and the principal moment axis and
dM;ce = pil;dA is the mass of ice (p; and [; are the density and thickness of the ice
sheets) sitting over the infinitesimal area element dA = R?sin9dddy. The integral

then becomes
2 du
ACie = / dgp/ﬁ pili R* sin® 9d, (5.20)
0 L

which may be integrated to obtain

ACpe = 27R'pi; (Cos(319H) — cos(39y) —11—29 cos(Vy,) — 9COS(19H)>  (321)

The calculation of AA;. is performed in a similar way, but with r in Eqn. 5.19 being
the distance between the ice sheets and the secondary moment axis, which from Fig.
5.3 is
r = R(cos?d + sin® ¥ cos? p) /2. (5.22)
Inserting this into Eqn. 5.19 gives
2 du
AAje = / dgo/ pili R*(cos® ¥ + sin® ¥ cos® ) sin ¥d,
0 O,
Ju 2T du
= piLR! (27r/ cos® ¥ sin ¥ +/ cos? wdgp/ sin® 19d19> ,
'19[, 0 "9L
"9H 79H
= 7wpliR* (2/ cos? ¥ sin ) + sin® 19d19> ,
'19[, "9L
2 cos? 9;, — 2 cos® Uy
3

cos(39u) — cos(3UL) + 9 cos(Vr,) — 9 cos(Vu)
12

= mpliR’ (

) .(5.23)

Subtracting water from the oceans acts in the opposite sense to adding ice to the
continents; C' and A are both reduced and, so, AC,cean and A Agcean are both negative.

Starting as before, the change to the principal moment is written

AC’ocea.n - _/dMoceanT2a (524)
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where dMycean = polodA. Here, p, and [, are the density and depth of water removed.
Assuming sea level drops uniformly over the entire globe, the depth of the water that
is removed may be found by requiring the total mass of water (Mycean) be equal to the
total mass of ice formed (Mic). In the equations that follow, A is the global surface

area of ocean and ice.

M, ocean — M ice

polvo - piliAi

iliAi
I, = ’; o (5.25)

Performing the area integration over only the ocean portion of the globe, Eqn. 5.24

becomes

™

9
ACoeean = —2mpoloR* ( / " sin® 9dv + sin319d19>, (5.26)
0

D%

which may be integrated as before to yield

ACyean = —21R*pol, (COS(?’ﬁL) — cos(39y) + 9cos(Vy) — 9cos(Iy,) + 16>

12
(5.27)

Now using Eqn. 5.25 to substitute for [,, Eqn. 5.24 becomes

— 27TR4piliAi
A ocean
¢ ° (

cos(391,) — cos(30n) + 9 cos(Vu) — 9cos(IL) + 16)
12

(5.28)

Since I have assumed that the continents are completely covered by ice, the ice surface

area, A;, is equal to the continental surface area, given by

2 du
A = / do [ R?sin9dv
0 91,

= 27 R?*(cos ¥y, — cos V) (5.29)
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The surface area of the oceans, A,, is then simply

AO == 47TR2 - Ai
= 47 R* — 27 R*(cos ¥y, — cos Uy )

= 27 R*(2 — cos Uy, + cos V), (5.30)

which allows Eqn. 5.28 to be written

AC10cean = _27TR4pili ( cos 19L — Co8 19H ) (COS(?ﬂgL) — COS(319H) + 9COS(19H)

2 — cos v, + cos vy 12

—9cos(vy,) + 16
12 '

(5.31)

AAgcean is found in a similar way. Thus,

AAAocean - - /dMoceanr27
2w
_ ( / dop / AMygonnr>dd) + / do | dMoceanr d19>
m L
= —poloR* (/ dgp/ (cos? ¥ + sin? ¥ cos? @) sin Id+
0 0
2w s
/ do [ (cos® 9 + sin® 1 cos? @) sin 19d19>
0 O

4 LTI g
= —poloR 27?/ coS 19sm19d19—|—7r/ sin® Ydi+

0 0

27r/7r COS219$in19d19+7T/7r
Dy 9

sin® ﬁdﬁ)
H
2 cos® Up, + 2 cos® Uy
3

cos 3%, — cos 39y + 9cos g — 9cos vy, + 16

5 ) (5.32)

= —7Tp0l0R4 <

and Eqn. 5.25 may be used to substitute [, as before.

These equations may now be used to determine the maximum change to Earth’s
oblateness that is possible as a result of ice loading over a supercontinent. The super-

continent will be assumed to cover exactly 30% of Earth’s surface, as is approximately
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Figure 5.4: Change to Earth’s oblateness (A.J;/.J;) from continental ice loading and
a lowering of sea level. The supercontinent wraps completely around the planet and
extends from the upper coastal latitude (x-coordinate) to the lower coastal latitude
(rightmost y-coordinate). The continents are uniformly covered by 3.5 km of ice, and
total continental surface area is fixed at 30%. The water that forms the glaciers is
uniformly subtracted from the steep-walled ocean basins.

true if all of Earth’s continents were clustered together today. It will also be assumed
that the climate is cold enough for glaciers to cover all of the available continental
surface area to a uniform depth of 3.5 km, comparable to the thickness of modern-
day ice structures over Greenland and Antarctica. Using Eqns. 5.19, 5.21, 5.29, and
5.30, the change to Earth’s oblateness (A.Jy/J2) may be calculated from Eqn. 5.14
for a variety of supercontinental positions between the pole and the equator. For
this calculation, C — A was taken to be 3.4197 x 10%? g cm?. This value is ~ 1.3 [or
(24 hrs/21 hrs)?| times the value for present Earth (Stacey 1992), which is rotating
~ 87% as fast as it was during the late Precambrian (Walker and Zahnle 1987). The

results are shown in Fig. 5.4. In the instance when the supercontinent is centered
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on one pole (and the lower coastal latitude is ~ 26°), the change to Earth’s oblate-
ness is negative (Earth is made less oblate) and the amplitude of the adjustment is
~ 2.6%. By comparison. ice loading over a supercontinent straddling the equator
(between +17.5° latitude) increases Earth’s oblateness, but the change to AJy/J5 is
only ~ 1.5%.

The calculations for this chapter were performed for the case when a supercontinent
lay over one pole. Thus, the maximum oblateness variation that we assumed was
~ 2.6%. Under these assumptions, we calculated that the net oblateness variation

(with solid-Earth response included),

AJy

T Si5(&) — f(&)S4(& + &) (5.33)

is only ~ 0.66% on average, owing to differences in insolation cycle amplitude and,
thus, maximum ice volume over time. This is still more than 1.5 times the max-
imum variation thought possible for the Pleistocene, which could have enabled a

correspondingly high rate of secular obliquity drift for the Late Proterozoic.

5.4 Drift Dependence on the Ice-Sheet-Formation Phase Lag

The sign and magnitude of the obliquity-oblateness feedback depend on the lo-
cation and areal extent of the continents, and on the phase lags between the solar
forcing and ice volume, &, and between ice volume and solid earth depression, &.
High-latitude ice sheets cause J, to decrease because they cancel out part of the
Earth’s equatorial bulge. For 25° < & < 206°, the resulting secular change in oblig-
uity is positive (see Fig. 5.5). Low-latitude ice sheets, which might occur at times
of high obliquity, produce an obliquity drift in the same direction because both the

effect on J; and the phasing with respect to the obliquity cycle are reversed. Previ-
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Figure 5.5: Rate and direction of obliquity drift for different values of the phase lag
(&) between the obliquity-insolation forcing and the ice sheet variation. The four
curves show the effect of varying the phase lag (&) between the glacial extremum
and the resulting isostatic response of the solid Earth. Plotted on the vertical axis
is the quantity [sin&; — f(&;) sin(&; + &5)] (see Eqn. 5.14). The filled circles mark the
ice-sheet-formation phase lags (&) used for the three calculations shown in Fig. 5.7
The solid-Earth phase lag, &, was 28° for each run, but with & = 230°, the value &
grows from 28° to 45° (see Ito et al. 1995) over 100 Myr (indicated by an arrow) as
a result of an increase to the ice-loading frequency as the obliquity drifts downward.
ous studies of climate friction (Tto et al 1995; Rubincam 1993, 1995; Bills 1994) have
assumed that the feedback would be in this direction, based on phase lag estimates
for the Pleistocene glaciations. Imbrie et al. (1992) favor & ~ 80° (or ~ 9 Kyr) for
the 41-Kyr obliquity cycle based on cross-spectral analysis of northern hemisphere,
high-latitude, summer (NHHLS) insolation and §'®O values in marine carbonates over
the past 2 Ma. However, the actual ages of marine sediments are not known with

great precision prior to ~ 30 Ka, so such inferences are not very firm. A phase lag of

< 90° is also suggested by analogy with the seasonal cycle, in which the coldest win-
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Figure 5.6: Insolation and relative sea level for the period defining the last deglacia-
tion. The curve showing summer insolation at 65°N was obtained using the orbital
solution La90 provided by Laskar et al. (1993b) with code to solve the equations of
precession and insolation. Last glacial maximum took place at ~ 21 Ka. The sea-
level variation between 21 Ka and 5 Ka is a sinusoidal fit to model results of Peltier
(1994). The slope in the sea-level variation indicates that the initial meltdown was
very rapid, and that subsequent changes to the masses of the remaining (Antarctic
and Greenland) ice structures have, since ~ 5 Ka, been negligible. The value of & is
ambiguous, as it could be defined either as the time between minimum insolation and
glacial maximum or that between maximum insolation and glacial minimum (which
itself is difficult to identify precisely).

ter temperatures and highest snow accumulation at mid-latitudes occur 1-2 months
after winter solstice. Ice volume need not respond in the same manner, though, to
the much slower (and weaker) changes in insolation caused by orbital variations. If
deglaciation does not begin until NHHLS insolation reaches its peak, then ice volume
would be more than 180° out of phase with the solar forcing.

Accurate age dates are available for the last deglaciation, which is thought to have

been triggered by a precessionally-induced increase in NHHLS insolation. As Fig.
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5.6 illustrates, the value of & for this one event could lie anywhere between 45° and
175°, depending on how one interprets the shape of the sea level (ice volume) curve.
The response of ice volume to NHHLS insolation is not sinusoidal and presumably
depends in a complicated manner on both climate and continental positions. With
this in mind, it is quite conceivable that climate friction could act to decrease a

planet’s obliquity, as required to make Williams’ hypothesis work.

5.5 Results

To determine what changes to Earth’s obliquity might have been possible, we
integrated the equations of motion for the planets in the Solar System over 100
Myr using a symplectic orbit integrator provided by Levison and Duncan (1994)
and described in greater detail in Chapter 4. We used a step size of 0.01 years
(=21 points on Mercury’s orbit), which yielded positional errors of 2.3 x 107? AU
(~ 337 meters) on Mercury’s orbit over 100 Myr from numerical round-off. The
equations of precession (Eqns. 3.57 and 3.60) were then integrated over 100 Myr
using the integrator provided by Jacques Laskar (Laskar et al 1993b), which acted on
the the orbital solution obtained earlier. Laskar’s code was modified to adjust Earth’s
oblateness every 10? years according to Eqn. 5.10. The integrations were performed
for several different values of &;.

We assumed, somewhat arbitrarily, that Earth’s obliquity was 55° at 600 Ma — the
age of the youngest low-latitude glacial deposits (Frakes 1979, Embleton and Williams
1986, Zhang and Zhang 1985). Williams suggested that the obliquity must originally
have been > 54° because this is the critical latitude above which the poles receive more
annually-averaged insolation than does the equator. Ice sheets respond to insolation

in a nonlinear manner, though, so Earth’s obliquity during the Precambrian need not
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Figure 5.7: Secular drift in obliquity over 100 Myr spanning the Late Proterozoic-
Cambrian boundary (indicated by a vertical dotted line) for three different values
of the ice-sheet-formation phase lag &. For the three calculations, AJy/Js = 0.0262
and the obliquity is started at 55°, which sets the initial period of the obliquity cycle
P ~ 58.5 Kyr and the phase lag of solid Earth deformation, &. The case of positive
drift, with & = 60°, shows the spin axis entering a spin-orbit resonance at an obliquity
of ~ 65° in under 20 Myr, where it then is able to vary chaotically upwards to 90°.

actually have been this high. We further assumed that & was ~ 45° initially (see
[to et al. 1995) and that the maximum value of AJ,/.J, caused by ice loading was
2.6%. Under these assumptions, Fig. 5.7 shows that Earth’s obliquity could have
been reduced to within 3° of its present value by 500 Ma if & = 230°. This result is

in good agreement with the geologic data referenced earlier (Williams 1993).
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5.7 Explaining the Inclination of Lunar Orbit

Support for the hypothesis that Earth’s obliquity has decreased comes from an-
alyzing the lunar orbit. At present, the lunar orbit is inclined ~ 5° to the ecliptic
plane. Backwards integrations by Goldreich (1966) and others (Touma and Wisdom
1994a) predict that the lunar orbit was inclined by at least 10° to Earth’s equatorial
plane when it formed. [The lunar orbit precesses about the ecliptic plane normal now,
but it would have precessed around Earth’s spin axis when the Earth-Moon distance
was < 10Rg.] This result is in apparent conflict with the widely accepted giant-
impact theory of lunar origin, in which the Moon accretes from an impact-generated
debris disk aligned with Earth’s equator (Ida et al. 1997). Had the Moon formed in
Earth’s equatorial plane, as predicted, its orbit should now lie in the ecliptic plane
(Rubincam 1975). The present lunar inclination implies that either the Moon was
never in the equatorial plane (i.e., that the giant-impact model is wrong) or that
it was perturbed away from the equatorial plane early in its history. Orbital reso-
nances between the Earth and Moon early in the system’s history might be able to
accomplish this (Rubincam 1975, Touma and Wisdom submitted), but this explana-
tion depends critically on the details (e.g., terrestrial viscosity) of Earth-Moon tidal
evolution, which are not well known. Thus, whether such resonances are responsible
for the present lunar inclination is still an open question.

A second possibility is that the inclination of the lunar orbit was altered by a
chance collision with a high-mass object. Such an impact must have occured before
4.45 Ga when the Moon is thought to have already accreted > 99% of it’s present
mass (Ryder 1990). Applying momentum conservation and assuming a direct collision
perpendicular to Earth’s equatorial plane, the mass required to tilt the lunar orbit
by an angle © is My, ~ My, (GMg)?al/? sin © /VinpGimp, where My, and My, are the

mass of the Moon and Earth, respectively, G is the gravitational constant, Vim, is



93

24 - .

20 [ /// ]
obliquity of Earth Pt

degrees
H
N

4 - inclination of lunar orbit .

0 | | | | | |
0 10 20 30 40 50 60

Earth-Moon distance (Earth radii)

Figure 5.8: Momentum exchange between the Earth and Moon as a consequence of
their tidal evolution. Adapted from Williams (1993).

the impactor velocity, and a,, = ain is the Earth-Moon separation when the impact
occured. Thus, if a,, = 10 Rg, © = 10° [as needed to explain the present 5° inclination
(Rubincam 1975)], and Vi, = 13 km sec™, then My, ~ 3.3%M,, (~ 600 Imbrium
impactors), which corresponds to impactor diameter of ~ 1100 km. It is unlikely that
such an impact ever occurred, as an object this size would have either fragmented
the Moon or produced a crater of size comparable to the lunar diameter. No impact
feature of this size is evident on the lunar surface.

Here, we suggest that the lunar orbit was tilted in gravitational response to the
secular downward drift of Earth’s obliquity discussed earlier. At present, Earth’s
mean obliquity is slowly increasing from tidal interactions with the Moon (Goldreich
1966). The lunar inclination is decreasing at the same time so that the angular

momentum of the Earth-Moon system is approximately conserved (see Fig. 5.8).
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Momentum conservation may be approximately written

dss ds..
o g Bm _ g 5.34
a T (5.34)

Le
where Lg = Cw is the spin-angular momentum of Earth, L, = M,,(GMg)"%al/? is
the orbital angular momentum of the Moon, and the unit vectors 54 and s, are in the
direction of Earth’s spin axis and the lunar orbit normal, respectively. Here, we have
assumed that |dLg/dt| =~ |dL,,/dt| ~ 0, because the time scale for secular obliquity
drift is much shorter than the rate of tidal evolution of the Earth-moon system. This

implies that the change to the lunar inclination is opposite the change to obliquity.

Eqn. 5.34 may be approximately written

dSm Lg |dsg R Ly, . .
where
|ASy| = 2sin(0,/2)  |ASe| = 2sin(0;/2), (5.36)

and ©, and ©; are the angular change to Earth’s obliquity and lunar inclination,
respectively. For the Late Proterozoic, ay, ~ 57Rg, and w ~ 27/(21 hrs) (Walker
and Zahnle 1986). If we assume that the maximum change to the lunar inclination
that occurred as a result of climate friction is ©; = +6° (allowing for a subsequent 1°
reduction, to 5°, as a result of tidal friction since 500 Ma), then the required change
to Earth’s obliquity is 6, = —25.4°. This implies that Earth’s obliquity may have
been 23.5° + 25.4° ~ 49° for much of the Precambrian, which is only slightly less
than the 54° obliquity suggested by Williams. Given the uncertainty in the actual
obliquity that would be required to cause low-latitude glaciation, we believe that the
information obtained from the lunar orbit provides strong support for the idea that
the low-latitude glaciations of the Precambrian were a consequence of high planetary

obliquity.
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Chapter 6

THE SUSCEPTIBILITY OF EARTH-LIKE
PLANETS TO LARGE OBLIQUITY
VARIATIONS

6.1 Motion of Earth’s Spin Axis

The development of life on Earth has to some degree been enabled by its relatively
stable obliquity and, hence, stable climate over most of its geologic history. Today
the obliquity fluctuates by ~ 1.5° about a 23.3° mean. Even these small changes in
obliquity, however, can dramatically alter the amount of ice over the poles through
their influence on insolation in these areas. It is interesting to speculate how climate
might respond to much larger, and possibly chaotic, obliquity variations that could
episodically tip Earth over onto its side. Indeed, it has been shown in Chapter 2 that
climate at high obliquity might be biologically limiting on Earth-like planets with
thin atmospheres and predominantly polar continents.

Earth’s own obliquity variation is nearly sinusoidal with a main period of ~ 41 Kyr
(Fig. 6.1a), and arises from the concurrent precessional motions of the spin axis and
the orbital plane (Chapter 3). The 50"”yr~" spin-axis precession is a consequence of
gravitational torques exerted by the Sun and the Moon on Earth’s equatorial bulge.
Earth’s orbit plane also precesses about the normal to the Solar System’s invariable
plane in gravitational response to the other planets with a dominant frequency of

—18.9"yr~t. (The minus sign indicates that the direction of orbit precession is oppo-
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Figure 6.1: The obliquity of Earth over 1 Myr with the Moon (A) and without the
Moon (B). The curves were obtained using code borrowed from Laskar.

site the motion of the spin axis). The nodal precession is different from the precession
of perihelion, which is a reorientation of the orbit within the orbital plane, and which
is also important in cases where orbits are eccentric. The inclination of the orbital
plane also varies as a consequence of the same planet-planet interactions. The first-
order obliquity response is, from Eqn. 5.3, simply the sum of the two precession
velocities: 50"yr=—! — 18.9"yr=!t = 31.1"yr~!, which yields a period for the main vari-
ation of 41 Kyr. The amplitude of the variation is ~ sin(7)d€2/dt, where I (1.58°)
is the inclination of Earth’s orbit relative to the invariable plane (Ward 1992). This

yields an obliquity range of 2.97°.
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Figure 6.2: The leading orbit-precession frequencies for Earth in the present Solar
System, with Jupiter at 5.2 AU. The rates of spin precession with and without the
Moon are indicated by vertical dotted lines.

To better understand the source of the obliquity cycle, the orbits of the planets in
the Solar System were followed for 17 Myr using a mixed-variable, symplectic orbital
integrator (Levison and Duncan 1994), which has been described in Chapter 4. The
orbital solution was then Fourier-analyzed to yield a power spectrum of the main
frequencies of orbit precession (Fig. 6.2). The calculated spectrum in Fig. 6.2 is
shown to be a close match to the finely-resolved spectrum of Laskar (Laskar et al.
1993b) given in Fig. 6.3. The obliquity integrator of Laskar (see Chapter 3) was then
used to obtain the motion of Earth’s spin axis over 1 Myr (Fig. 6.1a). Earth’s present
obliquity oscillation is small because the rates of spin- and orbit-precession are very
different. However, if these two precessional motions ever happened to be resonance,

Earth’s obliquity would vary considerably, and possibly in chaotic fashion.
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Figure 6.3: Fourier spectrum of Earth’s orbit precession frequencies as calculated
using the very accurate frequency-analysis method of Laskar. Borrowed from Laskar
et al. (1993b).

6.2 Influence of the Moon on Precession

Clearly the condition for a stable obliquity will not be realized everywhere in
nature. Other Earth-sized planets, for example, are unlikely to possess as large a
satellite as the Moon and, therefore, may tend to precess more slowly than does
Earth. A moon-less Earth would precess at a rate of ~ 16"yr ! (assuming a present-
day spin rate), which is comparable to the leading frequencies of orbital precession.
The resulting obliquity variation (Fig. 6.1b) is considerably amplified and chaotic
(non-periodic). Laskar and colleagues (Laskar et al. 1993a, Néron de Surgy and
Laskar 1997) have demonstrated that Earth’s obliquity might ultimately reach 85°

under such circumstances.
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Figure 6.4: Zone of chaotic behavior for the motion of Earth’s spin axis (dark region).
The precession constant is v and the precession rate is a cos 6, where 6 is the obliquity
of the spin axis. Earth presently sits in a region of spin-axis stability (point marked
®), but if Earth was situated within the dark region, its obliquity could wander
horizontally between the limits of the chaotic zone. Borrowed and adapted from
Laskar and Robutel (1993).

A similar fate would be rendered planets with moons if those moons were smaller
than Earth’s Moon or were farther away, as the spin-precession rate is oc My, /am®
(see Eqn. 3.29). According to Fig. 6.4, Earth would encounter the leading orbital
precession frequencies if its precession constant o were smaller than ~ 30"yr ! —
the limit for spin-axis stability. Ward (1982) demonstrated that this hypothetical
destabilizing event will be realized in 1-2 Gyr when the Moon has receded from its
present distance of 60 R to ~ 66 Rg and Earth’s obliquity has grown to 30° as a result
of tidal evolution. It is interesting to note that the obliquity would vary chaotically

today if the Moon were slightly less than half its present size, or 0.47M,, (see Fig.

6.5); this serves to illuminate the fragility of our present situation.
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Figure 6.5: Dependence of the precession constant a on satellite mass. The satellite
orbital distance is 60 Rg and Earth’s spin period is 24 hours. The dotted horizontal
line marks the edge of the region of chaos shown in Fig. 6.4 for an obliquity of 23.5°.
If the Moon were less than ~ 0.47 its present mass, Earth’s obliquity could vary
chaotically between 20° and 90° in times less than 100 Myr.

6.3 Planet Spacing and Orbit Precession

Whether planets with moons have stable obliquities or not will depend on the pre-
cessional motion of their orbits and, hence, on the sizes and distances of neighboring
planets. All of the newly discovered extrasolar planets are Jupiter-sized objects or-
biting near or within what is the terrestrial-planet region of the Solar System. Any
terrestrial planets in these systems will tend to have their orbits precess much more

rapidly than Earth’s because of strong planet-planet interactions.
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To determine the rates of orbit precession that are possible in other planetary
systems, [ repeated the orbital integration of the complete Solar System, but with
Jupiter at a variety of distances Sun-ward of 5.2 AU. By incrementally decreasing
Jupiter’s orbital radius and then integrating Earth’s obliquity over 1 Myr, the orbital
position of resonance, where the change to Earth’s obliquity is the greatest, was
found to be ~ 3.1 AU (Fig. 6.6a). The exercise was then repeated for the case when
Earth does not have a moon. In this instance, the condition of maximum spin-orbit
resonance occurs with Jupiter at ~ 4.1AU (Fig. 6.6b) because Earth’s rate of spin
precession is smaller. It is interesting to note that without the Moon, the range of
obliquity over 1 Myr with Jupiter at 2.0 AU is comparable to the range of obliquity
that occurs with the Moon present and with Jupiter at 5.2 AU. So, Earth’s spin axis
without the Moon could be just as stable as it is today if the planets in the Solar
System were more tightly spaced. What is not known is whether the orbit of Earth
and Mars would be stable for billions of years with Jupiter sitting at 2.0 AU from the

Sun.

As was done earlier, the orbital solutions of Earth with Jupiter at 4.1 AU and
3.1 AU were Fourier-analyzed to find the leading orbit precession frequencies. The
increase in the rates of precession results in a shifting of the power spectrum in Fig.
6.2 to the left, although it is difficult to follow the changes to specific frequencies
corresponding to nodal precession of each of the planets (i.e., the peaks labeled with
sy in Fig. 6.2) without a more rigorous analysis. The amplitude of the obliquity
variation also increases as spin precession and orbit precession approach resonance.
The Fourier spectrum of Earth’s orbit precession frequencies with Jupiter at 4.1 AU
is shown in Fig. 6.7, and the corresponding obliquity variations over 1 Myr are given

in Fig. 6.8. For comparison, the frequency spectrum and obliquity variations with
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Jupiter at 3.1 AU are given in Figs. 6.9 and 6.10, respectively. In the latter case, the
spin precession of a moon-less Earth is now much smaller than the leading frequencies
of orbit precession, and the obliquity of Earth is shown to be more stable than when
the Moon is present. It is also interesting to note the presence of a prominent peak

in the 3.1 AU-Fourier spectrum at a frequency of ~ 7"yr~%.

This peak is close to
frequencies of nodal precessions of Mercury and Venus (labeled s; and s, in Fig. 6.2)
in the present Solar System. Whether the common peak in the two spectra have the

same dynamical origin (that is, from the motions of Mercury and Venus) is unclear.
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Figure 6.7: Fourier spectrum of Earth’s orbital precession frequencies with Jupiter at
4.1 AU. The spin precession rates of Earth with and without the Moon are indicated
with vertical dashed lines.
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6.4 Earth’s Position Within the Habitable Zone

The orbital and obliquity integration experiments of the last section were repeated
with all the planets in their present positions, but with Earth at a variety of locations
within the habitable zone. As discussed in Sec. 1.2 and later in Chapter 2, conserva-
tive estimates (KWR) place the HZ inner and outer edges at ~ 0.9 and ~ 1.3 — 1.4
AU, respectively. Optimistically, Earth might be sufficiently warmed by a dense CO,
atmosphere beyond 1.4 AU, but the proximity of Mars would make a close-encounter
or collision a likely result of such calculations. Between 0.9 AU and 1.4 AU, Earth’s
obliquity with the Moon present is shown to be remarkably stable (Fig. 6.11a). The
largest range in obliquity over 1 Myr is ~ 7° with Earth at 0.9 AU, which is more
than double the size of the present variation. For comparison, the same calculations
were performed without the Moon, and the results are shown in Fig. 6.11b. The
results reveal a wide region of spin-axis instability extending from 1.0 AU to 1.4 AU,
with possible excursions in obliquity of 45° in only 1 Myr. The variation at 0.9 AU is,
by contrast, only ~ 7°, which indicates that obliquity is extremely sensitive to orbital

position.

6.5 Extrasolar Earths

Whether habitable, terrestrial-sized planets exist around other stars is not known.
If such planets are present within the habitable zones of the newly discovered extraso-
lar planetary systems (e.g., 47 Ursae Majoris, henceforth 47 UMa [Butler and Marcy
1996]), their orbits will be strongly perturbed by the Jovian-sized planets orbiting
nearby. The orbital simulation experiments described in Sec. 6.3 showed that the am-

plitude of Earth’s orbital precession rate would grow to over ~ 50"yr~! if Jupiter were
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Figure 6.12: Obliquity variations of a hypothetical Earth-like planet orbiting at 1.0
AU from stars: (a) 47 UMa and (b) p CrB. Both planetary systems were assumed to
consist of one Jovian-sized planet, with orbital parameters set by observations, and
one terrestrial planet with orbital parameters equal to Earth’s. The Jovian planet
masses were 2.4 My, 1.1 My, 5.0 M; for the three simulations.

placed at 3.1 AU. More rapid precession is possible for larger Jovian planet masses
and/or smaller terrestrial-Jovian planet separations. The planetary companion to the
star 47 UMa, for example, has a minimum mass of 2.1 M; (Jupiter masses) and orbits
just beyond the outer edge of the HZ (see Chapter 7) at 2.1 AU. An orbital simulation
experiment involving this planet and a hypothetical Earth-sized planet orbiting at a
distance of 1.0 AU has revealed orbital precession frequencies for the lesser planet of
~ —400"yr ! As this rate is much greater than the value for the spin-axis precession,
the obliquity is stable with a variation rate of —400"yr—' + 50"yr—' = —350"yr—1,
and a period of 3700 years.

An additional experiment was performed with a hypothetical Earth-sized planet

in orbit around the star p Coronae Borealis (henceforth pCrB), whose known giant
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planetary companion has a minimum mass of 1.1 Mj and orbits at a distance of 0.23
AU (Noyes et al. 1997). Figure 6.12b shows the behavior of the spin axis to be
very sensitive to the mass of pCrBB that is assumed. For a mass of 1.1 Mj, the
orbital precession of the lesser planet at 1.0 AU is ~ —50"yr~!, which is nearly equal
and opposite the assumed rate of spin precession, and the obliquity demonstrates a
regular variation between 15° and 46° every 270 Kyr. The amplitude of the variation
(~ sin(7)dS§2/dt) is constant here, in contrast to the resonant variation shown in Fig.
6.1b, because the inclination [ is also varying much more rapidly than the spin-axis
precession. Hence, the amplitude is controlled by the time-averaged inclination which
is approximately constant. The mass of pC'r BB is not known and it could be as large
as 5.0Mj (or larger). The orbit of an Earth-sized planet in the vicinity of an object
of this size was found to precess faster than —200"yr~!. As with the case of an Earth
around star 47 UMa, the orbital precession dominates the motion and the obliquity

is shown in Fig. 6.12b to be rapidly variable, but stable.

These results show that the dynamical behavior of terrestrial-planet spin axes
will vary greatly from one system to another. In the case of Earth, the Moon is an
important contributor to its spin-axis stability. However, similar planets around other
stars may have their spin-axes destabilized by neighboring planets and, so, may be

subject to climate problems associated with high obliquity discussed in Chapter 2.
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Chapter 7

HABITABLE MOONS AROUND EXTRASOLAR
GIANT PLANETS

7.1 Moons as Life-Supporting Environments

All of the possible planetary objects that have recently been discovered orbiting
main sequence stars have a mass at least half that of Jupiter, and are therefore
unlikely to be hospitable to Earth-like life. To provide a suitable habitat for life,
a planet needs to have a solid or liquid surface near which organisms might dwell,
an atmosphere to protect the surface from ionizing radiation, and liquid water to
facilitate biochemical reactions (Brack 1993). Jovian-type planets do not satisfy the
first criterion and, hence, are unlikely to be inhabited. Rocky planets or moons of
giant planets within a habitable zone (Kasting et al. 1993) might conceivably meet
these requirements. Figure 7.1 shows that while most of the objects identified so far
lie outside of this region, the companions to stars 16 Cygni B and 47 Ursae Majoris
may have moons capable of supporting life.

Moons orbiting giant planets face additional problems that an isolated Earth-like
planet would not encounter. First, a moon must orbit within a giant planet’s Hill

sphere, with a radius

Mp 1/3
= 1
o (3M*) r, (7.1)

to prevent the moon from being lost to the gravitational pull of the parent star. In

Eqgn. 7.1, M, is the mass of the planet, M, is the mass of the star, and r is the
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Figure 7.1: Locations of recently discovered or confirmed companions to nearby stars
with respect to the HZ. The stars are: 51 Pegasi, 70 Virginis, 47 Ursae Majoris,
Lalande 21185, 55(p!) Cancri, 7 Bootis, v Andromedae, HD114762, 16 Cygni B (a
member of a triple star system—its planet is designated 16 Cygni Bb), and p Coronae
Borealis. Reported minimum planet masses are given relative the mass of Jupiter
(Mj). Planets are plotted according to the mean orbital flux, oc (1 — €2)~'/2, they
receive from their stars (upper x-axis) relative to Earth’s solar constant Qy = 1370
Wm 2. The lower x-axis is the distance each planet would be from the Sun, in AU
(astronomical units), to receive an equivalent flux. The positions of the planets in
the Solar System are indicated by vertical dotted lines along the lower x-axis. The
range of stellar fluxes received by objects in highly eccentric orbits are indicated
with horizontal error bars. Conservative and nonconservative HZ limits (Kasting et
al. 1993) are indicated by dashed lines and solid lines respectively. Adapted from
Williams et al. (1997).
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star-planet separation. At 1 AU from the Sun, the Hill-sphere radius of Jupiter is
~ 124 Ry, so nearly all of Jupiter’s present moons (with the exception of eight small
satellites beyond 150 R;) would remain gravitationally bound at this orbital distance
from the Sun. Around a less massive M-star such as Lalande 21185 (Gatewood 1996),
with a mass of ~ 0.4 M, and a HZ inner edge at ~ 0.06 AU, the Hill radius shrinks
to ~ 40 Ry, but Jupiter would still be able to keep all four of its Galilean moons
which lie within 22 Rj.

Galilean-moon analogues that orbit close to their planets would become tidally-
locked within a few billion years of their formation. Hence, their rotations would
last from a few days to a few months, which could lead to large diurnal temperature
fluctuations. Moons of planets, or brown dwarfs, on highly eccentric orbits (e.g., 70
Vir B, HD114762 B, 16 Cyg Bb) might also experience large seasonal temperature
fluctuations. Additionally, moons forming in a circumplanetary disk might receive dif-
ferent volatile endowments than would planets formed in a circumstellar disk. Lastly,
moons orbiting Jovian-type planets would presumably be embedded within the gi-
ant planet’s magnetosphere, where they would be constantly bombarded by energetic

charged particles that could sputter away their atmospheres.

7.2 Volatile Endowments

We consider the question of how moons are supplied with volatiles. The terrestrial
planets are thought to have received most of their volatiles from bombardment by
comets or carbonaceous asteroids (Chyba 1990). If giant planets form in the outer
regions of circumstellar disks and then spiral inwards, as suggested by Lin et al.
(1996), cometary bombardment would be a likely source of volatiles. (Whether giant

planets can retain their moons as they migrate inward is an important, unanswered
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question.) Such a model has been proposed for the origin of Titan’s atmosphere
(Griffith and Zahnle 1995). Titan retained its atmosphere while the Jovian moons did
not, perhaps because impacts occurred at lower velocities in the smaller gravitational
potential well of Saturn, which resulted in less atmospheric erosion. This suggests that
moons orbiting Jupiter-sized planets or larger may have difficulty retaining cometary
volatiles.

But moons formed in circumplanetary disks in the outer parts of a stellar nebula
may have no need for additional volatiles. Indeed, the problem is just the opposite:
Many of these moons may be too volatile-rich. Ganymede and Callisto, which have
densities of 1.8 g cm™ and 1.5 g cm™3, respectively, are at least half water-ice. If
brought to 1 AU, the ice would melt and they would be covered with ~ 1000 km of
liquid water.

This would not preclude habitability, but it would almost certainly preclude land-
based life. Better candidates for producing Earth-analog environments are moons
such as To and Europa (densities of 3.5 g cm™ and 3.0 g cm ™3, respectively) that are
composed mostly of rock. To has been devolatilized by tidally-induced volcanism, but
the difference between Europa and the two outermost Galilean moons is considered
to be primordial. Europa contains more rock and less ice because the inner region of
the circum-Jovian nebula was hotter (Prinn and Fegley 1981). If one assumes that
extrasolar giant planets form in the same way, then clearly their inner moons are the

most likely to be Earth-like.
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7.3 Atmospheric Retention

7.3.1. Thermal Escape

A habitable moon must also be able to retain its volatiles for billions of years.
Its effectiveness in doing so will depend on its mass, the flux of ionizing radiation it
receives from its star, and the charged particle flux it receives within the magneto-
sphere of its planet. For small moons with hot exospheres, thermal (Jeans) escape

should be an important loss process. The Jeans escape flux, in units of atoms cm 2

sec !, may be expressed

1
Dpse = —vsnc(l—l—)\c)e*%, (7.2)

V21

where v = (KT /m) is related to the mean particle velocity (with & as the Boltzmann
constant, 7" as the exospheric temperature, and m as the particle mass), n. = 1 /0 Hy
is the number density of particles in the exosphere (with o as collisional cross-section
of escaping particles, H, = kT /mg, as the scale height at the base of the exosphere,

and gy as the exospheric gravitational acceleration), and

GMm
Ae = , 7.3
kTr. (7.3)

with r. = R + ry as the height of the exobase from planet center, M is the mass of
the planet or moon, and GG as Newton’s gravitational constant. Now, the lifetime of
an atmosphere, 7, is simply the total particle number My, /m divided by the escape
rate in units of particles sec™'. The mass of the atmosphere may be obtained from

the simple relationship
Muymg = P4rR?, (7.4)

where P denotes the surface pressure. This enables atmospheric lifetime to be written

Ma.tm/m _ P
(I)esc47"'}%2 B (I)escgm‘

(7.5)
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So, a moon having a Mars-like density of 3.9 g cm ™3

, an exosphere with its base
ry = 1000 km and a temperature 7' = 2000 K, similar to Earth’s at solar maximum,
could retain nitrogen and oxygen (both with o ~ 2 x 10~ cm?) for over 4.5 Gyr if its
mass were >0.07Mg. Loss of O is not necessarily fatal to habitability because Oy can
be replaced by photosynthesis, and because large reservoirs of O exist in the form of
water. Loss of N, though, would be irreversible and could preclude the development
of terrestrial-type life. N is needed metabollically by organisms, and Ns is a non-toxic

buffer gas that reduces flammability of Earth-like ecosystems such as forests (Watson

et al. 1978, McKay et al. 1991).

7.3.2. Escape by Dissociative Recombination

A second loss process for N, which is important on Mars, is dissociative recombi-
nation of N3 (McElroy 1972). In this process, Ny absorbs an ultraviolet photon and
loses an electron. A high-energy electron from an earlier ionization then dissociates
the N3 on collision to yield two energetic N atoms, causing one to leave the planet.

The reactions may be written

No+hvy — N +e”

Ny +e (hot) — N+N.

Mars loses nitrogen at a rate of 5 x 10° N atoms cm™2 sec™ (Fox 1993). Scaling the
Martian loss rate to an Ny-dominated atmosphere, by assuming that the ionization
rate is proportional to the Ny mixing ratio (0.027 at present), gives an escape flux of
5x10° N atoms cm 2 sec 1/0.027 = 1.8 x 107 N atoms cm 2 sec . Now moving Mars
to 1 AU from the Sun increases the flux of ionizing photons by (1.52 AU/1.0 AU)? =
2.3 times. Thus, the loss rate from an Ny-dominated atmosphere at 1.0 AU from the

Sun would be ~4x107 N atoms cm 2 sec . This would remove ~17% of Earth’s N in
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4.5 Gyr. So, moons with Earth-like N endowments would be only marginally affected,
but moons with smaller N endowments might lose their atmospheres over time. This
loss process would become negligible for moons with masses > 0.12Mg because the
velocities of the nonthermal N atoms would be too slow for them to escape. Mars’

own mass is ~ 0.1Mg, which allows it to lose “N efficiently, but not '°N.

7.3.3. Loss of Atmosphere by Sputtering

A potentially even greater threat to atmospheres of moons around giant planets
is sputtering by charged particles trapped within the planet’s magnetosphere. Titan,
which loses less than 1.2x107 N atoms cm~2 sec™! as a consequence of sputtering
(Strobel et al. 1992) in the magnetosphere of Saturn (~0.3M;), is only weakly af-
fected. However, higher charged particle densities could exist within the magneto-
spheres of more massive planets. A moon orbiting within Jupiter’s inner magneto-
sphere, for example, would receive an electron flux of 4x10% cm™2 sec™! (Van Allen

1976). By comparison, the solar wind particle flux at Mars’ orbit is 4.8 x 105 cm™

2 sec! (Kass

sec !, which is thought to sputter away CO, and O at rates ~2x10°% cm™
and Yung 1995). Thus, a non-magnetized moon in a Jovian-like magnetosphere could
lose N at a rate of ~2x10% cm~2 sec™!. This would deplete Earth’s Ny in only ~5x108
years.

Atmospheric loss due to sputtering could effectively be eliminated, however, for
moons with strong magnetic fields. Until recently, the smallest object in the Solar
System known to possess an appreciable magnetic field was Mercury (0.06Mg). The
remarkable new discovery by the Galileo spacecraft of a magnetosphere belonging to

Ganymede (Kivelson et al. 1996, Gurnett et al. 1996), which has a mass of 0.03Mg,

suggests that at least some moons would be immune to this loss process.
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7.4 Tidal Locking and Spin

Orbital constraints on habitability can be equally significant. Moons with cap-
tured rotations would have days which equal their orbital periods. The tidal locking
radius for planets of different masses (Peale 1977) is rp = 0.027( Pyt /Q)Y M3, If we
assume a primordial moon spin period P, of 15 hr, a time ¢ of 4.5 Gyr, and a tidal dis-
sipation factor @) of 100, then the 4.5-Gyr tidal locking radius (~96 Rj) corresponds
to a 116-day orbital period radius. Moons near this limit might experience large
diurnal temperature variations, but these moons, including Ganymede (15 Rj) and
Callisto (22 Ry), would be covered by deep, high-heat-capacity oceans which would
stabilize their climates over long rotations. Moons closer in (e.g., Europa), having
Earth-like atmospheres and surfaces, would experience substantial diurnal tempera-
ture swings in continental interiors, but these swings would be greatly moderated in

coastal environments.
7.5 Eccentric Orbits

Moons belonging to objects in highly eccentric orbits are less likely to be habitable.
Objects in highly eccentric orbits are more likely to be brown dwarfs than planets
(Boss 1996, Black 1997), unless high orbital eccentricities are a result of interplanetary
collisions (Rasio and Ford 1996). Heating from either brown dwarfs or planets would
be negligible after the first billion years (Saumon et al. 1996). The companion to
the star 16 Cygni B has an orbital eccentricity of ~0.65 (Cochran et al. 1996),
and the ratio of perihelion flux to aphelion flux is [(1+e€)/(1 —e)]> ~ 22. Land-
based life would be hard-pressed to deal with such seasonal fluctuations; however,
the amplitudes of damaging seasonal extremes would be greatly reduced on moons
possessing dense atmospheres. Hence, at least some moons on such eccentric orbits

might still be suitable for life.
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7.6 Climate Stabilization and the Carbonate-Silicate Cycle

Our discussion of climate to this point has been based on short-term considerations.
To remain habitable for an extended time period, an Earth-like planet or moon must
have some mechanism to compensate for the gradual brightening of a star as it ages
(Kasting et al. 1993). On Earth, such long-term climate regulation is thought to be
provided by the carbonate-silicate cycle and its effect on atmospheric CO, (Walker et
al. 1981). Cooler (warmer) climatic conditions decrease (increase) the rate of silicate
weathering and enhance (diminish) the concentration of the greenhouse gas, COs,.
The presence of significant dry land is important in this feedback process because
that is where silicate weathering occurs. A second key factor is plate tectonics, which
results in subduction and metamorphism of carbonate sediments and return of COy
to the atmosphere. The fact that Mars lost this capability early in its history may
be one reason why it is so cold and desolate today (Kasting et al. 1988).

A necessary, but not sufficient, condition for maintaining plate tectonics is the
existence of a substantial heat flux from a planet’s or moon’s interior. Venus, which
presumably has an Earth-like heat flux, does not have plate tectonics, perhaps because
it has no water (Turcotte 1996). Based on observations, the critical flux probably lies

somewhere between that of Earth (Turcotte and Schubert 1982), ~70 ergs cm 2 sec™ !,

and Mars (Solomon and Head 1990), ~30 ergs cm™2 sec™'.

To obtain an estimate of when enough radiogenic heat is available, we assume
that the surface heat flux is proportional to the mass of radioactive material within
a moon’s interior, oc R3pe=*!, divided by surface area, oc B2, where R and p are the

lis the decay constant for 2*8U.

moon’s radius and density, and A = 1.5 x 1010 yr~
This enables us to express the surface heat flux as F,.q oc Rp e . We further assume

that Mars became tectonically inactive 2 Gyr ago (Francis and Wood 1982), which
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2

implies a critical heat flow of ~40 ergs cm 2 sec!. For a density similar to that of Io,

this yields a lower limit of ~0.23Mg for a moon capable of sustaining plate tectonics.

7.7 Tidal Heating

This “tectonic” lower mass limit might be circumvented if the innermost moons
experienced substantial tidal heating, as is true for Io and, to a lesser extent, Europa.
The rate of tidal heating is Fi;q = (9/19)p*n°R%e*(uQ) !, where n is the moon’s mean
motion about the planet, u is the moon’s rigidity (6.5 x 10* dynes cm~? for Io), and
e is the orbital eccentricity (Peale et al. 1979). Io’s eccentricity is maintained at a
finite value (0.004), despite tidal damping, by a 4:2:1 mean-motion resonance with
Europa and Ganymede. If such resonances arise naturally during formation, as seems
likely (Roy 1988), similar relationships might occur among the moons of extrasolar
giant planets. Io’s tidal surface heating is calculated to be ~41 ergs cm 2 sec !,
perhaps enough to drive plate tectonics on a more Earth-like moon. Alternatively,
point volcanism of the sort that actually occurs on Io might be sufficient to recycle
carbonate rocks and maintain an active carbonate-silicate cycle. So, close-in moons

with masses <0.23Mg could conceivably remain habitable for long time periods. Io

itself would not fulfill this criterion because it is too small to retain its volatiles.

In summary, some moons around extrasolar giant planets might be habitable, but
only if they are of sufficient size. A 0.12Mg moon in an lo-like orbital resonance and
possessing a Ganymede-like magnetic field, could conceivably remain habitable for
billions of years, given the right amount of stellar insolation. All this suggests that
the systems belonging to 47 Ursae Majoris and 16 Cygni B should be considered as

possible abodes for extraterrestrial life.
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Chapter 8

CONCLUSION

8.1 Opening Summary

The purpose of this thesis was to outline some of the important factors that might
affect whether an extrasolar planet might support life. Such an investigation naturally
helps us to also understand the origin, evolution, and eventual demise of Earth’s own
biosphere. The underlying assumptions made throughout this work are that at least
some life-supporting environments around other stars will resemble Earth and that
life implies organisms that depend on liquid water. To maintain liquid water on its
surface, a planet must orbit its star within the habitable zone (HZ), which evolves
over time. For a planet to remain within the continuously habitable zone (CHZ) for
billions of years, its orbit must be stable. Orbital stability implies that a planet is
not subject to large changes in orbital elements such as semi-major axis, eccentricity,
and perihelion longitude that can destabilize climate. Climate can also be adversely
affected by large changes in the orientation, or obliquity, of a planet’s spin axis. Earth
has benefited from having a relatively stable spin axis throughout much of its history,
but some planets might have their climates destabilized by chaotic obliquity variations

that allow their obliquities to reach values approaching 90°.
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8.2 Obliquity and Climate - Chapter 2

An energy-balance climate model was used to show that large areas of Earth might
not be habitable if its obliquity were as high as 90°. Long periods of darkness and
intense sunlight (~ 90 days at 45° latitude) might be problematic for photosynthetic
life. Other forms of life would have to adapt to rapidly varying temperatures (> 0.5°
K per day) and temperature extremes (> 80°C) over the continents. Similar planets,
but with smaller continents or with equatorial supercontinents, would have their
unfavorably large seasonal cycles damped by the large heat capacity of their oceans.
Planets with polar supercontinents would be largely unsuited for land-based life even
at modest (23.5°) obliquities.

Habitability is less affected by the size or position of continents on planets with
dense, COs-rich atmospheres. The level of CO, is affected by the amount of sunlight
a planet receives from its parent star through the carbonate-silicate feedback loop,
which should cause pCOs to increase with orbital distance. At 1.4 AU, Earth’s
atmosphere would contain 2.1 bars of COs if the rate of volcanic outgassing remained
constant. Aided by the greenhouse effect of its atmosphere, Earth would remain
habitable out to distances of 1.40 to 1.46 AU, at which point its surface might be
cooled by widespread CO, clouds.

A second benefit of a dense CO, atmosphere is its high thermal inertia, which limits
the seasonal temperature variation and latitudinal temperature gradient for planets at
high obliquity. Atmospheres that are dynamically similar to Earth’s should have their
temperature gradients reduced further by more efficient heat transport as a result of
their higher surface pressures. All else being equal (e.g., the size and distribution of
continents, HoO-cloud cover, dynamics, etc.), most Earth-like planets occupying the

outer HZ around their parent stars should be habitable regardless of their obliquity.
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8.3 Obliquity-Oblateness Feedback - Chapter 5

Geologic evidence of low-latitude glaciation during the Precambrian Era around
2.2 Ga and 0.8 Ga suggests that Earth’s obliquity may have been significantly higher
than it is today. This is difficult to explain given Earth’s remarkably stable obliquity
at present, and even greater stability during the Precambrian when the Earth-Moon
separation was smaller. A possible explanation is that Earth’s obliquity was > 54°
for much of its history (possibly as a consequence of the giant impact thought to
have formed the Moon), which would have made the equator the coldest part of the
planet. An explanation for the possible inclination of Earth’s spin-axis from high to
low obliquity is offered here. The obliquity may have been reduced rapidly near the
end of the Precambrian era (0.6 Ga) as a result of a positive feedback between cyclic
changes in obliquity and in oblateness from the growth and melting of ice sheets.

Obliquity-oblateness feedback, or climate friction, causes a secular drift in obliquity
through a time delay between Earth’s obliquity oscillation and climatically-induced
variations in ice sheet mass, as well as an additional time delay between the ice sheet
variation and the isostatic readjustment of the underlying Earth. The rate of obliquity
drift is primarily a function of changes to continental ice volume, which may have been
considerably amplified during the Late Precambrian when most of the continents are
thought to have been situated at high latitude. Under these circumstances, Earth’s
oblateness may have been reduced by as much as 2.6% during an ice age.

Drift direction is controlled by the response time of climate and ice-volume to oblig-
uity. For phase lags between the sinsusoidal obliquity variation and ice-sheet variation
in the range 25° to 206°, the drift in obliquity is positive. However, phase lags > 206°
are possible if ice sheets do not begin to melt until after obliquity and polar insolation
have peaked. For a phase lag in ice-sheet response of 230°, Earth’s obliquity may have

been reduced from 54° to 26° in only 100 Myr. If the Earth-Moon momentum was
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approximately conserved during this process, the lunar inclination may have grown
from 0° (as needed to have the Moon originate from an impact-generated disk aligned
with Earth’s equator) to 5-6°, which is the approximate inclination of the lunar orbit

today.

8.4 Precession and Obliquity - Chapter 6

Earth owes its stable obliquity to the presence of the Moon, as well as to the
planetary system in which it resides. This is because the obliquity is a function
of the combined rates of precession of a planet’s spin axis about its orbit normal
and of its orbit normal about the normal to its local invariable plane. If the two
precession rates are very different, as in the case of Earth, then the resulting changes
to obliquity over a precession cycle are small. When the two rates are approximately
equal, however, large and unpredictable variations in obliquity can occur. The rate
of spin-axis precession is governed largely by the masses and orbital proximity of
satellites, whereas the rate of orbit precession is controlled primarily by the masses
and orbits of neighboring planets. At present, Earth’s spin axis precesses ~ 3 times
as fast as its orbit. However, the rate of spin-axis precession is slowing as a result of
the tidal expansion of the lunar orbit, and Earth will enter a spin-orbit resonance in
1-2 Gyr. Earth would be caught in such a resonance today, and its obliquity variation
would be considerably amplified, if the Moon were less than half its present mass.
Without the Moon, Earth’s obliquity would vary by more than 20° in 1 Myr, which
is more than six times the present variation.

Planets having Earth-like moons might also be subject to large obliquity fluctua-
tions if they reside in tightly-spaced planetary systems where their orbits are more
strongly perturbed than in the Solar System. Orbital simulation experiments show

that if Jupiter were moved inward to 4.1 AU, Earth’s orbit and spin-axis preces-
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sions would be approximately equal so that the obliquity variation would be doubled.
Thus, Earth’s range in obliquity over 1 Myr would grow to ~ 6° with the Moon and
to ~ 50° without the Moon. Moving Jupiter inward to 3.1 AU reduces the amplitude
of the obliquity variation to ~ 6° for the moon-less Earth because the orbital pre-
cession is now much larger than the spin-axis precession, but Earth with the Moon
would have its obliquity variation grow to ~ 40° as a consequence of precessional
resonance. Similar results were obtained with a fictitious Earth in orbit around stars
47 Ursae Majoris having a 2.4 My object orbit at 2.1 AU, and around p Coronae Bo-
realis having a 1.1 Mj object orbit at 0.23 AU. In both cases, the Earth-like planet’s
orbit, precession rate is much faster than Earth’s is in the Solar System. This poses
a problem for an Earth-like planet in the vicinity of p Coronae Borealis B because
it would be in a spin-orbit resonance so that the resulting obliquity range would be
~ 30°. The obliquity of such a planet would be stable (varying only by ~ 3°) for

larger masses of p Coronae Borealis B or if it did not have a moon.

8.5 Moons Around Giant Planets - Chapter 7

Jovian-sized planets have recently been discovered around ten different main-
sequence stars. Giant, gaseous planets are unlikely to harbor terrestrial-type life,
but their moons might conceivably be habitable if they lie within the HZ. Possi-
ble moons around planets 16 Cygni Bb and 47 Ursae Majoris B might satisfy this
criterion.

A habitable moon must first form and then be able to retain an atmosphere.
Impact-generated atmospheres are most likely to form on large moons (e.g., Titan)
born far from their parent stars, where the relative velocities of infalling comets are
small. A moon’s ability to retain an atmosphere depends primarily on its mass. For an

object at 1 AU from its star to retain a Ny atmosphere for billions of years, it must
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be larger than Mars (0.1Mg), which has lost significant amounts of its primordial
nitrogen through dissociative-recombination reactions. Were a moon only slightly
larger (> 0.12Mg), its escape velocity would be high enough to prevent *N atoms
from being lost by this process. However, all moons orbiting within the charged
particle environments of a giant planet’s magnetosphere would be susceptible to more
rapid loss of atmosphere by sputtering, unless they are shielded by their own magnetic
fields, as is Ganymede.

Dynamical factors which might affect habitability are synchronous rotation and
orbital eccentricity, which could cause large diurnal and seasonal temperature fluc-
tuations. Water endowments on moons might also be important. Moons formed
initially of ice (e.g., Ganymede) would have 1000 km-deep oceans within the HZ.
Moons made of more rock (e.g., Europa) would have a better chance of supporting
land-based life on dry continents. Finally, long-term climatic stability would be pro-
vided a moon that demonstrates an Earth-like carbonate-silicate cycle, which controls
levels of CO4 and, hence, greenhouse warming through weathering of surface minerals
and plate tectonics. Tectonic activity may be sustained by radiogenic heating for 4.5
billion years on moons > 0.23M,. Smaller moons might also exhibit long-lived plate
tectonics if they are heated tidally as a result of resonant interactions with adjacent

moons, as is lo.

8.6 Directions For Future Research

This thesis has perhaps raised more questions than it has answered. For example:
How are terrestrial climates affected by seasonal insolation changes caused by high or-
bital eccentricity? At what orbital eccentricity are climates destabilized? Also, if COy
clouds can warm a planet’s surface, what is the outer edge to the HZ? Would Earth

be able to maintain liquid water on its surface out to 2.0 AU, or even 2.5 AU? How
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are precession and obliquity affected by high orbital eccentricities and inclinations?
How likely is it that a terrestrial planet occupies a habitable zone around a star?
What are the possible sizes and orbital separations of moons formed by accretion in
a protoplanetary disk? If giant planets migrate inward through gravitational interac-
tions in a protoplanetary disk, do their moons remain bound to them? Conversely,
can giant planets capture terrestrial-sized moons as they migrate inward?

The discoveries of extrasolar giant planets within what is the terrestrial-planet
region of the Solar System makes it interesting to ask whether there are any terrestrial
planets within the HZs around the same stars. The question may be phrased like
this: Given the known distribution of Jupiter-sized planets around nearby stars,
would an Earth-sized planet within the HZ have a stable orbit for billions of years?
Clearly there would be no such stable orbits (ignoring resonances and librations)
within the HZ of star 16 Cygni B, whose Jupiter-sized planet 16 Cygni Bb crosses
the HZ twice per 802-day orbit. But are there stable terrestrial-planet orbits within
the HZs of stars 70 Virginis, 47 Ursae Majoris, or p Coronae Borealis? Short (10
Myr) simulation experiments using the symplectic orbit integrator SWIFT show that
an Earth-like planet at 1.0 AU around star 70 Virginis would collide with planet 70
Virginis B in only 148 Kyr. Similar experiments involving planets around stars 47
Ursae Majoris and p Coronae Borealis show that Earth would apparently be stable
in its present orbit for more than 10 Myr. More work needs to be done to understand
how orbital stability of terrestrial planets is affected by Jovian planet mass (which is
not well constrained by observations), as well as orbital eccentricity, inclination, and
proximity. The results of future simulations will then help to constrain the prospects

for finding habitable Earth-like planets in systems around other stars.
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