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Preface

Since the discovery of the first planet outside the Solar System (or exoplanet) in
1992, detection of the number of planets is increasing exponentially. This planet
search is generating one of the most active and exciting fields in astrophysics for the
next decades. Although we are not capable of detecting and exploring planets like
our own yet, ambitious ground and space-based projects are already being planned
for the next decades, and the discovery of Earth-like planets is only a matter of time.

The theory of stellar evolution has been tested and developed by observations
of several stellar types at different times of their evolution. In the 1980s, the ob-
servations of ‘The Sun as a Star’ provided the role of our star as the Rosetta
stone in interpreting the observations of sun-like stars with different mass, age
and level of magnetic activity. This solar—stellar connection had a double avenue,
because the stellar observations also contributed to a better understanding of the
solar magnetism.

Although we are probably set for some surprises, the example of the Earth and
the rest of the rocky planets of the solar system will be our guidance to classify-
ing and understanding the multiplicity of planetary systems that might exist in our
galaxy. In a similar way to that of the Sun as a star, it is reasonable to expect that
the future observed population of planets in the galaxy will exhibit a wide range
of planet types and evolutionary stages. Observations of ‘The Earth as a Planet’
will provide the key to understanding future observational spectra of such bodies.
However, the Earth-Exoplanets connection will also work in both directions. When
a substantial database of exoplanets becomes available, statistics of planetary for-
mation and evolution will become possible. This will provide vital information in
solving some of the questions about the formation and evolution of our own planet
and the solar system, for which we still have no answers.

The current view on stellar evolution is very deterministic. The future and evolu-
tion of a star depend on two basic properties: its mass and its metallicity. If these two
quantities are known, we can establish whether the star will explode as a supernova
in a few million years or if it will end its days as a red giant. For planets, the picture
is a little more complicated. At first instance, the mass of the planet, its composition
and its distance from the parent star will determine its habitability and evolution.
But other factors, such as the presence of gas giant planets, can also play a major
role in its evolution. The parent star will also influence the evolution of the planet.
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To establish the solar—stellar connection, we needed only to compare the stars; simi-
larly, to establish the Earth—exoplanets parallelism, we need to compare not only the
planets but also the physical properties and evolution of their planetary systems as
a whole. For example, we may be able to determine how many of the ‘rocky’ plan-
ets that we detect have experienced a runaway greenhouse effect, such as Venus, or
how many have lost their atmosphere as Mars has. By observing planets of different
ages, we also learn about the state of our own planet in different epochs.

Undoubtedly, one of the main concerns for astrophysics in the coming years will
be the search for life. If a planet has all the suitable original conditions to develop
and sustain life, does life necessarily occur? And if it does, what are the average
time scales for the development of bacteria, plants or intelligence? Are we alone?
... During its evolution, some of the most dramatic changes suffered by our planet
affected the composition of the atmosphere. Extraterrestrial observers would ob-
tain two different spectra of our planet depending on the epoch of the observation.
Early on the Earth’s history, the major atmospheric signatures were those of CO,
and water vapour, but in recent times (in terms of millions of years), together with
such spectral features, the bands of molecular oxygen (O,) and ozone (O3) are also
present. This dramatic change, the rise of oxygen content, was triggered by the ap-
pearance of life. In the future, we may be able to infer whether life is common or
not in the universe by observing the evolutionary stages of millions of planets. From
the tiny bacteria to technological civilizations we can expect to see life signatures in
the atmosphere of exoplanets.

In summary, this book will focus on observations of the Earth as a model for
the search of exoplanets and on the information that we will be able to extract from
their observation. We put ourselves in the position of an external observer looking
at the solar system from an astronomical distance, and we try to answer how we
could conclude that this particular planet, the third in distance to the central star, is
essentially different from the others and capable of sustaining life. Then, we apply
what we learn from this change of perspective to the search for exoplanets similar
to Earth.

The first chapter of the book provides first a historical briefing on the progressive
knowledge of our planet. Then, we start with a sort of space travel. Starting with
first observations from the altitude, using balloons and rockets, we continue with the
views of our blue planet from the Moon and the different planets of our solar System.
One of the most important achievements of space research was the capability to
observe the Earth from outside, floating in space.

This concept will be complemented with the second chapter, where we describe
the main properties of our planet. A description of the present Earth from its interior
to the atmosphere is given, followed by a review of the different periods of the Earth
history.

The third chapter shows how the Earth should be observed from space as
Sagans’s blue dot. The photometric, spectroscopic and polarimetric properties of the
globally integrated light reflected/emitted by Earth are discussed. Special emphasis
is given to the Earthshine observations, the sunlight reflected by Earth toward the
dark side of the Moon, as a proxy for such global observations.
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The outer layers of the Earth are discussed in Chap. 4. Many interesting processes
resulting from the interaction of the atmosphere with the high energy solar radiation,
solar wind and cosmic rays occur at high altitude. Observed from space the Earth
glows in discrete spectral lines (airglow), enhanced during transitory events such as
the auroras. The UV and X-rays are excellent diagnostic tools for investigating these
regions of the atmosphere.

The existence of life is one of the most relevant properties of our planet, and the
Earth would look completely different without it. However, detecting it unambigu-
ously from vast distances is no trivial matter and ingenious techniques should be
used for this purpose. This matter will be handled in Chap. 5. Toward the end of the
chapter, the main features of our technological society, as reflected in the Earth’s
electromagnetic spectrum, are described, providing a hint as to how to detect other
extraterrestrial civilizations.

Detection of other Earths is the essential requirement to apply the Earth—
Exoplanets connection. Chapter 6 is dedicated to a review of the current and future
projects, explaining in detail the current limitations in detecting the less massive
planets. A research field with a brief history, starting in the 1990s, but which has
undergone rapid development and is becoming one of the most important fields in
current Astrophysics.

The mass of an astronomical body, together with the chemical composition of the
environment where it was formed, determines its future. Stars are massive enough to
reach temperatures that permit thermonuclear reactions in their interiors. Less mas-
sive brown dwarfs can make this process only by burning deuterium. Planets were
recently defined by an international committee and come mainly in two classes:
Giants and terrestrial. For the latter, the Earth, Mercury, Mars and Venus are our
references; however, the possibilities are larger. Lacking observations of terrestrial
exoplanets, we can figure out theoretically how these exo-earths could be, changing
some of the basic parameters. From Super-Earths and Super-Mercuries to Carbon
planets, an ample diversity of possible worlds is presented in Chap. 7. Some selected
exoplanets discovered already are studied in detail.

However, planets are not isolated bodies. They experience the influence from the
parent star and the rest of planetary companions in the planetary system. The broad
destiny of a planet is determined by its initial mass and chemistry, but the ultimate
fate depends on how the planet is affected by the interactions with its companions.
To be in the right place is a good recipe. In Chap. 8 we discuss these collective
processes, along with the different theories on the formation of planetary systems.
As usual we start with our own solar system, which can be confronted with the first
observations of proto-planetary disks and multiple planetary systems.

The last chapter is a necessarily failed attempt to answer some fundamental ques-
tions regarding the position of our planet in the Universe: Is our Sun special? Is our
Solar System common? and finally: Is our Earth unique? The complete answers can
only be provided by observations, and search for bio-markers, of terrestrial exoplan-
ets to be discovered in the future. In the meantime, we can, however, remark that
we have a unique process of formation and an ample diversity of planetary systems.
Birth and environmental factors determine together the structure and evolution of a
planetary system and its components.
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Chapter 1
Observing the Earth

The planet Earth plays the leading role in this book. The detailed knowledge we
have of it at present has been accumulated mainly over the last decades. Over the
centuries, the task of producing the first maps of our planet’s surface has slowly
and painstakingly been carried out. From our towns and villages, humanity has
mapped the observable Earth, with the depths of the oceans remaining as the last
obstacle. Simultaneously, human ingenuity has devised methods to measure its
basic parameters.

At present, we have already detected around 300 exoplanets and we are pro-
gressing in the characterization of their physical properties, including global maps
of their surfaces. We are proceeding inversely to the way in which we observed the
Earth, making first global observations and, step by step, increasing the observed
level of detail. In the past, the Sun was our guide for interpreting the observations of
other stars; now our planet will be the Rosetta Stone used to decipher the data from
other planetary worlds.

The proposed Earth—Exoplanets connection is based on the universality of pro-
cesses leading to the formation of planets around stars. Thus, what we can learn
by observing the Earth as a distant planet can be used to interpret the observations
of future terrestrial planets. However, we must keep in mind that our reference is
4.6 Ga old, and has only one Earth mass and radius, while certainly other ranges of
these parameters will be observed on exoplanets.

1.1 The Exploration of Our Planet

For many centuries, the Earth was considered as something different from the rest
of the Universe. This was largely a final consequence of a debate in classical Greece
between two different models.

Leucippus (first half of fifth century BCE) was the founder of atomism. His
ideas are mainly known from Democritus (460-370 BCE),! who suggested that the

'No word written by Leucippus has survived. From Democritus we have only some fragments of
his books, but a good description of his principles are included in the writings of Aristotle and
Diogenes Laertius.

M. Vazquez et al., The Earth as a Distant Planet: A Rosetta Stone for the Search 1
of Earth-Like Worlds, Astronomy and Astrophysics Library,
DOI 10.1007/978-1-4419-1684-6_1, (© Springer Science+Business Media, LLC 2010
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Universe is composed of ‘atoms’ and ‘voids’. Both are infinite and constitute the pri-
mary elements of everything. Each atom is uniform, homogeneous and indivisible.
To him is attributed the following sentence:

There are innumerable worlds of different sizes. In some there is neither sun or moon, in
others they are larger than in ours and others have more than one. These worlds are at irreg-
ular distances, more in one direction and less in another, and some are flourishing, others
declining. Here they come into being, there they die, and they are destroyed by collision with
one another. Some of the worlds have no animal or vegetable life nor any water. (Guthrie
1979, p. 405).

This theory was spread throughout Europe by Lucretius (99-55 BCE), who in
his De Rerum Natura (On the Nature of the things) supported the existence of other
worlds different from the Earth (cf. Dick 1982, 1996), presenting a primitive version
of the plenitude principle: when abundant matter is ready, when space is to hand,
and no thing and no cause hinders, things must assuredly be done and completed.
However, this philosophy remained in darkness with respect to that presented by the
Socratic philosophers.

Aristotle (384-322 BCE) was probably the first philosopher interested in know-
ing the nature of things through observations, but when he came to discuss the
structure of the Universe, he was strongly influenced by religious prejudices and
the ideas of Ionic Philosophy. According this school, our planet was composed only
of four basic elements: earth, water, air and fire and had physical imperfections.’
The heavens and objects in the heavens were composed of ether, the fifth element,
the essence of the divine, perfect in their circular shape and movement (Fig. 1.1). In
this view Earth and the rest of the Universe were completely different things.

Medieval scholastic philosophers granted ether changes in density. The bodies
of the planets were considered to be denser than the medium that filled the rest of
the universe. The five elements of nature were still commonly referenced in the six-
teenth and seventeenth centuries; however, the diverse chemical properties of earth
were already being systematically examined and analysed (and eventually reduced
to the preparation of the Periodic Table of Atomic Elements), and the physical prop-
erties of air and water were systematically researched.

Giordano Bruno (1548-1600) emerges as an essential reference for this change
of paradigm. He published three books in the form of dialogues. In the De !’infinito
Universo e Mondi (On the infinite Universe and Worlds), he assumed that the Uni-
verse was infinite and that the Sun was a normal star. He said, ‘Innumerable suns
exist; innumerable earths revolve around these suns in a manner similar to the way
the seven planets revolve around our Sun’. Convinced of the universality of the laws
ruling the Universe, he used the Earth as a model, declaring that there is life every-
where. See Gatti (2002) for a monograph on the life of Bruno.

The determination of Earth’s size and distance to the Sun were critical to place
our planet in an universal context. However, its central position remained until the
break of the paradigm with the publication of the N. Copernicus (1473-1543) De

2 For the Chinese, the basic elements were five: earth, wood, metal, water and fire.
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Fig. 1.1 The Greek Cosmos following the model of Aristotle

revolutionibus orbium coelestium (On the Revolutions of the Celestial Spheres).?
The atomists speculated that laws of nature are observed to operate universally. The
verification of such assumption became possible in the Renaissance through the
development of instruments (telescope and microscope) to observe the nature in an
objective way. The humans entered for the first time in the sphere of the unknown,
the fixed stars, (Fig. 1.2) and step by step it was confirmed that the outside world
obeys the same rules and physical laws as those that rule our planet.

These discoveries were complemented with the improved knowledge of our own
planet. Anaximander (610-546 BCE) is credited with having created the first map
of the world, circular in form and showing the known parts of the world around the
Aegean Sea at the centre, all of this surrounded by a global ocean (Fig.1.3).
Eratosthenes (276-194 BC) drew an improved map (Fig.1.4), incorporating
parallels and meridians, and was the first to estimate the size of our planet.*

The period from the early fifteenth century until the seventeenth century is known
as the Age of Discovery. At that time European ships travelled around the world
mainly to search for new trading routes, but also driven by curiosity. The main

31t was published in 1543, though he had arrived at his theory some time earlier.

4 Unfortunately, his work On the measurement of the Earth was lost. We know about his method
from indirect sources and the value obtained for the Earth diameter is estimated between 39,690
and 46,620 km.
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Fig. 1.2 The Renaissance. Figure adapted from C. Flammarion (1888) L’Atmosphere:
Meteorologie Populaire, Librairie Hachette, Paris

Fig. 1.3 World Map

by Anaximander. Courtesy:
Wikipedia

EUROPE

events were the discovery of America by Christopher Columbus (1451-1506) on
12 October 1492 and the circumnavigation of the globe by Ferdinand Magellan
(1480-1521) and Juan Sebastidn Elcano (1476-1526) from 10 August 1519 to 6
September 1522, events that forever settled the debate about the roundness of the
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aprabane

Fig. 1.4 World map by Eratosthenes, around 194 B.C.E. Credit: Heritage History

Earth. Juan de la Cosa (1460-1510) made maps of the new American continent,
of which the only survivor is the Mappa Mundi of 1500, preserved at the Naval
Museum of Madrid.

Some of the new information was included in the map of Martin Waldseemiiller
(1470-1521), published in 1507 accompanying his Universalis Cosmographia
(Fig. 1.5).> He was the first to use the name America and to show the Pacific Sea.’

G. Mercator (1512-1594) developed a cylindrical projection that allowed plani-
spheres to be produced (Fig. 1.6), where parallels and meridians were straight and
perpendicular to each other (see Crane 2003). The projections trying to fit a curved
space onto a flat sheet distort the true layout of the Earth’s surface, and exaggerate
the sizes of the areas near the equator.

The determination of the first stellar parallax by F. Bessel (1784—1846) in 1839
allowed him to measure the distance to a fixed star (61 Cygni, 10.3ly). A few years
later, the development of spectroscopic techniques made it possible to characterize
the chemical composition of the stars and to verify that they were similar to our Sun.

In the near future, the application of sophisticated methods will give us the oppor-
tunity to detect and study planetary bodies similar to our Earth. The day we arrive
at another Earth-like planet, we will already have in our possession detailed carto-
graphic maps of it, taking advantage of the knowledge we have acquired in finding
out about our own planet.

5 The map was kept in the castle of Prince Johannes Waldburg in Germany until it was acquired, in
2001, by the Library of the US Congress. It is now on display in its Thomas Jefferson Building.

6 Curiously, the Pacific Sea was discovered only in 1513 by Vasco Nuiiez de Balboa.
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Fig. 1.5 World map by Martin Waldseemiiller, produced in 1507. Courtesy: Geography and Map
Division, Library of US Congress. Available as a Wikimedia Commons file

Fig. 1.6 The first map with the Mercator projection: Nova et Aucta Orbis Terrae Descriptio ad
Usum Navigatium Emendate

Our planet is currently being studied in detail using different techniques. Space
research has clearly shown what was already expected. The best procedure to see
something as a whole is to go some distance away and contemplate it from afar. This
was a consequence of human curiosity to reach new frontiers. Schellnhuber (1999)
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Fig. 1.7 The distance scales to observe our planet. Adapted from Morrison (1985)

suggests the bird’s eye principle to get a panoramic view of our planet, observing it
from the distance. A less expansive method is simulation modelling, where compo-
nents and processes of the Earth are replaced by mathematical proxies. In this book
we follow both approaches.

Let us imagine starting a journey from the Earth’s surface to outer space progres-
sively increasing our distance (Fig. 1.7). For this purpose we use different spatial
scales, namely, metres, kilometres (103 m), light-years (9.461 x 10!> m) and par-
secs (3.2621y, 3.086 x 106 m).

By increasing the distance d to our target of dimension D, we observe smaller
angles of sight 6. At a certain threshold, the eye, or our observing instrument, can
no longer observe such small angles and the target will disappear from our view.

1.2 First Observations of OQur Planet from the Air

The history of mankind was clearly marked by the importance of a better knowledge
of our planet. However, observations from the ground have a very limited scope. It
was necessary to ascend in the air to have an adequate perspective (Hildebrandt
1908; Hannavy 2007) .

1.2.1 Early Balloon Pictures

In October 1858, G.F. Tournachon (1820-1910), known as Nadar, took the first pic-
ture from a captive balloon, ‘The Giant’, above the Earth’s surface at an altitude of
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100 m.” It was carried out in a French valley (Bievre, near Paris) and unfortunately
the photograph has been lost.®> On 13 October 1860, J. Wallace Black (1825-1896)
ascended to an altitude of 400 m in the ‘Queen of the Air’ balloon to photograph
parts of Boston.” A cable was used to hold the balloon in place.'”

The first free flight photo mission was carried out by J.N. Truchelut, sometimes
called Triboulet, in 1879. Meanwhile, an alternate approach, consisting of mounting
cameras on kites, became popular in the last two decades of the nineteenth century.
The British meteorologist E.D. Archibald began this method in 1882, with the kites
carrying scientific instruments.

In 1888, the first well-preserved aerial photographs were taken by A. Batut
(1846-1919) over Labruguiere (France) using a kite. The camera, attached directly
to the kite, had an altimeter that encoded the exposure altitude on the film, allowing
scaling of the image. A slow burning fuse, responding to a rubber band-driven de-
vice, activated the shutter within a few minutes after the kite was launched. A small
flag dropped once the shutter was released to indicate that it was time to bring down
the kite (Batut 1890; Gernsheim and Gernsheim 1969).

Alfred Maul (1864-1941) succeeded in photographing the landscape at a height
of 600 m during the launch of a rocket in 1904 (Fig. 1.8). At this height the nose
of the rocket separated, the camera was released into the air with a parachute and
finally the image was taken.

In 1903, J. Neubronner (1852-1932) designed and patented a breast-mounted
aerial camera for carrier pigeons. Mostly used for military purposes, the birds
were introduced at the 1909 Dresden International Photographic Exhibition, where
postcards of aerial photographs taken above the exhibition were very popular with
the public. In 1906 George R. Lawrence (1869—1938) photographed the aftermath of
the San Francisco earthquake using a string of 17 kites to lift a handmade panoramic
camera aloft (Fig. 1.9).

It appears that Wilbur Wright (1867-1912) — the co-developer of the first aero-
plane to leave the ground in free flight — was also the first to take pictures from
an airplane, in Centocelli (Italy) in 1909. On 10 November 1935, A.W. Stevens
(1886-1949) and O. Anderson (1895-1961) took the first photograph'' of the
curvature of the Earth from a free helium balloon, the Explorer II, at an altitude
of 22 km. They reported that at this altitude the sky appears very dark indeed, but it
can still be called blue.

7 For this photograph to be made, the camera, light-sensitive material and a development system
had to be taken on the balloon in order to develop the picture instantly after it was exposed.

8 A caricature of the event remains, prepared by Honoré Daumier (1808-1879) for the 25 May
1862 issue of Le Boulevard.

° The photograph is preserved at the Boston Public Library.

10 Balloons were explored as observation platforms during the American Civil War, with Wallace
urging aerial photography as a technique for reconnaissance.

11 Published in National Geographic, May 1936.
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Fig. 1.8 Photograph of the landscape from a small rocket by A. Maul in 1904

Fig. 1.9 Photograph of San Francisco from an altitude of 600 m by G. Lawrence on 28 May, 1906,
6 weeks after the famous earthquake

1.2.2 The Space Research

The advances in space research have made possible the observation of our planet as
a distant cosmic body (see Poole 2008), enabling the application of techniques of
remote sensing used in Astrophysics.
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1.2.2.1 The First Attempts

After the World War II, the US Naval Research Laboratory began experimenting
with German-designed V-2 rockets. On 24 October 1946, a grainy black-and-white
picture was taken from a V-2, launched from White Sands (New Mexico), at an
altitude of 90 km (Fig. 1.10). Clyde Holliday, an engineer of the project, wrote in
National Geographic in 1950: the V2 photos showed for the first time, how our
Earth would look to visitors from another planet coming in a spaceship. Smaller
sounding rockets, such as the Wac Corporal, and the Viking and Aerobee series,
were developed and launched by the military in the late 1940s and 1950s. These
rockets, although not attaining orbit, contained automated still or movie cameras
that took pictures as the vehicle ascended.

In April 1960, NASA launched the first Television and Infrared Observation
Satellite (TIROS), followed by Nimbus. Together, they collected and beamed back
thousands of images of cloud cover as well as images of different weather patterns
(see Fig. 1.11).

Kilston et al. (1966) tried to detect signs of intelligent life by analyzing thou-
sands of pictures obtained by the Tiros and Nimbus meteorological satellites, with
a spatial resolution of 1km. Only 0.1% of the photographs were indicative of some
type of technological civilization: an interstate highway in the US and an orthog-
onal grid produced by Canadian loggers. Both shared the property of being linear
structures. However, we must keep in mind that the human eye tends to connect
disconnected features into rectilinear ones, as was the case with the Martian canals
after the announcement by G. Schiapparelli in 1877 (see Evans and Maunder 1903;
Antoniadi 1908).

Sagan and Wallace (1971) used for the same purpose images with a better reso-
lution (100 m) obtained by the manned spacecrafts Gemini and Apollo. The fraction
of images showing signs of intelligent life was ~1.5%. Allowing for astronaut se-
lection effects, the fraction was reduced to 1%.

Fig. 1.10 The curvature of the Earth visible from a V2 rocket at 90 km altitude on 24 October
1946. Credit: White Sands Missile Range/Applied Physics laboratory
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Fig. 1.11 The Television
Infrared Observational
Satellite (TIROS) was the
first weather satellite. Above
is the first television image
taken from an altitude of
about 700 km on 1 April
1960. Credit: TIROS program
and NASA

In 1950, the British astronomer Fred Hoyle (1915-2001) had looked ahead
saying: Once a photograph of the Earth, taken from outside, is available [...] once
the sheer isolation of the Earth becomes plain to every man whatever his national-
ity or creed, and a new idea as powerful as any in history will be let loose (Hoyle
1950). It took some time to get these global images.

The ATS-3 spacecraft was launched into a synchronous orbit on 5 November
1967. It was equipped with an improved spin scan camera that could take pictures
in colour. On 10 November, the satellite transmitted the first colour pictures of Earth
(Fig. 1.12) taken from synchronous altitude (36,000 km). However, this image failed
to have a major impact in the media. It was necessary to go farther from Earth for
Hoyle’s idea to become a fact.

Automatic spacecrafts were launched to the lunar orbit to study our satellite in
detail and prepare manned landings. On 23 August 1966 the Lunar Orbiter 1 took
the first image of the Earth floating in the space (Fig. 1.13). Although heralded by
some journalists as the Image of the Century, it remained practically unknown until
recently when the original photograph was restored using modern technology in the
framework of the Lunar Orbiter Image Recovery Project (LORP).'?

Probably less known is that the Soviet spacecraft Zond 6 obtained a similar image
on 14 November 1968 but in black and white and with much less spatial resolution
(Fig. 1.14 and Stooke 2008)."3

12 This project was started 20 years ago by Nancy Evans and completed recently by Dennis Wingo
and Keith Cowing.

13 A crash landing on Earth flattened and broke open the film canister, but 52 photographs were
recovered with some degree of laceration and fogging.
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Fig. 1.12 The whole Earth from 36,000 km. South America and West Africa are clearly visible.
Courtesy: NASA

Fig. 1.13 Image of the Earth obtained by the Lunar Orbit 1 spacecraft in August 1966. Courtesy:
NASA/LORP

1.2.2.2 The Manned Flights

The purpose of the Apollo program was to land men on the lunar surface and to
return them safely to the Earth. Moreover, it constituted an excellent observatory to
see our planet as a whole. Images obtained from the Apollo VIII over Christmas
1968 allowed us to see, for the first time, the Earth as an isolated body in space
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Fig. 1.14 Image of the Earth obtained by the Soviet Zond 6 spacecraft in November 1968 from
the lunar orbit with a 400 mm camera shooting 13 X 18 cm photographs. Credit: Kira Shingareva
and Zond-6 Russian Mission. A catalogue of Earth images obtained by Soviet lunar missions is
available at http://www.mentallandscape.com/C_ CatalogMoon.htm

(Fig. 1.15). Three photographs were taken, one in black and white and two in colour.
The black and white shot was taken first by F. Borman, and the two colour shots were
taken moments later by William Anders (Zimmerman 1999; Poole 2008).

We are now at the scale of 108 m from our home planet.

The astronauts of the Apollo VII had different feelings about the spectacle they
were contemplating from the lunar orbit. For James Lovell, seeing the distant Earth
strengthened his conviction that we existed for a purpose.'* On the other hand, for
his crewmate William Anders the view suggested a lonely purposelessness. We are
like ants on a log he commented later (Zimmerman 1999). For F. Borman, the Earth
was the only thing in space that had any colour to it. Everything else was either
black or white, but not the Earth (Borman 1988).

The day after the image was taken, the writer Archibald MacLeish (1892-1982)
wrote': To see the Earth as it truly is, small and blue and beautiful in that eternal
silence where it floats, is to see ourselves as riders on the Earth together, brothers
on that bright loveliness in the eternal cold-brothers who know now that they are
truly brothers.

14 He also commented: The Earth from here is a grand ovation to the big vastness of space.
15 Article on The New York Times, 25 December 1968.
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Fig. 1.15 The Earth seen as a planet: Image obtained from the Moon taken by the Apollo VIII on
24 December 1968, known as the ‘Earth Rise’. Credit: NASA and Apollo 8 crew (Frank Borman,
James Lowell and William Anders)

Remembering his space travels, Edwin Aldrin'® describes the colour of the

oceans as composed of different tones, from greenish to a deep blue. The conti-
nents were bronze-coloured, as an olive, and it was difficult to distinguish any green
masses. The whiteness of the polar caps was one of the prominent features of our
planet. From the Moon the Earth seemed a bright jewel in a dark and velvety sky.

The Apollo 14 astronaut Edgar Mitchell also transmitted his feeling after contem-
plating our planet from the Moon’s orbit: Suddenly, from behind the rim of the moon,
in long, slow-motion moments of immense majesty, there emerges a sparkling blue
and white jewel, a light, delicate sky-blue sphere laced with slowly swirling veils
of white, rising gradually like a small pearl in a thick sea of black mystery. It takes
more than a moment to fully realize this is Earth . . . home.

The Apollo 17 crew took in December 1972 the only photograph of the Earth
where the Sun was directly behind the spacecraft. Therefore, instead of being partly
shrouded in darkness, the planet appears fully illuminated (Fig. 1.16).

Very recently, in September 2007, the Japanese spacecraft Kaguya (Selene) was
launched to the Moon, where it was placed in an orbit at 100 km altitude above the
lunar surface. Transmitted images allowed a new perspective of Earth-rise and Earth
setting (Fig. 1.17).

16 He was a member of the Apollo 11 crew and the second man on the Moon. His feelings while
observing the Earth from the outer space have been taken from a interview appearing recently
(23 April 2008) in the Spanish newspaper El Pais.
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Fig. 1.16 The Earth seen as a planet: Image taken by the Apollo 17 astronaut Harrison Schmidt
from a point halfway between the Earth and the Moon (December 7, 1972). Credit: NASA

Fig. 1.17 The composite shows the Earth setting on the horizon near the Moon’s South Pole. It
took about 70 s from the left image to the right image (complete setting). Credit: Japan Aerospace
Exploration Agency (JAXA) and NHK (Japan Broadcasting Corporation)

Since 1982, many astronauts have observed the Earth from space, most of them
using the International Space Station, the Mir Station and the Space Shuttle.!” As a

17 Thousands of images of our planet, taken by astronauts, are archived at the NASA-Johnson
Space Center (http://eol.jsc.nasa.gov), including around 800 images of the Whole Earth.
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final reflection, we can mention a comment of the Saudi Arabia astronaut Salman
Abdaluziz al-Saud'® that reflects a promising perspective, probably a little utopic,
for human progress: The first day or so we all pointed to our countries. The third
or fourth day we were pointing to our continents. By the fifth day, we were aware of
only one Earth. Soviet astronauts had similar feelings. Vladimir Kovalyonok'® com-
mented: After an orange cloud — formed as a result of a dust storm over the Sahara
and caught up by air currents — reached the Philippines and settled there with rain,
I understood that we are all sailing in the same boat. The book of White (1998)
summarizes the comments from astronauts about how viewing Earth from space af-
fected perceptions of themselves, their planet of origin, and their own place in space
and time.

1.2.2.3 The Earth Observatory

Space is a privileged site not only for studying the Universe but also for observing
our planet. Many satellites control different aspects of it, such as the ozone layer,
the weather, etc. In particular, the NASA Earth Observatory provides an excellent
platform to free access Earth images.

In 2002, NASA produced the first Blue Marble picture, the most detailed true-
colour image ever produced. The maximum resolution was of 1 km per pixel. It was
composed from data obtained with the Terra satellite. It was followed by the Blue
Marble: Next Generation, a mosaic of satellite data taken mostly from the MODIS
sensor on board the Terra and Aqua satellites. They consist of monthly composites
at a spatial resolution of 500 m, revealing seasonal changes to the land surface (see
Fig. 1.18). The Earth viewed from space is a nearly perfect sphere with the equato-
rial diameter being a little larger. Seventy percent of its surface is covered by oceans
and this is why the planet appears blue.

1.2.2.4 Infrared Images

While it is relatively easy to distinguish clouds from land areas in the visible range,
there is more detailed information about the clouds themselves when observing in
the infrared. Darker clouds are warmer, while lighter clouds are cooler. A full im-
age of the Earth at the wavelength of 11.2 pm obtained by the GOES 6 satellite on
21 September 1986 is shown in Fig. 1.19. A temperature threshold was used to iso-
late the clouds. The land and sea were separated and then the clouds, land and sea
separately coloured and combined back together.

Water vapour absorbs and re-radiates electromagnetic radiation, especially in
the infrared 6—7 wm band. Such infrared radiation, emitted by the Earth’s surface/

18 He flew on the mission STS-51-G in the shuttle Discovery from 17-24 June 1985, together with
a French astronaut and five US astronauts.

19 He was commander of three missions: Soyuz 25, Soyuz 29 and Soyuz T-4.



1.2 First Observations of Our Planet from the Air 17

Fig. 1.18 The Blue Marble Next Generation seasonal composites. From top to bottom: January,
April and August compositions are shown. The original resolution has been degraded to 8 km/pixel.
Credit: NASA
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Fig. 1.19 Earth observed in the infrared. Credit: Richard Kohrs, University of Wisconsin-Madison

atmosphere and intercepted by satellites, is the basis for remote sensing of tropo-
spheric water vapour. On a water vapour image, each pixel is assigned a gray shade
according to its measured brightness temperature. Typically, white indicates a very
cold brightness temperature (radiation from a moist layer or cloud in the upper tro-
posphere), and black indicates a warm brightness temperature (radiation from the
ground or a dry layer in the middle troposphere). The first TIROS and Nimbus
satellites obtained the pioneering images of this kind. Figure 1.20 shows one of
these images, obtained with hourly resolution, by the GOES 8 satellite.

On its way to the comet 67P Churyumov-Gerasimenko, the spacecraft Rosetta
made an Earth fly-by?® on 4th and 5th March 2005. The on-board spectrometer
VIRTIS obtained more than 850 monochromatic images of our planet, ranging from
the UV to the thermal infrared (5,000 nm). After the closest approach to Earth and
at a distance of 250,000 km from our planet, VIRTIS took two high spatial (62 km
per pixel) and spectral resolution images of the Earth (Coradini et al. 2005). On 20
November 2007, the spacecraft performed a second approach to our planet, obtain-
ing also different images in the visible and infrared ranges.

The MESSENGER spacecraft is now in orbit around Mercury, but during its 2
August 2005 Earth fly-by it took images in different spectral bands. Figure 1.21
illustrates the differences between visible and near-infrared images (see caption for
details). Blue light is easily scattered in the Earth atmosphere, producing the blue

20 Fly-bys make use of the gravitational attraction of planets to modify a spacecraft’s trajectory and
to gain the orbital energy needed to reach the final target.
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Fig. 1.20 This image, taken by GOES-8 (Geostationary Operational Environmental Satellite) on
23 September 1994, shows atmospheric water vapour observed at a wavelength of 6.7 um. Image
produced by F. Hasler, D. Chesters, M. Jentoft-Nilsen, and K. Palaniappan (NASA/Goddard) and
T. Nielsen (Univ. of Hawaii)

Fig. 1.21 Earth images taken by the wide-angle camera of MESSENGER at 102,000 km above the
Earth. (Left) Composite made from combining filters with peak sensitivities at 480, 560 and 630 nm
(B, G and R filters, respectively). (Right) Composite made from combining the filters at 560, 630
and 750 nm. Credit: NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie Insti-
tution of Washington. Image PIA10122 of the Planetary Photojournal
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Visible Image Temperature Image

Fig. 1.22 Earth images taken by Thermal Emission Imaging System (THEMIS) onboard the 2001
Mars Odyssey. (Left) Image in the visible range showing the planet as a thin crescent. (Right)
Infrared image showing the light emitted by all regions of the Earth, according to their temperature.
Credit: NASA/JPL/Arizona State University. Image PIA00558 of the Planetary Photojournal

skies. Infrared light is not easily scattered, and so images of Earth remain sharp.
Continental areas are mostly red due to the high reflectance of vegetation in the
near-infrared (see Chap.5 for more details). The red colouring of the image is a
reflection of the Brazilian rain forests and other vegetation in South America.

Similar images were also acquired on 19 April 2001 at a distance of 3,563,735 km
when the Mars Odyssey spacecraft left the Earth for Mars. Here, what stands out
is the capability of the infrared for ‘night-vision’ and the possibility to produce
temperature maps (Fig. 1.22).

1.3 The Earth-Moon System

In its journey around the Sun, the Earth is accompanied by a relatively large satellite,
the Moon. The history of our planet cannot be dissociated from the evolution of
our satellite. Gravitational tides are the most remarkable interactions between them.
Figure 1.23 shows a mosaic of some of the images of the Earth—-Moon system from
space,’! where the reflective clouds and atmosphere of Earth contrast strongly with
the dark tones of the lunar surface. NEAR images view both bodies from above
their south poles. The Mars Global Surveyor obtained the first image ever taken
from another planet showing our Earth as a whole.

21 The Galileo (1992), Rosetta (2005) and Venus Express (2005) spacecrafts also took images of
the Earth—-Moon system from the vicinity of the Earth.
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Fig. 1.23 The Earth-Moon system viewed from different satellites. From left to right and from
top to bottom: Mariner X (November 1973), Mars Global Surveyor (2003), NEAR (23 January
1998) and Nozomi (1998). Credit: NASA and Japanese Space Agency

The relatively large size of the Moon with respect to the Earth is the most
remarkable parameter to be pointed out. This value together with its present dis-
tance to our planet give to the Moon an angular size equivalent to that of the Sun.
This coincidence is unique in the Solar System and allows us to contemplate the
impressive total solar eclipses.

1.4 The Solar System

In nature, isolated systems do not exist. This principle can also be applied in our
context. The Earth cannot be considered, in the study of exoplanets, as an isolated
object. It needs to be studied together with its surroundings.
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Fig. 1.24 The Solar System containing the Sun, eight planets and three dwarf planets. Courtesy:
Wikipedia

We can classify the components of the Solar System in the following groups
(Fig. 1.24)**:

One star: The Sun
Eight Planets with their 162 known satellites

— Four rocky or terrestrial planets
— Two gas giants
— Two ice giants

Three dwarf planets with their four known satellites
Thousands of small bodies mainly located at

— Asteroid Belt
— Kuiper Belt
— Oort Cloud

1.4.1 General Characteristics

As the Sun orbits around an axis perpendicular to the galactic disk, the planets,
asteroids and comets of the Solar System turn around the centre of masses of
the system, located inside the solar’s volume near its geometrical centre. Similar

22 After a decision made by the International Astronomical Union on 24 August 2006. See Chap. 7
for more details.



1.4 The Solar System 23

Table 1.1 Orbital parameters of the planets

Average distance Inclination angle with
Planet to the Sun (AU) Eccentricity  respect to the ecliptic
Mercury 0.39 0.21 7.00
Venus 0.72 <0.01 3.40
Earth 1.00 0.02
Mars 1.52 0.09 1.85
Jupiter 5.20 0.05 1.30
Saturn 9.55 0.06 2.48
Uranus 19.22 0.05 0.77
Neptune  30.11 <0.01 1.77

1 AU = 1.5 x 10" m (average Sun—Earth distance)

orbital dynamics are exhibited by satellites orbiting around the planets. The fea-
tures of planetary orbits arise from the well known laws of orbital motion deduced
by Johannes Kepler (1571-1630), mostly based on detailed observational data from
Tycho Brahe (1546-1601). These are the following:

e Planets orbit following elliptical trajectories with the Sun located at one focus.

e The radio-vector of a planet sweeps out equal areas at equal intervals.

e The square of the orbital period is proportional to the cube of the average dis-
tance from the Sun, the semi-major axis of the ellipse. Each orbital system has
a characteristic and unique proportionality constant that differs from others of
different orbital systems with different centre of masses.

These laws based on observational data (Table 1.1) did not take into account the
dynamical aspects of planetary motion until Isaac Newton (1642-1727) solved this
problem by analyzing the motion of two bodies moving together under an inverse
square law of attraction.

All planets move around the Sun along direct orbits (counter clockwise from
a north perspective). However, some moons travel around their planets following
retrograde orbits.

The last two chapters will be dedicated to the peculiarities of the planets, in our
Solar System and beyond.

At 10'° km of distance from the Earth, we have the entire Solar System in sight.

1.4.2 A View from the Edge

On 14 February 1990, NASA commanded the Voyager 1 spacecraft to turn the
narrow-angle camera (1,500 focal length) around to photograph the planets it had
visited. NASA compiled 60 images from this unique event into a mosaic of the Solar
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JUPITER

URANUS NEPTUNE

Fig. 1.25 Images of six planets of the Solar System from the edge of the Solar System taken by
the Voyager I spacecraft. They were taken through three colour filters (V, R, G) and recombined to
produce the colour images. The size of the Earth was 0.12 pixels. Credit: NASA

System (Fig. 1.25). Earth appears to be in a band of light because it coincidentally
lies right in the centre of a beam of scattered rays resulting from taking the image
so close to the Sun.?’

Sagan said the following in an address delivered on 11 May 1996 about what he
felt the photo demonstrated:

We succeeded in taking that picture from deep space, and if you look at it, you see a dot.
That’s here. That’s home. That’s us. On it everyone you love, everyone you know, everyone
you ever heard of, every human being who ever was, lived out their lives. The aggregate of
our joy and suffering, thousands of confident religions, ideologies, and economic doctrines,
every hunter and forager, every hero and coward, every creator and destroyer of civilization,
every king and peasant, every young couple in love, every mother and father, hopeful child,
inventor and explorer, every teacher of morals, every corrupt politician, every ‘superstar’,
every ‘supreme leader’, every saint and sinner in the history of our species lived there — on
a mote of dust suspended in a sunbeam

23 Mercury was too close to the Sun to be seen. Mars was not detectable by the cameras due to
scattered sunlight in the optics.
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Fig. 1.26 The Earth seen as
a planet from the orbit

of Saturn on 15 September
2006 by the Cassini
spacecraft. The bump at the
left is the Moon. Credit:
NASA

This image inspired his book Pale Blue Dot, where the philosophy about hu-
mankind’s place in the Universe and the description of what was known about the
Solar System at that time are mixed.

Recently (15 September 2006), the Cassini spacecraft, in orbit around Saturn,
took with its wide-field camera an image of the Earth. At that time, Cassini was
looking down on the Atlantic Ocean and the western coast of north Africa. The
phase angle of Earth seen from Cassini is about 30°. Figure 1.26 shows an isolated
view of our planet, where the Moon is seen as a dim protrusion at the upper left.

1.4.3 Our Environment

As was the case for Earth, the Solar system is not isolated from the rest of the
Universe and, therefore, we must consider its position with respect to the other
structures where it is embedded. For this purpose, we place ourselves at 20 light
years distance from the Sun.

1.4.3.1 Nearby Stars

Around 131 stellar and sub-stellar objects are located within 20 light-years from the
Sun, most of them M red stars and brown dwarfs (see Fig. 1.27). The closest ones to
the Sun form the o Centauri system. Proxima Century is only 4.22 light years away,
whereas the other two (¢ Cen A and o Cen B) form a bounded binary system, are
brighter and are a little farther away (4.36 light years). Thebault et al. (2008) have
studied the probability of habitable Earth-like planets in o Centauri B.
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Fig. 1.27 Stars in the vicinity of the Sun (20 light years)

Two solar-like stars are of special interest in the solar neighbourhood.

Epsilon Eridani is located about 10.5 light-years away in the northeastern part
of constellation Eridanus and has an age in the range of 0.85-1 Ga and a spectral
type K2V. Somewhat smaller and cooler than our own Sun, Epsilon Eridani is also
less luminous. It shows an infrared excess indicative of cool dusty material rotat-
ing around the star (Gillett 1986). This debris disk was first imaged at 850 um by
Greaves et al. (1998). Radial velocity measurements have discovered a Jovian class
planet (M sini = 0.86Mj) with an estimated semi-major axis of 3.4 AU and an
eccentricity of 0.6 (Hatzes et al. 2000) orbiting the star with a period of 7 years.
No further giant companions seem to exist (Janson et al. 2008). Recently, Backman
et al. (2009) have discovered two rocky asteroid belts and an outer icy ring, making
it a triple-ring system. The inner asteroid belt is a virtual twin of the belt in our
solar system, while the outer asteroid belt holds 20 times more material. Moreover,
the presence of these three rings of material implies that unseen planets confine and
shape them.

The G8V star Tau Ceti is the nearest sun-like star. It is ‘metal-deficient’ (see
Chap. 7 for details) and therefore is thought to be less likely to have rocky plan-
ets around it. However, observations have detected over 10 times as much dust
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surrounding Tau Ceti as is present in the Solar System (Greaves et al. 2004). As was
expected, no companions have yet been detected. Along with Epsilon Eridani, it was
searched (unsuccessfully) for any sign of intelligent life in 1960 (Project Ozma).

Going farther away by an order of magnitude, we see that the Sun is located
within three superclusters of stars. The youngest (70 Ma old) and closest (4101y) is
centred on the Pleiades star cluster. In the middle, we have the Sirius supercluster
(Ursa Major Group, 300 Ma old)) containing stars such as Sirius and the central
stars of the Big Dipper. Finally, the oldest (formed 630 Ma ago) was born along the
Hyades, with all their stars heading away from us, in the direction marked by Orion.
For data about these stars see Hoffleit and Jascheck (1982).

1.4.3.2 The Gaseous and Dusty Neighbourhood

The space between the stars is not empty. The ‘interstellar medium’ is the name the
astronomers give to the gas and dust that pervade the interstellar space. The densest
of these clouds, the molecular clouds, are the cradle for the formation of new stars.
To see how they are distributed in our vicinity, we need to move a little farther away
and place our observing viewpoint at 1,500 light-years from the Earth.

The morphology of this region, the Local Interstellar Medium, was configured
4 x 107 years ago by the passage of an expanding shell (see Ferlet 1999). As star
formation was triggered in the high-density gas ahead of the shell, several OB stellar
associations were formed, which now delineate the structure of what is known as
Gould’s Belt. Most stars in the solar neighbourhood younger than about 60 Ma are
located in this flattened structure a few hundred parsecs in size, with the Sun inside
it. It contains many young low-mass stars and interstellar gas (Stothers and Frogel
1974; Grenier 2000 ) and hosts 432+ 15 Supernova progenitors with masses >8 Mg
and its estimated lifetime implies a minimum of 40 supernova events Ma~! kpc 2
in a few tens of Ma (Comeron et al. 1994; Grenier 2000). The Belt is evident in the
night sky as a band of very bright stars inclined about 20° relative to the Galactic
plane. The map in Fig. 1.28 shows the surrounding 1,500 light-years and the position
of nearby high-density molecular clouds (Frisch 2000), where the process of star
formation takes place.

The Local Bubble (Breitschwerdt et al. 1998; Maiz-Apellaniz 2001; Frisch 2006,
2007) is about 300 light years long. It is almost completely empty, being 1,000 times
less dense (0.001 atoms per cm?) and 100-100,000 times hotter (T ~10° K) than
ordinary interstellar material and flows through the Solar System with a relative
Sun—cloud velocity of ~26kms~! (Zank and Frisch 1999; Génova and Beckman
2003). According to Welsh et al. (2004), it is shaped more like a tube and should
be called the Local Chimney. It was probably caused, a few million years ago, by a
nearby supernova explosion or a strong stellar wind from hot stars.

Inside the Local Bubble we have some cloudlets such as The Local Interstellar
Cloud, also known as the Local Fluff (Fig. 1.29), a region of relatively higher density
(~0.3 atoms per cm?) and lower temperatures (T ~7,000 K) into which the Sun has
(relatively) recently entered (2,000-8,000 years ago; see Frisch 1996). Using the
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Fig. 1.28 The Galactic environment Within 1,500 light-years of the Sun contains gas clouds of
various densities and temperatures. The Sun has passed through a hot, very low-density region —
the Local Bubble (black) — over the course of several million years and it is now embedded in a
shell of warm, partly ionized material flowing from the Scorpius—Centaurus star-forming region.
Adapted from Frisch (2000), Fig. 3. Reproduced by permission of American Scientist

UV instrumentation of the HST, Linsky et al. (2000) have produced detailed maps
of this 20 light-years long region. Based on radio-surveys of our Galaxy, Dickey
(2004) found that structures like the Local Bubble and the local clouds within it,
such as the Local Fluff, are very common.

The Sun itself is not at rest in the local reference frame, but has its own motion
of about 15kms~! in the direction of the constellation Hercules (approximately in
the direction of the star Vega, see previous images), so that it will plow through the
Local Fluff in less than 3,000 years time, and eventually come out through the left
wall of the Local Bubble.

The consequences of the passage of our Solar System through these kinds of
discontinuities are not very well known. Especially relevant is its location with
respect to nearby molecular clouds, where massive stars are born and therefore
frequent supernova explosions take place. The Scorpius—Centaurus OB association
(see Fig. 1.28) is the closest star-forming region on the outskirts of the Local Bub-
ble. Currently located at a distance of 450 light-years, it is receding in a direction
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Fig. 1.29 The Local Bubble, in which the Sun is presently embedded (scale: 25 light years).
Adapted from N. Henbest and H. Couper (1994) ‘The Guide to the Galaxy’ Chap. 6 Fig. C. Repro-
duced by permission of Cambridge University Press

towards the above mentioned constellations. Maiz Apelldniz (2001) has shown that
this association has generated 20 supernova explosions during the last 11 Ma, and
that it was at its closest approach to the Earth, at a distance of 130 light-years, 5 Ma
ago. One of the supernovae exploded 2 Ma ago, close enough to Earth to provoke, or
at least contribute, to the Pliocene—Pleistocene boundary marine extinction, where
the plankton and bivalve mollusks, all UV sensitive, were the species most affected
(Benitez et al. 2002).>* The event seems to be confirmed by the finding of an excess
of %°Fe atoms in the corresponding layers of deep ocean (Knie et al. 1999).

24 Conventional explanations for this event are based on the emergence of the Panama isthmus or
climate cooling. See Chap. 2.
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1.4.3.3 The Galaxy

The home of our Solar System is the Milky Way Galaxy. Like other spiral galaxies,
it consists of a thin disk of gas, dust and bright young stars, a swarm of older stars
forming a central bulge, and a faint surrounding halo, composed of very old stars. Its
main disk is about 80,000—100,000 light-years in diameter, about 250,000-300,000
light-years in circumference and, outside the Galactic core, about 1,000 light-years
in thickness. To see the Galaxy as a whole, we need to travel ~10'° km away.

Looking at the Galaxy from a face-on perspective (Fig. 1.30), we could easily
detect the spiral arms on the disk, formed as a consequence of density waves, which
trigger star formation. The spiral arms are not actually solid groups of stars. Instead,
they represent areas where there are more stars, gas and dust. The arms are about
0.5 kpc wide and the spacing between the spiral arms is about 1.2—1.6 kpc.

The Sun (and therefore the Earth and the Solar System) is at present located
close to the inner rim of the small Orion Arm at a distance of ~7.8 kparsec from
the Galactic Center (see Reid 1993; Eisenhauer et al. 2003, 2005; Nishiyama et al.
2006; Groenewegen et al. 2008 for different measurements of this parameter). The
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Fig. 1.30 Map of Milky Way as seen from far Galactic North showing the spiral arms. The Orion
arm contains our Sun and the Solar System. Credit: Richard Powell, The Atlas of the Universe
(http://www.atlasoftheuniverse.com)
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clockwise orbital speed of the Solar System relative to the centre of the Galaxy is
~220kms~!, completing a revolution every 225-250 Ma. The Sun has circled the
Galaxy more than 18 times during its 4.6 billion year lifetime.

Molecular clouds are located preferentially in the spiral arms. Their masses range
from the Giant Molecular Clouds (M~10°-10° solar masses) to small ones. Their
mass spectrum follows a power law. Massive stars are born in these clouds, which
ionize the hydrogen gas in their vicinity, thus forming the HII regions (Russeil
2003).

Stars have different velocities as a function of their age. Low-mass, older stars,
like the Sun, have relatively high random velocities and as a result can move farther
out of the galactic plane.

An important aspect to consider is the motion of the Sun with respect to the spiral
arms of our Galaxy. The co-rotation line is defined as the zone where the angular
velocity of the Galaxy, individual stars, and that of the pattern of spiral arms are
similar. Marochnik (1983) and Mishurov et al. (1997) studied the position of our
Sun close to this co-rotation line, suggesting that this placement is exceptional in the
sense that it minimizes the frequencies of passage through large molecular clouds
contained in the spiral arms.

At a distance of 10?2 km our Galaxy is reduced to a point, and we can no longer
distinguish the position of our Sun. Our space travel has come to an end. In the next
chapter, we change the dimension, and we start a time travel through the History of
the Earth.
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Chapter 2
The Earth in Time

The Earth is now characterized by a set of physical parameters and features observed
on its surface. However, the Earth in its present state represents just one stage in an
evolutionary process starting from the moment the planet formed to the present day.
In our future search for Earth-like planets, we may encounter a planet at any stage in
its evolution, and therefore, we can feasibly use the history of the Earth as a guide to
characterize these planets. In this chapter we study the different components of the
Earth system over time, starting with an introduction to the Earth as it is at present.

Most of the observed changes in the surface of the Earth have come about as
a consequence of the dissipation of the energy stored in its interior. Variations in
the gaseous envelope, the atmosphere, are mainly driven by changes in the solar
output and in the concentration of greenhouse gases, together with a strong internal
variability. Thus, we can divide all the changes suffered by our planet into two main
classes: abiotic (solar and geological) and biotic.

A holistic view of our planet is based on the assumption that all its properties
cannot be determined only by the sum of its components. This constitutes the core
of the Earth System Sciences (Kump et al. 2004; Steffen et al. 2005).

We can consider our planet as constituted by four vast reservoirs of material with
flows of matter and energy between them: atmosphere, hydrosphere, biosphere and
geosphere (Fig.2.1). The entire system evolves as a result of positive and negative
feedbacks between constituent parts.

For Schellnhuber (1999), the Earth System, E, can be represented by the equation

E = (N, H),

where N = (a,b,c,..) is the ecosphere and consists in a set of linked planetary
sub-spheres: a (atmosphere), b (biosphere), ¢ (cryosphere), and so on; H=(A,S)
embraces the antroposphere A, and the component S reflects the emergence of a
global subject, manifested, for instance, by adopting international laws for climate
protection.

Table 2.1 and Fig. 2.2 show the main periods of the Earth history and the main
geological and biological events, respectively, which have taken place throughout
the evolution of our planet.

M. Vazquez et al., The Earth as a Distant Planet: A Rosetta Stone for the Search 35
of Earth-Like Worlds, Astronomy and Astrophysics Library,
DOI 10.1007/978-1-4419-1684-6_2, (© Springer Science+Business Media, LLC 2010
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Fig. 2.1 Diagram of the Earth system, showing interactions among the components. From
R.W. Christopherson, Geosystems: an introduction to physical geography, 1997. Copyright:
Prentice-Hall

Table 2.1 Geologic periods

Precambrian  Hadean (4500-3800) Moon formation
Origin of the oceans
Archaean (3800-2500) Origin of life
Proterozoic (2500-550) Rise in atmospheric oxygen
First cells with nucleus
Phanerozoic  Paleozoic Cambrian (550-490) Complex Life
Ordovician (490-443)
Silurian (443-417)

Devonian (417-354)
Carboniferous (354-290)

Permian (290-248) Massive extinction
Mesozoic Triassic (248-206)

Jurassic (206—-144)

Cretaceous (144-65) Massive extinction
Cenozoic Tertiary (65-1.8)

Quaternary (1.8-Today) = Humans

The time in brackets is in Ma
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Fig. 2.2 Main geological periods
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Different textbooks and monographs have handled the topic of this chapter. We
can indicate only some of them (Stanley 1992, 1999; Lunine 1999; Lane 2002;
Anguita 2002; Knoll 2003 and Zahnle et al. 2007).!

2.1 The Earth at the Present Time

The mass of our planet is approximately 5.98 x 10%*kg. It is composed mostly
of iron (32.1%), oxygen (30.1%), silicon (15.1%), magnesium (13.9%), sulphur
(2.9%), nickel (1.8%), calcium (1.5%) and aluminium (1.4%), with the remaining
1.2% consisting of trace amounts of other elements.

To understand the past and to predict the future, it is essential to know what is the
present structure of our 4.6 Ga old planet. We follow a classical approach describing
the different layers (Fig.2.3) and the processes taking place there. Then we begin
our time travel back to its past and into its future.

Subduction zone

Crust and
lithosphere

Midocean
ridges

Shallow
mantle

D” layer

DEPTH (kilometers)

Outer core
(molten)
5,150

Inner
core
(solid)

6,378

Fig. 2.3 Scheme of the different layers of the Earth, from the core to the surface

! See also the 2008 report of the National Research Council on Origin and Evolution of Earth:
Research Questions for a changing Planet.
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2.1.1 The Interior

The interior of the Earth is chemically divided into layers as a result of its molten
state, early in its formation. Together with theoretical work, the main sources of
information about this region comes from the recordings of free oscillations excited
by large earthquakes.

The simplest model of the Earth is based on the assumption of an average density,
? = 5.52gcm™3. It is obvious that this value is higher than the average density
(2.7-3.3) of the rocks of the Earth’s surface. This clearly points to a concentration
of mass near the centre of the Earth. Assuming that the planet is in hydrostatic
equilibrium and is spherically symmetrical

dP = —pg dr.

The gravity is given by

Gm 4nG [ ,
g = r_2 = r2 A pr dr,

where G is the gravitational constant and m = 4T”r3,o is the mass enclosed within
the sphere of radius r and density p. Hence,

dp 471G !
_— = = Top / pr2 dr.
dr 2 Jo

Now, by splitting the density variation in two parts

dp dpdP
dr  dpdr’

we obtain
do _p

dp K

where K is the compressibility module. Therefore,

)

do  pGmp
dr K 2~

From the theory of propagation of waves in the interior of the Earth, we know that

K 4
_:a2__ﬁ2,
P 3
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where a and B are the velocities of the P and S waves,” respectively, given by

(<+50) /o)

B=(K/p)'",

o

where p is the density and p is the rigidity modulus

dp Gmp

a2 )
r (a 3,3

Moreover, we must also know the equation of state of the material in the interior
that establishes a relation of density with temperature and pressure at all the depths.
The Preliminary Earth Reference Model constitutes a good framework to study
the processes taking place in the Earth’s Interior (Dziewonski and Anderson 1981).
Figure 2.4 shows the variations with the radius of the most relevant parameters. For
monographs on the Earth’s internal structure see Zharkov (1986) and Poirier (1991).
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Fig. 2.4 The preliminary Earth reference model. The radial variation of the parameters
cited in the text is shown. The surface is indicated by the level 0. Data available from
http://solid_earth.ou.edu/prem.html

2 Pressure (P) waves travel at the greatest velocities within solids and the particle motion is parallel
to the direction of wave propagation. Shear (S) waves are transverse waves.
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2.1.1.1 Inner Core

The core was the first internal structural element to be identified. Oldham (1906), by
studying earthquake records, first suggested that the Earth must have a molten inte-
rior. Temperatures at the Earth’s centre can reach to 5,000-6,000°C. However, the
inner core remains solid due to the extremely high pressure overcoming the effect
of high temperatures. It is composed of mainly nickel-iron alloy and some lighter
elements (probably sulphur, carbon, oxygen, silicon and potassium). The inner core
seems to be rotating faster than the Earth’s surface (Glatzmaier and Roberts 1996).

2.1.1.2 Outer Core

The outer core is in liquid state, with convection as the main form of energy trans-
port. The heat necessary to drive convection is derived from the gradual growth of
the inner core. As the deeper outer core cools, liquid iron slowly solidifies, releasing
heat in the process. The newly formed particles of solid iron also heat the outer core
frictionally as they settle down to join the inner core.

The rotating fluid in this layer is responsible for producing the Earth’s magnetic
field via a dynamo process. Our planet possesses one of the strongest magnetic fields
of the Solar System.” This is due to the combination of a relatively high rotation
rate (24 h) and the thickness of the outer core, where we have fluids in motion. The
magnetic field is practically a dipole, with the axis inclined approximately 11.3°
from the planetary axis of rotation.

2.1.1.3 Mantle

The mantle lies roughly between 30 and 2,900 km below the Earth’s surface and
occupies about 70% of the Earth’s volume (see Fig.2.3). Temperatures range be-
tween 1,000°C at upper boundary and over 4,000°C at the boundary with the core.
Although these temperatures far exceed the melting points of the mantle rocks at the
surface, particularly in deeper layers, the materials are almost exclusively solid. The
enormous lithostatic pressure exerted on the mantle prevents them from melting,
because the melting temperature increases with pressure.

In the upper mantle there is a major area, the asthenosphere, where the tempera-
ture and pressure are at just the right balance so that part of the material melts. The
rocks become soft plastic and flow like warm tar. This layer is 100-200 km thick and
its top is about 100 km below the Earth’s surface. It is mainly composed of oxygen,
silicon, iron, aluminium and magnesium. The amount of water in the mantle is still
a matter of debate (Bolfan-Casanova 2005).

3 The strength of the field at the Earth’s surface ranges from less than 30 | T (0.3 gauss) in an area
including most of South America and South Africa to over 60 T (0.6 gauss) around the magnetic
poles in northern Canada and southern Australia, and in parts of Siberia.



42 2 The Earth in Time

Most of the heat generated is transported through the mantle via convection,
providing an effective way to transport material and heat from the deep interior.*
Evidence for the descent of crustal slabs into the mantle indicates that materials
travel both ways. The Rayleigh number for the convecting mantle is

Ra = ga(Tm - Ts)(Rm - Rc)3
KV

’

where g is the acceleration due to gravity, o the coefficient of thermal expansion,
v the viscosity, « the thermal diffusivity, R,, and R, the outer and the inner radii
of the mantle, respectively and 7}, and 7§ the temperatures of the mantle and sur-
face, respectively. Convection exists for Rayleigh numbers greater than 103. For the
mantle, values ranges between 10® and 108.

The mantle heat flow is parametrized in terms of this Rayleigh number Ra.

_ K(Ty—Ty) [ Ra )’
~ (Rm—Ro) (Racr)

Qm

where k is the thermal conductivity, Ra., the critical value for the onset of convec-
tion and § an empirical constant.

2.1.1.4 Lithosphere

The lithosphere is the outermost shell of the planet. It includes the crust and the
uppermost mantle, which are joined across the Mohorovic layer. The solid crust of
the Earth floats on top of the upper mantle and has two main components: oceanic
and continental, the latter being thicker. Figure 2.5 illustrates the relative abundance
of chemical elements in the upper continental crust. Rock-forming elements are the
most abundant. Oxygen and silicon compose approximately 72% of the rocks, with
the rest being aluminium, iron, calcium, magnesium and sodium.

2.1.1.5 Energy Budget

The internal energy of our planet has two main sources: (1) the potential energy
acquired during the accretion process and the energy added by impacts during the
Earth’s initial growth and (2) the energy released by the radioactive decay of ele-
ments such as “°K, 233U and 232Th through the following reactions:

238y — 206pp 4 8*He + 6e~ + 6V + 51.7 Mev
232Th — 208pp 4 6*He + 46~ + 4V + 42.8 Mev
K + e —> *OAr + 7 4+ 1.513 Meyv,

where v are the antineutrinos.

4 Mantle materials are poor conductors of heat.
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Fig. 2.5 Abundance (atom fraction) of chemical elements in the upper lithosphere as a function
of the atomic number

The total power dissipated by the Earth’s interior is estimated to be between 30
and 44 TW (Pollack et al. 1993; Garzén and Garzén 2001).°

Both types of energy, accretion and radiogenic, decline with time and are propor-
tional to the mass of the planet.® They are dissipated, gradually and abruptly, toward
the outer layers, giving rise to processes that have configured the structure of the
Earth’s crust (Condie 2004b). These values are small compared with the 174 PW
(~340 W m~2) received from the Sun at the top of the atmosphere.

The fundamental energy equation for the transfer of energy per unit volume is

oT
CE = Q¢ + Qu — Qconv,

where C is the heat capacity of the Earth and Q. is the heat transfer by conduction,
which can be expressed by the Fourier law

QC = _szTa

k being the thermal conductivity. Taking into account only Fourier’s conductive
cooling, W. Thompson (Lord Kelvin) estimated in 1863 the age of the Earth in
100 Ma (Richter 1986; Burchfield 1990). We clearly need other energy sources and
cooling mechanisms.

5 The heat flow is larger in the oceans than in the continents.

® The amount of generated energy is proportional to the planetary volume (o< R3), and the amount
of dissipated energy depends on the planetary surface (< R?). Therefore, it takes a certain time to
cool.
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The mantle is a viscous fluid and the heat advented by mass transfer with velocity
V, convective heat flux, across the mantle is given by

Qconv = CpVVT'

In 1895, John Perry (1850-1920) produced an age of Earth estimate of 2-3 bil-
lion years old using a model of a convective mantle and thin crust. However, the
main event was the discovery of radioactivity by Henry Becquerel (1852-1908), in
1896, leading to the possibility of longer ages not only for the Earth but also for the
Sun and the totality of the Solar System.

Qg is the local heat generation by radioactivity decaying with time. It depends
on the mass, m, of the main radioactive isotopes (expressed in units of 107 kg.)

Qu(TW) = 9.5m(***U) + 2.7m(**Th) + 3.6m(*’K)

From theoretical estimates we know that m(>*>Th):m(U):m(*°’K) = 4:1:1. There-
fore,
Qu(TW) = 24m(**U).

The Urey ratio, U, is defined as

Qu

U= .
QCOHV

Mantle convection models typically assume U values from 0.4 to almost 1 (impli-
cating a surface heat flux of 46 TW), whereas geochemical models (e.g. Korenaga
2008) predict 0.3 < U < 0.5, implicating smaller heat fluxes (~30TW). Latter
models assume that U and Th are mainly in the lithosphere and mantle is in the
form of oxides, leading to smaller values for the radioactive heat. Other models
assume that potassium is alloyed with iron in the interior (Lee and Jeanloz 2003),
providing an important source of radioactive energy to generate the magnetic field
(Herndon 1996).

Araki et al. (2005) have measured antineutrinos produced by radioactive beta-
decay at the heart of the Earth. The results obtained from these so-called geoneu-
trinos, 19 TW for radiogenic heat, are consistent with compositional models of
the planet (Palme and O’Neill 2003; McDonough 2003), and provide a new way
of determining where unstable isotopes are stored inside the planet and in what
concentrations.

2.1.2 Plate Tectonics

Observed over time, the Earth shows clear changes in the aspect of its surface, which
can be easily interpreted as the consequence of internal energy release from its inte-
rior. Figure 2.6 shows a computer generated view of the crust relief.
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Fig. 2.6 A view of the crust relief showing land and undersea topography. Courtesy of National
Geophysical Data Center

During the nineteenth and the early twentieth century, geologists explored the
idea that the continents may have moved across the surface.” They were inspired
by the remarkable fit between Atlantic coasts of Africa and South America, already
noted by Francis Bacon.® This hypothesis was first developed by Alfred Wegener
(1880-1930), who also studied the distribution of animals and fossils to help him in
his interpretations.

After World War II, large chains of underwater volcanoes were discovered,
known as mid-ocean ridges. The Mid-Atlantic Ridge was mapped first in some detail
by M. Ewing (1906-1974) and B. Heezen (1924-1977). These rifts were later iden-
tified as newly formed sea floor that is extruded along the ridges. Once emerged, the
new floor expands to the sides, process known as sea-floor spreading (Hess 1962).

In principle, there are three primary modes for releasing the heat contained in the
Earth’s interior, cooling the planet: magma ocean (see Sect. 2.3.1), stagnant lid” and

7In a letter written on September 1782 to the Abbe Soularie, Benjamin Franklin (1706-1790)
recognized that the crust was a shell, which could be broken and parts moved about.

8 In 1620 he said, if the fit between South America and Africa is not genetic, surely it is a device of
Satan for our confusion.

°1In stagnant lid convection, heat is transported by conduction in most of the top layer. The con-
vectively unstable bottom is restricted to this region, which is significantly colder than the interior
and not so cold that it is too stiff to participate in the convection.
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Fig. 2.7 Global plates of the planet

plate tectonics (Schubert et al. 2001). The latter process has been observed only in
our planet'’(see Martin et al. 2008 for a didactic summary).

The lithosphere essentially floats on the top of the mantle, the plastic astheno-
sphere, and is broken up into what are called tectonic plates, which are moving in
relation to one another, continuously changing shape and size. The lithosphere is
divided into about 20 rigid plates (Fig.2.7). Dissipation of heat from the mantle is
the original source of energy driving plate tectonics. Earth activity (earthquakes and
volcanoes) is concentrated at the plate boundaries.

Three types of plate boundaries exist, differentiated by the way the plates move
relative to each other. They are also associated with different types of surface phe-
nomena. The different types of plate boundaries are the following:

Divergent boundaries: Here two plates slide apart from each other (examples of
which can be seen at mid-ocean ridges and active zones of rifting). Material from
the mantle rises from beneath a mid-ocean and partially melts, forming magma and
creating new ocean crust.

Convergent boundaries: Two plates move together forming either a subduction
zone (if one plate moves underneath the other) or a continental collision (if both
plates contain continental crust). Deep marine trenches are typically associated with
subduction zones. Because of friction and heating of the subducting slab, volcanism
and earthquakes are almost always closely linked to convergent boundaries. The
sinking of lithosphere in subduction zones provides most of the force needed to
drive the plates and cause mid-ocean ridges to spread.

10 Venus has a thick lithosphere and mantle plumes (stagnant lid convection) and although plate
tectonics may have existed in the past in Mars, it now has become a ‘single-plate’ planet dominated
by hot-spot volcanism (see also Sect. 2.3.2).
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Transform boundaries: These occur where plates slide or, perhaps more accurately,
grind past each other along transform faults. The relative motion of the two plates
is either sinistral (left side toward the observer) or dextral (right side toward the
observer).

The destruction (recycling) of crust takes place along convergent boundaries
where plates are moving toward each other, and sometimes one plate sinks (is sub-
ducted) under another.

2.1.3 The Atmosphere

The atmosphere is the gas layer surrounding the planet (Fig. 2.8). The average pres-
sure at the ground is 1,013 mbar, with a column atmospheric mass of 1kgcm™2 and
a density of 2.7 x 10° molecules cm™3. Table 2.2 gives the best estimates about its
main constituents.

Oxygen in Earth’s atmosphere is very abundant. However, it is relatively rare at
the cosmic scale (~0.06%) and therefore also in the protosolar nebula. Moreover,
the noble gases (Kr, Ne) are thousands of times more abundant in the Sun than in
our atmosphere. Some mechanism has blown up the primordial atmosphere, leaving
the inert nitrogen as the only residual of those early times. We speak in Sect. 2.3.1
on the origin of carbon dioxide and water.

ISSO1IES4I29

Fig. 2.8 Image of the Earth atmosphere taken on 20 July 2006 from the International Space Station
by the astronaut Jeffrey Williams using a digital camera equipped with a 400 mm lens. Astronaut
photograph ISS013-E-54329. Courtesy: NASA JSC
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Table 2.2 Principal
constituents of the
atmosphere

2 The Earth in Time
Constituent Composition by volume (%)
Nitrogen N, 78.08
Oxygen 0, 20.95
Argon Ar 093
Carbon dioxide CO, 0.0375
Water vapour H,O 0.001-4
Neon Ne 0.0018
Helium He  0.0005
Methane CH; 0.00017
Nitrous oxide N,O 0.00003
Hydrogen H, 0.00005
Xenon Xe  0.000009
Ozone O3 0.000004

Measurements from balloon soundings and aircraft flights, together with
theoretical developments, brought a clearer understanding of the physical struc-
ture of the terrestrial atmosphere, which was divided in different layers according
to the different processes taking place in them (see Fig. 2.9).

Troposphere: Named after the Greek word for overturning, it extends from the ter-
restrial surface up to approximately 11 km. The heat source is infrared radiation
emitted from the surface, warmed by visible solar radiation. The heat is transferred
from the surface to the troposphere by the following processes:

e The evaporation of water and the release of latent heat'' through the formation

of clouds.

e Infrared emission and absorption by greenhouse gases, such as water vapour,

C02 and CH4 .

e Sensible heat flux, the heat absorbed or transmitted by a substance during a
change of temperature that is not accompanied by a change of state.

Assuming hydrostatic equilibrium (dP(z)/dz = —p(z)g(z)) and the equation of
state for an ideal gas (P = n k T), we obtain the following expressions:

dP() _ P@u2)e(2)

dz

kT(z)

P(z) = Poe ™2/KT: n(z) = nge /1,

where H (z) is the pressure scale height given by

11 Heat absorbed during a change of state.

kT(z)

T wg()
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Fig. 2.9 Thermal profile of the atmosphere showing the different layers. Height (in kilometres and
miles) is indicated along each side. Credit: National Weather Service

T being the temperature, z the geometrical altitude, p the pressure, g the gravita-
tional acceleration, p = nm the mass density, k the Boltzmann constant and w the
mean molecular weight.

Convection is the dominant mechanism for energy transport in the troposphere.
Assuming adiabatic motion of the convective cells, the temperature gradient, dT/dz,
can be derived by applying the first law of thermodynamics and the consideration
of latent heat

dT/dz = —(g(z)/cp)/[1 + (L/cp)(dW/dT)] ~ 6.5°C/km,

where z is the vertical coordinate, g the gravitational acceleration, ¢, the specific
heat at constant pressure, W the mass of saturated air and L the latent heat of
vapourization. Moisture can decrease dT/dz by releasing latent heat. James P. Espy
(1785-1860) first derived this parameter empirically for dry and saturated condi-
tions, and some years later verified theoretically by W. Thompson (Lord Kelvin).
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The troposphere contains 99% of the water vapour in the atmosphere and its
content decreases rapidly with height in this layer. Water vapour plays a major role
in regulating air temperature because it absorbs solar energy and thermal radiation
from the planet’s surface.

The tropopause is highest in the tropics (~16 km) and lowest in the polar regions
(~8km), and also undergoes seasonal changes. Here, radiative processes start to
dominate. Meteorological processes take place in the lower atmosphere (the tropo-
and stratosphere).

Stratosphere: This layer lies between 10 and 50 km altitude and it is mainly a
radiation-driven environment. The temperature increases with altitude due to the
absorption of UV radiation by ozone, a topic that will be dealt with later (Fig. 2.26).
Other major absorbing and emitting gases in this region are carbon dioxide and
water vapour (see, e.g. Taylor 2003 for a summary).

Mesosphere: This is the coldest of the atmospheric layers and is created by the
emission of radiation from carbon dioxide, CO,. The temperature decreases with the
altitude and reaches low enough values to freeze water vapour producing ice clouds,
also called noctilucent clouds. Because of oxidation processes and the penetration of
UV radiation, which dissociates polyatomic molecules, this layer is more complex
than those below.

Thermosphere: The temperature rises in this layer again because of the heat re-
leased from the dissociation of molecular oxygen by UV light and photoionization
by X-rays. Here, conduction is the main mode of energy transport. In this layer the
absorption of solar energy is less than 1% of that in the stratosphere, but the air
is so thin that a small increase in deposited energy can cause a large increase in
temperature.

Exosphere: A region where most of the particles have enough kinetic energy to es-
cape from the terrestrial atmosphere. The minimum escape velocity from the Earth,
the critical escape velocity, is about 11.3kms™!.

The outer layers of our planet will be described in more detail in Chap. 4.
See Chamberlain (1987) and Houghton (2002) for basic concepts on planetary
atmospheres.

2.1.4 Energy Balance of the Atmosphere

2.1.4.1 Albedo

The unit-less quantity albedo (Latin for white) is a measure of the overall reflec-
tion coefficient of an object. The geometric albedo, p, is defined as the amount of
radiation relative to that from a flat Lambertian surface, which is an ideal reflec-
tor at all wavelengths. The bond albedo, a, is the total radiation reflected from an
object compared to the total incident radiation. For Earth, the bond albedo (the frac-
tion of incoming sunlight that our planet reflects back to space) is 0.29 while the
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geometrical albedo is 0.37 (de Pater and Lissauer 2001). Unless otherwise specified
in the following, we refer to the bond albedo (see next chapter for more details).

There are many factors in Earth’s climate system that influence how much
sunlight our world reflects back to space vs. how much it catches and stores in
the form of heat. Potential parameters affecting the albedo are volcanic eruptions,
changes in surface vegetation and/or desertification (Betts 2000), variations in
snow and ice coverage (Randall et al. 1994), and atmospheric constituents such
as aerosols, water vapour and clouds (Cess et al. 1996; Ramanathan et al. 1989;
Charlson et al. 1992). Albedo changes will be determined by the total effect of the
variations in all these parameters. However, these changing parameters will bring
along multiple climate feedbacks, which make assessing the exact implications in
the albedo a hard task.

2.1.4.2 The Planet’s Mean Temperature

Let us assume a purely radiative balance of the Earth’s atmosphere. Climate changes
are produced by any perturbation to this balance. Figure 2.10 shows a scheme of the
different external factors playing a role in the climate system.

Solar radiation is the primary energy source for the Earth’s climate. Its flux at the
Earth is determined by

L

4rd?’
where L is the solar luminosity (energy per time unit) and d the distance Earth—Sun.

The Earth’s surface, aerosols in the atmosphere and clouds all reflect some of
the incoming solar short-wavelength radiation back to space, preventing that energy
from warming the planet. Furthermore, about 13% of the solar radiation incident
in the atmosphere is Rayleigh scattered, half of this reaching the Earth’s surface
as diffuse radiation and the other half being returned to space (Houghton 2002).
Short-wavelength radiation, usually defined as having wavelengths between 0.15
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Fig. 2.10 The various factors related to changes in the Earth’s surface temperatures
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and 4.0 pm, includes about 99% of the sun’s radiation; of this energy, 46% is in-
frared (>0.74 um), 9% is ultraviolet (<0.4 um) and the remaining 45% is visible,
with wavelengths between 0.4 and 0.74 pm (Liou 2002). A significant portion of the
solar energy is absorbed by the Earth (~70%), where it drives terrestrial phenomena
before being radiated back into space through the atmospheric window as infrared
radiation, peaking at about 10 pm.

The temperature of the Earth is determined by the balance between the received
shortwave (visible) flux, Fj,, and the emitted infrared (long-wave) radiation, F,
so that

(7RE) Fs(1 — a) = 47 R} Fg.

Assuming that the Earth radiates as a black body Fg = oT*, we can define an
equilibrium temperature as

I = [Fs(l - a)]1/4 _ [L(l - a)]1/4 ,

4o 4rod?

where o is the Stefan-Boltzmann constant and Teq (~255K) is the equilibrium
temperature of the Earth, a physical averaged long-wave emission temperature at
about 5.5 km height in the atmosphere (depending on wavelength and cloud cover,
altitudes from O to 30 km contribute to this emission).

Simple calculations indicate that T,y is much less than the present surface temper-
ature T, = 288 K. Therefore, one must introduce a greenhouse forcing parameter
G[W/m?] defined as the difference between the emission at the top of the atmo-
sphere and the surface. The forcing G increases with increasing concentration of
greenhouse gases (see Harries 1996 for an overview on the global energy balance of
the Earth).

After Raval and Ramanathan (1989), we can define the normalized greenhouse
effect g, with g = G/oT*. Then the outgoing power can be written as

Fou = 47R%0(1 — g)T?.
If the planet is in radiative equilibrium, Fy, = Fqy, then we have

4 Fs

T = m(l —a)

This means that the albedo, together with solar irradiance and the greenhouse
effect, directly controls the Earth’s temperature.

2.1.4.3 Greenhouse Gases

Greenhouse gases are the gases present in the atmosphere, which reduce the loss
of heat (infrared long-wave radiation) into space by absorbing it and therefore con-
tribute to global temperatures through the greenhouse effect. Two pioneers must be
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mentioned in this context: Joseph Fourier (1768-1830) established the concept of
planetary energy balance (Fourier 1824), and J. Tyndall (1820-1893) began to study
the capacities of various gases to absorb or transmit the heat emitted by the Earth
(infrared radiation). He showed that the main atmospheric gases, nitrogen and oxy-
gen, are almost transparent to radiant heat, while water vapour, carbon dioxide and
ozone are such good absorbers that, even in small quantities, these gases absorb heat
radiation much more strongly than the rest of the atmosphere (Tyndall 1863).

The major atmospheric constituents (nitrogen and oxygen) are not greenhouse
gases. This is because homonuclear diatomic molecules'? such as N, and O, neither
absorb nor emit infrared radiation, as there is no net change in the dipole moment
of these molecules when they vibrate. Molecular vibrations occur at energies that
are of the same magnitude as the energy of the photons on infrared light. The most
important greenhouse gases are diatomic heteronuclear molecules such as water
vapour and carbon dioxide (Fig. 2.11); methane, nitrous oxide and other trace gases
contribute as well. A simple relation between the surface temperature, Ty, and the
partial pressure of carbon dioxide has been given by Walker et al. (1981).

)0.364 2264,

Ty = 2T, + 4.6 (P/P20,
where ¢ is time in billions of years and

T. = 255/(1 4 0.087t)%-2.

2.1.4.4 2D Models

In zonally averaged climate models, the rate of solar energy input to a latitude belt
is locally balanced by the sum of the energy leaving the latitude belt as infrared
radiation to space and the net heat transport to other latitude belts. This may be
expressed by the relation (North et al. 1981)

—iD(l — xz)dT—(X) +1(x) = Sx)(1 — a(x)),
dx dx

where D is the meridional heat diffusion coefficient, x the sine of latitude, T(x) is the
zonally averaged temperature in a given latitude band, I(x) is the outgoing infrared
radiation, S(x) is the annual solar radiation reaching the top of the atmosphere and
a(x) is the zonally averaged top-of-atmosphere albedo. Caldeira and Kasting (1992)
give polynomial fits for these parameters.

12 Diatomic molecules are molecules made only of two atoms. If a diatomic molecule consists
of two atoms of the same element, then it is said to be homonuclear, otherwise it is said to be
heteronuclear.
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Fig. 2.11 Pattern of absorption bands generated by various greenhouse gases and their impact on
both solar radiation and upgoing thermal radiation from the Earth’s surface. Note that a greater
quantity of upgoing radiation is absorbed, which contributes to the greenhouse effect

2.2 The Precambrian Era (4,500-4,550 Ma BP)

We have now the tools to describe the main epochs of the evolution of our planet.
The debate over the age of the Earth and the Sun has been ongoing for over 2,000
years. The discovery of radioactivity near the end of nineteenth century made it
possible to clarify the discussions providing a long-standing source for the solar
energy and a technique of isotope geochronology. Measurement of the decay of
radioactive elements has been applied in meteorites and the Moon, permitting the
age of our planet to be estimated at 4,550 millions of years (Patterson 1956; Allegre
et al. 1995 and Zhang 2002). The Pb and Hf-W isotopic systems have been widely
used for this purpose. It is the beginning of our countdown.
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Fig. 2.12 The main events HADEAN (4.500 - 3.800) FORMATION OF CORE
during the Precambrian MOON FORMATION
FAINT YOUNG SUN
LATE HEAVY BOMBARDMENT

ARCHAEAN (3800 -2500) TECTONIC ACTIVITY
ORIGIN OF LIFE (PROCARIOTS)
METHANE

PROTEROZOIC (2500 - 550) RISE ATMOSPHERIC OXYGEN
CARBON DIOXIDE CYCLE
EUCARIOTS
FIRST SNOWBALL EPISODE

Figure 2.12 shows the main periods of the Precambrian era, covering most of the
history of the Earth, and the most relevant events occurring during this time period.

2.2.1 The Formation of the Earth: The Hadean Era

Three main phases can be considered in the formation of the Earth (Goldreich et al.
2004). It started with a quick runaway accretion in a disk of small bodies, a pro-
cess lasting less than one million years. During several hundred million years, the
embryos grew at the expense of smaller bodies until finally the orbits of the em-
bryos began to cross, colliding and coalescing in a protoearth (see Chap. 8 for more
details).

The Earth’s core began to grow after the formation of the protoearth as the tem-
perature increased to the point where dense, liquid iron began to sink toward the
centre of the planet. According to a value given by isotopic signatures of radiogenic
element pairs '82Hf/182W (Kleine et al. 2002), the core formation was completed
30 Ma years after the formation of the Earth. Sometime during this period the sur-
face of the Earth became solid and the first rocks were formed (Wood et al. 2006).

No more than 100 Ma after accretion, the Earth had already reached its present
size. Temperatures in the interior were high enough to partially melt the mixed solids
of silicate and iron. The differentiation process released a considerable amount of
energy. The melting of hot dry mantle at ocean ridges and plumes resulted in a crust
about 30 km thick, overlaid in places by extensive volcanic plateaus. The continental
crust, in contrast, was relatively thin and mostly submarine.

Figure 2.13 shows a scheme of the evolution of temperature, water and carbon
dioxide during the Hadean era. Substantial greenhouse and tidal heating were able
to maintain a magma ocean for a few million years.

The Moon would have been formed by a grazing collision with a Mars-mass ob-
ject during the late stage of Earth accretion (Hartmann and Davis 1975; Stevenson
1987; Canup and Asphaug 2001 and Canup 2004), but with our planet already
differentiated into mantle and core (Toboul et al. 2007). The collision formed a
dense atmosphere of gaseous silicates that rapidly cooled down and precipitated.
The residual atmosphere was constituted by water vapour and carbon dioxide.
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Fig. 2.13 Evolution of temperature, water and carbon dioxide during the Hadean. Source: Zahnle
et al. (2007). Copyright: Springer

The partial pressure of CO, was between 40 and 200 bars'? and the temperature
around 1,300K. In a few million years the atmosphere cooled down, the water
vapour condensed and precipitated, and at 4.4 Ga BP had already formed a stable
ocean (see Wilde et al. 2001 and Pinti 2005).

The building blocks of the Earth were likely dry because temperatures were too
high for water to condense or form from hydrated materials. The best alternative
source are the bodies of the asteroid belt. Carbonaceous chondrite meteorites orig-
inating from C-type asteroids in the outer asteroid belt have Deuterium/Hydrogen
ratios similar to our oceans. Models have reproduced the current volatiles inventory
via these minor bodies formed in the outer Solar System and gravitationally shifted

inward (Morbidelli et al. 2000; Raymond et al. 2004). Comets are not able to fit the
D/H ratio of the oceans.'*

2.2.1.1 The Moon and the Earth Rotation

We will discuss later (Chap. 9) the importance of the Moon for the climate stability
of the Earth, and therefore for its habitability. For the moment it is important to

understand the processes that originated a satellite so large compared to the mass of
the host planet.

13 Calculated according to the current amount in carbonates, continental sediments and the bio-
sphere.

14 This parameter has been measured only in three comets: Halley, Hale-Bopp and Hyakutake. The
values are factor two larger than the Earth water.
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The principle of conservation of angular momentum requires that changes in the
Earth’s rotation must be produced by the following: (1) torques acting on the solid
Earth and (2) changes in the mass distribution within the solid Earth. Here we are
interested in the first process produced by the Moon.

The tides are the most important manifestation of the interaction between the
Moon and the Earth, producing two ocean bulges, which are instantaneously di-
rectly beneath the moon and directly opposite the moon. The Earth’s rotation carries
the Earth’s tidal bulges slightly ahead of the point directly beneath the Moon. This
means that the force between the Earth and the Moon is not exactly along the line
between their centres, producing a torque on the Earth and an accelerating force on
the Moon. This causes a net transfer of rotational energy from the Earth to the Moon,
slowing down the Earth’s rotation by about 1.5 ms/century and raising the Moon into
a higher orbit by about 3.8 cm per year.

Conservation of the angular momentum of the Earth—-Moon system implies

L + S = L, = constant,

where S is the spin angular momentum of the Earth and L the orbital angular mo-
mentum of the Moon. At present, Lo/So = 4.83, but it is important to know the
previous history (Arbab 2003).

The Earth’s rotational energy is given by

1
Eg = Esz
and the Moon’s orbital energy by
GMyM
Ey = —— MTE
2r

where o, r, My and Mg, are the Earth’s angular speed, Earth-Moon distance, Moon
mass and Earth mass, respectively. The moment of inertia, C, is given by

_ L- Llot
—w .

C

The rate of total tidal energy, E = Eg + Ejp, dissipated in the system is
dE

de’

The Moon retreats at a rate proportional to its semi-major axis to the —11/2 power
(as it gets further away, it retreats more slowly). The present rate of lunar recession
of 3.82 £0.07 cm per year was obtained by lunar laser ranging (Dickey et al. 1994).
Paleontological evidence comes from tidally laminated sediments. Williams (1990)
reported that 650 Ma ago, the lunar rate of retreat was 1.95 & 0.29 cm per year, and
that over the period 2.5-0.65 Ga ago, the recession rate was smaller (1.27 cm per
year). Williams (1997) reanalysed the same data set later, showing a mean recession
rate of 2.16cm per year in the period between now and 650 million years ago.
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Fig. 2.14 Variation of the distance to the Moon and the length of the Earth’s day during the first
eon (1 Ga) after the Moon-forming impact. Source: Zahnle et al. (2007) Fig. 9. Copyright: Springer

Sonett et al. (1996) studied sediments of different ages, concluding that the length
of the terrestrial day 900 Ma ago was similar to 18 h. Further studies by Williams
(2000) in Australian sediments give a mean rate of lunar recession of 1.24+0.71 cm
per year during most of the Proterozoic (2,450-2,620 Ma), suggesting that a close
approach of the Moon did not occur during an earlier time. Figure 2.14 shows the
variation of the distance to the Moon and the length of the Earth’s day based on
Touma and Wisdom (1998).

The Earth-Moon tidal effects are mutual. The Moon is the smaller object, and
the effect of tidal friction has been to change the lunar rotation until its rotational
period is equal to its orbital period about the Earth, the present situation. Ultimately,
the Moon’s action on Earth will produce a similar consequence. When Earth and
Moon achieve full synchronism with each rotation being equal to their mutual or-
bital period, it is estimated that these periods will equal 55 present days and the
Earth—Moon distance will be around 610,000 km. For monographs on this topic see
Canup et al. (2000) and Lambeck (2005).

2.2.1.2 Late Heavy Bombardment

After planetary accretion, there was a period of quietness in the impact rate on the
Earth. Valley et al. (2002) suggested that, during this period (4.4-4.0 Ga), the surface
conditions led to liquid oceans and possibly an early emergence of life, which would
have been truncated by a catastrophic event. At that time, bodies from the asteroid
belt were ejected to the inner solar system by a gravitational perturbation of the
outer planets (Strom et al. 2005) (see Chap. 8 for details on the stability of the Solar
system).

Radiometric age dating of impact craters on the Moon indicated heavy bom-
bardment with objects larger than 100 km around 3.85 Ga ago, and lasting from
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20 to 150 Ma. Computer estimates suggest that, during this period, called the late
heavy bombardment (LHB), Earth suffered impacts producing over 22,000 impact
craters larger than 20 km, about 40 impact basins larger than 1,000 km, and several
continent-sized, 5,000-km basins."’

Zahnle et al. (2007) summarizes the different histories proposed for the event.
Wilhelms (1987) and Neukum et al. (2001) proposed a declining impact flux that
extrapolates back in time. In contrast, Tera et al. (1974) and Ryder (2002, 2003)
favoured different types of cataclysms (Fig.2.15).

The cessation of the LHB coincides well with the first isotopic evidences for life
on the Earth ~3.8 Ga ago (Mojzsis et al. 1996). They found that elemental carbon
trapped in old rocks of western Greenland have isotopic compositions that span
much of the range found in living organisms.

2.2.1.3 The Early Crust and Mantle

Heat flow during the Archaean era was three times larger than today, leading
to stronger convection in the mantle and associated higher rates of tectonism.
Figure 2.16 shows the variation of the mean heat flow during the first billion years
of Earth’s history.

15 Because Earth’s effective cross section is 20 times bigger than the Moon, our planet must have
suffered many more impacts than those recorded on the lunar surface.
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Fig. 2.16 Variation of the mean heat flow from internal energy sources during the first eon of the
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A hotter mantle is less viscous, convects faster and releases more heat. This
implies that the oceanic crust would be thicker and more buoyant, and therefore
difficult to be subducted. For this reason, the appearance of subduction marked
the beginning of plate tectonics. There is a strong controversy on the timing, es-
timates going from the Hadean (Hopkins et al. 2008), late Archaean (Kusky et al.
2001, Sankaran 2006) to the Neoproterozoic (Stern 2005). In any case, the Archaean
plates were most likely different from the present ones (De Wit and Hart 1993). An
interesting view is that which considers the possibility of intermittency, with tran-
sitions from plate tectonics to stagnant-lid tectonics, a less efficient way to remove
heat from the mantle. A first consequence would be the existence of jumps in the
heat flow (see Sleep 2000; Silver and Behn, 2008).

The oldest rocks on Earth are located in the Isua belt in Greenland (>3.7 Ga),
and in the belts of Barberton (South Africa) and Pilbara (Australia), dated in the
range of 3.5-3.2 Ga. Zircon grains are the only remnant of the ancient crust.'

Cratons are old and stable parts of the continental crust, with deep roots that
extend down into the mantle up to a depth of 200 km. The Cratonal lithosphere
was formed by processes similar to modern tectonics including subduction (Sleep
2005). The Congo, Kaapvaal, Zimbabwe, Tanzania and West Africa cratons were
built between 3.6 and 2.0 Gaago, and make up for most of the current African
continent.

16 Zircon is a mineral belonging to the group of nesosilicates. Its chemical name is zirconium
silicate and its corresponding chemical formula is ZrSiOy.
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2.2.14 The Young and Faint Sun

The Earth is not an isolated body and all the processes in its atmosphere are strongly
dependent on the amount of solar energy received. Therefore, any change in the
solar output may have deep consequences in our planet. The variability of the Sun is
linked to the dissipation of the available energies (De Jager 1972) . Different sources
are characterized by distinct time-scales.

Solar energy is provided by thermonuclear reactions, mostly by the conversion
of hydrogen into helium (4'H —* He). The mass of the resulting He nucleus is
smaller than its constituents and 0.7% of the total mass is converted to energy
(~26.5MeV)'".

The thermonuclear fusion process leads to a gradual increase in the molecular
weight p in the core. At present, about 50% of its central H content has been al-
ready transformed into He. The thermal pressure is given by P ~ pRT' /i, where R
is the gas constant. Thus, a lower mean molecular weight during the early phases
of solar evolution implies a lower temperature (or density) in order to balance the
gravitational force. Therefore, the theory of stellar evolution clearly predicts an in-
crease in solar luminosity during its time on the main sequence (Gough 1981). As a
consequence, the Sun was 30% dimmer 4.0 Ga ago than at present. This effect can
be quantified, as seen below.

Stellar luminosity depends on mass, M, the mean molecular weight, i, and the
radius, R, according to the expression

L M5.5R70.5/IL7.5. (21)

The process of energy generation in the Sun during its stay on the main sequence
is the nuclear transformation of hydrogen into helium. This produces an increase in
the mean molecular weight and, according to (2.1), an increase in solar luminosity:

L(t) = [1 4+ 0.4(1 —t/to)] "

The existence of an early phase of significant mass loss has also been suggested.
Wood et al. (2005) obtained high-resolution Ly« spectra and found that the mass
loss per unit surface is correlated with the level of magnetic activity. They derived a
time dependence of the mass loss of the form

dM/dt — t_2.33i0‘55

which suggests that the wind of the active young Sun may have been around 1,000
times stronger than that at present. Sackmann and Boothroyd (2003) also proposed
the existence of a more massive and larger Early Sun, with the planets being closer
with respect to their present positions. In any case, the decay is not necessarily
gradual, and a phase of rapid mass loss would lead to the present situation within a
period of 1 Ga.

17 The Sun transforms 4 million tons per second into energy and has lost about 1% of its original
mass during its 4.5 billion years of evolution.
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Fig. 2.17 Solar-normalized fluxes vs. age for different stages of the evolution of solar-type stars.
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The early Sun was not only fainter with respect to present times. Observations of
younger Sun-like stars indicate clearly that our Sun was also rapidly rotating. This
latter fact implies that the young Sun was a stronger emitter of high-energy radiation
(Skumanich 1972; Messina and Guinan 2002). On the basis of the measurements of
solar-like stars of different ages, Ribas et al. (2005) have reconstructed the high-
energy irradiance in different spectral ranges along the Sun’s evolution (Fig.2.17).

We have already indicated that geological evidence indicates that oceans of lig-
uid water have existed on the Earth at least since 4.4 Ga ago (Wilde et al. 2001),
approximately coinciding with the end of the late bombardment period. Moreover,
temperatures at the early times were probably much higher than that in our time.

Physical conditions of the atmosphere have changed along the history of the
planet and have most likely been an important factor in the mass extinctions. At
the geological scale, the climate is controlled by the balance between the variations
in the solar output and the changes in the abundance of greenhouse gases in the
atmosphere (Fig. 2.18).

Climate modelling indicates that the mean temperature of the Early Earth must
have been below zero, a status called ‘snowball Earth’, from which it would have
been impossible to escape (Newman and Rood 1977). This apparent contradiction,
called The faint Sun paradox, has been explained classically in terms of an enhanced
greenhouse effect produced by larger abundances of CO» in the primitive terrestrial
atmosphere (Dauphas et al. 2007). However, the CO, levels were not likely to have
been high enough to be the only factor involved in keeping the oceans from freezing
(Kasting and Toon 1989; Rye et al. 1995).
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Fig. 2.18 Evolution of the chemical composition of the atmosphere. Adapted from an original
drawing of D.D. Marais and K.J. Zahnle. Source: NASA Science News 2002

Giidel (2007) provides an excellent review on this topic. In Chap. 4 we study in
more detail the consequences of the magnetic activity of the young Sun on the early
atmosphere of our planet.

2.2.2 The Archaean and Proterozoic Times

Two main processes can be associated with the history of our planet during this
period. One is related with the geological activity and the recycling of some relevant
greenhouse gases, and the second with the effects produced by the appearance of life
on its diverse forms. Let us start with the latter event, essential for describing our
planet.

2.2.2.1 The Origin and Development of Life

It was first proposed in 1929 by A.I Oparin (1894-1980) and J.B.S. Haldane
(1892-1964) that the synthesis of organic compounds of biochemical significance
took place in the primitive terrestrial environment. The prebiotic source of material
was formed by contributions from endogenous synthesis in a reducing atmosphere
(Miller 1953; Johnson et al. 2008) or neutral atmosphere (Cleaves et al. 2008), metal
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sulfide-mediated synthesis in deep-sea vents (Russell et al. 1988) and exogenous
sources such as comets, meteorites and interplanetary dust (Oré et al. 2006). For
further information about the processes leading to the origin of life, see Schopf
(1983, 2002), Delaye and Lazcano (2005) and Chap. 5.

The main features of life’s origins and development can be summarized in the
following facts (see Schulze-Markuch and Irwin 2004; Ward 2005):

— Life arose relatively quickly

— Life tends to stay small and simple

— Evolution is accelerated by environmental changes

— Once life evolved on Earth, it proved to be extraordinarily resilient.

— Complexity inevitably increases but as the exception not the rule.

— Living things are placed in groups on the basis of similarities and differences at
distinct levels.

The cell is the basic structure of life. According to this criterion, life forms were
divided by Woese et al. (1990) into three main groups: Bacteria, Archaea and
Eucaryotes (Fig. 2.19). All these life forms have a common ancestor, share the same
genetic code and biochemistry and developed through the process of evolution.
Archaea and bacteria differ mainly in aspects related with the biochemistry and
the external parts of the cell. Many archaea are extremophiles. They can survive and
thrive even at relatively high temperatures, often above 100°C, as found in geysers
and black smokers. Others are found in very cold habitats or in highly saline, acidic
or alkaline water. However, other archaea are mesophiles and have been found in
environments like marshland, sewage, sea water and soil. Many methanogenic ar-
chaea are found in the digestive tracts of animals such as ruminants, termites and
humans. Archaea are usually harmless to other organisms and none are known to
cause disease. Archaea are usually placed into three groups based on their preferred
habitat. These are the halophiles, methanogens and thermophiles.
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Fig. 2.19 A phylogenetic tree of terrestrial life in three domains proposed by Carl Woese in 1990
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Unicellular life is composed of Bacteria and Archaea. About 3.5 Ga ago, Earth
temperatures were probably in the range of 55-85°C (Knauth and Lowe 2003). This
is the interval where the heat-loving organisms proliferate.

Eukaryotes are organisms in which the genetic material is organized into a
membrane-bound nucleus. They appeared in the period 2.1-1.6 Ga ago (Knoll 1992)
and were able to sexually reproduce. L. Margulis discovered the mechanism of en-
dosymbiosis within eucaryote cells. Bacteria transformed in organelles'® within the
cell walls.

Unicellular life (microbes) has been the only life form around for close to seven
eighths of Earth’s history. They still constitute most of the global living mass on
Earth today, exerting exclusive control over biomass turnover and biological activity
in some Earth regions (deep biosphere, extreme deserts, polar areas etc.).

2.2.2.2 The Carbon Dioxide Cycle

The concentration of greenhouse gases in the atmosphere has been a dominant factor
in the evolution of the Earth’s climate. Apart from water vapour, carbon dioxide is
the most abundant of theses gases in the atmosphere. Therefore, a large part of this
chapter will be devoted to the study of its evolution over time.

At geological time scales, the concentration of CO, in the atmosphere is con-
trolled by a cycle (Fig.2.20), first studied by Ebelmen (1845) and Urey (1952).
For updated descriptions see Walker et al. (1981), Berner et al. (1983) and Berner
(2004). The cycle has two main components: weathering and metamorphism.

Fig. 2.20 The carbonate-silicate cycle. Adapted from an original drawing of Kasting (1993)

'8 The main organelles are Mitochondria, producing energy from oxygen and food, and Chloro-
plasts, converting sunlight into energy. Plastids provided eucaryotes with the ability to generate
their own oxygen.
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Weathering and sedimentation: Weathering refers to the transfer of carbon
from the atmosphere to the rock record and the subsequent marine carbon
sedimentation.

First, microbial decomposition in the soils of the continents leads to a buildup of
organic acids and CO,. The carbonic acid weathers the rocks on the Earth’s sur-
face, releasing ions of calcium (Ca*™) and bicarbonate (HCO3). The reaction is

CO; (gas) + 3H,0 + CaSiO3 —> Ca’™™ 4 2HCO3 + H,4SiO,.

These products are carried out by groundwater to the rivers and finally to the sea.
In the oceans they are precipitated, mostly biogenically, as calcium carbonate

Cat™ + 2HCO3 + H,4Si04 — CaCO3 + CO, + H,0

while the silicic acid precipitates as biogenic silica (quartz) following
H4Si04 — SiO;, + H,O0.
The whole process can be summarized by the reaction
CO; + CaSiO3 —> CaCOs3 + SiO,
and similarly for magnesium silicates
CO, + MgSiO; — MgCO; + SiOs.

Other subprocesses must also be considered. For example the weathering re-
action of calcium carbonate, just the opposite of the precipitation of calcium
carbonate into the oceans, which results in no net change of carbon dioxide

CaCO3 + CO, + H,0 — Ca™™ 4+ 2HCO3

Berner et al. (1983) adopt the following dependence of the weathering, W, on
mean temperature

W(T
fw = “(/ ) _ [14 0.087(T —To) + 1.86 x 107>(T — To)?],
0

where the subindex O indicates present values: W = 3.3 x 10'* g year™!

(Holland 1978) and Ty = 288 K, the average temperature of the present Earth.
An alternative expression is given by Walker et al. (1981) and Caldeira and

Kasting (1992)
po o W[ 77 (T = Tso
W Wo aAH+,0 P 13.7 ’
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where ap+ is the activity of the ion H+, which depends on the concentration of
CO; in the soil and the temperature.

2. Metamorphosis: The calcium carbonate, CaCOj3, is eventually subducted down
into the Earth (via plate tectonics), where high temperatures and pressures con-
vert it back to carbon dioxide. The process is accomplished by metamorphic
decarbonation reactions and by melting with the subsequent release of CO, by
volcanic activity:

CaCOs; + Si0, — CO;, + CaSiO;.

In the words of Stern (2002): One can speculate that if subduction zones did
not exist to produce continental crust, the large exposed surfaces of rock known
as continents would not exist, the Earth’s solid surface would be flooded, and
terrestrial life, including humans, would not have evolved.

The carbon cycle has been studied mainly in relation to its role as a thermostat of the
global climate (Walker et al. 1981) and the habitability of planetary systems (Franck
et al. 2000, 2002). The different phases are described in more detail below.

2.2.2.3 Sea-Floor Spreading and Continental Growth

The dynamic equilibrium of CO, fluxes is controlled by the balance between the
spreading of the ocean floors, S, the area occupied by the continents, A., and the
weathering process W (Kasting 1984)

W Ac S
Wo Aco  So
where S is given by
G (0277 Ace (1)

S() =

[2k(Tm(t) — Ts,0]2

gm being the heat flux from the mantle, « the thermal conductivity, k the thermal
diffusivity, A, the area occupied by the ocean floors and Ty, and T, the tempera-
tures of the mantle and the surface, respectively. Obviously at any time the planetary
area is Ag = Ay + Ac.

Franck et al. (1998) have modelled the evolution of ¢,,. Its value at the present
time is 70 mW m™2, assuming that 20% of the observed surface flow (87 mW m~2)
is related to radiogenic heat produced in the continental crust. In the Archaean era,
the values of q;,, Try and S were larger than today’s values (by factors 2-3 and 4-9,
respectively). Franck and Bounama (1997) discussed the thermal and outgassing
history of the Earth for different theoretical models.

For continental growth, two broad types of models are generally assumed: (1)
Constant growth with A, o t and (2) delayed growth models, with A, = 0 for
t <t.,and A, « t fort > t... These models are summarized in Fig. 2.21. Note that
according to Contie (1990), crustal growth had two major pulses in the Archaean
and Proterozoic eras.
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Fig. 2.21 Models

of continental growth relative 14

to the present: (a) Constant (0)

continental surface, (d)
(b) Linear growth, 0.8

(c) delayed linear growth,

(d) approximated growth 0.6 1

function and (e) Episodic
growth (Condie 1990). The

time is given in Ga starting 0.4 (b (c)
with at the Earth’s origin. (e)
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of Bounama (2007)
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The balance between the two main processes, outgassing and weathering, has
been expressed by Carver and Vardavas (1994) as

G(V) = Peor (DAMW(exp[(T — 288) /T].

where T, is the current temperature (15°C) and #n a fitting parameter with values
between 0 and 1.

All the above mentioned factors influence the Earth’s temperature. Figure 2.22
summarizes them with the main, positive and negative, links.

However, life was not a passive spectator of the CO, cycle. The presence of
life has clearly influenced the weathering phase of the CO; cycle and therefore the
environment. Schwartzman and Volk (1989) calculated that if today’s weathering
is 10,100 or 1,000 times the abiotic weathering rate, then an abiotic Earth would
be, respectively, approximately 15, 30 or 45°C warmer than today, suggesting that
without biota the Earth today would be uninhabitable.
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The biological productivity of photosynthetic organisms, 17, is dependent on the
temperature and the partial pressure of CO, in the atmosphere. Therefore,

I1
o= II(Ts) . T(Pco2)
max
Ts — 5072
(T) =1- [ = ]
P - Pmin
T1(CO,) = o2

Py/2 + (Pco2 — Puin)

where P,,;; = 107> bar = 10 p.p.m is the minimum value of CO, pressure required
for photosynthesis, and P, is the pressure at which IT reaches half the maximum
productivity (see Volk 1987).
Therefore, we have
fw(biotic) = Bfw (abiotic),

where
n

1
p=1 ; (1 (-1 Pll,o)) ,
where f is 1 for unicellular organisms and 3.6 for multicellular beings.

The three domains of life reached the maximum productivity at different temper-
ature intervals (Table 2.3). Cooling of the Earth made the emergence of new types
possible. Several crucial steps marked this evolution, namely: (1) the colonization of
land surface by eucaryotes, (2) Diversification of large, hard-shelled animal life and
(3) development of vascular land plants. All of them were associated with important
changes in the environment.

Therefore, life probably evolved conditioned by the ambient climate
(Schwartzman 1995; Schwartzman and Middendorf 2000). In other words, life
evolved opportunistically on Earth in a simple interactive relationship with its envi-
ronment, sustained by an external energy source, the Sun. The biosphere has been
driven forward to greater complexity by the Earth’s internal energy resources (plate
tectonics). Without these resources and a hydrosphere, it would not be possible to
sustain the necessary mass of carbon in the lower crust and mantle to drive the
biosphere (Lindsay and Brasier 2002).

Table 2.3 Constants

b ) - Procaryotes Eucaryotes Multicellular
of biological productivity

for the three main domains Tanin (C) 2 3 0
of life. From Franck et al. Tinax (€) 100 45 30
(2005) ITnax (Gt/yr) 20 20 20

Puin (107 bar) 10 10 10

B 1 I 3.6
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Fig. 2.23 Changes in the global temperature for three different scenarios: (a) Solar luminosity
increase alone, (b) Solar and abiotic cooling and (¢) Solar, abiotic and biotic cooling. Source: Volk
(2003) pg. 237. Copyright: Springer Verlag, New York

Life as a whole has produced an enhancement of weathering over the abiotic rate
at a factor 100. Figure 2.23 shows clearly the differences in the biotic and abiotic
rates of cooling.

An alternative view suggests an active role of life as a factor of climate varia-
tions, as proposed by the GAIA theory (Lovelock 1979). In the original formulation,
GAIA was defined as a complex entity involving the Earth’s biosphere, atmosphere,
oceans and soil; the totality constituting a feedback or cybernetic system, which
seeks an optimal physical and chemical environment for life on this planet. The
idea has been progressively reformulated and Lovelock (1995) insists more on the
co-evolution concepts. Everyone may agree that biota influence the abiotic environ-
ment, and that the environment in turn influences the biota by Darwinian processes.
Volk (2003) suggested that, once life evolves, Gaia is almost inevitably produced as
a result of an evolution towards far-from-equilibrium homeostatic states that maxi-
mize entropy production.

A view that is perhaps more difficult to accept states that biota manipulate
their physical environment for the purpose of creating biologically favourable, or
even optimal, conditions for themselves. After Lovelock and Margulis (1974): The
Earth’s atmosphere is more than merely anomalous; it appears to be a contrivance
specifically constituted for a set of purposes.

We agree with Knoll (2003) that the Earth is a biological planet, but not a planet
formed by the biota and for the biota. Rather, we live on a planet that was habit-
able when life first emerged and which has remained habitable through the complex
interactions of biological and other components of the Earth system.
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The present state of the ecosphere is at the optimum in the sense that the present
state has resulted in the emergence of higher life forms, including intelligence. How-
ever, this situation will not hold for very long. In a not very distant future (~1 Ga
from now), the increase of solar luminosity will render our planet uninhabitable, at
least for multicellular life forms (see Sect.2.9.1).

2.2.2.4 Greenhouse Gases and Paleoclimate

At very long time scales, the climate of the Earth has been dominated by the increase
in solar luminosity and the changes in the abundance of greenhouse gases. Different
feedbacks have kept our planet within the limits of habitability. It is a characteristic
of stable systems that processes significant on long time scales tend to create neg-
ative feedbacks. In the section on the Hadean era, we discussed the problem with
the faint young Sun and a possible solution to the paradox through an enhanced
concentration of greenhouse gases.

Microorganisms have clearly influenced the evolution of the atmosphere, and this
was probably true since early times through the production of a significant amount
of methane, another greenhouse gas, contributing to the necessary warming to keep
the oceans liquid (Pavlov et al. 2000; Kasting and Siefert 2002 and Kasting and
Catling 2003). In fact, methanogenic bacteria are very ancient and the redox state
of gases emanating from ancient volcanoes and crust was surely at that time more
reduced (Holland 2002).

Methane is destroyed both by photolysis and by reaction with the hydroxyl radi-
cal, OH. Hence, in order for it to have been abundant in the early atmosphere, it must
have been resupplied by either biotic or abiotic sources (Kasting and Ono 2006).
Substrates for methanogenesis should have been widely available,'” for example

CO, + 4H, — CHy4 + 2H,O0.

The photochemical lifetime of methane is relatively short (~10 years) today, but
it would be ~1,000 times longer in a low oxygen atmosphere. The warmer the world
became, the more methane would have been produced. However, the atmospheric
abundance of this gas must remain within certain limits. Methane molecules com-
bine together to form complex hydrocarbons, which then condense into aerosols.
For this process the resulting climatic effect should be a cooling, lowering the
methanogens growth (Pavlov et al. 2001). Figure 2.24 shows the chain of feedbacks
keeping the Earth warm at early times.

At that time the Earth had a pinkish-orange colour, similar to that of Titan, the
largest moon of Saturn. These hazy skies could have provided a substantial source of
organic material, 100 million tons, which would have been useful for the emergence
of life on the planet (Trainer 2004).

19 0n the Early Earth, molecular hydrogen, H,, reached concentrations of up to thousands of parts
per million.
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Fig.2.24 Links between temperature and the abundances of methane and carbon dioxide. Adapted
from J. Kasting

The loss of mass-independent fractionation?” in sulfur isotopes indicate a col-
lapse of atmospheric methane, disappearing abruptly ca. 2.45 Ga ago (Zahnle et al.
2006). The methanogens and their role in the Earth’s evolution were soon sub-
stituted by other organisms, the cyanobacteria, emitting another gas essential for
understanding our planet: oxygen.

2.2.2.5 Oxygen, Ozone and Ultraviolet Radiation

In a primordial atmosphere dominated by carbon dioxide and water vapour, free
oxygen atoms can be produced by the following reactions:

H,0 + radiation (A < 240nm) — OH + H
OH+H — O+ H,O
CO; + radiation (A < 230nm) — CO + O

The free oxygen will produce molecular oxygen and ozone through Chapman
reactions (see Chap.4). On the basis of UV measurements of T Tauri stars,
Canuto et al. (1982) indicated that the O, surface mixing ratio was a factor
10,000-1,000,000 times greater than the standard value of 10713, Canuto et al.
(1983) extended their calculations to other atmospheric components such as OH, H,
HCO and formaldehyde (H,CO).

At the beginning of the Proterozoic era, the cyanobacteria — photosynthetic pro-
caryotes also known as blue-green algae — brought about one of the greatest changes

201t refers to any chemical or physical process that acts to separate isotopes, where the amount of
separation does not scale in proportion to the difference in the masses of the isotopes.
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Fig. 2.25 Time evolution of atmospheric oxygen. The red line shows the inferred level of atmo-
spheric oxygen bounded by the constraints imposed by the proxy record of atmospheric oxygen
variation over Earth’s history (Kupp 2008 Fig. 2). Reprinted by permission from Macmillan Pub-
lishers Ltd: Nature 451, p. 278, Copyright (2008)

this planet has ever known: a massive increase in the concentration of atmospheric
oxygen through the reaction’':

CO,; + H,O — CH,0 + O,.

The evolution of the concentration of oxygen in the atmosphere is not very well
known, especially in early times (Kump 2008 and Fig. 2.25). Oxygen photosynthe-
sis arose long before O, became abundant in the atmosphere, but oxygen levels in
the atmosphere rose appreciably only around 2.5 Ga ago. The signature of mass-
independent sulphur-isotope (*3S/32S) behaviour’® sets an upper limit for oxygen
levels before 2.45 billion years ago (Pavlov and Kasting 2002) and a lower limit
after that time. The record of oxidative weathering after 2.45 billion years ago sets
a lower limit for oxygen levels at 1% of PAL (Present Atmopsheric Level), whereas
an upper limit of 40% of PAL is inferred from the evidence for anoxic oceans during
the Proterozoic. The tighter bounds on atmospheric oxygen from 420 million years
ago to the present is set by the fairly continuous record of charcoal accumulation
(Scott and Glasspool 2006).

2l Here CH, 0 is shorthand for more complex forms of organic matter.

22 To preserve this signature three conditions are needed: very low atmospheric oxygen, sufficient
sulphur gas in the atmosphere and substantial concentrations of reducing gases (methane).
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The earliest evidence of anaoxygenic photosynthesis is dated around 3.4 Ga (Tice
and Lowe 2004). However, prior to ~2.5 Ga, oxygen did not leave oxidation signa-
tures that are prevalent in the geological record to the present (cf. Canfield 2005),
although cyanobacteria were already present since 2.7 Ga (Brocks et al. 2003). This
transition is called the ‘Great Oxidation Event’ by Holland (2002), although it has
also received the name of ‘Oxygen Catastrophe’.

Kump and Barley (2007) proposed that this transition was favoured by the in-
crease of subaerial volcanoes with respect to the submarine ones, reducing an
important oxygen sink. The deep ocean may have become oxic at 1.8 Ga. Instead of
a tectonic driver for this transition, Schwartzman et al. (2008) favoured a biological
mechanism based on a methane atmosphere producing the emergence of oxygenic
cyanobacteria at about 2.8-3.0 Ga. At that time the mean temperature was ~60°C,
the most adequate for cyanobacteria.

An apparent paradox arose because, though the terrestrial crust contains 1.1 x
102! moles?® of reduced carbon, the total amount of organic carbon to account for
all the atmospheric oxygen is only 0.038 x 102! moles. In other words, the atmo-
sphere contains too little oxygen. Clearly, the missing oxygen is trapped in oxidized
reservoirs such as sulphates and ferric iron.

The variations in oxygen content can be explained in terms of a balance between
the following factors (Claire et al. 2006):

d
a[OZ] = FSources - FSinks = (FB + FE) - (FV + I:M + FW)

[O,] is the total reservoir of molecular oxygen in units of teramoles, Fg the flux of
oxygen due to organic carbon burial, Fg the flux of oxygen to the Earth due to hy-
drogen escape, Fy and Fy; represent flux of reducing gases (i.e. Hy, H,S, CO, CHy)
from volcanic/hydrothermal and metamorphic/geothermal processes, respectively,
and Fyw the oxygen sink due to oxidative weathering of continental rocks. Let us
illustrate this balance with some examples.

The production of methane inevitably means a greater rate of hydrogen escape,
which drives the oxidation of the lithosphere, a lowering of oxygen sinks, the rise
of oxygen and, as a consequence, global cooling.

Given a certain amount of oxygen in the atmosphere, the formation of an ozone
layer is an unavoidable process through the reactions schematized in Fig. 2.26.

The origin of the ozone layer is probably linked to the Great Oxidation (Goldblatt
et al. 2006). The transition was caused by UV shielding, decreasing the rate of
methane oxidation once oxygen levels were sufficient to form an ozone layer. As
little as 0.01-0.1 present atmospheric levels (PAL, normalized to 1) of molecular
oxygen may have been sufficient to produce an effective ozone shield (Kasting and
Donahue 1980). The amount of ozone required to shield the Earth from biologically
lethal UV radiation, at wavelengths from 200 to 300 nm, is believed to have been in
existence ~600 million years ago. At this time, the oxygen level was approximately

23 One mole of an element is equal to 6.02 X 10%* atoms of that substance.
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Fig. 2.26 Formation and destruction of ozone, according to the Chapman cycle
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Fig. 2.27 Time variation of the UV radiation reaching the terrestrial surface. The scale is in rel-
ative arbitrary units of energy normalized to 1 at 3,500 Ma before present. Courtesy: F. Garcia
Pichel, Dept. of Microbiology, Arizona State University

10% of its present atmospheric concentration. Prior to that, life was restricted to
the oceans. The presence of ozone enabled multicellular organisms to develop and
live on land, playing a significant role in the evolution of life on Earth and allowing
life as we presently know it to exist. Rye and Holland (2000) have raised the sug-
gestion that land-dwelling microbes existed at least as early as 2.7 Ga ago. If this is
true, our estimate of the abundance of ozone in the stratosphere at that times need
to be revised, unless such microorganisms developed a strong defense mechanisms
against UV action.

The increased concentration of oxygen has clearly decreased the amount of UV-
B and UV-C fluxes arriving at the surface, while the UV-A range has experienced
the commented increase of solar luminosity with time.?* The implications of UV
radiation for biological evolution have been studied by Cockell (2000).

Garcia Pichel (1998) considers three main phases in the evolution of UV ra-
diation at the Earth’s surface (Fig.2.27): (1) High environmental fluxes of UV-C

24 The wavelength ranges of these three spectral bands are UV-C (100-280nm), UV-B
(280-315 nm) and UV-A (315-400 nm).
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and UV-B restricting protocyanobacteria to refuges, coinciding with the period of
heavy bombardment from interplanetary debris; (2) The appearance of true oxygen
cyanobacteria, producing a compound called scytonemin, which screens out the UV
radiation but allows through the visible radiation, essential for the photosynthesis;
and (3) Gradual oxygenation and the formation of the ozone shield.

A detailed pattern and timing of the rise in complex multicellular life in response
to the oxygen increases has not been established. Hedges et al. (2004) suggest that
mitochondria and organisms with more than 2-3 cell types appeared soon after the
initial increase in oxygen levels at 2,300 Ma. The addition of plastids* at 1,500 Ma,
allowing eucaryotes to produce oxygen, preceded the major rise in complexity.

2.2.2.6 The Snowball Earth

It has been hypothesized that the Earth was subjected to two main glaciation periods
at 2.7 and 0.7 Ga where the ice probably reached the equatorial regions (Harland,
1964). The global mean temperature would have been about —50°C because most of
the Sun’s radiation would have been reflected back to space by the icy surface. The
average equatorial temperature would have been about —20°C, roughly similar to
present Antarctica. Without the moderating effect of the oceans, temperature fluc-
tuations associated with the day—night and seasonal cycles would have been greatly
enhanced. The glacial deposits at low paleolatitudes have been explained in terms
of a global ice cover, ‘Snowball’ (Hoffman et al. 1998), or ice-free tropical oceans,
‘Slushball’ (Hyde et al. 2000).

The existence of these events was mainly supported by the occurrence of negative
carbon isotopic excursions in glacial marine deposits with thick carbonate (lime-
stone) (see Shields and Veizer 2002 and Fig. 2.28). The carbon isotope ratio, s13¢C,
is expressed by the following ratio

13C/12C(sample)
13C/12C(standard)

s13C = [ - 1] x 1000.

Life used the lighter '>C isotopes more than the abiotic materials. Extinctions
should be reflected in larger values of §'3C. The biological productivity of the
oceans virtually ceased during the glacial periods. Together with anoxic conditions
beneath the ice, this probably annihilated many kinds of eucaryotic life.

The main snowball event’® was characterized by three broad intervals of
widespread glaciation: the Sturtian glaciation, which occurred around 723 Ma, the

25 Pastids are a group of organelles that play central roles in plant metabolism via photosynthesis,
lipid and aminoacid synthesis (Wise and Hoober 2006).

26 The first event probably took place around 2.5 Ga ago and it is based on glacial deposits in the
Gowganda Formation in Canada and the Makganyene Formation in South Africa (Hilburn et al.
2005; Kopp et al. 2005).
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Fig. 2.28 Published §'3C values for marine carbonates (Shields and Veizer 2002). Copyright:
American Geophysical Union
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Fig. 2.29 Rise in atmospheric oxygen over geological time and its relationship to the snowball
events (blue bars) and biological innovations. Courtesy: Paul F. Hoffman

Marinoan (Varanger) glaciation (659-637 Ma) and the Gaskiers glaciation occur-
ring around 680 Ma ago. At that time, large portions of the continental land masses
probably were within middle to low latitudes, a situation that has not been encoun-
tered at any subsequent time in the Earth’s history (Kirschvink 1992). It was also a
period of continental dispersal, involving the breakup of the supercontinent Rodinia
and the aggregation of megacontinent Gondwana (Hoffman and Schrag, 2002).

The standard interpretation is based on reduced solar luminosity at that time (6%
lower) combined with a burst in the oxygen production, leading to a decrease in
the concentration of methane and carbon dioxide, two powerful greenhouse gases
(Fig.2.29) (Carver and Vardavas 1994).
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Budyko (1969) shows the existence of the different types of stability of the cli-
mate system with respect to the ice coverage. When radiative forcing declined, the
ice reaches ~30° latitude, after which ice-albedo feedback is self-sustaining and ice
lines move rapidly (<103 years) to the equator (Snowball Earth). After millions of
years, dependent on the magnitude of the CO, hysteresis loop, normal volcanic out-
gassing combined with reduced silicate weathering caused CO; to reach the critical
level for deglaciation. Meltdown occurs rapidly (<10%), driven by reverse ice-albedo
and other feedbacks, resulting in an ice-free state with greatly elevated CO,, taking
10°-107 years for this excess to be eliminated through silicate weathering of the
glaciated landscape.

It is a matter of fact that photosynthetic life survived throughout the event,
excluding models where thick ice could have prevented sunlight from reaching
the underlying ocean. Sedimentary evidence provided by Allen and Etienne (2008)
indicates that although ice was probably formed at low-latitudes, some of the
Earth’s oceans remained ice-free and permitted free exchange with the atmosphere.
The planet escaped from a global glaciation probably through the link between
the physical system and the carbon cycle. Peltier et al. (2007) suggested that
when the atmospheric oxygen at surface temperature was drawn into the ocean, it
could have remineralized a vast reservoir of dissolved organic carbon, which in turn
caused atmospheric CO; levels to increase. As an additional mechanism, Kennedy
et al. (2008) suggest that equatorial methane clathrates?’ were destabilized, provid-
ing additional warming through methane emission to the atmosphere.”®

A completely different explanation of the event was proposed by Kirschvink et al.
(1997) and Williams et al. (1998), suggesting that continental land masses moved
far from the equator. The entire lithosphere reacted to bring them back to the equator
much faster than the ordinary tectonic process, with the side effect that the conti-
nents have realigned with respect to the magnetic north pole. This hypothesis has
been criticized by Torsvik and Rehnstrom (2001) and Levrard and Laskar (2003).

Stern (2005) proposed that the Neoproterozoic era marked the start of modern
plate tectonics, resulting in a major increase in explosive volcanism and a cooling
of the Earth’s surface. The event was probably accompanied by a polar wander.

2.3 The Phanerozoic Era

The Phanerozoic era covers the Earth’s history from 600 Ma to the present. Its start
was characterized by a rapid flowering of multicellular life forms, the Cambrian
Explosion. At that time the Earth’s surface presented the distribution of continental
masses shown in Fig. 2.30.

27 Also called methane hydrate, this is a solid form of water that contains methane within its crys-
tal structure. Its current locations are the continental margins and the permafrost of Siberia and
Antarctica.

28 Allen and Etienne (2008) quoted Louis Agassiz (1807-1873) saying: the Earth may have
avoided death enveloping all nature in a shroud.
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Fig. 2.30 Paleogeographic view of the Earth at the Early Cambrian era (540 Ma ago). Courtesy:
Ron Blakey, Department of Geology, Northern Arizona University

The advent of sexual reproduction led to a rapid increase of eucaryotic micro-
algae between 1,100 and 900 Ma ago. From then to the close of the Precambrian era,
microalgal activity declined as atmospheric CO; decreased and the climate became
colder. Multicellular animals arose during this period, possibly 800-700 Ma ago,
and the coelomic kinds that burrow through sediments were efficient producers of
organic carbon. Burial of this carbon led to an increase in the oxygen content of
the atmosphere (32 g of O, for every 12 g of carbon buried), and the subsequent
increase of oxygen together with the decrease of carbon dioxide and temperature
caused extinction of the microalgae.

The first evidence of complex multicellular animals is given by the so-called
Ediacaran biota (McMenamin 1998), some 600 Ma ago, marking the start of the so-
called Cambrian explosion, when all the major invertebrate phyla made their appear-
ance. The first macroscopic land plants date back to the Devonian era (400 Ma ago).

Scott et al. (2008) have proposed that molybdenum depletion in the oceans,
together with a similar oxygen deficit, may have produced the delay in the
development of complex life. This element is used by some bacteria to convert
the atmospheric nitrogen in a useful form for living things, a process known as
nitrogen fixation.

Watson (2008) supported the hypothesis that complex life is separated from pro-
caryotes by several unlikely steps. Probably this is not in contradiction with other
theories that suggest that the Cambrian explosion was triggered by environmental
changes (Marshall 2006). This leads us to consider this link in more detail.

The previous mentioned biotic influence of life on the cooling of the planet was
amplified in this period by two processes: (1) the diversification of land plants led
to increasing chemical weathering of rocks, and therefore an increasing flux of
carbon from the atmosphere to rocks, and of nutrients from the continents to the
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oceans therefore to thus decreasing CO, levels, and (2) the presence of organisms,
such as foraminifera, that increased the transportation of carbonates to the oceanic
sediments.

2.3.1 The Drift, Breakup and Assembly of the Continents

The movement of plates has caused the formation and break-up of continents over
time, including occasionally the formation of supercontinents (see Table 2.4). This
process has a cycle of 250-500Ma. See Rogers and Santosh (2004) and Nield
(2007) for monographs on this topic.

In the mid 1960s, J. Tuzo Wilson (1908-1993) showed that continents show a
cyclic history of rifting — drifting and collision, followed by rifting again, taking
about 500 million years to complete a period. He described the process as a periodic
opening and closing of oceanic basins. Plates divert apart and new ocean basins are
born, followed by motion reversal, convergence back together and plate collision.
Sea level is low when the continents are together and high when they are apart.

The last supercontinent, Pangaea, was composed by two subunits: Laurasia and
Gondwana (Fig.2.31). With the final breakup of Laurasia (60 Ma ago), the conti-
nents assumed their familiar configuration of our days.

Table 2.4 List

‘ Name Period of existence (Ma)
of supercontinents Ur 3.000
Kenorland 2,700
Columbia (Nuna) 1,800-1,500
Rodinia 1,100-750
Pannotia 650-540
Pangaea 300-180

Pangaea Ultima 250-400 Ma from now

The time in brackets is given in Ma

LAURASIA

Fig. 2.31 The continents
Laurasia-Gondwana

at the Triassic, 200 million
years ago
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Vitousek et al. (1996) modelled the number of mammalian species that would be
expected if all the continents were reunited in our days. They concluded that only
half of the current species would be present. Plate tectonics clearly promotes biotic
diversity.

Silver and Behn (2008) remark that at present most of the subduction zones are
in the Pacific basin. At 350 Ma from now, this structure will disappear following the
collision of Western America with Eurasia. As a consequence, plate tectonics may
temporarily cease. As we have mentioned previously, such intermittency could also
have happened in the past. Carbon burial and concomitant oxygen enrichment of the
atmosphere could well have been associated with the supercontinent cycle (Lindsay
and Brasier 2002).

2.3.2 Supereruptions and Hot Spots

Processes in the Earth’s interior may release enough heat to generate plumes of
material. As these plumes rise in the uppermost mantle, they spread beneath the
lithosphere and begin to melt large plumes of basalt, which erupt in the surface.
The mantle plume concept was first proposed by Morgan (1971) and was based
on Wilson’s (1963) ideas that stationary hot-spots in the shallow mantle underlay
island/seamount chains in the deep ocean. Such events may pump large amounts
of CO; into the atmosphere. According to Condie (1998, 2002), the most impor-
tant of these events, the superplumes, took place at 2,700, 1,900 and 1,200 million
years ago.

Increased production rates of juvenile crust correlate with formation of supercon-
tinents and with superplume events. There may be two types of superplume events:
catastrophic events, which are short-lived (<100 Ma), and shielding events, which
are long-lived (200 Ma). Catastrophic events may be triggered by slab avalanches in
the mantle and may be responsible for episodic crustal growth. Superplume events,
caused by the shielding of the mantle from subduction by supercontinents, are re-
sponsible for relatively small additions of mafic components to the continents and
may lead to supercontinent breakup (Condie 2004).

Inside tectonic plates, we also find transitory emergence of material, forming hot
spots. Somewhere between 40 and 150 of these events have been described in both
oceanic®® and continental areas. For a list of hot spots during the last 250 million
years, see Rampino and Stothers (1998) and Isley and Abbott (1999).

In summary, two convective processes drive heat exchange within the Earth: plate
tectonics, which is driven by the sinking of cold plates of lithosphere back into
the mantle asthenosphere, and mantle plumes, which carry heat upward in rising
columns of hot material, driven by heat exchange across the core—mantle bound-
ary. The sinking of vast sheets of oceanic lithosphere back into the mantle is the
primary driving force of plate tectonics, where the sinking of these slabs is balanced

29 The Hawaii and Canary Island archipelagos are probably a consequence of two such hotspots.
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by the passive upwelling of asthenosphere along mid-oceanic ridges. In contrast,
mantle plumes are narrow columns of material that rise more or less independently
of plate motions.

2.3.3 The Connection Temperature-Greenhouse Gases

The climate of the late Precambrian was typically cold with glaciation spreading
over much of the Earth. At this time the continents were assembled in a short-living
supercontinent called Pannotia.

Figure 2.32 show the variation of climate along the Phanerozoic, with a main
periodicity of 140 Ma. It oscillates between hot and cold phases, probably reflecting
the supercontinent cycle. During the formation of supercontinents we have a lack of
sea floor production and a cooler climate. On the other hand, during the break-up
process we have a high level of sea floor spreading and high levels of greenhouse
gases leading to a warm climate.

More in detail, potential causes for the climate changes at this time scale are
the following: (1) Latitudinal position of continents. One key requirement for the
development of large ice sheets is the existence of continental land masses at or near
the poles. (2) Opening and closing of ocean basins, altering ocean and atmospheric
circulation. When there were large amounts of continental crust near the poles, the
records show unusually low sea levels during ice ages, because there were many
polar land masses upon which snow and ice could accumulate. However, during
times when the land masses clustered around the equator, ice ages had a smaller
effect on sea level.

Phanerozoic Climate Change
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Fig. 2.32 500 million years of climate change based on the data of Veizer (2000). Courtesy: Robert
A. Rohde, Global Warming Art
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However, the main drivers are the changes in CO, content of the atmosphere.
Although this has been a matter of debate (Rothman 2002; Veizer et al. 2000; Ryer
et al. 2004), recently Came et al. (2007) clearly established that times of minimal
CO, coincide with the two main glaciations: Permo-Carboniferous 330-270 and
the present starting 30 Ma (see also Berner 2004). Also periods of unusual warmth
(Mesozoic 250-265 Ma) were accompanied by relatively large concentrations of
CO; in the atmosphere (see Fig.2.33). Royer et al. (2007) have estimated that a
climate sensitivity greater than 1.5°C to a doubling in CO, concentrations has been
a robust feature of the Earth’s climate system over the past 420 million years. High-
resolution CO; records of Fletcher et al. (2008) for the Mesozoic and early Cenozoic
confirm the leading role of this greenhouse gas in controlling the global climate.

During the Phanerozoic era the oxygen content underwent an important increase
during the Carboniferous period reaching values around 35%, accompanied by a
decrease in CO, with its subsequent biological implications (Graham et al. 1995;
Lane 2002).

Figure 2.34 shows the variation of the climate over the last 65 million years. The
data are based on oxygen isotope measurements in benthic foraminifera (Zachos
et al. 2001). Specially relevant is the Paleocene-Eocene Thermal Maximum, occur-
ring at 55 Ma, a sudden warming of 6°C in only 20,000 years, associated with an
increase in CO, atmospheric concentration and rise in sea level. The process was
probably enhanced by the degassing of methane clathrates, which accentuated a
pre-existing warming trend (Katz et al. 2001) . The increasing accumulation of or-
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Fig. 2.33 Changes in carbon dioxide concentrations during the Phanerozoic era. Three esti-
mates are based on geochemical modelling: GEOCARB III (Berner and Kothavala 2001), COPSE
(Bergmann et al. 2004) and Rothman (2001). These are compared to the carbon dioxide measure-
ment database of Royer et al. (2004) and a 30 Ma filtered average of those data. Error envelopes
are shown when they were available. The right hand scale shows the ratio of these measurements
to the estimated average for the last several million years (the Quaternary). Courtesy: Robert A.
Rohde, Global Warming Art
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Fig. 2.34 The last 65 million years. Courtesy: Robert A. Rohde, Global Warming Art

ganic material in the deep sea may have cooled this hot climate, starting the current
large-scale cooling period (Bains et al. 2000). This cooling is clearly associated with
a large decrease in the CO, concentration, probably accelerated by the continuous
buildup of the Tibetan plateau.

Some geological events during this last phase favoured the evolution towards
the emergence of Homo Sapiens through their influence on climate. About 25 Ma
ago, continental movements led to the collision of India against the Asian continent,
giving rise to the formation of the Himalaya mountains. This originated dry winds
blowing to Africa producing a dry season there. It is also worth mentioning that
highly encephalized whales, dolphins and porpoises occurred with the drop of ocean
temperatures 25-30 Ma ago (Schwartzman and Middendorf 2000).

2.3.4 Temporal Variations of the Magnetic Field

In molten igneous rocks, magnetic particles will align themselves with the Earth’s
magnetic field. Application of this technique, called paleomagnetism, allows
variations in the field to be seen throughout history. The Earth’s magnetic field
reverses at intervals, ranging from tens of thousands to many millions of years, with
an average interval of approximately 250,000 years. The last such event, called the
Brunhes-Matuyama reversal, is theorized to have occurred some 780,000 years ago.

The frequency of reversals, the duration over which the reversals occur and
the strength of the magnetic field, are well correlated (Glatzmaier et al. 1999).
Over long time scales, a quiet magnetic period started 120 Ma ago, lasting 35 Ma.
From when it ended (~65Ma) until the present time, the reversals have become
more frequent. Figure 2.35 compares the reversal frequency with massive extinc-
tion events (Courtillot and Olson 2007). This correlation is explained in more detail
in the following subsection.
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Fig. 2.35 Variation of geomagnetic polarity reversal frequency during Phanerozoic time compared
with major faunal mass depletion events (up arrows) and associated trap eruptions (down arrows).
Courtesy: V. Courtillot. Reprinted with permission from Elsevier

2.3.5 Mass Extinctions in the Fossil Record

2.3.5.1 Historical Introduction

The order that characterizes all the structures (including the living beings) existing
in the Universe is subject to the conditions of an open thermodynamical system.
This is also the case of our Earth. There is a continuous exchange with the media
surrounding it, in the form of radiation in all the energy ranges (see Chap.7 of
Viézquez and Hanslmeier 2005) and bodies of different sizes (see Hanslmeier 2008).
In this section we study how this interaction has affected, in a direct or indirect way,
the evolution of life on our planet (Fig.2.36). Two main theories have been put
forward concerning the interaction between life and environment. The idea about
an old but almost static and uniform Earth with only slight gradual changes was
defended by James Hutton (1726—1797) in his ‘Theory of the Earth’ and Charles
Lyell (1797-1875) with the reputed ‘Principles of Geology’.** The principle that
‘the present is the key to understanding the past’ is a logical consequence of these
views. In this context, Charles Darwin (1809-1882) proposed the evolution of living
beings by natural selection. In any case, his theory was based on gradual changes,
without abrupt jumps: ‘nature non facit saltum’.

These principles were challenged by the catastrophist theory, mainly developed
by G. Cuvier (1769-1832) in his Discours sur les Révolutions de la surface du

30 Four types of uniformities were the base of the theory: laws, processes (actualism), rates (grad-
ualism) and state.
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Fig. 2.36 Variation in the number of families along the Phanerozoic era. The major massive
extinctions are marked with arrows. Reproduced from Steffen et al. (2005). Copyright: Springer
Verlag

Globe. Based on geological observations of sediments, Cuvier assumed that biolog-
ical evolution was driven by sudden events, producing the disappearance of some
species and the emergence of new ones. Excluding astronomical causes, he favoured
sudden changes in the positions of continents and oceans (see Rudwick 1997 for a
translation of Cuvier’s works with excellent commentaries on the source texts). Ac-
cording to this idea, processes operating in the past are not necessarily taking place
today.

It soon becomes evident that the different biological species have rapidly evolved
throughout time, some becoming extinct and others rapidly emerging. Alfred
Wallace (1823-1913) expressed this with the words We live in a zoologically im-
poverished world, from which all the hugest and fiercest and strangest forms have
recently disappeared. In short, the discussion was about the main driving agent
in the biological evolution: chance (contingency) or necessity (natural selection),
recalling Jacques Monod’s (1917-1976) classic book ‘Chance and Necessity’.’!

The division of the history of the Earth in different periods (Table 2.1) has been
marked, at least in the Phanerozoic era, by transitions coinciding with important
changes in biological diversity. Living beings have a hierarchical classification:
kingdoms, phyla, classes, orders, families, genera and species.

31'In this context, the theory of ‘punctuated equilibrium’ should be mentioned, which supported
the effect of chaotic events as a major force driving bursts in diversity. Evolutionary change oc-
curs relatively rapidly in comparatively brief periods of environmental stress, separated by longer
periods of evolutionary stability. This theory has been popularized in various books by S.J. Gould
(1940-2002).
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2.3.5.2 Biological Extinctions During the Phanerozoic Era

The record of the number of biological species reveals five important crises over the
last 500 Ma, although many others are also evident (cf. Benton 1995; Hallan and
Wignall 1997).

The extinction occurring at the end of the Ordovician period (443 Ma ago) was
probably caused by a glaciation produced by the position of the supercontinent
Gondwana, close to the South Pole (Sheehan 2001). Two pulses of extinction have
been recorded, with the level of oceanic circulation playing a major role.

The end of the Devonian period was marked by an important decline in many
biological species, the brachiopods and the foraminifera being specially affected
(Wang et al. 1991 ; McGhee 1996 ). An impact at this time cannot be ruled out
(Name 2003).

The end of the Permian period occurred 250 Ma before the present and was char-
acterized by the extinction of 80% of all ocean-dwelling creatures and 70% of those
on land (cf. Erwin 1994, 2006; Berner 2002; Benton 2003). Becker et al. (2001)
discovery of fullerenes,’” containing helium and argon with isotopic compositions
similar to those in meteorites called carbonaceous chondrites, and the evidence that
Becker et al. (2004) have recently found of an impact at the end of the Permian
period in the crater Bedout (Australia) could point to the cause of this extinction.

At the boundary between the Triassic and Jurassic periods, about 200 million
years ago, a mass extinction, occurring in a very short interval of time, destroyed at
least half of the species on Earth (Ward et al. 2001). The thecodontians and many
mammal-like reptiles became extinct, and this is the widely accepted view of how
the dinosaurs attained dominance, as there were fewer predators to compete with
them (Benton 1993). Olsen et al. (2002) claim to have found enhanced level of
iridium at this stage. The Manicougan crater impact (210 £ 4 Ma old), located in
Quebec (Canada), has been proposed as a possible scenario of the asteroidal impact.

Howeyver, the event which has been most studied is that which occurred at the
end of the Cretaceous, no doubt because of its possible relation with the extinction
of the dinosaurs.

2.3.5.3 The K/T Extinction

The Cretaceous extinction, hereafter called the K/T event,?? is the one that has been
most intensively studied. More than 75% of all the species present at that time be-
came extinct, ranging across all families of organisms. De Laubenfels (1956) had
already suggested that the extinction of the dinosaurs might have been caused by
heat associated with the impact of a large meteorite. Urey (1973) and Hoyle and

32 Large carbon compounds consisting of 60 or more carbon atoms, arranged as regular hexagons
in a hollow shell. They are often called buckyballs, after Richard Buckminster Fuller (1895-1983),
inventor of the geodesic dome, which their natural structure resembles.

3 K stands for Cretaceous (from German) and T for the Tertiary Era — the Age of Mammals.



88 2 The Earth in Time

Wickramasinghe (1978) proposed, respectively, that ecodisasters such as the K/T
extinction were probably caused by the collision or the close passage of a giant
comet.

There was a surge of interest in the scientific and press media with the publication
of the paper of Alvarez et al. (1980), which provided a degree of empirical associ-
ation between massive biological extinction and the impact of a large (>10km) ex-
traterrestrial body, a comet or asteroid being the logical candidates (see Shoemaker
1983; Gehrels et al. 1994). Evidence of enhanced concentrations of iridium in the
sediments corresponding to this period in the Italian site of Gubbio was verified by
similar findings at other sites around the world (Orth et al. 1981). The publication
of the Alvarez’s paper immediately provoked different reactions supplying proof for
and against this hypothesis.

After several failed attempts, the crater produced by the Cretaceous event was
finally identified, the so-called ‘smoking gun’ being the Chicxulub crater on the
Yucatan coast (Hillebrand et al. 1991). Kyte (1998) has tentatively identified mate-
rials that might have come from the impacting object. Figure 2.37 shows a view of
the planet at this time.

These five large extinctions were not the only ones, and their magnitude is
probably due to a combination of two or more external influences. The Earth man-
tle periodically undergoes instabilities, producing the eruption of the material to
the surface in the form of giant volcanic events, called hotspots or superplumes

Fig. 2.37 Paleogeographic view of the Earth at the K/T transition. Courtesy: Ron Blakey, Depart-
ment of Geology, Northern Arizona University
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depending of their intensity and duration (Courtillot 1999; Condie 2001). The Per-
mian (Siberian Traps) and Cretaceous (Deccan Traps) periods are associated with
these manifestations, which lasted millions of years.

It has also been proposed (Abbott and Isley 2002) that large meteoric impacts
could also trigger important volcanic eruptions. These authors proposed that the
dating of the 38 known impact craters coincides with mantle eruptions. In principle,
this could join the two main theories explaining the K/T mass extinction; however,
the timing of mantle events, on the one hand, is not accurate enough and, on the
other hand, they are characterized by quite different temporal extensions (see Palmer
1997). Purely biological explanations of mass extinctions should also be considered
(see Raup 1992).

Physical conditions of the atmosphere have changed along the history of the
planet and are likely to have been an important factor in the mass extinctions. At the
geological scale, the climate is controlled by the balance between the variations
in the solar output and the changes in the abundance of greenhouse gases in the
atmosphere.

2.4 The Quaternary

The Quaternary Period is the geologic time period from the end of the Pliocene
Epoch, roughly 1.8—1.6 million years ago to the present. The Quaternary includes
two geologic subdivisions — the Pleistocene and the Holocene Epochs. This pe-
riod is characterized by individual continents mainly accumulated in the Northern
Hemisphere.

Significant growth of ice sheets did not begin in Greenland and North America
until three million years ago, following the formation of the Isthmus of Panama by
continental drift, thus preventing effective distribution of warm water in the North
Atlantic Ocean. This triggered the start of a new era of rapidly cycling glacials and
interglacials (Fig.2.38 and Lisiecki and Raymo 2005).
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Fig. 2.38 Expanded view of climate change during the last five million years, showing the rapid
oscillations in the glacial state. Present day is indicated by 0. Courtesy: Robert A. Rohde, Global
Warming Art
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2.4.1 The Ice Ages

The climate fluctuations in this period are mainly driven by variations in the orbital
parameters of our planet, namely the inclination of the rotation axis, the eccentric-
ity and the climate precession determining the time of the year where perihelion
takes place. They are characterized by periods of 41,000, 100,000 and 19,000
years, respectively. In 1941, M. Milankovitch (1879-1958) calculated the insolation
associated with these changes and proposed that the triggering of a glaciation was
associated to the increase of ice-sheets in the northern hemisphere, produced at
times of reduced temperature contrast between summer and winter.

Figure 2.39 shows the temperature record during the last half million years. The
first two curves show local changes in temperature at two sites in Antarctica as
derived from deuterium isotopic measurements on ice cores (EPICA Community
Members 2004, Petit et al. 1999). The final plot shows a reconstruction of global ice
volume based on measurements of oxygen isotopes on benthic foraminifera from a
composite of globally distributed sediment cores and is scaled to match the scale
of fluctuations in Antarctic temperatures (Lisiecki and Raymo 2005). The current
decrease of the eccentricity of the Earth’s orbit seems to delay a next glaciation,
which may take place 50,000 years from now (Berger and Loutre 2002).

The temperatures oscillate in phase with CO, and CH,4 concentrations (Petit
et al. 1999; Loulergue et al. 2008; Liithi et al. 2008). Zeebe and Caldeira (2008)
have shown that over the last 610,000 years the maximum imbalance between the

I;e Ag_e Tem_peratgre Change_s

3. EPICA

%)
=0
o
5-3
56
m |
E— Oh 5 onee 1
@ .3 ostok
23l M 1
.6 w '
Lowm =rasgaim==""7 1 I v T po---mm==-q -1
lce Volume /| MmN ,ﬁ X
lll *"n\"m" ‘.-"I " Ihu,‘ll'I /U'Ill Il Inkl -*f. ! I|~ /-/J .I‘1
||I I/q,)"-"‘\_l,-"J 'II _i\."\"'"ll v lk\.\i‘M’ ¥ '|I I,_Ja,,f” II I
High- ol R V.
0 50 100 150 200 250 300 350 400 45
Thousands of Years Ago

Fig. 2.39 Antarctic temperature changes during the last several glacial/interglacial cycles of the
present ice age and a comparison to changes in global ice volume. The present day is on the
left. Courtesy: Global Warming Project. Vostok data available at http://www.ngdc.noaa.gov/paleo/
icecore/antarctica/vostok/vostok _data.html
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supply and uptake of carbon dioxide (recall the phases of the CO, cycle) was 1-2%
(~22 ppmv).** This long-term balance holds despite glacial—interglacial variations.

The 41,000 year periodicity, driven by obliquity changes, was dominant during
the early Pleistocene. About 900,000 years ago this behaviour increased to a domi-
nant 100,000 length of the glaciations linked to variation in the eccentricity. This is
usually explained as an abrupt jump from one stable state of the climate system to
another, typical of a non-linear response to a small external forcing (the insolation
changes). Crowley and Hyde (2008) suggest that we are approaching to a new bifur-
cation, leading to a climate characterized by Antarctic-like ‘permanent’ ice sheets,
which would shroud much of Canada, Europe and Asia. However, all these fore-
casts can be affected by the action of a new factor in the climate system: human
intelligence.

2.4.2 The Present Warming: The Anthropocene

The last post-glacial era, known as the Holocene, was characterized by a stable
climate (Fig. 2.40). During the last 7,000 years, the variations in the solar magnetic
energy and the eruption of isolated volcanoes modulated the climate.

This period also signals the start of human civilization with the development of

agriculture. Progressively, the activities of Homo sapiens became a significant force
on the Earth (Burroughs 2005; Ruddiman 2005).
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Fig. 2.40 Holocene temperature variations reconstructed from different sources. Courtesy: Robert
Rohde

3 ppmv: parts per million in volume.
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We have previously seen how the living beings have clearly influenced the
chemical composition of the atmosphere and the climate, through the emission of
greenhouse gases resulting from their metabolism. At the time scale of a 1,000 years
or less, the CO; cycle is dominated by two processes. One is when the gas is taken
up via photosynthesis by green plants on the continents or phytoplankton in the
oceans and later transferred to the soils or zooplankton, respectively; the plants,
plankton and animals respire carbon dioxide and upon their death, they are decom-
posed by microorganisms with a subsequent production of CO;. The other process
is when carbon dioxide is exchanged between oceans and the atmosphere. As the
cycle proceeds, concentrations of CO; can change as a result of perturbations in the
cycle.

Probably the most characteristic event of the latter process started in the late
1700s, at which time the world entered the industrial era, which has continued into
our days, an era in which many non-renewable resources are being used. The pop-
ulation of the planet exploded from 1 billion in 1850 to more than 6 billion by
2005, accompanied, for example by a growth in cattle population to 1,400 million
(Mc Neill 2000). Crutzen and Stormer (2000) (see also Crutzen 2002a,b) named this
period of the Earth history as the Anthropocene. Recently, Zalasiewicz et al. (2008)
developed and updated this new concept.*’

During this period the burning of fossil fuels produced large amounts of energy
necessary for industry. As a consequence, residuals have been emitted to the atmo-
sphere.

Georespiration is the principal process of atmospheric O, production at long time
scales.

CO, + H,O — CH,0 + O,.

The opposite reaction is now occurring at a rate of about 100 times faster than
that which would occur naturally.

CH,0 + O, — CO, + H,O0.

As aresult, the long-term carbon cycle impinges on the short-time cycle, leading
to an extremely fast rise in atmospheric CO, (Fig.2.41). The CO, cycle cannot
balance the disequilibrium produced by humans.

Because the carbon dioxide emitted in the combustion of fossil fuels is a green-
house gas, we can expect a rise in mean temperatures. Figure 2.42 shows the
increase of globally averaged temperatures during the instrumental record. The
future warming will depend on future emissions of greenhouse gases. The recent
IPCC report, 2007, established different scenarios with temperature increases in the
range 2-5°C for 2100.

35 Written by 21 members of a commission organized by the London Geological Society to eluci-
date if we have entered a new geological period. This commission unanimously answered ‘yes’ to
the question: ‘Are we now living in the Anthropocene?’.
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Fig. 2.41 Variation of the atmospheric concentration of carbon dioxide, as measured in Mauna
Loa (Hawaii). Data: Earth System Research Laboratory (NOAA)
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Fig. 2.42 (Left) Global annual surface temperatures relative to 1951-1980 (mean figures), based
on surface air measurements at meteorological stations and ship and satellite measurements for
sea surface temperature. (Right) Colour map of temperature anomalies in 2007 relative to the
1951-1980 mean. Areas that were warmest in 2007 are in red, and areas that have cooled are
in blue. Courtesy: Goddard Institute for Space Studies

We may be at the beginning of a sixth massive extinction (Thomas 2004). Dur-
ing the mentioned Anthropocene period, only 40 animals and around 100 plants
increased their numbers.*°

The impacts of current human activities will continue over long periods and the
climate may depart significantly from natural behaviour over the next thousands of
years. We should remark that the Earth System has critical processes that are sus-
ceptible to abrupt changes triggered by human activities that will render the planet
less hospitable for human life. The climate system, in particular the sea level, may
be responding more quickly to climate change than the current generation of models
indicates (Rahmstorf et al. 2007).

36 They include humans, domesticated plants and animals and synanthropes (e.g. rats, rabbits etc.).
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For further information on this topic, see the following monographs: Houghton
1997, 2005 and Stern 2006, and the successive IPCC reports37 Houghton et al. 1996,
2001, IPCC 2007.

Referring to this topic, Carl Sagan commented in his book ‘Pale Blue Dot’: Some
planetary civilizations see their way through, place limits on what may and what
must not be done, and safely pass through the time of perils. Others, not so lucky or
so prudent, perish.

2.5 The Future of Earth

We have already seen how the presence of life has produced a cooler Earth. A re-
sulting feedback of this connection has been the extension of our estimates on the
lifespan of the biosphere (Lenton and Van Bloh 2001). However, this process will
also have a limit.

2.5.1 The End of Life

The long-term future of our planet will be driven by the continuous increase of so-
lar luminosity (Fig. 2.43a). In response, the weathering rate will increase, lowering
rapidly the concentration of CO, in the atmosphere and soil (Fig. 2.43b). At a given
time both will reach minimum values for the survival of plants (10 ppm).

The disappearance of life will follow the reverse sequence to its appearance in
our planet. Franck et al. (2005) have predicted that the extinction of multicellular
life and eucaryotes will take place at 0.8 and 1.3 Ga from now, respectively. For
earlier estimations of the biosphere life span, see Lovelock and Whitfield (1982) and
Caldeira and Kasting (1992). Therefore, it seems that the time period in the Earth’s
history in which complex life exists is very short. The consequences of this process
for the perspectives of finding alien complex life have recently been popularized
by Brownlee and Ward (2000, 2004), with the ‘Rare Earth’ hypothesis. For critical
overviews on this topic see Kasting (2000) and Darling (2002).

Two events will make the situation much more complicated. As a result of in-
creasing temperatures, the Earth will enter a runaway greenhouse phase, similar
to that suffered by Venus, probably 1.2 Ga from now; as a first consequence, the
oceans will evapourate. Additionally, tectonic activity will be interrupted due to the
progressive exhaustion of internal energy sources.

The end of life described is limited to photosynthetic organisms. Organisms
that use chemical energy for their metabolism could probably survive, especially
underground.

37 Since its founding, in 1988, the Intergovernmental Panel on Climate Change (IPCC) has pub-
lished four reports: 1990, 1995, 2001 and 2007.
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Fig. 2.43 Long term projections of (a) solar luminosity and (b) surface temperature and CO,
concentration in the soil and in the atmosphere. Adapted from Caldeira and Kasting (1992) Fig. 2.
Reprinted by permission from Macmillan Publishers Ltd. Nature Vol. 360 p. 721. Copyright (1992)

2.5.2 The End of the Earth

About 5.5 Ga from now, a significant amount of the hydrogen reserves of the Sun
will have been spent, and our star will move to the Red Giant Branch (RGB) phase
of its evolution. The solar diameter will expand to roughly 150 times its current di-
ameter, reaching 0.77 AU, while the core will start to collapse under its own weight,
getting hotter and denser. This phase will end with the ignition of Helium in the
core, but this element is consumed rapidly and the star will contract again, leading
to a second expansion of the outer layers (Asymptotic Giant Branch, AGB).
Mercury and Venus will clearly be affected during the RGB phase. The strong
mass loss during this period will expand the Earth’s orbit, probably to 1.6 AU,
saving it temporarily from being destroyed. This will inevitably occur during the
AGB phase, when the Sun undergoes a second expansion (see Rasio et al. 1996
for a consideration of the tidal decay in the final stage). The Earth will proba-
bly be vapourized, and the remains scattered through the interplanetary medium
(Sackmann et al. 1993; Schroder et al. 2001 and Rybicki and Denis 2001). Recently,
Schroder and Smith (2008) have presented a new RGB model, concluding that the
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Earth’s engulfment will happen during the late phase of the solar RGB evolution.
The minimum orbital radius for a planet to be able to survive is found to be about
1.15 AU.

Villaver and Livio (2007) studied the survival of gas planets around stars with
masses in the range 1-5 Mg, as these stars evolve off the main sequence. They show
that planets with masses smaller than one Jupiter mass do not survive the planetary
nebula phase if located initially at orbital distances smaller than 3-5 AU.

Retter and Marom (2003) interpreted an outburst, with at least three peaks, of the
red giant star V838 Monocerotis to have been produced by the engulfment of three
nearby planets. However, the death sentence of our planet is not yet final and two
observations bring some hope. Silvotti et al. (2007) have detected at 1.7 AU a gi-
ant planet orbiting the red giant V391 Pegasi, which is already burning helium in
its core, whereas Mullally et al. (2008) suggest the presence of a giant planet (2.1
Jupiter masses) orbiting a white dwarf at 2.36 AU. Moreover, we cannot forget that
the first exoplanets were found orbiting the pulsar PSR1257+12, enduring a super-
nova explosion (Wolszczan and Frail 1992).

In any case, in a long-term perspective the human race must move into space
to avoid extinction. Following the famous quote of K. Tsiolkovsky (1857-1935):
Earth is the cradle of humanity, but one cannot remain in the cradle forever.
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Chapter 3
The Pale Blue Dot

3.1 Globally Integrated Observations of the Earth

Over the past few years, advancements in astronomy have enabled us to discover
planets orbiting around stars other than the Sun, and the number of detections is in-
creasing exponentially. Even though we are not yet capable of detecting and explor-
ing planets like Earth, ambitious missions are already being planned for the coming
decades. In the near future, it is likely that Earth-size planets will be discovered, and
efforts will then be directed toward obtaining images and spectra from them.

The first thing an extraterrestrial observer would find out about Earth would
be that it is the third planet from the Sun and the largest of the rocky planets in
the Solar System, in both diameter and mass. More detailed observations would
identify its minimum (or absolute, depending on the observing techniques) mass
and determine its orbital parameters. The determination of the Sun—Earth distance,
the spectral type of the Sun and the mass of the planet would immediately point to
the possibility of finding life, as Earth lies inside the habitable zone of the Sun (see
Chap. 5). Thus, once curiosity is triggered, more detailed observations of the planet
would be in order.

However, what these observations would reveal about our planet will be highly
dependent on the techniques used, the temporal sampling, the spectral range and
the timing. We have already seen in Chap. 2 how our planet underwent an evolution
with time, and so an external observer would obtain a different view of the Earth if
it were to be observed at different epochs. In reflected light, the observing geometry
will determine whether what is being observed is either a full planet hemisphere or
just a thin crescent. Finally, the spectral range is also important, as the light reflected
or emitted by Earth is not uniformly distributed. In Fig. 3.1, the spatial distribution
of the reflected and emitted light from Earth illustrates this point.

When observing the Earth from an astronomical distance, all the reflected
starlight and radiated emission from its surface and atmosphere will be integrated
into a single point. This also holds true for future observations of exoplanets. In that
case, to interpret the resulting spatially integrated observations, we need to compare
them with observations with similar resolution of the only planet that we know to
be inhabited, namely Earth. However, despite the fact that Earth is our own planet
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Fig. 3.1 Thermal radiation, or heat, emitted to space from Earth’s surface and atmosphere (leff)
and sunlight reflected back to space by the ocean, land, aerosols and clouds (right). The lowest
amount of sunlight reflected back to space, shown in blue, occurs over clear ocean areas. Green
colours show gradually increasing amounts of reflected sunlight. The areas of greatest reflected
solar energy, shown in white, occur both from the tops of thick clouds and from ice-covered regions
on the Earth’s surface during summer. Credit: NASA

and that we have a very detailed knowledge of its physical and chemical properties,
Earth observations from a remote perspective are limited. They can be obtained
only by integrating high-resolution Earth-orbiting satellite observations, from a
very remote observing platform or from the ground by observing the earthshine
reflected on the dark side of the Moon.

In Chap. 1, we revised the historical gathering of Earth observations, with ever
deeper detail. In this chapter, we review the historical and modern observations of
the Earth, but seen as a planet, that is integrating all its emitted and/or reflected light
into a single point.

3.1.1 Earth Orbiting Satellites

The scientific and technological advances of the twentieth century have brought
finer and finer detailed knowledge of our planet. Routinely, plankton blooms, city
night lights and crop health indices are measured from space (Fig. 3.2). However,
when observing an extrasolar planet, most of these features will disappear in the
noise when global averages are taken.
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Fig. 3.2 A composite image illustrating a variety of low earth orbit (LEO) satellite observations.
Top left: A green swirl of phytoplankton bloom in the North Sea off the coast of eastern Scot-
land captured by Envisat. Top right: A satellite view of Greenland. Bottom left: Moscow city
lights. Bottom right: A 3D reconstruction of the cloud distribution and sea surface anomalies dur-
ing the 1997-1998 El Niflo phenomenon. Plankton blooms, ice extent, city lights, clouds and sea
surface temperatures are only some of the hundreds of parameters regularly monitored from Earth-
observing satellites. Images credit: ESA and NASA

In principle, one could combine measurements from Earth-observing satellites
to derive a globally integrated perspective. However, the field of view of low Earth
orbit satellites is quite small (typically of a few tens to a hundred km?), and the
geographical coverage is not always complete, and if it is, it takes time (sometimes
days) to cover the whole of the Earth’s surface. It is also necessary to change the
geometry of the observations to that of a remote observer. Thus, there is a need
to use models, complex inter-satellite calibrations and interpolations to recreate a
global view.

Currently, more than 900 artificial satellites orbit around the Earth, a large
number of them monitoring one or several properties of the Earth’s surface or at-
mosphere. For the curious, NASA’s J-Track 3D tool' allows you to find the position
of each satellite in real time.

!http://science.nasa.gov/Realtime/J Track/
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Fig. 3.3 An illustration of some of the most common orbits for Earth-observing satellites. Image
credit: NASA

Earth-observation satellites move around the Earth in an orbit that depends on
the mission the satellite was built for and determines the nature of the resulting
dataset. The orbit is defined by three factors: the shape (circular or elliptical), the
altitude (constant for a circular orbit and constantly changing for an elliptical orbit)
and the angle with respect to the equator (large for polar orbiter satellites and small
for satellites that stay close to the equator) (see Fig. 3.3). The main classes of orbits
are the following:

Low Earth Orbit (LEO): Satellites in LEO orbit the Earth at altitudes of less than
2,000 km. Because they orbit so close to Earth, they must travel very fast so that
gravity will not pull them back into the atmosphere. LEO satellites speed along at
27,359kmh™! and can circle the Earth in about 90 min. Satellites in LEO can get
very clear surveillance images of small regions and require little power to transmit
their data to the Earth; however, they have a single observing geometry, in the sense
that they measure every point of the Earth from a nadir point of view (retroflection).
The majority of all satellites, as well as the Space Shuttle and International Space
Station, operate from LEO.

Medium Earth Orbit (MEO): At an altitude of around 10,000 km a satellite is in
MEO. MEOs are generally used for navigation and communication satellites.

Geosynchronous Orbit (GEO): Also known as geostationary orbits, satellites in
these orbits circle the Earth at the same rate as the Earth spins. Geostationary or-
bits are useful because they cause a satellite to appear motionless in the sky. As a
result, an antenna can point in a fixed direction and maintain a constant link with
the satellite. The satellite orbits in the direction of the Earth’s rotation at an altitude
of approximately 35,786 km above ground. This altitude is significant because it
produces an orbital period equal to the Earth’s period of rotation, the sidereal day.
The satellites are located near the equator, because at this latitude there is a constant
force of gravity from all directions. At other latitudes, the bulge at the centre of the
Earth would pull on the satellite.
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Geosynchronous orbits allow the satellite to observe almost a full hemisphere
of the Earth. These satellites are used to study large scale phenomena, such as
hurricanes or cyclones, and have revolutionized global communications, televi-
sion broadcasting and weather forecasting. The idea of a geosynchronous satellite
for communication purposes was first published in 1928 by Herman Potocnik
(1892-1929) in Potocnik (1928). The geostationary orbit was first popularized by
Arthur C. Clarke (1917-2008), in Clarke (1945). As a result this is sometimes re-
ferred to as the Clarke orbit.

The main disadvantage of this type of orbit is that since these satellites are very
far away, they have poor geographical resolution. The other disadvantage is that
these satellites have trouble monitoring activities near the poles. Complete lon-
gitudinal coverage of the Earth could be achieved using five of the current GEO
satellites, which would cover about 96% of the planet, leaving out the polar regions.
However, because of the curvature of the Earth, data only up to about 50-60° is
commonly used (Valero 2000). Currently, there are approximately 300 operational
geosynchronous satellites.

Polar Orbit (PO): An orbit that goes over both the North and the South Pole is
called a Polar Orbit, although the more correct term would be near polar orbits.
These orbits have an inclination near 90°, which allows the satellite to see virtually
every part of the Earth as the Earth rotates underneath it. It takes approximately
90 min for the satellite to complete one orbit. Most polar orbits are in LEO, but any
altitude can be used for a polar orbit.

Sun Synchronous Orbit (S50): These orbits allow a satellite to pass over a section
of the Earth at the same time of day. As there are 365 days in a year and 360° in a
circle, it means that the satellite has to shift its orbit by approximately 1° per day.
These orbits are located at an altitude between 700 and 800 km and are used for
satellites that need a constant amount of sunlight. Satellites that take pictures of the
Earth will work best with bright sunlight, while satellites that measure long-wave
radiation will work best in complete darkness.

Although none of these observing geometries offers us a view of the Earth as
a planet, the high-resolution data provided by Earth-observing satellites are crucial
to constructing Earth models. High resolution scene characterization data can be
combined with measured angle-dependent reflection/emission functions to derive a
global view, and to construct models, not only of the actual earth, but also of a broad
range of possible planets.

3.1.2 Observations from Long-range Spacecrafts

Globally integrated observations of the Earth as a point, or as a planet, are some-
times taken by solar system probes, usually as an instrumentation test or as an
effective public-relations event. Planetary flybys, while often required to eventu-
ally settle in a flying path, are also critical opportunities for the mission teams to
test the spacecrafts and their scientific instruments. Over the years, a series of Earth
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Table 3.1 A compilation of globally integrated observations of the Earth from remote satellite
platforms

Mission Date Observations

Voyager 1? 1989 Pale blue dot image (6.4 billion km)
GalileoP 1990 Flyby Obs. Very low-resolution spectroscopy
Mars Global Surveyor, TES® 1996 Infrared spectroscopy

Mars Express, OMEGAY 2003 Low-res. visible and near-infrared spectra
ROSSETTA, Virtis® 2005 High-resolution visible and infrared imaging
MESSENGER' 2005 Imaging sequence of Earth during flyby
CASSINI® 2006 Image of Earth from Saturn’s orbit
ROSSETTA, OSIRIS" 2007 Composite imaging, true colours

EPOXI, EPOCh! 2008 Composite imaging, true colours

Venus Express! 2007-2008 Repeated visible and infrared spectroscopy

More details can be found in the following:
4Sagan (1994)

®Sagan et al. (1993)

¢Christensen and Pearl (1997)
dhttp://www.esa.int

http://www.esa.int
fhttp://messenger.jhuapl.edu
Shttp://www.nasa.gov

"http://www.esa.int
Thttp://epoxi.umd.edu/4gallery/Earth-Moon.shtml
IPiccioni et al. (2008)

images and spectra, mostly as one-time observations, have been compiled. Some of
the most significant are listed in Table 3.1.

These observations offer a unique perspective of our planet and will be discussed
in more detail in the following sections. The first of such observations was taken by
the Galileo spacecraft (Sagan 1994) and had a deep impact among both scientists
and the general public. Recently, the EPOXI mission has released a set of images
revealing changes in the visible and near-infrared reflectance as the Earth rotates, as
well as the Moon’s transit in front of the Earth (Fig. 3.4).

Although almost all the observations are taken only as one-time efforts or over
short periods of time, it is worth noting the effort recently undertaken by the Venus
Express Team. Venus Express started a program in May 2007 to continuously moni-
tor the Earth spectra, with approximately monthly data (Piccioni et al. 2008). These
data will be extremely useful in the near future for characterizing the most salient
features of the Earth’s spectra, and especially their variability with time and orbital
configurations.

3.1.3 An Indirect View of the Earth: Earthshine

Ground-based measurements of the short-wavelength (visible and near infrared
light) albedo of a planet in our solar system are relatively straightforward — except
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Fig. 3.4 As part of the EPOXI mission’s objectives to characterize the Earth as a planet for com-
parison with planets around other stars, the spacecraft looked back at the Earth collecting a series
of images. In the images, the Earth—-Moon system is seen with the Moon transiting in front of the
Earth. They were taken on 29 May 2008 through three filters: blue, green and orange, centred at
450, 550 and 650 nm respectively, while the spacecraft was 0.33 AU (49,367,340 km) away from
Earth. Image Credit: NASA/JPL-Caltech/UMD/GSFC

for the Earth. However, we can determine the Earth’s reflectance from the ground
by measuring the earthshine, the ghostly glow visible on the dark side of the
Moon.

Earthshine is sunlight that has reflected from the dayside Earth onto the dark side
of the Moon and back again to Earth. The term ‘dark side’ refers to the portion of the
lunar surface that, at any instant, faces the Earth but not the Sun. Both earthshine,
from the dark side of the Moon, and moonlight, from the bright side of the Moon,
are transmitted through the same airmass just prior to detection and thus suffer the
same extinction and imposed absorption features. Their ratio is the averaged reflec-
tion coefficient (or albedo) of the global atmosphere; the global atmosphere being
defined as the portion of the dayside Earth simultaneously visible from the Sun and
the Moon (Qiu et al. 2003. Figure 3.5 illustrates the earthshine geometry.
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Fig. 3.5 A not-to-scale illustration of the Sun—Earth-Moon system viewed from the pole of
Earth’s orbit. In the fop panel, the Earth’s topocentric phase angle, o, with respect to the observer is
defined. The plot also shows the Moon’s selenographic phase angle, 6. § is the angle between the
sunlight that is incident somewhere on the Earth and reflected, as earthshine. 6y(= B — «) is the
angle between the earthshine that is incident and reflected from the Moon. The path of the earth-
shine is indicated by the broken lines. 6y is of order 1° or less. In the lower panel the same diagram
is drawn for a negative lunar phase angle, and extra features like the Moon’s orbit around the Earth
are indicated. On both panels the aspect of the Moon as would be seen from the nightside Earth
is also indicated in a box. The light-shaded areas of the Earth indicate the approximate longitude
range that contributes to the earthshine. Adapted from Qiu et al. (2003)

The Earth’s differential cross-section is defined as the ratio between the scattered
radiation per unit solid angle and the incident radiation of a given surface, and de-
pends on its geometrical albedo and its phase function. The geometrical albedo (the
ratio between the intensity of normally incident radiation reflected from a surface
and the incident intensity) is independent of 8, the Earth’s phase angle; rather, it
is proportional to the backscattered cross-section. At the top of the atmosphere, the
differential cross-section of the reflected sunlight for scattering by an angle § is
given by

do

E = pefe(ﬂ)Rg’

where R, is the radius of the Earth, p, is the geometrical albedo of the Earth and
[fe(B) is the Earth’s phase function, defined such that f,(0) = 1.
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The bi-directional nature of the Earth’s reflectance is included in p.f.(8). This is
a recognized central difficulty for satellite-based albedo estimates, where the solar
zenith angle (function of latitude, date and time), the viewing zenith angle and the
relative Sun—Earth scene-satellite azimuth must be taken into account with more
or less reliable angular models (Loeb et al. 2003; Wielicki and Green 1989). The
sampling is necessarily different, with earthlight on the Moon, but the problem does
not go away because earthshine measurements are restricted to the light scattered to
the orbital plane of the Moon around the Earth. To derive ideally perfect estimates
of the Earth’s reflectance, it would be necessary to observe reflected radiances from
the Earth, from all points on the Earth and at all angles. Therefore, all measurements
from which albedo can be inferred require assumptions and/or modelling to derive
a good measurement.

Already in the twenty-sixth century, Leonardo da Vinci correctly deduced that
Earthshine was due to sunlight reflected from the Earth toward the dark side of the
Moon (Fig. 3.6). In Leonardo’s Codex Leicester, circa 1510, there is a page entitled
Of the Moon: No solid body is lighter than air. In there, he states his belief that the
Moon possessed an atmosphere and oceans, and that it was a fine reflector of light,
because it was covered with so much water. In fact, we now know that ocean areas as

The page is utled
SOf the Moon: o i o
No solid body is by el dgped sve
lighter than air,” - e s o F
o : Here Leonardo repeats his belicf
v that the moon shines beca) T
- g is covered with water, and safs
= that he belicves the moon to be
a heavy body with its own griivity
and atmosphere,

Here he explains how
sunlight, reflected from
the earth’s oceans ar
sunsct, causes the ghostly
glow of the whole moon v f et S
inside the eréscent moon. R

between the horns of the new moon...
this brightness at such a time being ==
derived from our oceans, which are at, f

that time illuminated by the sun, which -
is-then on the point of setting...”

Fig. 3.6 Reproduction of a page of Leonardo Da Vinci’s Codex Leicester, circa 1510. Also shown
is a image of Da Vinci in his Autoportrait and a comparison of a real picture of the earthshine with
one of his drawings. Credit: American Museum of Natural History Library
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among the darkest (less reflective) surfaces on Earth. He also speculated about how
storms on Earth could cause the Earthshine to become brighter or dimmer, which is
indeed observable with modern instrumentation.

After Leonardo’s ideas, others continued to observe the earthshine, in histori-
cal times. Among them, Galileo Galilei (1564-1642), based on previous studies
of the reflectance properties of different materials made by his friend Paolo Sarpi
(1552-1623), notes in his book Dialogue Concerning the Two Chief World Systems
that: When it is dawn in Italy the Moon faces a terrestrial hemisphere with fewer
seas and more land, containing all Asia. When, by contrast, it is evening in Italy at
the beginning of the month, the ashen light is much weaker, for the new Moon faces
only the westernmost portions of Europe and Africa and then the immense stretch of
the Atlantic ocean (Byard 1999).

In the past few years, with the blooming of exoplanet detections and the plans
for future missions, there has been renewed interest in the earthshine measurements.
This has led several research groups to undertake observation campaigns of the
earthshine in the visible and infrared ranges. Observations of the earthshine allow us
to explore and characterize its photometric, spectral and polarimetric features, and
to extract precise information on what are the distinctive characteristics of Earth,
and life in particular. They also allow us to quantify how these spectral features
change with time and orbital configurations.

3.2 The Earth’s Photometric Variability in Reflected Light

The light reflected by the Earth toward the direction of an hypothetical, far away,
observer will change in time depending on the orbital phase, rotation, seasonality
(tilt angle) and weather patterns. Each observing perspective of Earth will have its
unique features and will see a different photometric variability. Figure 3.7 illustrates
this point: several views of Earth are represented for the exact same date and time,
but judging from the visible scenery features, the three images could well represent
three different planets. Note however, that the figures are misleading in the sense
that clouds are missing.

A long-time series of the globally integrated variability in the Earth’s reflected
light is not available. There have been, however, a number of earthshine mea-
surements that have documented changes with phase and rotation, but they are
necessarily limited in their range of observations. Sporadic data have also been taken
from remote platforms, usually on their way toward other solar system bodies, but
without any temporal continuity. Earth-observing satellite data is usually obtained
once or twice a day over each particular point of the Earth and a global photometric
light curve, from the perspective of a distant observer, cannot be constructed from
these data. Thus, to fully characterize the reflected light variability of the Earth, we
need to combine the observations with reflectance models.
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Fig. 3.7 The Earth from different viewpoints. The three images show the Earth for the exact same
day and time (19/11/2003 at 10:00 UT) but from three different perspectives: from 90° above the
ecliptic (north polar view) (right), from 90° below the ecliptic (south polar view) (leff) and from
within the ecliptic plane (centre)

3.2.1 Observational Data

The most important historical program of photometric earthshine measurements
was carried out by André-Louis Danjon (1890-1967) from a number of sites in
France. Previously, only Very (1915) reported on photographic spectra of the earth-
shine. From 1926 to 1935, Danjon made hundreds of earthshine measurements,
and J. Dubois (1947) continued the program through 1960 from the observatory
at Bordeaux. Using a ‘cat’s-eye’ photometer,” Danjon stopped-down the light from
the sunlit portion of the Moon to match the brightness of the ashen portion. This
differential measurement removed many of the uncertainties associated with vary-
ing atmospheric absorption and the solar constant, allowing Danjon to achieve an
estimated uncertainty of roughly 5% (Danjon 1954). He recorded the measurements
using the so-called Danjon scale, in which zero equals to a barely visible Moon.
Danjon used his observations to estimate the mean global albedo. As the obser-
vations are only at visible wavelengths, they must be corrected for the balance of
the short-wavelength radiation, most of which is in the near IR. Estimates of this

2 A cat’s-eye photometer produces a double image of the Moon, allowing the visual comparison of
the intensities of two well-defined patches of the lunar surface — one in sunlight and the other in
the earthshine — at various lunar phases.
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correction were made by Fritz (1949) after taking into account the decrease of the
Earth’s albedo with increasing wavelength (our ‘blue planet’). Fritz also attempted
to correct for the geographical bias in Danjon’s observations. The Earth eastern
hemisphere (Asia, Russia), which was most frequently observed by Danjon, has a
greater fraction of land than does the globe as a whole, implying that Danjon’s value
would be high because the sea is dark compared to land. Combining the decreases
from the absence of the IR and geographical bias, Fritz found that Danjon’s visual
albedo of 0.40 corresponds to a Bond albedo (considering all the wavelengths and
directions) of 0.36 (see Chap. 2 for a discussion about albedos).

Flatte et al. (1992) noted that a correction must be made for the ‘opposition ef-
fect’ present in lunar reflectance properties. Observations of the Moon show that
the Moon’s reflectivity has a strong angular dependence, which was unknown in
Danjon’s time (Fig.3.8). This enhancement was once thought to be due to the
porous nature of the lunar surface (Hapke 1971). More modern work has shown
it to be caused by both coherent backscatter of the lunar soil (a non-linear increase
in reflectance at small reflection angles) and shadow hiding (the disappearance of
shadowed regions at small reflection angles, effectively increasing the reflecting

Fig. 3.8 The Moon showing the bright side and the earthshine. Half of the image (the bright side)
was taken with a blocking filter to make the two portions of the Moon directly comparable. In
the image the lunar phase is 115.9°, near a declining quarter Moon. Unlike the moonshine, the
earthshine is flat across the disk. The flatness is due to the uniform, incoherent back scattering
(non-Lambertian), in contrast to the forward scattering of sunlight occurring in the sunlit lunar
crescent surface
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area) in roughly equal amounts (Hapke et al. 1993, 1998; Helfenstein et al. 1997).
In fact, an incorrect lunar phase function was the primary source of Danjon’s overly
large visual albedo (Pallé et al. 2003).

Danjon’s and Dubois’ results show a number of interesting features. The daily
mean values of the observations vary more widely than would be expected on the
basis of the variation of measurements on a single night. This can plausibly be at-
tributed to daily changes in cloud cover or changes in the reflection because of
changes in the Sun—-Earth—-Moon alignment during a lunar month. The typical life-
time of large-scale cloud systems (thousands of kilometre) is 3 days (Ridley 2001),
but from one night to the next the Earth’s area contributing to the earthshine changes
(see Fig.3.5). Unfortunately, extensive cloud-cover data were not available at the
time of Danjon’s and Dubois’ observations.

Danjon (1928, 1954) also examined his observations to determine whether there
was a long-term trend in albedo, but found none. Dubois’ observations for some 20
years, ending in 1960, showed considerable annual variability, which he speculated
was due to solar activity. His published monthly variations from 1940 to 1944, for
example, showed a strong correlation with the 1941-1942 El Nino (Dubois 1958). In
the past 40 years, there have been continuous observations of earthshine by Huffman
et al. (1989) and sporadic observations by Franklin (1967) and Kennedy (1969).
Hilbrecht and Kuveler (1985) analyzed about a year and a half of continuous obser-
vations of the earthshine by amateur astronomers. Dollfus (1957) also observed the
earthshine and took some measurements of its linear polarization, which we discuss
in Sect. 3.5.

At present, continuous photometric observations of the earthshine are carried out
simultaneously from several observatories by the Earthshine Project, covering the
spectral range from 400 to 700 nm (Qiu et al. 2003; Pallé et al. 2003). With the im-
provement in available technologies, such as CCD detectors, current measurements
are about an order of magnitude more precise to those of Danjon’s and Dubois’s.
This is illustrated in Fig. 3.9, where observations of the Earth’s reflectance during
two nights in 2004 are plotted. The changes in reflectance are due to the evolution
of the cloud and geography pattern, over the sunlit Earth, during the observations.
Figure 3.9 shows the cloud patterns (top) and the measured albedo for the same
nights (bottom). A significant decrease or increase in the detected albedo is observed
when large cloud-free ocean areas (with very low albedo) or large optically thick
cloudy areas (with high albedo) appear, respectively, in the earthshine-contributing
area of Earth. From these measurements the photometric variability of the Earth is
found to be of the order of 10-15% from night to night and during one Earth rota-
tion (Qiu et al. 2003). Goode et al. (2001) have shown that over a year and a half,
the Earth’s seasonal variation is larger than 10%.

The Earth’s albedo also undergoes a seasonal cycle (Loeb et al. 2007), which is
plotted in Fig. 3.10. The Earth appears brighter during the months from November
to January, and has a secondary brightness peak in May—June. These global albedo
variations occur because of the north—south asymmetry of the continental land dis-
tribution, the illumination changes in the polar regions, the seasonal changes in the
extent of snow and ice cover and the seasonal changes in meteorological parameters,
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Fig. 3.9 Top: Earthshine-contributing areas of the Earth for two nights, 3 December 2004 (lef?),
with phase angle —71°, and 20 December 2004 (right), with phase angle +60°. Bottom: Temporal
anomalies in the apparent terrestrial albedo for these two nights. Adapted from Montafiés-
Rodriguez et al. (2007). Reproduced by permission of the American Astronomical Society
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more specifically the clouds. Of all these factors, the polar caps’ contribution is by
far the largest. These changes are indicative, as all seasons are, of a non-zero planet
obliquity, that is solar heating angle is what determines the cloud and weather pat-
terns.

Nowadays, there are several satellite instruments that are able to monitor the
Earth’s reflectance. CERES? instruments, one of the more precise datasets, are flying
onboard polar orbiter satellites, and map each point of the Earth twice a day, at

3 http://science.larc.nasa.gov/ceres
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midnight and noon, from a nadir perspective (looking straight down). Thus, the
seasonal changes they observe are introduced only by changes in solar illumination
and surface albedo (mostly snow/ice extent). For a different observer, with a fixed
observational perspective, the seasonal cycle might differ, as we see in the next
section.

3.2.2 Reflectance Models

For an observer outside the solar system, Earth observations will differ from the
mostly equatorial perspective offered by the earthshine measurements or the global
mean from polar orbiter satellites. The Earth’s reflectance in the direction of S,
where f is defined as the angle between the Sun—Earth and Earth—Observer vectors,
can be expressed as

pefe(B) = 1 / ~ d®R(RR-S)aR-M)L, (3.1)
(R-S,R-M)=>0

2 N
]TRe S.R

where R is the unit vector pointing from the centre of the Earth to a patch of Earth’s
surface, S is the unit vector pointing from the Earth to the Sun and M is the unit
vector pointing from the Earth toward the observer. The integral is over all of the
Earth’s surface for which the sun is above the horizon (i.e. R-S ) and visible from the
observer’s perspective (i.e. R-M > 0). Here a is the albedo of a given surface and
L is the anisotropy function, dependent on surface type, cloud cover and geometric
angles.

In the context of observing extrasolar planets, choosing the observer’s position
(B) is similar to fixing the inclination of the Earth’s orbit with respect to the observer.
Thus, the total reflected flux in a given direction, B, can be calculate using

Fe(B) = S”Rgpefe(ﬂ)»

where S is the solar flux at the top of the Earth’s atmosphere (1,370 W m~2). There
is a systematic variation of pefe(f) throughout the Earth’s orbital period (sidereal
year), and fluctuations of p.f. () about its systematic behaviour are caused by vary-
ing terrestrial conditions, including weather and seasons (Pallé et al. 2004).

By taking into account the cloud distribution measured from satellite weather
observations, Pallé et al. (2008) simulated the photometric variability of Earth from
several viewpoints (Fig. 3.11). The Earth is much brighter when half of its surface
is illuminated by the Sun, and it becomes much dimmer, from a remote observer’s
perspective, as it becomes a thinner and thinner crescent at small 8 angle. The small
amplitude variability in the figure is due to the Earth rotation introducing changes
in scenery. In the figure, the variation is normalized by the glare of the Sun. The
Earth’s reflected flux, F,, that a distant observer would see is about 10719 times
smaller than the flux he would receive from the Sun.
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Fig. 3.11 The yearly evolution of the Earth’s photometric flux from five different viewing ge-
ometries. The equator is marked in red, the plus and minus 45° are marked in green and pink
(respectively) and the North and South poles in dark and light blue (respectively). The panel units
show the relative flux between the Earth and the Sun. Adapted from Pallé et al (2008). Reproduced
by permission of the American Astronomical Society

However, the albedo of the Earth also changed at longer time scales. For example,
2,300 and some 700-800 million years ago, the Earth underwent an epoch of ex-
treme glacial temperatures known as the ‘Snowball” events (see Chap. 2). At these
times, the extent of the sea ice is believed to have reached as far as the tropics. Be-
cause of the high albedo of ice and snow, the average albedo of the Earth must have
been much larger than the present day 0.3 value. If Earth was covered in ice like
a giant snowball, its albedo would be about 0.84, meaning it would reflect most of
the incident sunlight. On the other hand, if Earth was completely covered by a dark
green forest canopy, its albedo would be about 0.14, meaning most of the sunlight
would be absorbed and our world would be far warmer than it is today.

In Fig. 3.12 very simple simulations of the Earth albedo values during an extreme
snowball event are shown. Calculations are given for a planet completely covered
in ice, with the present day cloud amount and with a cloudless atmosphere (it is
feasible that such cool temperatures could produce a much drier atmosphere and
lower cloud amounts). If the extreme snowball Earth is free of clouds, we obtain
an albedo of about 0.7 (close to that of Venus). If clouds are present, the albedo
decreases to 0.5-0.55. If the present day Earth was completely overcast with clouds,
it would have an albedo of 0.5. Thus, based on the albedo value it would be possible
to distinguish a snowball Earth from an overcast Earth. Note, however, that this
holds true only for a planet with very similar atmospheric properties to Earth. If
the chemical composition of the atmosphere or clouds is different, these quantities
will vary. For example, the albedo of Venus, with a CO, atmosphere overcast with
thick clouds of concentrated sulphuric acid, has an albedo of 0.77, which could
be confused with a snowball Earth if only photometric observations were available
(DesMarais et al. 2002).
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Fig. 3.12 Bond albedo simulations for the Earth. The different linestyles indicate several possible
states of the Earth’s atmosphere and surface. The thick solid line represents the real Earth albedo
using real-time cloud cover and land surface from the first 15 days of June 2000. ‘No Clouds’:
A cloudless Earth with the real surface properties. ‘Overcast’: a completely overcast (with water
clouds) planet Earth. ‘Snowball’: a snowball Earth (all ground is frozen ice or snow) but covered
with the real cloud amount.‘Snowball Nocl’: a cloudless planet Earth during a glaciation. ‘Varying
9cl’: real planet Earth albedo but changing the mean cloud amount at each point of the Earth by
—10, 4+10 and +20% from bottom to top, respectively. Adapted from Vazquez et al. (2006)

3.2.3 The Earth’s Light Curves

For an astrophysical object it is a common research tool to plot its photometric light
curve. The light curve is the periodic variability in the object’s brightness, and it is
constructed by folding and averaging the observations in time over the orbital or the
rotational period. This reduces the noise in the observations and reveals important
information about the surface properties of the object. Ford et al. (2001) were the
first to point out that the light scattered by a terrestrial planet will vary in intensity
and colour as the planet rotates, and the resulting light curve will contain informa-
tion about the planet’s surface and atmospheric properties. Figure 3.13 illustrates
the modelled rotational variability for a cloudless earth.

However, when clouds are added the reflected light curve is not so straightfor-
ward to interpret. In Fig. 3.14, the folded rotational light curve of the Earth from
2 months of simulations of its reflected light is modelled, both with and without
clouds. The real Earth presents a much more muted light curve due to the smooth-
ing effect of clouds, but the overall albedo is higher (the Y scale in the figure are
anomalies and not the absolute albedo values). In the top panels of Fig.3.14, the
data are folded into a single light curve. In the lower panel, the 2 month period is
subdivided into six subperiods of 9.3 days. For a cloudless Earth (left panels), the
albedo anomaly scatter (error) at a given phase decreases as shorter durations are
taken, because changes in phase and illuminated area decrease. On the contrary, for
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Fig. 3.13 The model light curve of the cloud-free Earth. The pink, red, green and blue curves
correspond to wavelengths of 750, 650, 550 and 450nm, and their differences reflect the
wavelength-dependent albedo of different surface components. The images below the light curve
show the viewing geometry (the cross-hatched region is not illuminated), a map of the Earth (red)
and the region of specular reflection from the ocean (blue). At t = 0.5 day, the Sahara desert is in
view, causing a large peak in the light curve owing to the reflectivity of sand, which is especially
high in the near-infrared (pink curve). Adapted from Ford et al. (2001). Reprinted by permission
from Macmillan Publishers Ltd: [Nature] Vol. 412, p. 885, copyright (2001)

the real cloudy Earth (right panels), as the data are subdivided into smaller integra-
tion periods, the albedo error at each rotational phase does not decrease, because
of the random influence of clouds at short time scales (Pallé et al. 2008). It is also
noticeable how the change in the shape of the light curve is smooth (ordered in time)
from one series to the next in the case of a cloudless Earth, but it is random for the
real Earth.

3.2.4 The Rotational Period

The diurnal light curve of the Earth (or any other astrophysical object) can be con-
structed only if the rotational period is known. To determine the rotational period
of the Earth, one needs to analyze a time series of the reflected light and search for
periodicities. In principle, weather patterns and/or the orbital motion of the Earth
could pose a fundamental limitation that would prevent a remote observer from be-
ing able to make an accurate determination of the Earth’s rotation period from the
scattered light. Since the scattered light is dominated by clouds, it might be impossi-
ble to determine the rotation period if the weather patterns were completely random.
Alternatively, even if the atmospheric patterns were stable over many rotation
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Fig. 3.14 Light curves of the Earth as observed from the ecliptic plane, at orbital phase 90° (a
quarter of the Earth’s surface is visible). The albedo anomaly scale is defined as the deviation from
the mean value over the entire 2 month dataset. Left column are the light curves of a cloud-free
Earth and right column are the light curves for the real Earth. In the lower panels, the simulations
are divided in six sub-series, for analysis. Note the contrast between the uniformity of the light
curves of an ideal (cloudless) Earth and the real light curves. Adapted from Pallé et al. (2008).
Reproduced by permission of the American Astronomical Society

periods, observational determinations of the rotation period might not correspond
to the rotation period of the planet’s surface, if the atmosphere were rotating at a
very different rate (e.g. Venus).

Clouds are common on the solar system planets, and even on satellites with dense
atmospheres. In fact, clouds are also inferred from observations of free-floating sub-
stellar mass objects (Ackerman and Marley 2001). Hence, cloudiness appears to be
a universal phenomenon. On Earth (Fig. 3.15), clouds are continuously forming and
disappearing, covering an average of about 60% of the Earth’s surface (Rossow
1996). This feature is unique in the solar system to Earth: some solar system planets
are completely covered by clouds, while others have very few. Only the Earth has
large-scale cloud patterns that partially cover the planet and change on timescales
comparable to the rotational period. This is because the temperature and pressure
on the Earth’s surface allow for water to change phase with relative ease from solid
to liquid to gas.

Pallé et al. (2008) found that scattered light observations of the Earth could
accurately identify the rotation period of the Earth’s surface. This is because large-
scale time averaged cloud patterns are tied to the surface features of Earth, such as
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Fig. 3.16 Large-scale cloud variability during the year 2004 from ISCCP data. In panel (a) the
2004 yearly mean cloud amount, expressed in percentage coverage, is shown. In panels (b) and (c)
cloud coverage variability (ranging also from 0 to 100%) is illustrated over a period of 2 weeks and
1 year, respectively. Note how the cloud variability is larger at weekly time scales in the tropical
and mid-latitude regions than at high latitudes. Over the course of a whole year the variability is
closer to 100% over the whole planet (i.e. at each point of the Earth there is at least a completely
clear and a completely overcast day per year). One exception to that occurs at the latitude band near
—60°, an area with heavy cloud cover, where the variability is smaller, i.e. the stability of clouds is
larger. Adapted from Pallé et al. (2008). Reproduced by permission of the American Astronomical
Society

continents and ocean currents. This relatively fixed nature of clouds (illustrated in
Fig.3.16) is the key point that would allow Earth’s rotation period to be determined
from afar. Figure 3.16 shows the averaged distribution of clouds over the Earth’s
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surface for the year 2004. The figure also shows the variability in the cloud cover
during a period of 2 weeks and over the whole year 2004. The lifetime of large-scale
cloud systems on Earth is typically about a week (roughly 10 times the rotational
period). In the latitude band around 60° south, there is a large stability produced
by the vast, uninterrupted oceanic areas, which will perhaps be the characteristic of
possible ‘ocean planets’ (see Chap. 7).

Among other important physical properties, the identification of the rotation rate
of an exoplanet with relative accuracy will be important for several reasons: to un-
derstand the formation mechanisms and dynamical evolution of extrasolar planetary
systems; to improve our analysis of future direct detections of exoplanets, including
photometric, spectroscopic and potentially polarimetric observations; to recognize
exoplanets that have active weather systems; and to suggest the presence of a sig-
nificant magnetic field.

If the rotation period of an Earth-like planet can be determined accurately, one
can then fold the photometric light curves at the rotation period to study regional
properties of the planet’s surface and/or atmosphere. With phased light curves we
could study local surface or atmospheric properties with follow-up photometry,
spectroscopy and polarimetry to detect surface and atmospheric inhomogeneities
and to improve the sensitivity to localized biomarkers. Exoplanets, however, are ex-
pected to deviate widely in their physical characteristics and not all exoplanets will
have photometric periodicities. If they have no strong surface features, as is the case
for Mercury or Mars, or they are completely covered by clouds, as is the case for
Venus and the giant planets, determining the rotational period may be an impossi-
ble task. In fact, Earth may well be the only one of the major planets for which a
rotational period can be easily established from a distance of several Angstrom unit.

3.2.5 Cloudiness and Apparent Rotation

A long time series of photometric Earth observations can be subdivided into several
subsets and analyzed for significant periodicities. In Fig. 3.17, modelled photomet-
ric observations of Earth (Pallé et al. 2008) spanning 2 months are subdivided in
several equal-length subperiods (e.g. six periods each of about 9 days) and analyzed
independently, so that the changes in viewing geometry are minimized. In this case,
several peaks appear in the Fourier periodogram near 12 and 24 h. For Earth models
with clouds, the best-fit rotation period shifts slightly to shorter periods. The shifts
in the best-fit periodicity from the true periodicity are completely absent when con-
sidering an Earth model free of clouds for the same dates and times, even when
including added noise. Therefore, Pallé et al. (2008) concluded that they are pro-
duced by variable cloud cover.

The shifts are introduced by the large-scale wind and cloud patterns (Houghton
2002). Since clouds are displaced toward the west (in the same direction of the
Earth’s rotation) by the equatorial trade winds (and to a minor extent by the polar
easterlies), the apparent rotational period should be shorter than the rotation period
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Fig. 3.17 Periodogram analysis of the Earth’s scattered light, p. f. (), from an equatorial viewing
angle. Two months of reflected light simulations (56 days), subdivided in six equally long time
series, are used to calculate the periodograms. In the figure, different colours indicate different
data subperiods. Note the appreciable decrease in the retrieved rotation rate for some of the time
series, detectable with both autocorrelation and Fourier analysis. Adapted from Pallé et al. (2008).
Reproduced by permission of the American Astronomical Society

of the surface. On the other hand, when clouds are moved toward the east (in the
opposite direction of the Earth’s rotation) by the westerly winds at mid-latitudes, the
apparent rotational period should be longer than the rotation period of the surface.

In principle, both longer and shorter periodicities could be present in the pe-
riodograms, depending on the particular weather patterns. The models, however,
often find shorter apparent rotation rates, but not longer (Pallé et al. 2008). The ex-
planation probably lies in the different mechanisms of cloud formation on Earth. In
the tropical regions most of the clouds develop through deep convection. This deep
convective clouds have a very active cycle and a short lifetime, in other words, these
cloud systems do not travel far. At mid-latitudes, however, deep convection does not
occur and large weather and cloud systems remain stable (and moving) for weeks
(Xie 2004).

For an extrasolar Earth-like planet, photometric observations could be used to
infer the presence of a ‘variable’ surface (i.e. clouds), even in the absence of spectro-
scopic data. This would strongly suggest the presence of liquid water on the planet’s
surface and/or in the planet’s atmosphere, especially if the effective temperature of
the planet was also determined by other means.

3.2.6 Glint Scattering

Most planetary surfaces in the Solar System are diffuse scatters and are often ap-
proximated by an isotropic (Lambertian) scattering law, the notable exceptions
being liquids such as water on Earth or ethane on Titan, smooth ices, and opti-
cally thin clouds (Campbell et al. 2003). Although the reflectivity of water is very
low at high and medium angles of incident light, it increases tremendously at small
angles. This is observable from space on the sun-illuminated side of the Earth near
the terminator and it is known as the glint.
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Consider a planet of radius R, at a distance d, from a star of luminosity L that
reflects an amount of light F, in the direction of Earth equal to

F o= L. fAJTRg
P 4nd2 27

fW WaW
|:fcac+flal+fsas+ ? }

Q

where the parameter fo = (1 —cos(0) sin(i))/2 is the fraction of the visible plane-
tary disk illuminated by the star, i is the orbital inclination and 6 is the orbital phase.
The parameters f., f, fs, and f,, are the disk area fractions covered by clouds, land,
snow/ice and water, respectively, and a., aj, and a, are the mean diffusive albedos
of the first three surfaces. The albedo of clean seawater is a,, = Rﬁ_ + Rﬁ, where
R, and R are the Fresnel reflection coefficients for two polarization directions
(Griffiths 1998) and depends strongly on illumination angle. Water is extremely
dark (a ~ 0.04) for zenith angles <45°, but is mirror-like at angles approaching
glancing incidence when its albedo climbs steeply toward 100%.

Specularly reflected light from seawater is scattered into a solid angle equal to
the area angle of the star on the planet, ~6.3 x 107> sr for the Sun on the Earth.
Glint from a wavy ocean surface arrives from an area considerably wider than this,
approximately 30° wide covering 0.214 sr (Williams and Gaidos 2008). This is com-
parable to what is observed in satellite images of the Earth, like the one illustrated
in Fig. 3.18.

Fig. 3.18 Sunglint in the Sargasso Sea, obtained by GOES-West, on 22 June 2000. The top corner
illustrates the glint phenomenon at a smaller, more familiar, scale. Credit: NASA



130 3 The Pale Blue Dot

Williams and Gaidos (2004) and Gaidos et al. (2006) examined the unpolarized
variability of the sea—surface glint from an Earth-like extrasolar planet. When
starlight is incident on a planet surface from overhead, only a very small fraction of
the ocean area reflects the starlight to a distant observer; the rest contributes nothing
to the specular reflection of direct starlight. However, for planets in crescent phase
with orbital inclinations near 90°, the ocean is obliquely illuminated and specular
scattering is due to waves of small slope, which occur with greater probability than
large ones. In addition, the albedo of ocean water a,, at glancing incidence grows to
>(0.9 or more than 20 times the albedo at normal incidence. Thus, the specular term
in the last equation becomes much larger than the diffuse signal at this phase angle.

To assess the detectability of specular reflection from an ocean in the (disk-
averaged) reflected light from a distant planet, Williams and Gaidos (2008) used
a model to simulate the orbital brightness variation, or ‘light curve’, of Earth seen
at an optimum (i = 90°) edge-on viewing geometry. Phase-weighted light curves
are shown in Fig. 3.19 for a model Earth with no clouds and with 50% clouds. An
important difference between the Lambertian planet and the cloudy Earth is the
anomalous brightening of the model Earth relative to the Lambertian planet near in-
ferior conjunction (8 = 0°). At these phase angles, the planet is a thin crescent and
demonstrates efficient specular reflection of starlight that is incident on the ocean
surface at an oblique angle. Thus, ocean-bearing planets with edge-on orbital ge-
ometries could exhibit large changes in their apparent reflectivity due to specular
reflection (Fig. 3.20). The statistical probability of a random planet having an or-
bital inclination less than iy is (1 — cos(ig))/2. Thus, 86.7% of extrasolar planets
will have inclinations between 30 and 150°, and half of all planets will have inclina-
tions in the range 60—120° where specular reflection is most pronounced. The effect
can also be seen on a modelled planet like Earth with 50% cloud cover.
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Fig. 3.19 Albedo variation of the model Earth seen at different orbital inclinations. The real Earth
geography is used. The case of Earth with 50% cloud cover and 90° inclination is indicated with
a dashed line. Earthshine data are from Pallé et al. (2003). Reprinted from Williams and Gaidos
(2008) with permission from Elsevier
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Fig. 3.20 Light curve of a model Earth (solid black line, 0% clouds; dashed line, 50% clouds)
compared to an idealized Lambertian planet (gray line) having a uniform albedo equal to 0.35.
Earth is brightest near & = 150° when the illuminated area of northern-hemisphere snow and ice is
maximum. Strong specular reflection relative to a Lambertian planet of albedo unity is apparent in
the pair of bumps near 6 = 20° and 340°. Vertical gray zones denote regions where a planet would
be too close to its star to resolve (assuming a working angle 4A /D) with a coronagraph telescope
from a distance of 10 parsecs. Reprinted from Williams and Gaidos (2008) with permission from
Elsevier

Similar phase brightening of the crescent Earth has been empirically identified in
earthshine data collected from the gibbous Moon (Pallé et al. 2003). The earthshine
data in Fig. 3.20 shows that the real Earth is fainter and a better specular reflector
than the model Earth under fractional cloud cover, implying that the illuminated
Earth beneath the Moon had fewer diffuse-scattering clouds at the time of the ob-
servations. Earthshine has also been found to be strongly polarized (see Sect. 3.5 for
a detailed discussion on polarization), which is further indication of specular reflec-
tion of sunlight off the oceans (Stam et al. 2006). The Earth’s glint is also captured
in the spectacular flyby data* collected by the MESSENGER spacecraft in 2005.

3.3 Earth’s Infrared Photometry

In Chap. 1, several pictures of the Earth at infrared wavelengths, taken by the Mars
Odyssey and the MESSENGER missions, were shown. Here we show in Fig. 3.21
a full Earth view in the IR range taken by Rossetta, where the weather patterns are
more prominent.

4 http://messenger.jhuapl.edu
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Fig. 3.21 Composite image of Earth from three different infrared wavelengths. This image was
taken on 5 March 2005 after Rosetta’s closest approach to Earth by VIRTIS from a distance of
250,000 km and with a resolution of 62 km per pixel. It is worth noticing that by selecting the three
different wavelengths in the continuum and avoiding the water spectral bands (see Fig. 1.17), the
difference between the illuminated and dark side of the Earth is still apparent. Image credit: ESA

For extrasolar planets, IR photometry has not been so far considered an useful
tool in characterizing their atmospheric/suface signature, because the variability is
smaller than in the visible range. The infrared emission of a planet as a whole is very
dependent on its surface and atmospheric properties. A planet with an atmosphere
and oceans, such as the Earth, exhibits a small range of emission temperatures
between day and night, due to the very large thermal inertia of the ocean and air
(Gaidos et al. 2006). On the other hand, the diurnal variability that a planet without
atmosphere will present will be very large, mainly dependent on the thermal inertia
of its surface.

It is, however, impossible to determine planetary properties unambiguously from
IR variability alone. A planet with marked IR variability may point to a lack of
atmosphere, a geologically old surface or high orbital obliquity. On the other hand,
lack of variability may point to a planet like Earth, a barren planet with low obliquity
or a thick atmosphere Venus-like world (Gaidos et al. 2006).

Goémez et al. (2009) have simulated the infrared photometric variability of the
Earth observed from an astronomical distance, based on measured hourly data of
the broadband outgoing longwave radiation (A > 4 um ) at the top of the atmo-
sphere and a geometrical averaging model. The radiation data were obtained from
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Fig. 3.22 Outgoing longwave radiation map for 1st April 1999 between 15:00 and 18:00 UT

the Global Energy and Water-cycle Experiment (GEWEX). In Fig. 3.22, a snap-shot
of the outgoing longwave radiation for 1st April 1999 between 15:00 and 18:00 UT
is shown.

On average, the daily maximum integrated IR flux, in the direction of a distant
observer, is found when the Sahara region is within the observer’s field of view.
The minimum emitted flux is found when the Pacific and Asia/Oceania regions are
in the field of view. Thus, IR emission from hot desert surfaces is the dominant
factor, although the infrared flux is altered by the presence of clouds. Gémez et al.
(2009) found that the determination of the rotational period of the Earth from IR
photometric observations is feasible in general, but it becomes impossible at short
time scales if cloud and weather patterns dominate the emission.

Infrared radiation is routinely monitored from satellites, and in Fig. 3.23, the sea-
sonal cycle of the Earth’s globally averaged infrared emission is given. Data were
collected by the CERES instruments from polar orbiter satellites. There is a peak
in thermal emission from Earth in July and August when the overall emitted flux
is upwards by about 8 W m~2 with respect to December and January. This differ-
ence is mainly accounted for due to the different northern and southern hemisphere
continental distribution.

This seasonal cycle would also be appreciable for a remote observer. Along the
year, a 4-5% change in the IR flux emitted in the direction of a remote observer in
the plane of the ecliptic is observed, with a peak during July and August (Fig. 3.24).
There is, however, a large variability from the day to day and from 1 year to the next
due to the presence of clouds (Gémez et al. 2009).
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Fig. 3.23 The seasonal cycle of the Earth’s global thermal infrared emission. The variations are
caused by changes in the Earth’s obliquity, but more importantly by the different continental dis-
tribution between the two hemispheres. The data were collected by the CERES instruments aboard
the Terra and Aqua satellites. Image courtesy: Norman Loeb
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Fig. 3.24 Earth outgoing longwave radiation time series for two separate years 1987 and 2001,
observed as a single point

3.4 Spectroscopy of Planet Earth

Globally integrated spectroscopic measurements are of great importance because
they can reveal information about the composition and chemistry of the Earth’s
atmosphere and surface. Some of these spectral features are common to the rest
of the solar system planets, and some are characteristic only to Earth and to the life
it harbours.
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In the past, there have been numerous attempts to observe the spectrum of the
pale blue dot from the distance in different spectral regions. Among other efforts,
observations of the Earth as a planet from afar have been made in the visible range
from the Galileo spacecraft (Sagan et al. 1993), and from the Mars Global Surveyor
spacecraft, at a distance of 4.7 million km in the thermal infrared (Christensen and
Pearl 1997). More recently, the TES spectrograph onboard the Mars Global Sur-
veyor took a spectrum of planet Earth on 24 November 1996.

With the aim of improving the spectral resolution and the sampling of season-
ality and phase changes, spectroscopic measurements of the earthshine have also
been taken from ground-based observatories and analyzed at visible wavelengths
(Woolf et al. 2002; Montafiés-Rodriguez et al. 2005, 2006) and in the near infrared
wavelengths (Turnbull et al. 2006).

3.4.1 The Visible Spectrum

The overall shape of the Earth’s spectrum in the visible region shows interesting and
peculiar signatures. The most prominent is the Rayleigh scattering, the main source
of opacity in the Earth’s atmosphere, which shows an enhancement towards the blue
part of the spectra (Fig. 3.25).

The Belorussian astronomer Gavriil A. Tikhov (1875-1960) discovered the blue
colour of the Earthshine and correctly interpreted it as being due to the Rayleigh
scattering in the atmosphere (Tikhov 1914). The Rayleigh scattering, named after
Lord Rayleigh (1842—-1919), is produced by particles much smaller than the wave-
length of the light they scatter. It occurs when light travels in transparent solids and
liquids, but is most prominently seen in gases. The amount of Rayleigh scattering
that occurs to a beam of light depends upon the size of the particles and the wave-
length of the light. In particular, the scattering coefficient varies inversely with the
fourth power of the wavelength. Thus, the Rayleigh scattering cross section, oy, is

given by
275d6 (n2—1)\>
os=—"7l3)
3 A4 \n2+42

where 7 is the refractive index of the particle, d is the diameter of the particle, and A
is the light’s wavelength. The strong wavelength dependence of the scattering (A~%)
means that blue light is scattered much more than red light. The Rayleigh scattering
of sunlight by the Earth’s atmosphere is the main reason why the sky is blue, and
our planet is known as the blue planet.

Except Neptune and Uranus, no other solar system body shows this strong
Rayleigh feature in the blue. However, Neptune’s and Uranus’ predominant blue
colour does not come from Rayleigh scattered light, but from the absorption of red
and infrared light by methane gas in their atmospheres. For extrasolar planets, it
would be relatively easy to distinguish between a Neptune-size and an Earth-size
planet.
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Fig. 3.25 Several Earthshine spectra, taken with the 60" Telescope at Palomar Observatory on
November 2003. Different colours indicate different observing times along the night. The main
features of the Earths reflectance in this region include an enhancement due to the Rayleigh scat-
tering in the blue, part of the Chappuis O3 band, which contributes to the drop above 500 nm.
Atmospheric absorption bands due to oxygen — the sharpest, A-O, at 760 nm — and water vapour
are clearly detected. The surface vegetation edge, which is expected to show an apparent bump
in the visible albedo above 700 nm, is not strong, and neither does it seem to vary appreciably or
systematically throughout the night. Adapted from Montafés-Rodriguez et al. (2005). Reproduced
by permission from the American Astronomical Society

At short wavelengths (<310 nm) ozone absorption dominates over the Rayleigh
scattering, causing a strong decrease in reflectance, which has also been measured
through earthshine observations (Hamdani et al. 2006).

Hitchcock and Lovelock (1967) pointed out that the remote detection of life
forms might be possible by studying the atmospheric composition of a planet. In
this spectral range, the presence of H,O, O, and O3 in the Earth’s atmosphere is
clearly marked. This particular combination of atmospheric constituents are in dis-
equilibrium and strongly signals to the presence of life on Earth, the driver of the
disequilibrium.

Indications of a sharp increase in reflectivity near 0.720 pm, and longward, have
also been identified as due to chlorophyll in vegetation (Montafiés-Rodriguez et al.
2006; Arnold et al. 2002). However, vegetation is not the only possible source of the
bump in the 680-740 nm region; cloud effects may also cause it, because varying the
quantity or type of clouds in the scenery will produce differential changes in albedo
along the spectra (Tinetti et al. 2006). A detailed discussion about the vegetation
signatures and other biomarkers on Earth is given in Chap. 5.
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3.4.2 The Infrared Spectrum

In the very near-infrared (1-2 wm), earthshine observations are still possible, and the
reflected Earth spectrums is dominated by water absorption bands (Turnbull et al.
2006). However, at longer wavelengths, earthshine observations cannot be obtained
due to the strong absorption of the Earth’s atmosphere and the emission from the
Moon. Thus, observations of the infrared spectrum of Earth are available only from
occasional remote spacecraft observations.

On the night of 3 July 2003, the Mars Express spacecraft was pointed backwards
toward the Earth to obtain a view of the Earth-Moon system from a distance of
eight million kilometre while on its way to Mars. During a series of instrument
tests, the OMEGA spectrometer on board Mars Express acquired a low-resolution
spectra of the Earth and the Moon in visible and near-infrared light. The spectrum
shown in Fig. 3.26 corresponds to the entire Earth’s illuminated crescent, dominated
by the Pacific Ocean, and indicates the molecular composition of the atmosphere,
the ocean and some continents.

Earth observations in the thermal infrared are also available. The thermal emis-
sion spectrometer (TES) on the Mars Global Surveyor spacecraft acquired ob-
servations of the Earth from a distance of 4.7 million kilometre for instrument
performance characterization on 24 November 1996 (Christensen and Pearl 1997).
The data provided the first known whole-disk thermal infrared spectral observations
of the Earth (see Fig.3.27). An infrared spectrum of the Earth was also taken by
VIRTIS on 5 March 2005 after Rosetta’s closest approach to Earth.

The thermal emission of the Earth dominates the IR spectrum, corresponding to
its effective temperature of 288 K. The IR brightness peaks around 10 pwm and then
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Fig. 3.26 Composition of the Earth as seen by the Mars Express OMEGA spectrometer in July
2003. Credit: ESA
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Fig. 3.27 Normalized calibrated spectral radiance of the Earth (central heavy curve). The data
have been normalized to the highest signal. The noise equivalent spectral radiance is the lower
heavy curve near the x axis. Dotted curves show blackbodies at 215 and 270 K. Note the presence
of CO,, O3 and H,O absorption features. The structure in the water vapour bands is real. To convert
from wavenumber (cm™!) to nanometres, we use the following equation: 1cm™! x 107 = 1 nm.
Thus the data in the figure covers the spectral range from 6,250 to 50,000 nm. Adapted from
Christensen and Pearl (1997)

decays slowly. It is superposed by different molecular bands corresponding to some
of the most important atmospheric components. Spectral features of the gases car-
bon dioxide (CO,), water vapour (H,O) and ozone (O3) dominate the Earth’s spectra
in this range, as well as methane (CH,4) and several other minor constituents. Ra-
diation at the centre of the CO, band arises mainly from the lower stratosphere,
near 650 and 700 cm™! from near the tropopause and further into the band wings
from the troposphere and surface. Thus, in the disk-averaged sense, the spectrum
indicates a warm stratosphere above a tropopause somewhat colder than 215 K. The
atmospheric window between approximately 800 and 1,200 cm™"! is relatively fea-
tureless, as expected, given the observing geometry centred over the Pacific Ocean
and the partial obscuration by clouds.

Because of the lower contrast between a star and a planet in the infrared range,
compared to the visible, the infrared is a good spectral range to study the at-
mospheric composition of the atmosphere of exoplanets. In Fig. 3.28 the infrared
spectra of the different bodies of the Solar System are shown for comparison. These
measurements allow us to distinguish the main characteristics and composition of
their atmospheres and to derive estimates of the amounts of each atmospheric com-
ponent for the averaged atmospheric depth (Traub et al. 2003). For well mixed gases,
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Fig. 3.28 Infrared spectral albedo for different planets of the Solar System

we can get their mixing ratios independently of the fact that we are not able to
sample down to the planet’s surface. For non-well-mixed gases we get a relative
idea of their abundances, which can be improved with models if other variables
such as mass, radius and temperature profile are known.

Note that the visible and infrared spectra shown in the previous sections is not a
permanent property of our planet, rather it has changed as the Earth evolved. Some
of the features identified in the modern-Earth observations may not have been de-
tectable at all time scales, while other biosignatures might have been more dominant
in the past. More detailed discussion on the evolution of the Earth spectra is given
in Chap. 5.

3.4.3 The Earth’s Transmission Spectrum

When a planet passes in front of its parent star, part of the starlight passes through
the planet’s atmosphere and contains information about the atmospheric species
it encounters. This is called the transmission spectra of a planet. Transmission
spectra are very interesting because they provide only the current methodology to
characterize exoplanetary atmospheres (see Chap. 6 for details on methods and ac-
complishments).

The characterization of spectral features in our planet’s transmission spectra can
be achieved through observations of the light reflected from the Moon during a
lunar eclipse, which resemble the observing geometry during a planetary transit.
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Fig. 3.29 Top left: The evolution of the partial lunar eclipse on 16th August 2008 (from NASA
eclipse page at http://eclipse.gsfc.nasa.gov) Top right: An image of the Moon taken at 21:10 UT,
the time of Greatest eclipse. Botfom: A not-to-scale illustration showing the path of the sunlight
through the Earth’s atmosphere before reaching the Moon during the eclipse. Considering the
Earth’s radius and the mean Sun—Earth distance, in order to reach the umbral shadow centre, the
sunlight transmitted through the Earth’s atmosphere must be refracted by an angle smaller than 2°

At that time, the reflected sunlight from the lunar surface within the Earth’s umbra
will be entirely dominated by the fraction of sunlight that is transmitted through an
atmospheric ring located along the Earth’s day—night terminator (see Fig. 3.29).

Observations of the lunar illumination during an eclipse have a long history
(Slipher 1914; Moore and Brigham 1927). However, spectroscopic lunar eclipse
observations, in the visible and near-infrared ranges, with the aim of retrieving the
transmission spectra, only have been taken recently. Pallé et al. (2009) made obser-
vations of the lunar eclipse on 16 August 2008, which allowed them to characterize
the Earth’s spectrum as if it had been observed from an astronomical distance dur-
ing a transit in front of the Sun. The Earth transmission spectrum was obtained from
the brightness ratio of the light reflected by the lunar surface when in the umbra,
penumbra and out of the eclipse.

In Fig.3.30, the Earth’s transmission spectrum from visible to near-infrared
wavelengths is shown. It is common knowledge that the Earth transmission spectra
is red, as can be inferred from simple naked-eye observations of a lunar eclipse or
of a sunset/sunrise. Rayleigh scattering makes the reflected spectra of the Earth blue
due to the larger scattering at shorter wavelengths but it also makes the transmission
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Fig. 3.30 A visible to near-infrared atlas of the Earth’s transmission spectra from 360 to 2,400 nm,
where the major atmospheric features of the spectra have been marked

spectra red by scavenging short wavelength radiation through a long atmospheric
path. This redness is easily seen in Fig.3.31, where the very deep absorption
of the blue light marks the more spectacular feature of the transmission spectra.
The atmospheric spectral bands of Oz, O,, H,O, CO, and CHy are also readily
distinguishable.

An interesting feature of the Earth’s transmission spectra is that it presents a
marked N, signature feature at 1.26 pm, a band produced by oxygen collision com-
plexes. Oxygen collision complexes are van der Waals molecules, also know as
dimers (Calo and Narcisi 1980). These loosely bound species, held together by
inter-molecular attractions rather than by chemical bonds, are present in all gases
and have been observed experimentally in a variety of systems. In the natural at-
mosphere, certain dimer species have mixing ratios of the same order of magnitude
as minor atmospheric constituents such as carbon dioxide, ozone, water vapour or
methane (Calo and Narcisi 1980).

In the earth’s transmission spectra, the oxygen collision complex band at 1.26 nm
is produced by O, @ O, and O, e N collision complexes, and can be used in com-
bination with other oxygen bands at 0.69, 0.76 and 1.06 nm to derive an averaged
atmospheric column density of N,. The strength of these bands in the transmission
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Fig. 3.31 A comparison between the Earth’s transmission (black) and reflected (blue) spectra. The
Earth’s reflectance spectra is a proxy for the observations of Earth as a planet by direct observation,
while the transmission spectra of the Earth is a simile for Earth observations during a transit.
Both spectra have been degraded to a spectral resolution of 200 nm. Note the opposite wavelength
dependence of the continuum and the different strength of the absorption bands. Adapted from
Pallé et al. (2009) Fig. 1. Reprinted by permission from Macmillan Publishers; Nature Vol. 459,
p. 814. Copyright (2009)

spectra implies that atmospheric dimers may become a major subject of study for
the interpretation of exoplanets transmission spectra and their atmospheric charac-
terization, although there is a clear need for further experimental developments of
collision complexes molecular databases (Solomon et al. 1998).

Finally, the presence of the Earth’s ionosphere is also revealed in the transmission
spectrum, through the atomic transition lines corresponding to Ca*?, at 395 and
850 nm, which originate in the upper layers of the Earth’s atmosphere (Kopp 1997).

It is illustrating to compare the transmission and reflected spectra of Earth, two
very different spectra for a single planet. While the transmission spectra is a sim-
ile for Earth characterization during a transit, the reflected spectra (obtained from
earthshine observations) simulate that which one would obtain if one was able to
isolate the light of the Earth from its parent stars, either using coronographic or
interferometric techniques.

In Fig.3.31, both the transmitted and reflected spectra have been degraded to
spectral resolution of 200 nm and scaled for easy comparison. It is readily seen from
the figure that the main difference between the reflected and transmitted spectra is
the shape of the continuum. Thus, in transmission, the pale blue dot becomes the
pale red dot. The atmospheric spectral bands of O3, O,, H,O, CO, and CHy are
readily distinguishable, even if the spectra is degraded. It is also noticeable how most
of the molecular spectral bands are weaker, and some are missing, in the reflected
spectra.
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3.5 Polarimetry of Planet Earth

An electromagnetic (light) wave is a transverse wave, which has both an electric and
a magnetic component. If the light wave is vibrating in more than one plane, it is re-
ferred to as unpolarized light. Such light waves are created by electric charges which
vibrate in a variety of directions, thus creating an electromagnetic wave which also
vibrates in a variety of directions. Light emitted by the Sun, for example, is unpo-
larized. However, when the sunlight interacts with the Earth atmosphere, it becomes
polarized by either transmission, reflection, refraction or scattering (Hecht and Zajac
1997). Light polarization can be either linear, elliptical or circular. Light is linearly
polarized when its electric field component is in a plane, and circular and elliptical
polarization occurs when two or more linearly polarized waves add up in such a
way that the electric field of the net wave rotates. For circularly polarized light, the
direction of the electric field rotates but its magnitude stays the same, while for ellip-
tically polarized light both the magnitude and the direction of the electric field vary.

The degree of polarization of the globally integrated light from Earth depends
on the cloud coverage, together with the degree of polarization of each of the ex-
posed areas of its surface. The contribution of each surface type is a combination
of Rayleigh scattering above the surface and the reflection at the surface and on the
cloud tops. Based on polarization observations of Earth made from the Polder satel-
lite (Fig. 3.32), Wolstencroft and Breon (2005) determined that the degree of linear
polarization for Earth, at 443 nm and 90° scattering angle, is 23% for averaged cloud
cover conditions (55%).

In the Earth, water surfaces provide the only significantly polarized natural
sources of thermal infrared radiation, while emission from the atmosphere and
ground is almost always unpolarized to any practical degree (Shaw 2002). The
actual degree of polarization from water depends upon a balance of orthogonally
polarized emission and background reflection terms, weighted by atmospheric trans-
mittance. For practical purposes, the degree of polarization of the infrared flux
emitted from Earth, observed as a planet, is negligible.

3.5.1 Linear Polarization

Lyot and Dollfus (1949) studied the polarization of the earthlight by means of a
coronagraph and a polarizer at the Pic du Midi Observatory. They concluded that
there is a strong polarization, 1.2 times larger over the dark seas as over the brighter
regions, it reaches a maximum when the Moon’s phase angle is near 80° and then
it exceeds 10% over the seas. Danjon (1954) explained these results as follows: the
light scattered by the Earth will be strongly polarized; scattering by the Moon’s
surface will reduce this polarization, since it will be multiplied by a coefficient of
depolarization which varies inversely as the albedo. Dollfus (1957) found such de-
polarization on volcanic ashes (the material that closest resembled the lunar regolith
to him) to be about 0.3. Danjon concluded then that, ‘the polarization curve of
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Fig. 3.32 This pair of images shows data from 16 September 1996 acquired over France in natural
light (left image) and polarized light (right image). Each image is a blue, green and red colour
composite of POLDER measurements at 443, 670 and 865 nm. On the conventional image, marked
differences appear between the clouds (in whife) and different types of surfaces: vegetation in red,
soil in brown and yellow, sea in dark blue. The bright spot in the Mediterranean Sea, west of the
island of Sardinia, is the sunglint pattern. On the polarized image the colour blue prevails and the
geographic contours can hardly be recognized. This is because the polarized light mainly results
from scattering in the atmosphere, which increases at shorter wavelengths. The clouds still appear
in grey or white and the sunglint spot in the Mediterranean Sea corresponds to a strong polarized
signal. Image credit: Japan Aerospace Exploration Agency

the Earth therefore will have a high maximum for the phase angle 100°, amount-
ing to perhaps 30%, which is interpreted as due principally to scattering by the
atmosphere’.

Dollfus (1957) continued with observations of the earthshine polarization, and
obtained direct measurements of polarization from the ground from balloon obser-
vations. From his measurements, Dollfus concluded that the atmospheric polariza-
tion is by far larger than that introduced from the ground and noted that, ‘for an
extra-terrestrial observer it would be diluted by the intense, but little polarized, light
from the background formed by the ground, the sea and the clouds. The resulting
polarization for the combined terrestrial light may be roughly calculated; for phase
angle 90° it is as high as 36%. The amount varies with phase similar to the polar-
ization of the earthshine’ (Fig. 3.33).

The rotation of a planet with surface features such as continents and oceans
should modulate the polarized reflectances in a simple and predictable manner.
The models (McCullough 2006) predict the shape of the phase function of the
earthshine’s linear polarization observed by Dollfus (1957); the maximum polar-
ization agrees with Dollfus’ observations but is approximately twice as large as
that predicted by Wolstencroft and Breon (2005). Thus, linear polarization could
be a potentially useful signature of oceans and atmospheres of Earth-like extrasolar
planets. As with other techniques, global polarimetric observations of our planet
will be the guideline.
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Fig. 3.33 The degree of polarization of the earthshine, plotted as a function of phase. These are
the only existing globally integrated measurements of the Earth’s polarization, and they are only
indicative, because reflection from the Moon introduces a variable depolarization factor. Adapted
from Dollfus (1957)

3.5.2 Circular Polarization

Biotic material, with its helical molecular structure, is known to produce circular po-
larization of reflected light in the visible range (Pospergelis 1969; Wolstencroft and
Raven 2002). Homochirality, that is the exclusive use of L-amino acids and D-sugars
in biological materials, causes a significant induction of circular polarization in the
diffuse reflectance spectra of biotic material (Bustamante et al. 1985). Among many
other bio-polymers, photosynthetic pigments (e.g. chlorophyll) induce between 0.1
and 1% circular dichroism in its absorption bands (Houssier and Sauer 1970). Thus,
it is interesting to search for circular polarization in the spectrum of the Earth as
induced by chiral molecules of living material on its surface.

Sparks et al. (2005) conducted a search for chiral signatures on Mars with nega-
tive results, which can most likely be explained by the absence of biotic material in
large enough quantities (or at all) on the Martian surface. Organic material on Earth,
however, is abundant, but its detectability, for example through the ‘Vegetation Red
Edge’, is difficult (see Chap. 5).

Observed on the Moon, chiral signatures in the earthshine are expected of the
order of V/I ~ 107*~73, assuming a dilution of the circular polarimetric signal
caused by vegetation due to partial cloud coverage (factor 10) and by depolarization
on the lunar surface up to a factor 10 (DeBoo et al. 2005). Preliminary measurements
of non-zero Stokes V/I during a specific phase of the earthshine were observed
by Sterzik and Bagnulo (2009) but could not unambiguously be interpreted as the
signature of biotic homochirality, and therefore life, on Earth.
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The study of the several biosignatures present on the Earth’s spectra will provide
a benchmark for future attempts to detect biotic material on other astronomical ob-
jects, and will guide our search for life outside the solar system. Chapter 5 of this
book is devoted entirely to this topic: the remote detection of biotic material (or
biosignatures) on Earth and elsewhere.
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Chapter 4
The Outer Layers of the Earth

In the previous chapter, we studied the most important signatures of the Earth seen
from space in visible and infrared light. All of them are related to processes occur-
ring in the interior, the surface or the lower atmospheric layers. Now, it is time to
discuss features in the electromagnetic spectrum concerning the upper atmospheric
layers, which contain only 10% of the total mass of the atmosphere. Because of
the relative faintness of these layers, even if present on exoplanets, they will not
be observable until some time in the far future. In the meantime, we can apply the
Earth—Exoplanet connection to this context. The names and characteristics of these
atmospheric layers were briefly summarized in the Sect. 2.3.1.

In these outer layers, the gases are distributed in distinct strata by gravity ac-
cording to their atomic weight. Thus higher mass constituents, such as oxygen and
nitrogen, fall off more quickly than lighter constituents such as helium and hy-
drogen. Small components such as NO, CO, CO,, N,O, H,O, O3b and NO, are
important for the photochemistry, energetics and emissions of the upper atmosphere.
The books written by G. Herzberg (1904—1999) are the best known and most influ-
ential in the field of molecular spectroscopy (Herzberg 1939, 1945, 1966).

Figure 4.1 summarizes the main phenomena occurring in the Earth’s upper lay-
ers, which are able to be observed from space. These phenomena result from the
interaction of the main solar input with the Earth’s atmosphere and magnetosphere.

Together with discrete molecular bands in other ranges, the extremes of the
electromagnetic spectrum (X-UV rays and radiowaves) will be the best tools for
observing these layers. For the sake of clarity, in Table 4.1 we give an overview of
the different designations in the UV domain. Table 4.2 lists the main experiments
observing the Earth in the XUV range.

For a comparative overview of the upper layers of the different planets of the
Solar System, see Miiller—Wodarg (2005).

4.1 Temperature Profile and the Energy Balance

Previously, in Chap. 2, we outlined the different layers that constitute the Earth’s at-
mosphere. Here, we describe in more detail the physical processes happening in the
outer layers, namely from the stratosphere to the thermosphere. This tenuous layer
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Fig. 4.1 Main phenomena observable in the upper layers of the Earth atmosphere

Table 4.1 UV radiation Name

Range

and its division into different

. uv
ranges

Extreme UV, EUV
Far UV, FUV
Middle UV, MUV
Near UV, NUV
UV-C

UV-B

UV-A

100nm < A < 400 nm

10nm < A < 100 nm
100nm < A < 200 nm
200nm < A < 300 nm
300nm < A < 400 nm
100nm < A < 280 nm
280nm < A < 315nm
315nm < A < 400 nm

Table 4.2 List of satellites observing the Earth in the XUV range

Satellite  Operation  Experiment Range

Scientific Target

TIMED 2001- GUVI 115-180nm  Thermosphere, Ionosphere

IMAGE 2000-2005 Extreme Ultraviolet Imager
Far Ultraviolet Imager

POLAR 1996- Ultraviolet Imager (UVI) 115-180 nm
PIXIE 2-60keV

Aurora

Global Ultraviolet Imager (GUVI), Polar Ionospheric X-ray Imaging Experiment (PIXIE), Total

Ozone Mapping Spectrometer (TOMS)

of neutral and charged particles shields the human habitat from high energy radia-
tion and particles. Let us start by describing briefly how the radiation is absorbed in

these layers.

Every component of the atmosphere is characterized by a specific spectrum of
absorption bands. The strength and location of this spectrum depends on its relative
abundance and also on the characteristics of the electronic, vibrational and rotational

transitions. The latter two cases apply to molecules.
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The temperature of a physical system is defined as the average energy of
microscopic motions of its particles. By absorbing radiation from the exterior,
the atmospheric material can be heated (Mlynczak et al. 2007). The radiation ab-
sorbed by the different atmospheric components configures what we call the neutral
atmosphere (Fig. 4.2). Figure 4.3 shows the penetration depth of the different ranges
of the electromagnetic radiation incident on the top of the atmosphere.

170 km
180 Thermosphere
150 km
140 km
130 km
120 km
110 km
100 km

90 km

80 km
7aNn Mesosphere
60 km
50 km
40 km
30 km

20 km

Stratosphere

PRC ~———D

Troposphere
Temperature .
(Celsius) —» _100 -50 500/1500

Fig. 4.2 Temperature profile of the Earth atmosphere. The source of this graph is ‘Windows to
the Universe’, at http://www.windows.ucar.edu/ at the University Corporation for Atmospheric
Research (UCAR). (©The Regents of the University of Michigan
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Fig. 4.3 Depth of penetration of solar radiation as a function of wavelength. Altitudes corre-
spond to an attenuation of 1/e (63%). The principal absorbers and ionization limits are indicated:
Schumann—Runge continuum and bands of O, and Hartley band of ozone. Adapted from Dickinson
(1986)

Observed from space, the visible and infrared features are detected only over the
background of the troposphere in some spectral lines. We can observe the uppermost
layers in the XUV and the radio ranges.

Any change in the energy balance of these layers will give rise to a variation in
the temperature.

AT = Energy Inputs — Energy Outputs + Energy Transport

The main energy input is provided by solar heating. Other factors to be consid-
ered are Joule,' particle and chemical heating. Figure 4.4 shows the variation with
the altitude of the mean heating rates calculated with the CMAT (coupled middle
atmosphere—thermosphere general circulation model) for the solar minimum.?

The upper atmosphere shows an extreme spatial and temporal variability, driven
by changes in the main energy inputs related with solar activity.

e Solar high energy radiation (y and X-rays, UV radiation) enhanced by transitory
events such as flares.

e Solar high energy particles, the solar wind, enhanced by transitory events such
as the coronal mass ejections.

e Cosmic rays.

! Joule heating occurs when ions and electrons are accelerated by strong magnetic and electric
fields.

21t covers a vertical range from 30 to approx. 300 km. See Harris (2001) and http://www.apl.ucl.
ac.uk/cmat for a description.
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Fig. 4.4 Global mean heating rates. O; is the absorption of solar radiation by ozone; HZ is the
absorption of solar radiation by O, in the Herzberg continuum; SRC is the absorption of solar
radiation by O, in the Schumann—Runge continuum; QA is heating due to auroral electron precip-
itation; QJ is the Joule heating; NNC is heating due to exothermic neutral chemistry; and QT the
total. Credit: Matthew Harris, Atmospheric Physics Laboratory, University College London

Radiation cooling is the main energy output, resulting in characteristic emission
spectra as the airglow or infrared emissions of molecules such as CO;, O3, O,
CO and NO (Rodgers and Walshaw 2006). These processes left signatures in the
electromagnetic spectrum that we can observe from the ground and from space.
Spectral features of the main polyatomic molecules configure the visible and IR
spectrum of the Earth and were already studied in the previous chapter. Figure 4.5
shows the variation with the altitude of the mean cooling rates calculated with the
CMAT for the solar minimum. The major cooling mechanism in the thermosphere
is downward molecular heat conduction.

Finally, energy transport appears in different ways (Heat Advection, Molecular
Heat Conduction, Chemical Heating etc.).

The flow of charged subatomic particles, cosmic rays and solar wind interact
with the magnetosphere and the atmosphere of our planet. Together with the XUV
radiation, this gives rise to the existence of an ionized atmosphere, the ionosphere,
and to the emission of non-thermal radiation, located in the radio range. The at-
mosphere is heated by collisions with these particles and radiates also in the XUV
range.

It is now time to describe in detail these upper layers and the processes that
are involved in their thermal structure. We distinguish two main atmospheres, the
neutral and the ionized.
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Fig. 4.5 Global mean cooling rates. QC is the total neutral gas cooling rate; Km the cooling
rate due to downward molecular thermal conduction; KT is the cooling rate due to eddy thermal
conduction; NO radiative cooling due to 5.3 um emission; CO, radiative cooling due to 15 um
band emission; O(3p) radiative cooling due to 63 um emission of atomic oxygen; and O; radiative
cooling due to the 9.6 um emission due to ozone. Credit: Matthew Harris, University College
London

4.2 Stratosphere: The Ozone Layer

Using instruments aboard balloons, R. Assman (1845—-1918) and Teisserenc de Bort
(1855-1913) proved there was an increase in temperature from an altitude of 10 km,
bringing on the discovery of a new atmospheric layer: the stratosphere, which ex-
tends from the top of the troposphere to about 52 km.

In 1921, FA. Lindemann (1886—1957) suggested that it should be possible to
obtain information about the vertical variation in temperature and density of the
air from observations of meteor trails.’> The records were interpreted by G. Dobson
(1889-1976) as evidence of a warmer and denser stratosphere produced by the ab-
sorption of UV radiation by ozone (see Lindemann and Dobson 1922). This was
soon confirmed by Whipple (1932) when studying the propagation of sound waves
through the upper atmosphere, and marked the start of a growing pool of knowledge
of the physical structure of our atmosphere.

3 He was also one of the first to predict the existence of a solar wind composed of protons and
electrons (Lindemann 1919).
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In 1926 Dobson designed an instrument to measure the atmospheric vertical
column of ozone from the ground (Dobson 1968). The Dobson spectrophotome-
ter measures ultraviolet light from the Sun in 2-6 different wavelengths from 305
to 345 nm. The amount of ozone can be calculated by measuring UV light at two
different wavelengths. One of the wavelengths used is absorbed strongly by ozone
(305 nm), whereas the other wavelength (325 nm) is not. The ratio between the two
light intensities is therefore a measure of the amount of ozone in the light path from
the sun to the spectrophotometer.

The ozone content is measured in Dobson units (Fig.4.6). The Dobson unit
(DU) is defined to be a thickness of 0.01 mm at standard atmospheric pres-
sure and temperature. 300DU correspond to 8.07 x 1022 moleculesm™2 or
6.42 x 107> kgm~2. Because we use the Dobson Unit so commonly, we also
express the density vs. altitude in units of DU per kilometre, where 10 DUkm™! is
equal to 2.69 x 10'® molecules m™ (number density) or 2.14 x 1077 kgm™ (den-
sity). For monographs on the ozone layer, see Dessler (2000), Christie (2000) and
Viazquez and Hanslmeier (2005).

Table 4.3 lists the main experiments observing the ozone layer of the Earth.

area covered
by column

All the ozone over a certain
area is compressed down to
0°C and 1 atm pressure.

It forms a slab 3 mm thick,
corresponding to 300 DU.

Fig. 4.6 The Dobson unit

Table 4.3 List of satellites observing the ozone layer and UV surface flux

Satellite Operation Experiment Spectral range (nm)

NIMBUS 7 1978- TOMS

SME 1981-1988 UV Spectrometer

EARTH PROBE 1996— TOMS

ER-2 1995 GOME 240-790

AURA 2004— OMI UV1270-314
UV2306-380

ENVISAT 2002- SCIAMACHY 240-2380

Total Ozone Mapping Spectrometer (TOMS); SME (Solar Mesosphere
Explorer); GOME (Global Ozone Monitoring Experiment); ENVISAT
(Environmental Satellite); SCIAMACHY (Scanning Imaging Absorption
spectroMeter for Atmospheric Cartography).



158 4 The Outer Layers of the Earth

4.2.1 Natural Processes of Ozone Formation and Destruction

In the second chapter we discussed the formation of the ozone layer and the sub-
sequent influence on the amount of UV radiation at the Earth’s surface. Now, we
briefly describe how this layer is observed in our days.

Stratospheric ozone is created and destroyed primarily by ultraviolet radiation.
When high energy photons strike molecules of oxygen (O3), they split the molecule
into two single oxygen atoms. The free oxygen atoms can then combine with
oxygen molecules (O,) to form ozone (O3) molecules (Chapman 1930), as shown
in Fig. 2.26. The main reactions are described in the following subsections.

4.2.1.1 Ozone Formation

Ozone production is driven by UV radiation. It occurs in the tropical stratosphere at
heights between 20 and 50 km:

0> + UVlight (A < 242nm) —> O + O.

Absorption in the Schumann—Runge continuum (135 < A < 175 nm) has a max-
imum cross-section at 142.5 nm and results in the production of two O atoms, one
in the ground state and the other in the first excited state. Absorption in the weak
Herzberg continuum (195nm < A < 200nm) produces two ground state atoms,
giving rise to feeble absorption.

Subsequent recombination of the oxygen atoms may occur either directly,

0O+0+M— 0O, + M,

or via the intermediate formation of ozone (the dominant process in the strato-
sphere),
O04+0,+M— 03 +M,

where M represents any other molecule (most probably N, or O,) that may partially
absorb the surplus of energy but is not changed in the process.

The lifetime* of oxygen atoms increases almost linearly with the altitude, being
very brief in the stratosphere, typically less than 1s. Hence, oxygen atoms almost
immediately form ozone after they are dissociated.

The absorption of UV radiation heats the stratosphere and is therefore largely
responsible for the formation of the stratosphere and the mesosphere.

4.2.1.2 Ozone Destruction

The same characteristic of ozone that makes it so valuable, its ability to absorb a
range of ultraviolet radiation, also causes its destruction. When an ozone molecule

4 Time required for the abundance of these atoms to decrease by about 63% (e-folding scale).
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is exposed to ultraviolet or visible photons (A < 1200 nm), it may break down into
0O, and O:
O3 + UV, visible NIR light — O + O5.

Absorption of solar UV radiation by ozone takes place in the following spectral
bands: (a) Hartley, placed between 200 and 300 nm with a maximum at 255 nm, (b)
Huggins, weak absorption band between 320 and 360 nm and (c) Chappuis, a weak
diffuse system placed between 375 and 650 nm (Fowler and Strutt 1917).

The free oxygen atom may then combine with an oxygen molecule to create
another ozone molecule, or it may take an oxygen atom from an existing ozone
molecule to create two ordinary oxygen molecules:

O+ 03— 03+ 0s.

The cycle described above, proposed by Chapman (1930), gives levels of ozone
much higher than those that are observed. Other reactions leading to ozone loss
have been proposed involving chlorine, bromine, nitrogen etc. Moreover, there is an
equator-to-pole stratosphere circulation, which we describe below.

4.2.1.3 Ozone Transport

Ozone is primarily produced by solar UV radiation at the tropics, but it is observed
in larger quantities in polar regions (see Fig. 4.7). Also the ozone layer is higher in
altitude in the tropics.

The main reason for these anomalies lies in the dynamics of the stratosphere,
characterized by a meridional flow from the equator to the pole, the so-called

TOMS 1979-92

Vi

Latitude

-90 [ i 1 1 1 1 = \
NASA Jan Feb Mar AprMay Jun Jul AugSep Oct NovDec

Fig. 4.7 Variation of global ozone content along the year for different latitudes, measured in
Dobson units, by the TOMS (Average of 1978—1992). Credit: Stratospheric Ozone: An Electronic
Textbook. Available at http://www.ccpo.odu.edu/SEES/ozone/oz_class.htm
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Fig. 4.8 Schematic flow pattern of the Brewer—Dobson circulation at the stratosphere (black
arrows), superimposed by the ozone number density. Credit: Stratospheric Ozone: An Electronic
Textbook

Brewer—Dobson circulation, named after its discoverers (see Fig. 4.8 for a diagram).
As this slow circulation bends towards the mid-latitudes, it carries the ozone-rich
air from the tropical middle stratosphere to the mid-and-high latitudes’ lower strato-
sphere. The time needed to lift an air parcel from the tropical tropopause near 16 to
20km is about 4-5 months. Even though ozone in the lower tropical stratosphere is
produced at a very slow rate, the lifting circulation is so slow that ozone can build
up to relatively high levels by the time it reaches 26 km.

This slow circulation has very important implications for the accumulation in
polar regions of the stratosphere of human-produced atmospheric pollutants, such
as chlorofluorocarbons, which have formed the ozone hole in the South Pole.

4.3 Mesosphere

The mesosphere is located from about 50 to 80-90 km altitude above the Earth’s
surface. Within this layer, the temperature decreases with increasing altitude due
to decreasing solar heating and increasing cooling by CO, radiative emission.
The minimum in temperature at the top of the mesosphere is called the mesopause,
and is the coldest place in the atmosphere. Because it lies between the maximum
altitude for aircraft and the minimum altitude for orbital spacecraft, this region of
the atmosphere has been accessed only through the use of sounding rockets.

Polar mesospheric clouds, also called noctilucent clouds, are observed in these
layers in summer at high latitudes, being both more frequent and brighter in the
Northern Hemisphere than in the Southern Hemisphere. They seem to be connected
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Fig. 4.9 This astronaut photograph of polar mesospheric clouds was acquired at an altitude of
about 320 kilometres in the pre-dawn hours (18:24:01 Greenwich Mean Time) on July 22 2008,
as the International Space Station (Expedition 17) was passing over western Mongolia in central
Asia. Credit: NASA

with one of the associated processes connected with the current climate change,
namely the cooling of the upper layers and the formation of ice aerosols, although
the solar cycle appears to be the dominant natural influence (Thomas 2003; Thomas
et al. 2003; Morris and Murphy 2008).

They are visible from the ground when illuminated by sunlight from below the
horizon while lower layers of the atmosphere are in the Earth’s shadow. Space-
based observations to date have been made serendipitously by instruments designed
for other purposes (Fig. 4.9). Now, satellites such as TIMED and AIM (Aeronomy
of Ice in the Mesosphere) are providing information on this still enigmatic layer.

Millions of meteors burn up daily in the mesosphere as a consequence of colli-
sions with the gas particles. This produces enough heat to vaporize almost all of the
impacting objects, resulting in a high concentration of metallic dust here. Emissions
from these metallic species, neutral and ionized, can be used to retrieve column
densities in these layers (Scharringhausen et al. 2008). The mean total column den-
sity of the ionized metals is 4.4 £ 1.2 10° cm™? in periods without special meteor
shower activity, but increases by one order of magnitude during meteor showers
(Kopp 1997).

4.4 The Thermosphere

In this layer, located at 90 km above the Earth’s surface, the temperatures increase
with altitude due to absorption of highly energetic solar radiation by the small
amount of residual oxygen still present. Temperatures and densities are highly
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Fig. 4.10 Earth thermospheric densities from solar minimum to maximum produced with
modelled SOLAR2000 spectral irradiances and the 1DTD physics-based model. Credit: Space
Environment Technologies

dependent on solar activity (Fig. 4.10). In this layer, important processes of ioniza-
tion occur, giving rise to the ionosphere and the appearance of auroras, phenomena
that we will describe later in this chapter.

Weather balloons and research aircraft cannot reach the thermosphere. Although
sounding rockets travel through the upper atmosphere, they can at best take short
snapshots of a specific region, and do not provide global mapping. Furthermore, the
Space Shuttle orbits in a region well above the lower thermosphere; upon reentry,
the Space Shuttle passes through the lower thermosphere; however, it does so only
briefly.

As the Earth rotates, absorption of solar energy in the thermosphere undergoes
daily variation. Day-side heating causes the atmosphere to expand and at night to
contract. This heating pattern drives a global circulation pattern: the atmospheric
tides.

4.5 The Exosphere: Geocorona

The exosphere is the uppermost layer of the atmosphere, where collisions between
particles are rare. Its lower boundary is estimated to be 500 to 1,000 km above the
Earth’s surface, and its upper boundary at about 10,000 km. It is only from the exo-
sphere that atmospheric gases, atoms, and molecules can escape into space.
Exospheric temperatures of the planets do not decrease with distance from the
Sun. It is evident that solar heating is not the only factor influencing the thermal
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structure of these layers (as discussed in Sect.4.1). UV radiation therefore is the
best way to observe these layers of the Earth’s atmosphere from outer space.

Few observations of the Earth from the distance exist in ultraviolet light. Three
days after the Mars Reconnaissance Orbiter launch (19 August 2005), the spacecraft
was pointed toward Earth to acquire a set of ultraviolet images of the Earth and the
Moon. From 1,170,000 km the apparent size of our planet was only 4.77 pixels
across.” The Mars Color Imager instrument has two ultraviolet bands, centred at
320 and 260 nm, but our planet did not appear in the 260 nm band, most likely due
to the large amount of ozone in our atmosphere.

However, monochromatic observations reveal a ‘constant’ glow produced at the
uppermost layer of the atmosphere, the exosphere, as a consequence of the inter-
action between solar radiation and atmospheric components. The term ‘geocorona’
refers to the solar far-ultraviolet light (the Lyman « line 121.5 nm) that is scattered
off the cloud of neutral hydrogen atoms that surrounds the Earth (see Fig.4.11)
and by neutral interstellar hydrogen entering the heliosphere. Solar far-ultraviolet

Fig. 4.11 The Earth’s geocorona as viewed from the surface of the Moon. Image acquired during
the Apollo 16 mission (April 1972) with the Naval Research Laboratory’s far-ultraviolet camera/
spectrograph. The part of the Earth facing the Sun reflects much UV light, but perhaps more inter-
esting is the side facing away from the Sun. Here bands of UV emission are also apparent. These
bands are the result of aurora and are caused by charged particles expelled by the Sun spiraling
to Earth along magnetic field lines. Credit: NASA, Apollo 16, George Carruthers (Naval Research
Laboratory) and the Far UV Camera Team

5> The image is too small to be reproduced here. Those readers interested can consult it at the
Planetary Photojournal (Image PIA04159).
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photons scattered by exospheric hydrogen have been observed from a distance of
approximately 100,000 km (~15.5 Earth radii) from Earth (Carruthers et al. 1976).

During its Earth flyby, Galileo’s UVS (Ultraviolet Spectrometer) conducted 11
scans of the space around the Earth and Moon. Galileo detected a huge hydrogen
corona bulge surrounding the Earth to approximately 400,000 kms at the geotail,
nearly to the Moon’s orbit and four times the thickness of the traditional geocorona
model. In fact, Galileo actually detected atomic hydrogen near the Moon at a level
of approximately 1 atomcm™>. Most of this hydrogen is probably associated with
the extension of the Earth’s geocorona, rather than an aspect of the Moon’s tenuous
atmosphere. Similar observations were carried out during the Cassini fly-by in 1999
(Werner et al. 2004). Recent observations from the Earth’s orbit have been carried
out by the IMAGE satellite (Burch 2000).

The present rate of escape of hydrogen atoms equals a layer of 1 mm depth every
million years due to the evaporation of water from the oceans and the corresponding
dissociation of water vapour molecules by UV radiation. This rate will grow in the
future due to the increase in terrestrial temperatures following the increase of solar
luminosity (see previous chapter). However, most of the glow spectrum is produced
by the principal components of the atmosphere (nitrogen and oxygen).

We now describe in more detail the processes in the upper layers of the Earth’s
atmosphere leading to observable signatures.

4.6 Airglow

Non-thermal emission of radiation from excited states formed by processes resulting
(directly or indirectly) from solar UV radiation produces airglow. It is one of the
best remote observables for deriving the physical conditions of the upper layers of
a planetary atmosphere. These emissions vary considerably with time because of
solar activity. They also show a distinctive tropical brightness enhancement.

Most of this radiation emanates from the region about 70-300 km (mesosphere
and thermosphere), and seen from space, it is a green bubble enclosing the planet.
Airglow images have been taken by cameras on board different Space Shuttles look-
ing back into the wake of the flight path. Similar observations can be obtained from
aircraft platforms operating all-sky imagers. The International Space Station is also
a good observatory of these phenomena. At the left in Fig. 4.12 we can see the faint
glow encircling our planet.

Anders Angstrom (1814-1874) discovered green airglow light in 1868.
Newcomb (1901) suggested that the emission of stars in the visible range makes
only a part of the total night-sky emission. In 1909 at Groningen, L. Yntema pre-
sented his PhD thesis ‘On the brightness of the sky and the total amount of starlight’,
where he drew attention to the long time variability of the phenomenon and showed
that starlight scattered by atmospheric molecules was insufficient to explain the
night-sky glow (Yntema, 1909).Robert John Strutt (1875-1947), son of the third
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Fig. 4.12 View of a full Moon photographed by Expedition 14 onboard the International Space
Station. Earth horizon and airglow are visible at left. Courtesy of NASA

Lord Rayleigh, showed in 1922 that the geographical distribution of the strength
of this line differed from that of aurorae. He gave the name of the units normally
studied for these type of studies the Rayleighs.°

McLennan and Shrum (1925) identified the green line as due to atomic oxy-
gen. It was in 1931 when Chapman (1931) suggested that airglow could result
from chemical recombination. Chamberlain (1955) identified the UV airglow lines
(340-380 nm) as due to oxygen Herzberg bands.

Chamberlain (1961, 1995), Mc Cormack (1971), Roach and Gordon (1973),
Brasseur and Solomon (1994) and Slanger and Wolven (2002) provide a good
background on this subject. Khomich et al. (2008) summarize the progress in this
field and how the airglow can be used as an indicator of the structure and dynamics
of the Earth’s atmosphere.

Depending on the excitation mechanism, we can distinguish different compo-
nents in the airglow, which we will describe in the following subsection. The main
source is solar radiation, the immediate emission is called dayglow and the subse-
quent delayed emission nightglow.

% The Rayleigh is the unit commonly used to quantify the intensity of night-sky emission lines. It
is defined as 1R = 1.583 x 1077 /(A) ergs~'em™2sr™!, where A is expressed in A.
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4.6.1 Nightglow

Nightglow is produced by chemiluminescence, the emission of radiation resulting
from chemical reactions at a height of between 100 and 300 km. The main emphasis
is on the molecular emissions of OH and O, from the mesosphere and lower ther-
mosphere (Feldman and McNutt 1969; Llewellyn and Soldheim 1978). We have
previously discussed the existence of different absorption features in the infrared
range (CO, and O3). The dynamics of the mesosphere’ play an important role in
structure the spatial distribution of this emission.

In the UV spectral region, the major contribution is from the O, Herzberg
I band, with weaker contributions from the Herzberg II and Chamberlain bands
(Chamberlain 1955):

O+0+M— 0O +M
O3 —> O™ + radiation (glow)
0} + M — O}* + M + radiation (glow)

where M is usually nitrogen. The speed of these reactions will depend on the
identity of M.

Figure 4.13 shows a global view of UV nightglow. The NUV is brighter than
the MUYV, but fainter than the FUV. Rocket measurements by Greer et al. (1986)
confirmed that the bulk of the UV nightglow comes from a region between 90 and
110km.

Koomen et al. (1956) and Heppner and Meredith (1958) first measured alti-
tude profiles of oxygen and sodium emission in Earth night airglow using data
from sounding rockets. Bedinger et al. (1957) used sodium released by a rocket
to quantify twilight and night airglow emission and measured mesospheric winds.
Loépez-Moreno et al. (1998), by observing the EUV night airglow, were able to iden-
tify the complete Lyman series up to Lyman ¢. Table 4.4 gives the typical brightness
of the most important UV spectral lines.

In the visible range we have the well-known green line of oxygen at 557.7 nm,
covering a relatively narrow altitude region and strongly peaking around 100 km
altitude. Some emission is also recorded at the red line at 630 nm.

Redward of 650 nm, we see the Meinel bands of OH produced by the reaction

H+ 03 = OH* + O3,
where OH* is a ro-vibrationally excited level of OH. It is limited at relatively high

altitudes (~85 km) by the rapid fall in ozone concentration with height. Figures 4.14
and 4.15 show typical spectra of the nightglow in the visible and near infrared

7 Atmospheric tides, internal gravity waves and planetary waves.
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Fig. 4.13 The different regimes of UV nightglow. (source: R.R. Meier, 1991, Space Science
Reviews 58, 19). Copyright: Springer

Table 4.4 UV nightglow spectral lines

Source  Wavelength (nm) Height of emitting layer Intensity

Lyman § 102.6 Geocorona 10R

Ly o 121.6 Geocorona 3 kR (night)-34 kR (day)
Ol 130.4 250-300 km 40R (tropical airglow)
(01 135.6 250-300 km 30R (tropical airglow)
0, 300-400 90 km 0.8R/A

R stands for Rayleigh

ranges. Osterbrock et al. (1998) have recorded a high signal-to-noise spectrum in
the range 572-881 nm using the Keck telescope at the Mauna Kea Observatory.

A natural global layer (usually about 5 km thick) of sodium atoms exists between
about 80 and 105 km altitude. The sodium originates from the ablation of meteors.
The atoms are naturally excited and emit a weak glow near a wavelength of 589 nm
(yellow) known as ‘the sodium D lines’. Above the layer, sodium exists in its ionized
form (which does not emit yellow light), and below the layer, sodium exists as chem-
ical compounds such as sodium oxide (which also do not emit yellow light). It was
discovered by Slipher (1929) at the Lowell Observatory and later was explained by
Chapman (1939).
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Fig. 4.14 Spectrum of the nightglow of La Palma sky on a moonless sky, taken with the Faint
Object Spectrograph of the William Herschel Telescope in March 1991. Courtesy: C. Benn (ING,
Roque de los Muchachos Observatory)
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Fig. 4.15 Near infrared part of airglow spectrum. Hatched area marks spectral range of Argentine
Airglow Spectrometer. Credit: Aeronomy Group, Instituto de Astronomia y Fisica del Espacio,
Buenos Aires
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4.6.2 Dayglow

Dayglow is produced when the atmosphere is illuminated by the Sun. The main
processes involved are resonance scattering and fluorescence. Although it is intrin-
sically bright, dayglow is overwhelmed by direct and scattered sunlight. The UV
spectrum is dominated by single ionized and neutral lines of oxygen and nitrogen,
produced by UV photons and photoelectron impacts. Some lines are also present in
the solar spectrum (He I 58.4nm; O II triplet 83.4 nm; Lyman « 121.6nm and B).
Figure 4.16 shows a representative spectrum of the UV dayglow.

Various space experiments have measured the dayglow in the FUV range
(Chakrabarti et al. 1983; Link et al. 1988 and Feldman et al. 2001). Craven et
al. (1994), Meier et al. (2002) and Strickland et al. (2004) have, respectively, stud-
ied the dayglow response to an intense period of auroral activity, to a large solar
flare and to short-term solar EUV variations.

MAHRSI is a middle ultraviolet (190-320nm) spectrograph experiment that
measures the OH density profile by observing the bright airglow produced by
the resonance fluorescence of sunlight in the OH A-X (0,0) band around 310 nm.
The difficulty with this measurement arises from sunlight Rayleigh-scattered by
the ambient atmosphere, which generates an equally bright emission that contains
the complex Fraunhofer spectrum formed when gases in the solar atmosphere ab-
sorb solar radiation. Separation of these two signals can best be achieved using
very high spectral resolution. Observation of the Moon during the flight provided a

EARTH ULTRAVIOLET DAYGLOW
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il bt p-— === === -
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Fig. 4.16 The different regimes of UV dayglow. Source: R.R. Meier, 1991, Space Science Re-
views Vol. 58. Copyright: Springer
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Fig. 4.17 The upper panel compares the observed spectrum at 62 km (black curve) with a back-
ground spectrum (blue dashed curve), scaled in magnitude to fit the wavelength regions of the
atmospheric spectrum known to be free of OH lines. The lower panel shows the difference be-
tween the two spectra, that is, the observed intensity minus the background (black curve). Plotted
over the remaining residual is the normalized theoretical prediction of the OH emission lines (red
dashed curve), smoothed to the MAHRSI spectral resolution measured in the laboratory. Available
from Offerman and Conway (1995) Fig. 2

convenient measure of the precise shape of the solar spectrum uncontaminated with
atmospheric emissions or absorptions, including OH and Os. The plots in Fig. 4.17
illustrate how the OH signal is retrieved (Offerman and Conway 1995).

4.6.3 Twilight Airglow

Twilight is the period between dawn and sunrise and between sunset and dusk. It
is produced by sunlight scattered in the upper atmosphere illuminating the lower
atmosphere. For astronomical purposes, it is defined as the period when the Sun
reaches heights between —12° to —18° below the horizon.

A phenomenon known as twilight airglow may be observed at the transition
between the dark and fully illuminated atmosphere as the shadow height moves
vertically over the full range of emissive layers. Like airglow, it results from direct
excitation by solar UV photons. Most of ultraviolet astronomical observations are
taken from above the atmosphere by rockets or satellites. The viewing line of the
spacecraft on the night side of the atmosphere may cross the terminator and con-
tinue through the sunlit parts of the atmosphere. Under these twilight conditions,
dayglow features are easier to discern.
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EUYV Spectrum of Nightglow measured by EURD

2 008 Co—
= K] -4 ]

2 35 21"
- - H
7 0.06 | Zenith angle <70 s I = ©
b = FN S
2 = £z »f 2] 104 @
= (=) 2o > - ug_
T 0.04 F ts )| = s
@ % = ; 2
— >, 3¢
< < 102 ~
£ o002f Z g =
[ ] £ ~
% =

0 —4 ' 0

500 550 600 650 700 750 800 850 900 950 1000 1050

) 0.7 - _ F
g 06f = g 52 is
© 05ELE = Zenith angle <70 s g w
o iR 3 £ 5 14 2=
£ H =, g -
= 04 H -l 3:5 =
E" <y c gz i3 B
& 03fz = T % i, 2
e SN z
2 0.1F% = = i1
& £ s\ o S : .

0 T ¥ T T T T T T

500 550 600 650 700 750 800 850 900 950 1000 1050

Wavelength (&)

Fig. 4.18 Airglow spectrum in the Extreme Ultraviolet, taken by the EURD observing in the
antisolar direction at two zenithal distances. Note the difference of scales. Dotted line: emission
divided by 10. Courtesy of J.J. Lopez Moreno (IAA, Granada)

During this time, yellow emissions from the sodium layer and red emissions
from the 630 nm oxygen lines are dominant and contribute to the purplish colour
sometimes seen during civil and nautical twilight. N, and NO molecular emissions
from the mesosphere and thermosphere are observable above the Earth limb and at
twilight since Rayleigh scattering is weaker there.

The EURD experiment on board Minisat (Giménez and Sabau-Graziatti 1996)
has obtained high resolution spectra corresponding to nightglow and twilight con-
ditions (see Lopez- Moreno et al. (1998) and Fig. 4.18).

4.7 The Ionosphere

The troposphere and stratosphere are electrically neutral. However, in the meso-
sphere and thermosphere (approximately from 70 to 1000 km), the neutral compo-
nents coexist with ionized particles produced by the Sun and cosmic rays. This layer,
called the ionosphere, contains only a small fraction of the Earth’s atmosphere (less
than 1% of the mass above 100 km). Nagy and Cravens (2002) provide an overview
of the Solar System ionospheres.
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The first notions about an electric conducting layer in the terrestrial atmosphere
were advanced by C.F. Gauss (1777-1855), in 1839, who proposed that small daily
variations in the geomagnetic field could be explained by electric currents flowing
in such a layer. Belfour Stewart (1828—1887) pictured such currents, around 1886,
as arising from electromotive forces generated by periodic motions of the electric
layer across the terrestrial magnetic field.

In 1901, G. Marconi (1874-1937) was able to establish a transatlantic radio-
communication.® In 1902, Oliver Heaviside (1850-1925) and Arthur E. Kennelly
(1861-1939), independently, explained this in terms of a reflection of the radiowaves
by free charges in the high atmosphere. J.A. Fleming (1906)° proposed that solar UV
radiation generates such free charges.

The first observational evidence of a new layer in the atmosphere, the iono-
sphere,'® came from Edward Appleton (1892-1965) and M.A.F. Barnett in
1925. Later, this finding was verified by G. Breit (1899-1981) and M.A. Tuve
(1901-1982) by using pulsed radio waves (Breit and Tuve 1926).

Hulburt (1928) proposed that the ultraviolet radiation shortwards of 123 nm
might be the source of the ionosphere. Soundings with V-1 and V-2 rockets after
World War II showed that this radiation shaped the bottom of the ionosphere.

4.7.1 General Structure

The components of the Earth’s atmosphere may be ionized by capturing photons
whose energy exceeds the corresponding ionization potential (see Table 4.5). Thus,
radiation only with A < A, produces ionization; we therefore concentrate only on
the X-ray and EUV regions of the spectrum.

At the highest levels of the Earth’s atmosphere, the density is low and therefore
the ionization rate is also low. As the altitude decreases, more gas atoms are present
and so the ionization process increases. At the same time, however, an opposed pro-
cess called recombination begins to take place in which a free electron is ‘captured’
by a positive ion if it moves close enough to it. As the gas density increases at lower
altitudes, the recombination process accelerates as the gas molecules and ions are
closer together. The point of balance between these two processes determines the
degree of ‘ionization’ present at any given time and location.

Apart from high energy radiation, cosmic rays and solar particles also play an
important role in the ionization balance. A number of monographs give deeper in-
sight into the subject (Rishbeth and Garriot (1969); Bauer (1973); Kelley (1989);
Hargreaves (1979); Hunsucker and Hargreaves (2002)).

8 0On 12 December 1901, he transmitted a Morse code signal from Cornwall (England) to New-
foundland (Canada), a distance of 2,900 km, a big surprise for the scientists that could not explain
how the waves propagating as straight lines could curve over the 160 km bulge of the Earth.

° Fleming, J.A. 1906, On the electric radiation from bent antennae, Proceedings Physical Society
London, 20, 409-426.

10 This term was first used in 1926 by Robert Watson-Watt (1892—1973), the father of radar.
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Table fi.S Ionization I (ev) Aomae (010)

potential of cgmponents No 9.5 31

of the terrestrial atmosphere
0, 12.08 102.7
H,O 12.60 98.5
03 12.80 97.0
H 13.59 91.2
(0} 13.61 91.1
CO, 13.79 89.9
N 14.54 85.3
H, 15.41 80.4
N, 15.58 79.6
Ne 21.56 57.5
He 24.58 50.4

From Hargreaves (1979) The upper
atmosphere and solar-terrestrial
relations, Van Nostrand Reinhold

The rate of change of electron density, N, is given by the continuity equation
(see Hargreaves 1979)

ON,

at

where ¢ is the rate of production, L the recombination rate and div (N, V) the change

in electron density by movements with speed V.!!
The rate of change in the ion density, q, can be expressed by

=q—L—div(N.V),

q=nFon,

where 7 is the number density of particles, F is the flux of the ionizing radiation
(Jm~2s71), o is the absorption cross section and 7 is the ionization efficiency (the
number of electrons produced per absorbed photon). As F increases and n decreases
with the altitude in the atmosphere, we expect there to be at a particular height a
maximum ¢ and hence a maximum in the electronic density.

Assuming a plane stratified atmosphere and monochromatic radiation, we can
derive the altitude variation of this parameter:

h— 1
q(Z, ){) = (o €Xp (1 + z _ _e(h—z)) ’
H cos x

where z is the vertical altitude, / the height of maximum ionization, H the scale
height'? and y the angle between the line of sight and the vertical. Figure 4.19
shows the distribution of the ionization normalized to the maximum density.

"' Tt has a macroscopic component (advection) and a microscopic one (diffusion).

12 An e-folding distance, commonly used to describe the fall off in atmospheric pressure or other
related quantities.
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There are two main ways of producing loss of electrons. Occasionally, the elec-
trons recombine directly with positive ions'® following the relation L = o N2,
where « is the recombination coefficient.'* Another option is that electrons are re-
moved by becoming attached to neutral molecules, Z (e~ + Z — Z7), a process
expressed by L = 8 N, 8 being an altitude-dependent attachment coefficient.

Figure 4.19 gives the variation with the altitude of the ion production rate from
various sources (Richmond 1987).

The total electron content of the ionosphere is

o0
Nt E/ N.dz.
0

Typically, N7 is about 10!7 m™2.
The major ionization sources are
O + radiation — OT 4 e~
0, + radiation — OF +e~ or O+ 0" + e~
N, + radiation — NJ +e~ or N+ Nt 4 e~

with the inverse process, recombination, returning the original constituents; for ex-
ample, O;r +e —20.

13 We have two options: radiative recombination (e~ + Xt — X + radiation) and dissociative
recombination (e~ + XYt — X +Y).
14 This law is valid only when the densities of ions and electrons are approximately the same.
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The combination of the amount of incident radiation and the density of the
atmospheric particles configures the extension of this layer (Fig. 4.20), which is sub-
divided into different regions, also called Chapman layers.

e D layer: The lowest, at altitudes between 50 and 80km (mesosphere).
It disappears at night. The main sources of ionization are Lyman-« (121.5 nm)
on NO; EUV (102-111 nm) on oxygen and hard X-rays and cosmic rays on all
atmospheric constituents.

e E layer: Found between 100 and 125 km. Also practically disappears at night.
This layer is largely in photochemical equilibrium, a property shared with most
of other planetary ionospheres. Ions in this region are mainly molecules such as
O;L and NO™, produced through the following reactions:

Ot + N, — NOt +N
NI +0— NOt +N
0" +0,—0f +0

e F layer: The ionization production is smaller than in lower layers, but the much
longer electron lifetime permits large values of electron density to be reached.
Its strength varies according to the time of the day, the season and the level of
solar activity. In the daytime it is split into two sub-layers, with the F1 located
around 180 km, where NO1 and 02+ ions dominate, and the F2 at 400 km or
more, with OT as the main contributor. It is controlled both by photochemistry
and plasma transport and thus is not in photochemical equilibrium.
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At low latitudes the largest N, values are found in peaks on either side of the
magnetic equator, called the equatorial anomaly. One would expect the largest con-
centration to occur at the equator because of the maximum of the solar ionizing
radiation. This peculiarity can be explained by the special geometry of the magnetic
field and the presence of electric currents.

The International Reference Ionosphere (IRI) is an empirical reference model
of the physical parameters of this layer (Bilitza and Reinisch 2008). It is updated
biannually and distributed by the National Space Science Data Center and World
Data Center A for Rockets and Satellites. Figure 4.20 illustrates the change of N,
between day and night and two phases of solar activity.

The GUVI experiment onboard the TIMED satellite studied the spatial and tem-
poral changes of the total electron content (TEC) of the atmosphere (Fig.4.21).
Variations in the solar output lead to changes in the total amount of ionization that
occurs in the upper atmosphere, but the details of what happens after those electrons
have been produced depend on the amount of heating at high latitudes, the Earth’s
seasonal wind pattern, the electric fields created in the upper atmosphere and the
conditions that existed before a solar event occurred. These figures provide exam-
ples of how the ionosphere changes under the influence of the 11-year solar ‘year’,
the Earth’s season, the local times of the observation, the time that a storm started,
the magnitude of the storm, whether the Earth experienced a coronal mass ejection
or some other change in the solar wind and many other factors.

Finally, Fig. 4.22 compares the structure of the neutral atmosphere with that of
the ionosphere.

4.7.2 Ionosphere Indicators

Previously we have described the origin of ionized metallic species produced by the
impacts of meteorites at mesospheric heights. The presence of the corresponding
spectral features can be used as indicators of the presence of ionospheres, as has
recently been shown by Pallé et al. (2009) when analysing the transmission spec-
trum of the Earth atmosphere. Weak absorption lines corresponding to Ca+ at 393.4,
396.8 nm (H and K lines), 849.8, 854.2 and 866.2 nm (the near-infrared triplet) were
detected. Other more abundant species, as Mg+, can be detectable at shorter wave-
lengths in the UV.

The H;r molecule is generated by the ionization of molecular hydrogen by cos-
mic rays. Its transitions give rise to spectral features in the near infrared (Gottfried
et al. 2003).

Molecular hydrogen was first observed in the Lyman and Werner bands
(117-165nm) in Jupiter (Broadfoot et al. 1979; Clarke et al. 1980). Emission
lines of H;r in the infrared were detected in the auroral regions of Jupiter at 2 um
(Drossart et al. 1989) and the polar ionosphere in the 4 pm band (Oka and Geballe
1990). Maps of the emission in Jupiter’s auroral zones have been published by
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Fig. 4.21 Temporal and spatial changes of the total electron content of the atmosphere as observed
by the GUVI experiment onboard the TIMED satellite. Credit: NASA/The Johns Hopkins Univer-
sity Applied Physics Laboratory (JHU/APL)

Lellouch (2006). Geballe et al. (1993) also detected the 2 ym emission in polar re-
gions of Saturn although two orders of magnitude weaker than in Jupiter. Shokolov
(1981) reported some emission of this ion in the upper layers of Venus.

The molecule H;r is an efficient mechanism of cooling in the upper layers
of planets, as the extended atmosphere of HD 209458b (Koskinen et al. 2007,
Troutman, 2007). Laughlin et al. (2008) have established an upper limit for this
emission in the giant exoplanet Tau Boo. A positive detection of 4 pm emission to-
ward the star HD141569A (Brittain and Rettig 2002) was later not verified by Goto
et al. (2005).
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Fig. 4.22 Comparison of the neutral and ionized atmospheres. Credit: Wikipedia Commons

4.7.3 Lightnings

Lightning can cause ionosphere perturbations in the D-region. Wilson (1925)
proposed a mechanism by which electrical discharge from lightning storms could
propagate from clouds to the ionosphere, but empirical verification (Davis and
Johnson 2005) of this did not come until much later.

Observations from space allow electric discharges to be recorded from the top
of storm clouds toward the upper atmospheric layers. They are called Red Sprites,
Elves and Blue Jets. The first images of a sprite were accidentally captured in a
video on 6 July 1989 (Franz et al. 1990). Beginning in 1990, about twenty images
have been obtained from the space shuttle’> (Boeck et al. 1992; Vaughan 1994).
Sprites occur when a potent stroke creates an intense electrostatic field above the
storm cloud from which it emanates. A synthetic spectrum has been calculated by
Milikh et al. (1998).

Elves are also originated in lightning at 85-95 km but extend into wings up to
300km (Nagano et al. 2003). They were discovered in 1992 by a low-light video
camera on the Space Shuttle. Blue jets emerge from the top of the thundercloud,
extending up in narrow cones and disappearing at altitudes around 40km. They
were first discovered by Alaska scientists onboard a NASA research jet in 1994

1S An important experiment was carried out during the last flight of the Columbia in 2003, led by
the astronaut Ilan Ramon (1954-2003).
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Fig. 4.23 Altitude separates blue jets, red sprites and elves. Credit: Danish National Space Center

(Pasko 2008). Aramyan et al. (2008) have proposed that the radiation of red sprites
and blue jets is due to the superluminescence'® of highly excited atomic oxygen
induced by an acoustic wave.

Figure 4.23 shows the location of these phenomena (denominated jointly
Transient Luminous Events, TLE), which last less than one second and may be
an essential element of the Earth’s global electrical circuit (Siingh 2007; Rycroft
et al. 2008).

4.8 The Magnetosphere

4.8.1 Description

The view of the Earth in high-energy radiation (UV, X-rays) would be completely
different without the presence of a magnetic field produced by a dynamo process

16 Superluminescence is the same as amplified spontaneous emission: the emission of lumines-
cence that experiences significant optical gain within the emitting device, and therefore can be
relatively intense.
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Fig. 4.24 The Magnetosphere and its interaction with the solar wind. Courtesy: GSFC/NASA

in the outer core. Its major part resembles the field of a bar magnet (‘dipole field’)
inclined by about 10° to the rotation axis of Earth, but more complex parts (‘higher
harmonics’) also exist, as first shown by C. Gauss.

The magnetosphere of Earth is a region in space whose shape is primarily
determined by the distortion of Earth’s internal magnetic field and by the solar wind
plasma and the interplanetary magnetic field (IMF). On the side facing the Sun, the
distance to its boundary (which can vary) is about 70,000 km (10-12 Earth radii
or Rg).!” The boundary of the magnetosphere (‘magnetopause’) is roughly bullet-
shaped, about 15 Rg abreast of Earth and on the night side (in the ‘magnetotail’ or
‘geotail”) approaching a cylinder with a radius 20-25 Rg. The tail region stretches
well past 200 Rg (see Fig. 4.24 for a diagram). If the Earth had no global magneto-
sphere, the solar wind would impact on our atmosphere and gradually erode it away.

4.8.2 Radiation Belts

The Van Allen radiation belt is a torus of energetic charged particles around Earth,
held in place by the Earth’s magnetic field (Fig.4.25).'8 The inner radiation belt
extends one Earth radius and consists of very energetic protons (>100MeV), a
by-product of collision by cosmic rays with atoms of the atmosphere. The outer

17 All distances here are from the Earth’s centre.

18], Van Allen (1914-2006) made the first public announcement of the discovery at a special joint
assembly of the National Academy of Sciences and the American Physical Society on 1 May 1958.
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belt is situated at an altitude of about 31,000-65,000 km (1-10 Earth radii) and is
composed of high energy electrons (0.1-10MeV). They are injected from the geo-
magnetic tail following geomagnetic storms.

The plasmasphere is a torus of cool (low-energy ~1 eV), dense (tens to thousands
of particles per cubic centimetre) plasma that occupies the inner magnetosphere
and is located above the ionosphere (Fig.4.26). It is populated by the outflow of
ionospheric plasma (hydrogen ions) along mid- and low-latitude magnetic field lines
and co-rotates with the Earth. The plasmasphere extends out to as little as 2-3 Earth
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Fig. 4.27 The Earth’s plasmasphere as viewed with the EUV instrument on board the IMAGE
spacecraft. The Earth is at the centre of the images. The Sun is to the upper left. The view is toward
Earth’s north pole. The 30.4 nm emission from the plasmaspheric helium ions appears in false
colour as a pale blue cloud surrounding the Earth. The two images were acquired at different times
during the same orbit on 24 May 2000. In the first image, the spacecraft is in the evening sector
and has not yet passed over the north pole; in the second image, it has crossed the pole and is at or
near apogee (7.2 Earth radii) on the morning side. Credit: B. Sandel and T. Forrester, University of
Arizona

radii and, under quiet conditions on the evening side, perhaps more than 6 Earth radii
(Carpenter 1963; Lemaire and Gringauz (1998); De Keyser et al. 2009). Figure 4.27
shows this region as seen in EUV radiation.

Nilsson et al. (2008) have studied the outflow of oxygen ions at high alti-
tude above the polar cap using data collected by CLUSTER quartet of satellites.
They discovered that these ions were being accelerated in the direction of the Earth’s
magnetic field.'” The magnetosphere is not only filled with solar energetic particles,
but also with particles coming from the Earth’s atmosphere.

4.8.3 Aurorae

A bright discrete arc near midnight is evident in Fig.4.27 (lefthand image), the
aurora. This phenomenon is caused by the collision of charged particles® (e.g. elec-
trons), found in the magnetosphere, with atoms in the Earth’s upper atmosphere (at
altitudes above 80 km) and constitutes the clearest manifestation of the Earth’s cou-
pling to the solar wind via the magnetosphere. Light emitted by the aurora tends

19H. Nilsson commented in an ESA news item that, compared to the Earth’s stock of oxygen, the
amount escaping is negligible. However, in the far future, when the Sun’s luminosity increases, the
oxygen escape may become significant.

20 Unlike the airglow, excited by solar photons.
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ISS01E12415

Fig. 4.28 Aurora Borealis and lights in Finland, Russia, Estonia and Latvia are featured in this
digital still picture taken by the Expedition 11 crew aboard the International Space Station. If it
were daylight, parts of the Eastern Baltic Sea would be visible. The station was over a point on
Earth located at 50.6 degrees north latitude and 15.1 degrees east longitude at the time. The cluster
of stars to the lower right of the thin crescent Moon is the Praesepe Cluster in Cancer. Just to the
right of that is the planet Saturn. Courtesy: NASA

to be dominated by emissions from atomic oxygen, resulting in a greenish glow (at
a wavelength of 557.7nm) and — especially at lower energy levels and at higher
altitudes — the dark-red glow (at 630.0 nm of wavelength).

It differs from the airglow in three main aspects: (a) high latitude vs. global ex-
tension, (b) highly structured appearance vs. relatively uniform and (c) the source:
solar wind instead of solar radiation for the airglow.

Its easy visibility to the naked eye has clearly influenced the mythology of many
civilizations and its historical records have also been used as a proxy of solar activity
in the past (see Chap. 6 of Vaquero and Vazquez 2009).

Figures 4.28 and 4.29 show spectacular views of the aurora photographed from
the International Space Station. In the latter we can see the different heights of
formation of the green and red aurora.

4.9 Radio Emission of the Earth and Other Planets

The radio engineer Karl G. Jansky (1905-1950), while working at Bell Telephone
Laboratories, in 1932, was the first to detect radio noise from the region near the
centre of the Milky Way, during an experiment to locate distant sources of terrestrial
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ISS006E21581

Fig. 4.29 Aurora photographed from the ISS with a 58 mm lens on 2 February 2003. Green aurora
extends upward from the Earth’s airglow layer. When the red aurora is present, it usually extends
above the green aurora. Courtesy: NASA

radio interference (Jansky 1933). The distribution of this galactic radio emission was
mapped by Grote Reber (1911-2002), using a 9.5 m (31 ft) paraboloid that he built
in his backyard in Wheaton, Illinois. He also discovered the long sought-after radio
emission from the Sun (Reber 1944).

Two conditions are necessary for there to be significant planetary radioemission:
a magnetosphere and the existence of a storage of charged particles, the radia-
tion belts. The interaction of the latter with the magnetic fields gives rise to the
emission or absorption of radiation. For rapidly moving particles (relativistic), the
radiation occurs over a large range of frequencies, and is called the synchrotron radi-
ation. When such charged particles (electrons and protons) move through a magnetic
field, their paths are changed. The particles are accelerated and start to move in spi-
rals around magnetic field lines towards either the south or the north pole. Charged
particles that are accelerated emit radiation that depends on the energy and the type
of the charged particles.

For slowly moving particles (non-relativistic) this happens at a single frequency,
the cyclotron?! frequency

f. = (l/zp)eB/mev

21 Both names are in reference to laboratory accelerators.
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where e is the electron charge, B the magnetic field strength and m, the electron
mass. Both types of radiation also receive the name of non-thermal radiation in
contrast to thermal radiation (black-body) dependent on the temperature.

Burke and Franklin (1955) discovered the first planetary source of radioemission
in the Solar System: Jupiter. The radio signal was described as having the appear-
ance of short random bursts of static resembling the thunderstorm interference on
a broadcast receiver. It is the only planetary body that has a synchrotron radioe-
mission at decimetric wavelengths (Radhakrishnan and Roberts 1960; Kloosterman
et al. 2005) together with a strong cyclotron radiation (McCulloch 1968). An im-
portant source of particles is the volcanic activity of its satellite Io.

The cyclotron radioemission is centred in the kilometres wavelength and is gener-
ally associated with aurora. It has also been discovered in Saturn during the Voyager
(Kaiser et al. 1981) and Cassini (Gurnett et al. 2005) missions. Similar findings have
been made in Uranus (Warwick et al. 1986) and Neptune (Sawyer et al. 1990).

The radioemission of the Earth was discovered by Benediktov et al. (1965
and Dunckel et al. (1970) using data centred in kilometric wavelengths. Later ob-
servations with the IMP and Hawkeye experiments®’ revealed the variability of this
radiation generated between the plasmapause and the magnetopause.

Figure 4.30 shows the radio emission of the different planets having a magneto-
sphere, where we can contrast the importance of the Earth emission.

For a comparative study of planetary radioemission see Rucker et al. (1988).
Desch and Kaiser (1984) established an empirical ‘radiometric’ Bode’s law for the
planets of the Solar System

)22

o
Prg = £PSW s

where & ~ 1, & ranges from 107 to 1073 and Psw is the solar wind power incident
on the planetary magnetosphere. Psw depends on the solar wind density, the solar
wind speed and the radius of the planetary magnetosphere.

Winglee et al. (1986) were probably the first to suggest the possibility to detect
cyclotron radioemission from magnetized exoplanets. Radioemission from an exo-
planet can be a direct method for its detection, also demonstrating the existence of
a magnetosphere (Bastian et al. 2000). The upper frequency limit of this radiation
gives the maximum strength of the magnetic field near the surface of the planet.
This radioemission is likely modulated by the rotation period of the planet.

Radiosources at the Earth are located along magnetic field lines, which map down
to discrete UV and X-ray sources (Huff et al. 1988).

22 Published 1968 in english in the Cosmic Research Journal (vol. 3, p. 492).

23 The Interplanetary Monitoring Platform (IMP) was a project of the Goddard Space Flight Center
to investigate the interplanetary plasma and magnetic field. The instrument was included in eight
spacecrafts launched from 1963 to 1973. It was followed by the Hawkeye satellite (Explorer 52)
launched in 1974.



186 4 The Outer Layers of the Earth

10™® T T T T T
CYCLOTRON \
MASER
1 \ R
10 JUPITER v
\ =)
L=
-20 (L)
2 16"} | < 1
L}
CE R\ EARTH \lm
-~ 10 r - i
N \ <
T \ URANUS |
E / b= 4
EL NEPTUNE \l;
> o
5 |
v =23 m
g o ‘ JUPITER
° \
x &
po —
2107 | svnourorron & -
525 N

1 1 1 1
10kHz 100kHz 1MHz 10MHz 100MHz 1GHz 10GHz 100GHz

FREQUENCY —»
1 1 1 1 1 1 1 1
30km 3km 300m 30m 3m 30cm 3em  0.3cm
<—WAVELENGTH

Fig. 4.30 Flux densities of solar system planets normalized to a distance of 1 AU. Source: Bastian
et al. (2000) Fig. 1. Reproduced by permission of the American Astronomical Society

4.10 The Earth in X-Rays

The Sun is the strongest source of X-rays in the Solar System. However, planets
are also emitters in this range. As in other magnetized planets, aurorae are the main
source of terrestrial X-rays. Recently, the Chandra Observatory has observed our
planet from 120,000 km with X-ray detectors. Bhardwaj et al. (2007) discovered low
energy (0.1-10keV) X-rays generated during auroral activity, shown as the bright
arcs in this sample of images (Fig.4.31).

Approximately 1% of the auroral input energy is transformed into electron
cyclotron radioemission (Gurnett 1974). Auroral radio sources typically map to au-
roral optical sources (Huff et al. 1988).

Non-aurora X-ray emission is produced by scattering of solar X-rays. The outer
layers of the Earth’s atmosphere reflect part of the incident X-ray photons coming

from cosmic sources. Churazov et al. (2008) have calculated the X-ray albedo for
the Earth.
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Fig. 4.31 X-rays radiation from aurorae observed by the Chandra observatory. The images — seen
here superimposed on a simulated image of the Earth — are from approximately 20 min scans
during which Chandra was pointed at a fixed point in the sky, while the Earth’s motion carried
the auroral region through the field of view. The colour code of the X-ray arcs represent the X-ray
brightness, with maximum values shown in red. Credit: NASA/MSFC/CXC/A. Bhardwaj and R.
Elsner/MSFC/CXC/A.Bhardwaj and R.Elsner

4.11 The Earth’s Gamma Ray Emission

This high energy radiation is emitted by the upper atmosphere following the inter-
action between the cosmic rays and their main constituents. A cascade of secondary
particles (muons, pions, positrons and electrons) and the Cherenkov light** are pro-
duced. In this way, the atmosphere blocks this harmful radiation from reaching the
surface.

The first measurements of this radiation were done in 1972 and 1973 by the
NASA SAS-II satellite (Thompson et al. 1981) but had very limited photon statis-
tics. The Compton Gamma-Ray Observatory (GCRO) was active from 1991 to
2000, orbiting at an average altitude of 420km. From this distance, the Earth ap-
pears as a disk with an angular diameter of 140 degrees. Combining exposures of

24 Electromagnetic radiation which is emitted when a charged particle, such as a proton, passes
through an insulator at a speed greater than the speed of light in that medium.
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The Earth in High-Energy Gamma-ray Colour

Fig. 4.32 Gamma ray image of the Earth in different energy ranges. Courtesy: D. Petry, NASA
Goddard Space Flight Center

our planet taken by the EGRET instrument during the complete CGRO mission, it
was possible to produce a y ray picture of our planet (Fig. 4.32). Brightest near the
edge and faint near the centre, the picture indicates that the gamma rays are coming
from high in the Earth’s atmosphere.

4.12 The Outer Layers of the Early Earth

The composition of the atmosphere of the Early Earth was different from that of
the present time. Therefore, the intrinsic spectrum was also different, dominated
by carbon dioxide, methane and the absence of oxygen. Moreover, other external
factors were also different.

In previous chapters we have written on the stronger levels of solar ionizing ra-
diation (solar wind, X-UV rays) during the early times of our planet. Apart from
possible implications on life, this has clearly affected the photochemistry processes
occurring in the upper layers of the atmosphere (cf. Zahnle and Walker 1982; Ayres
1997; Ribas et al. 2005). Kulikov et al. (2007) provide an excellent review on this
matter, also with references on the early atmospheres of Venus and Mars.

The enhanced XUV radiation will produce warmer and extended exospheres (see
Fig.4.33). The base of the exosphere is located at the height where the mean free
path of the photons is equal to the local scale height, H = kTe,,mg™!, where m is
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Fig. 4.33 Time evolution of the exospheric temperature based on Earth’s present atmospheric
composition. Source: Kulikov et al. (2007)

the mass of the main atmospheric species. The thermal escape parameter is defined
as the ratio between the potential energy of a particle and the thermal energy kT,
(see Giidel 2007)
GMEI’I’I
X=——o,
KTexor

where r is the distance to the centre of the Earth. If X < 1.5 or analogously Ty, >
2GMgm/ 3kr, the exosphere becomes unstable. One first consequence should be the
blow-off of hydrogen. The H, concentration of the early atmosphere was determined
by balancing volcanic outgassing and escape to the space.

The strength of the solar wind was no doubt larger at that time, although the quan-
titative estimation is still far from clear (see Wood et al. 2005; Holzwarth and Jardine
2007). Nevertheless, the non-thermal processes of erosion of the early Earth’s at-
mosphere were probably larger than those due to the thermal escape, although this
could also depend on the strength of the Earth’s magnetic field.

The expected high rates of evaporation were probably reduced by the presence
of an early atmosphere containing high amounts of CO, cooling the base of the
exosphere (Tian et al. 2005). This claim has been contradicted by Catling (2006).%
McGovern (1969) studied the structure of the upper atmosphere for a methane-
dominated atmosphere.

23 See subsequent response of Tian et al. in the same volume.
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In absence of the ozone layer, absorption of radiation by other atmospheric com-
ponents was essential to determine the amount of XUV radiation received at the
surface of the Early Earth. Cnossen et al.’s (2007) calculations indicate that changes
in the assumed CO, concentration play a major role. In any case, radiation levels
on the Archaean Earth were several orders of magnitude higher in the wavelength
range below 200 nm than current levels in this range. That means that any form of
life that might have been present at Earth’s surface 4-3.5 Ga ago must have been
exposed to much higher quantities of damaging radiation than at present. Terrestrial
life will be the topic of the next chapter.
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Chapter 5
Biosignatures and the Search for Life on Earth

Although many extrasolar planets have been discovered, so far none of them is
comparable to Earth: basically, Earth is the only life-hosting planet in the Universe
that we currently know of. However, it is very likely that we will eventually reach
the technological level required for the detection of other Earth-like planets. It is
reasonable to expect that by analysing their spectral signatures, we will be able to
approach the fundamental question of how common life is in the universe. These
spectral signatures are the features that only living systems leave on the environ-
ment and are readily distinguishable from the planetary geology; their presence or
absence requires life. Referred to as biosignatures, they can be detected either di-
rectly by simple detection of living organisms or indirectly through the detection of
chemical compounds or physical structures that their metabolism has left on the en-
vironment. Obviously, for the moment the Earth is our only available laboratory to
search for, and to define, biosignatures. Thus, for these biosignatures to be the least
biased by our particular understanding of life, we need to adopt a non-geocentric ap-
proach, and to find general physical features, common to all living systems, which
are present in the planetary signal and detectable through remote sensing.

5.1 The Physical Concept of Life

Whether there are some general characteristics which would apply not only to life on this
planet with its very special set of physical conditions, but to life of any kind, is an interesting
but so far purely theoretical question. I once discussed it with Einstein, and he concluded
that any generalized description of life would have to include many things that we only call
life in a somewhat poetical fashion. John Desmond Bernal (1901-1971) (1949).

There is no unique definition of life that simultaneously satisfies astronomers,
biologists, geologists and philosophers. Nevertheless, if we propose to detect life on
Earth-like planets and beyond, we should be able to define it, or at least define some
of its physical, measurable properties. This is not an easy task, and the problems
associated with the identification of potential extraterrestrial life encountered during
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the Viking field experiments in Mars (Levin and Straat 1977) or the analysis of the
ALHS84001 Martian meteorite (McKay et al. 1996) indicate the complexity of the
problem.

Life can be understood as the highest level of complexity in the universe,
resulting as a consequence of the chemical evolution of the elements. This evo-
lution started with the formation of hydrogen and helium in the Big Bang, then
heavier elements such as carbon came about as a result of supernova explosions,
and eventually the complex organic compounds found in living forms arose. Each
of these steps represents a major advance in complexity and development. Since life
has been present on Earth for about 80% of its history, it is often assumed that life on
Earth started relatively early and became more complex, organized and conscious.
Chaisson (1998) connects the emergence of life and the increase of its complexity
with the expansion of the Universe (time arrow).

From a thermodynamic point of view, living systems can be studied as open sys-
tems that take energy from the environment. The second law of thermodynamics
predicts that the total amount of disorder (or entropy) in the universe always in-
creases with time (Carnot 1824; Clausius 1865; Thomson 1851). However, living
systems seem to challenge this law. The food chain of life on Earth is based on
plants, which trap solar radiation from the Sun and turn it into highly structured
sugars through the process of photosynthesis (Deisenhofer and Michel 1989). Pho-
tosynthesis dissipates solar energy and in this way terrestrial plants seem to create
order, apparently defying the second law. It was Schrédinger (1944) who first ex-
plained that the only way for organisms (or living systems) to remain alive is ‘by
continually drawing from its environment negative entropy’, that is Schrédinger pro-
posed that the level of complexity (order) in a body can only increase provided that
the amount of disorder in its surroundings increases by a greater amount. In this
book, he introduced the idea of an ‘aperiodic crystal’ that could contain genetic
information in its configuration of covalent chemical bonds, an idea that helped
stimulate the search for the genetic molecule: DNA.

For living organisms, this negative entropy is achieved through the biochemical
process of absorbing energy from the environment and expelling waste byproducts,
referred to as the metabolism. Organisms need their metabolism to maintain a state
of disequilibrium in the surrounding media, and to do this they require an exter-
nal and inexhaustible energy source, such as solar radiation in the case of plants
(see Lineweaver and Egan 2008; Schneider and Sagan 2006 for a review and a
monograph on this topic). The entropy calculations must be done for the full system
formed by the living being and the environment.

This ability to apparently challenge the second law is not a characteristic exclu-
sive to life. Illya Prigogine (1917-2003) and co-workers developed the theory that
some systems are able to sustain order remaining in a condition of disequilibrium as
long as there is a continuous source of energy (Nicolis and Prigogine 1977, 1989;
Prigogine and Stengers 1984). These systems are based on the existence of gradi-
ents that generate energy fluxes. Referred to as ‘dissipative structures’ because they
dissipate when the energy source is not available, these systems would be capable
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Fig. 5.1 Several natural systems exhibiting a rich level of self-organization

of self-organization. Luisi (2006) describes different approaches to the topic of life
definition, including the concept of emergence.'

Many self-organizing systems exist in nature (see Fig.5.1), such as crystalliza-
tion, convection Benard cells, cyclones etc.; life is simply the most sophisticated of
them, with a high capacity for transmitting information. An overview of this topic
can be found in Heylighen (2003). Self-organization is definitely an inherent qual-
ity of living organisms, as they contain complex dissipative structures within them;
it has also been related to evolution (Eigen and Schuster 1979; Eigen et al. 1981;
Eigen and Winkler 1993).

Another important contribution to the study of the role of self-organization in
natural selection was given by Kauffman (1991, 1993), who proposed that evolution
is not a mere sequence of accidents or random events, as Darwinism maintains,
rather there is self-organization in natural selection. If life were bound to arise, not
as an incalculable improbable accident, but as an expected fulfillment of the natural
order, then we truly are at home in the universe (Kauffman 1993).

In the Earth’s atmosphere, oxygen can coexist with nitrogen and other highly
reactive gases in a state of deep chemical disequilibrium owing to the presence
of living organisms. This disequilibrium in the environment, caused by living or-
ganisms, can provide a detectable biosignature. A planet’s atmosphere, the most
accessible area to remote sensing, may offer reasonable biosignatures, because it
may reveal negative entropy associated with chemical disequilibria. The Earth’s at-
mosphere, for instance, contains the hydrogen-rich gases, and also oxygen, which

! Emergence is the way complex systems and patterns arise out of a multiplicity of relatively simple
interactions.
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tends to react with them. Many other atmospheric components are also in chemical
disequilibrium by a factor 10-30. Based on this fact, Lovelock and Margulis
(19744, b) suggested that two coexisting gases which are out of equilibrium pro-
vide a suitable test for detecting life on an alien planet.

However, if systems that generally would be deemed non-biological can exhibit
self-organization, self-replication, and even disequilibria (Feinberg and Shapiro,
1980), then the mere detection of a chemical disequilibrium in a planetary atmo-
sphere is not an unequivocal biosignature. Thus, other factors affecting the planetary
geology also need to be considered.

Life on Earth shows a diversity of sizes and structures. All life forms have in
common that their structures are built from small fundamental blocks known as
cells. Cells are a membrane-bound compartment capable of performing all the basic
functions of life. Their walls allow heat and certain chemicals to pass, and thus
they are open, dissipative systems capable of self-replication and adaptation. Cells
come from preexisting cells; their components replicate and assemble into another
cell. Replication needs transmission of information, a property not shared by non-
biological dissipative structures (Kiippers 1990).

To close our attempt to review the definition of life, we should mention some of
its general properties based on the principles that we understand as necessary for
life. These properties have been described by Nealson et al. (2002) as a structural
complexity that can be quantified, a particular chemistry of these structures, the
ability to replicate, the ability to evolve, the use of energy, and the creation of waste
products in the form of matter or heat.

5.2 Astrobiology: New Perspectives for an Old Question

The search for life beyond our planet is not new. Already in the ancient Greece,
Epicurus (341-270 B.C.) stated that, ‘There are infinite worlds both like and unlike
this world of ours. For the atoms being infinite in number, as was already proven,
[..] there nowhere exists an obstacle to the infinite number of worlds’.

Recently, astrobiology, the scientific cross-disciplinary study of life as part of the
cosmic evolution, is quickly becoming a major research area. This new discipline
considers questions such as: (1) how do inhabited (or habitable) worlds form and
evolve? (2) how did living systems emerge? and (3) how can we recognize other
biospheres? (see the NASA Astrobiology Roadmap 2008).

We include here a list of the most relevant monographs (Ulmschneider 2002;
Bennett et al. 2003; Gilmour and Sephton 2003; Lunine 2005; Plaxco and Gross
2006; Horneck and Rettberg 2007; Gargaud et al. 2007) and reviews (Chyba and
Hand 2005; Des Marais et al. 2008) regarding this area available at the moment.
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5.3 Requirements for Life

The metabolism and the structure of living organisms have at least three basic
requirements: a given amount of organic materials, a dissolvent media and a source
of energy. Although other types of metabolism cannot be excluded in potential ex-
traterrestrial organisms, all known life at Earth satisfy this scheme (Schulze-Makuch
and Irwin 2004).

5.3.1 Biogenic Elements

Life structures, the genetic code and metabolism, all need complex organic
molecules that are based on carbon, a chemical element with a strong tendency
to form covalent bonds. Carbon is a particularly versatile element because it can
bond with up to four atoms at a time. But life also needs other elements. The basic
components for forming carbon-biomolecules are hydrogen, oxygen and nitrogen,
all referred to jointly with the acronym CHON. All the known life in our planet is
based on the extremely powerful and complex CHNO biochemistry in the presence
of liquid water as a dipolar solvent (Miller and Orgel 1974), and this seems the
natural assumption also for extrasolar Earth-like planets.

The universal nature of our biochemistry has been supported by some authors
(Pace 2001). However, the possibility of other exotic chemistry-based life, such
as silicon (Si), has also been proposed as an alternative to carbon (Bains 2004).
Following this approach, silicon-based life would be possible within an adequate
environment, for instance in the presence of liquid nitrogen or liquid methane as an
apolar solvent system.

Si and C have some interesting common properties since silicon lies directly be-
low carbon in the periodic table of elements. Moreover, silicon compounds are often
more chemically reactive than analogous carbon compounds, due to the specific
characteristics of silicon chemistry (Brook 2000). Nevertheless, the Si—X bonds are
in general weaker than the C—X bonds (Table 5.1, from Patai and Rappoport 1989).

Carbon is more abundant in the universe than silicon (Table 5.2), and therefore
the biochemistry of carbon should be, if not unique, at least more common. The
biochemistry of silicon is clearly less efficient and slower than that of carbon in
terrestrial conditions (Pace 2001). Carbon can be easily converted between its fully
reduced state (CHy4) and its fully oxidized state (carbon dioxide, CO,), and it is

Table 5.1 Bond strengths C Si
(enthalpies) of silicon and

carbon bonds with hydrogen, H 385 378
oxygen and nitrogen in o 380-385 452-535
KJmol ™! N 334 418
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Table 5.2 Abundance of elements in parts per billion by weight for the
average composition of the Universe, the Earth’s crustal rocks, oceans

and humans

Element Universe Earth crust  Oceans Humans
Hydrogen 7.5 x 108 1.5 x 10° 1.078 x 108 1.0 x 108
Helium 10° 5.5 7.2x 1073 —
Carbon 5.0 x 10° 1.8 x 10° 2.8 x 10* 2.3x 108
Nitrogen 1.0 x 10° 2.0 x 10* 5.0 x 102 2.6 x 108
Oxygen 1.0x 107 4.6 x 108 8.57 x 108 6.1 x 108
Sodium 2.0x10* 2.3 x 10’ 1.105 x 10° 1.4 x 10°
Magnesium 6.0 X 10° 2.9 x 107 1.326 x 106 2.7 x10°
Phosphorus 7.0 X 10° 1.0 x 10° 7.0 x 10! 1.1 x 107
Sulfur 5.0x 10° 42 x10° 9.28 x 10° 2.0 x 10°
Potassium 3.0 x 10* 1.5 x 107 4.16 x 10° 2.0 x 10°
Calcium 7.0 x 10* 5.0 x 107 422 x 103 1.4 x 107
Manganese 8.0 x 10* 1.1 x 10° 2.0 2.0 x 10?
Iron 1.1 x 10° 6.3 x 107 3.0 6.0 x 10*
Zinc 300 7.9 x 10* 5.0 3.3 x 10*

Data source: http://www.webelements.com/periodicity/

a further advantage that both products are gases over a broad temperature range,
including typical atmospheric temperatures of Earth, while the boiling point of SiO,
is 2,950°C.

Some organisms obtain the carbon necessary for life directly from the atmo-
sphere in the form of carbon dioxide, and they are called autotrophs (self-feeders).
Other organisms obtain carbon by consuming pre-existing organic compounds and
are called heterotrophs. When life first originated, it was likely to have been het-
erotrophic, depending primarily on the prebiotically synthesized organic molecules
available in the primitive environment (Joyce 1988).

Remarkably, C and Si are also the most common elements in the Universe, as
shown in Table 5.2. The rest of the elements in Table 5.2 are called the oligoele-
ments. They are used in small amounts, but are also indispensable for life.

5.3.2 A Solvent: Water

For macromolecules to be physically stable and capable of chemical activity, they
need to be suspended in a fluid of comparable density (Bains 2004). This require-
ment for a liquid in which the components can move and interact also applies to self-
assembling chemical systems in the laboratory (Whitesides and Grzybowski 2002).

The interactions between carbon-based biological structures are conducted on
Earth in an aqueous medium. This is possible because water remains in a liquid
state over a large temperature range, and it can persist above 0°C and under a pres-
sure higher than 6 mbar. Furthermore, its freezing point decreases when salts are
dissolved in it.
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Water has a very simple atomic structure: two hydrogen atoms bonded to one
oxygen atom. This structure has several physical and chemical properties, in partic-
ular its polarity (uneven distribution of negative charge inside the molecule), which
makes it the essential constituent of cells; all living cells contain water with a pro-
portion ranging between 5 and 95%. For monographs on water see Ball (2001),
Marrin (2002) and Encrenaz (2007).

The polarity of water molecules results in the formation of hydrogen bonds,
a special dipole—dipole bond between polar molecules. Hydrogen bonds are also
formed between water and organic molecules if the latter contain —OH, —NH or
—SH groups in addition to carbon and hydrogen. As a consequence of this affinity,
many CHON organic molecules are soluble in water (Brack 1993, 2002; Brack and
Pillinger 1998; Ball 2001).

Water melting and boiling points are a consequence of the strength of the hydro-
gen bonds in water. D, 0 has a melting point almost 4°C higher than H,O with bond
strength 2% higher, H,S, has a boiling point of 60°C with intermolecular interac-
tions only 20% that of water (Govender et al. 2003). Schulze-Makuch and Irwin
(2004) have studied the properties of different potential solvents. Figure 5.2 shows
the range of temperatures at which a solvent is in the liquid state (at a pressure of
1 bar). Water shows the largest temperature domain for the liquid phase.”

Hydrazine
Water
HCN
- Ammonia
= —
[}
= HF
?
H,S
Methanol
Ethane
Methane
0 f f f f f f i
=200 -150 -100 =50 0 50 100 150

Temperature (°C)

Fig. 5.2 Temperature ranges for solvent candidates to occur in the liquid state. Adapted from
Shulze-Makuch and Irwin (2004). Copyright: Springer

2 Hydrazine is a very reactive molecule in the presence of oxygen.



204 5 Biosignatures and the Search for Life on Earth

Table 5.3 Critical temperature and pressure for cosmically common volatiles (from

Bains 2004)

Liquid Critical temperature (K) Critical pressure (atmospheres)
Ammonia 405.6 111.5
Argon 150.9 48.5
Carbon dioxide 304.5 72.9
Ethane 305.2 48.2
Hydrogen 33.26 12.8
Methane 190.9 45.8
Neon 44 4 26.3
Nitrogen 126.1 335
Water 647.4 218

The phase of a substance also changes with the pressure. Table 5.3 shows critical
temperatures® and pressures”* for a set of common volatiles.’

Water has also a large dipolar momentum as compared to the alcohols. This fa-
vors the dissociation of ionizable groups leading to ionic groups, which can form
additional H-bonds with water molecules, thus improving their solubility. Organic
molecules can be divided into two families: hydrocarbons and CHON-containing
molecules. When brought into the presence of liquid water, hydrocarbons try to es-
cape the water molecules while CHON s have affinity for water (Brack 1993, 2002).
Using this property of water, soaps probably played an important role in the forma-
tion of the membranes of the first biological cells. Charged atoms at one end of a
soap molecule — the hydrophilic end — dissolve in water. The rest of the molecule
is hydrophobic in the form of a long chain of organic products like oil. In the pri-
mordial soup, hydrophobic organic compounds clumped together naturally. Some of
these were hydrocarbons similar to soap molecules, with charged atoms at one end.
Like soaps, they packed together to build thin-skinned bubbles in which the charged
hydrophilic atoms formed the outer surface and the hydrocarbon tails pointed in-
wards, mixing with the organic material crumpled together (Schopf 1999).

Other important properties of the water molecule essential for life, all derived
from its high dipolar momentum, are the following:

e Water conducts heat more easily than any liquid except mercury.

e Ithas aneutral pH. Pure water is neither acidic nor basic, although its pH changes
when other substances are dissolved in it.

e It has a high surface tension, that is it is elastic and it does not disaggregate but
forms drops. Water at 20°C has a surface tension of 72.8 dynes cm™! — compared
to 22.3 for ethyl alcohol and 465 for mercury. Because of its surface tension, the

3 Critical temperature of a substance is the temperature at and above which vapour of the substance
cannot be liquified, no matter how much pressure is applied.

4 Critical pressure of a substance is the pressure required to liquefy a gas at its critical temperature.
3 Substances that readily vaporize at relatively low temperatures.
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water sticks to the sides of vertical structures, facilitating the movement of blood
through tiny vessels or the circulation of sap in plants. This is called capillarity.

e It has a high specific heat. This helps organisms to regulate their body
temperature.

e Water’s broad temperature range is also essential for the stability of climate in
a habitable world, since ice is less dense than liquid water, which allows lakes
and oceans to freeze from top to bottom, permitting the persistence of life under
ice. Its high vapourization temperature also helps to prevent oceans from boiling
with the seasonal changes.

Bains (2004) argues that it is the nature of the liquid in which life evolves that
defines the most appropriate chemistry for life. Fluids other than water could be
abundant on certain planetary surfaces or interiors, and could therefore become an
environment in which non-terrestrial biochemistry could evolve. Schulze-Makuch
and Irwin (2004) conclude from their study that: (1) Water is clearly the best solvent
for Earth, (2) Water is also the best beneath the surface of the icy satellites, perhaps
in combination with ammonia and ethanol, (3) Titan surface is adequate for organic
solvents and (4) A combination of organic solvents, ammonia and water could work
in the subsurface of Titan.

5.3.3 Energy Source

The high-entropy systems associated with living organisms require energy inputs,
and therefore an energy source. A variety of energy forms could be used for this
purpose (Sertorio and Tinetti 2001), but terrestrial life only uses solar radiation or
chemical energy.

5.3.3.1 Solar Radiation: Photosynthesis

Sunlight is a fundamental energy source for life on Earth. Early on in the history
of life in our planet, microorganisms learned how to profit from this free energy by
using the process of photosynthesis. Photosynthesis is the process by which plants,
some bacteria and some protists use the energy from sunlight to produce sugar,
which cellular respiration converts into adenosine triphosphate (ATP), the fuel used
by all living things. In the process, the energy from solar radiation is converted
into electrochemical energy by means of oxidation-reduction reactions (RedOx).
The conversion of unusable sunlight energy into usable chemical energy utilizes the
excitation of light-harvesting pigments, such as chlorophyll.

There are two types of photosynthesis: anaerobic photosynthesis, carried out by
autotrophs, that uses a hydrogen-reducing agent, such as sulphide at hydrothermal
vents, as a source of hydrogen, and aerobic photosynthesis, which uses water as its
source of hydrogen, producing oxygen as a waste product.
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The photosynthesis reaction for anaerobics is given by
CO; + 2H,S — CH,0 + 2S + H,O.
The overall reaction for aerobic photosynthesis is given by
6H,0 + 6CO, —> CgH1,206 + 60,;.

The anaerobic process of photosynthesis is followed up by fermentation, which
breaks down the carbohydrates to supply the energy needed to build amino acids
and proteins, as shown by

2(CH20), — n(CHy) + n(CO,) + Energy.
For aerobic organisms we have the cellular respiration
CeH1206 + 60, —> 6(H20) + 60, + Energy.

By means of photosynthesis, all green plants, blue-green algae (cyanophyta)
and certain bacteria synthesize organic compounds, primarily sugars (Alberts et al.
2003), from inorganic sources, such as carbon dioxide, water or other electron
donors, following the previous reactions.

The sugar is later converted into adenosine triphosphate (ATP), which behaves
as the energy coin of a cell, in the mitochondria of eucaryotes or in the cytoplasm
of procaryotes. The energy cycle followed by living organisms is summarized in
Fig.5.3. In the process, a photon of solar light causes an electron to be transferred
along biochemical pathways that consume molecular oxygen, leading to the reduc-
tion of CO,. As a result, O, is consumed and CO», is generated.

On Earth, 40% of all photosynthetic processes are carried out in the oceans by
phytoplankton (Field et al. 1998). These single-cell ocean organisms (including di-
atoms and other algae) inhabit three quarters of the Earth’s surface, and yet they
account for less than 1% of the 600 billion metric tons of carbon contained within its
photosynthetic biomass (Falkowski 2002). However, they are responsible for draw-
ing nearly as much CO, out of the atmosphere and oceans through photosynthesis as
do trees, grasses and all other land plants combined (Falkowski 2002). Photosynthe-
sis is the primary process by which energy enters the biosphere, and it is responsible
for the fixation of 120 billion metric tons of carbon a year.

It was the evolution of aerobic photosynthetic bacteria some 3 Ga ago that ul-
timately created an atmosphere of 21% O, (see Chap.?2) and set the stage for the
evolution of all complex life forms.

In spite of its importance, the efficiency of photosynthesis is only about 10%
and, in practice, this figure is reduced even more. Photosynthetically active radiation
constitutes only 45% of the incoming sunlight, and taking reflection into account,
the efficiency is further reduced to a mere 4% under optimal conditions.
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Fig. 5.3 The energy cycle for life is fueled by the Sun. The main end product for plants and
animals is the production of highly energetic molecules like ATP. These molecules store enough
immediately available energy to allow plants and animals to do their necessary work (Source:
http://hyperphysics.phy-astr.gsu.edu/hbase/biology/enercyc.html)

5.3.3.2 Chemical Energy

Life is based on redox chemical reactions, in which atoms change their state of
oxidation. Oxidation describes the loss of electrons by a molecule, atom or ion.
Reduction describes the gain of electrons by a molecule, atom or ion.®

In the oxidation process, the organic material is broken down to obtain energy.
The oxidant removes electrons from another substance and is thus reduced by itself.
And because it ‘accepts’ electrons it is also called an electron acceptor.

Reduction : Oxidant + Electrons —> Product.

6 Several mnemonics are used to remember the concepts, for example, ‘LEO the lion says GER’ —
Losing Electrons is Oxidation, Gaining Electrons is Reduction.
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Some of the typical redox reactions used by terrestrial organisms to produce
energy (the first ones known as methanogenesis) are

H, + 2Fe(Ill) —> 2H + +2Fe™3 (1.6€V, 148.6kJ /mol)

and, typical in hydrothermal vents and endolithic life, is the reaction
S + 6Fet? + 4H,0 —> HSO4 + 6Fet? + 7THT.

During the process of reduction, new organic elements (chemoautotrophs and
chemoheterotrophs) are created. The reductant transfers electrons to another sub-
stance and is thus oxidized by itself. And because it ‘donates’ electrons it is also
called an electron donor.

Oxidation : Reductants —> Product + Electrons.

A net input of reducing power is also required for life, since the compounds
on which life is based are on average relatively reduced. In the case of autotrophs,
electrons are needed to reduce the CO,. In the case of heterotrophs, the need for
electrons is smaller since some building blocks are taken directly.

If the source of electrons is an organic compound, we speak of an organotroph,
and if it is an inorganic compound then we speak of a lithotroph. Phototrophs can
use a variety of compounds as electron donors in photosynthesis (H,O, H>S, Fet2
and H,).

In chemotrophs, the nature of the electron acceptor in the energy generating re-
action is also a source of metabolic diversity. The most versatile oxidant is oxygen
(O3), but it is not the only one. Alternative oxidants are nitrate, ferric iron, man-
ganese, arsenate, sulfate and CO,. For chemoorganotrophs the oxidation of organic
matter is called respiration, where aerobic respiration uses O, as electron acceptor
and anaerobic respirations use other alternatives. If the terminal electron acceptor is
an organic molecule, the process is called fermentation.

Organic matter respiration is driven by the following general reaction. Some par-
ticular examples are given in Table 5.4.

Reduced Organic Matter 4+ Oxidant —> CO, + Reduced Oxidant.

The transition from anaerobic to aerobic respiration needs a long period of time
and the creation of an oxygen atmosphere. Biological processes were mainly re-
sponsible, but the contribution of some abiotic processes to build present-Earth
atmosphere cannot be disregarded.

All terrestrial cells use energy in nearly the same way. They use the same
molecule, called ATP (adenosine triphosphate), to store and release energy. Once
ATP is produced, it can be used to provide energy for any cellular reaction. Each
time a cell draws energy from a molecule of ATP, it leaves a closely related
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Table 5.4 Aerobic and anaerobic modes of organic matter respiration

Mode of organic Reduced Energy
matter respiration Oxidant oxidant (kJ mol™")
Aerobic oxidation O, H,O 3,190
Manganese reduction MnO, Mn2t 3,090
Nitrate reduction HNO; N, 3,030
Iron reduction Fe, 03 Fet? 1,410
FeOOH Fet? 1,330
Sulphate reduction S0~ S5 380
Methanogenesis CO, CHy4 350

by-product, called ADP (adenosine diphosphate), which can be easily turned back
into ATP. The fact that all life uses the same molecule (ATP) for energy storage
suggests evidence of a common origin. However, there are no reasons why extrater-
restrial organisms should not select other biomolecules for this process.

Table 5.7 summarizes the potential hosts for life on the solar system.

5.4 Biosignatures on Present Earth

A biosignature is an indicator of life or a fingerprint left by life in the environment.
Many biosignatures are local, such as fossils, chemical compounds or the remnants
of living organisms in geological materials. But other features produced by life can
be found at planetary scale in the terrestrial atmosphere or surface (Table 5.5).

In this section, some in-the-field biosignatures are mentioned, but we focus on
the latter case, on life fingerprints in the globally integrated reflected and emitted
electromagnetic spectrum of Earth. This is so because, in the search for other Earth-
like planets, only global biosignatures that do not require in situ measurements can
be detected and studied remotely using powerful enough instrumentation. See Botta
et al. (2008) and Selsis et al. (2008) for a summary of present techniques for life
detection.

These global-scale biosignatures in our planet are either the atmospheric by-
product of metabolism, ground-based biological pigments or a combination of
features (or absence of features) that coexist due only to the existence of life. The
most interesting cases are described in the following sections.

5.4.1 Spectral Biosignatures in the Atmosphere

As we show in Chap. 3, there are enormous differences between the atmospheric
spectrum of Earth, Venus and Mars, even though the three of them are rocky plan-
ets with comparable masses (Fig.5.4). We can use this empirical fact to develop
techniques to find life signatures in the spectra of terrestrial exoplanets.
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Table 5.5 Life plausibility categories

Category Definition Examples
I Demonstrable presence of liquid water, Earth
readily available energy and organic compounds
II Evidence for the past or present existence Mars, Europa

of liquid water, availability of energy
and inference of organic compounds
III Physically extreme conditions, but with evidence Venus, Titan, Triton, Enceladus
of energy sources and complex chemistry on Earth
possibly suitable for life forms unknown on Earth
v Persistence of life very different from on Mercury, Jupiter
Earth conceivable in isolated habitats or
reasonable inference of past conditions
suitable for the origin of life prior to the
development of conditions so harsh as to make
its perseverance at present unlikely but conceivable
in isolated habitats
v Conditions so unfavourable for Sun, Moon
life by any reasonable definition
that its origin or persistence cannot
be rated a realistic probability

Adapted from Schulze-Makuch and Irwin (2004)

5.4.1.1 Atmospheric Carbon dioxide, Water Vapour
and Ozone: The Triple Fingerprint

Oxygen is a very reactive gas, and its presence in a planetary atmosphere usually in-
dicates a continuous generation via geological or biological effects. On Earth, large
amounts of atmospheric molecular oxygen are generated by oxygenic photosynthe-
sis, followed by burial of organic carbon in marine sediments (Cloud 1972 ; Walker
1977; Holland 1978, 1984, 2002).

However, O, can also be generated non-biologically in several ways
(Kasting 1997; Schindler and Kasting 2000). One of the major sources is the
photo-dissociation of water vapour in the stratosphere, which produces hydrogen
escape to space and the oxidation of the atmosphere. This situation would occur in
a runaway-greenhouse planet with a high average surface temperature, like an early
Venus.

High atmospheric oxygen concentrations can also be caused by the inhibition of
oxygen sinks. This second case would occur, for instance, in a Mars-like planet,
where oxygen does not react with reduced minerals (endothermic reactions) due to
the low temperature and there is no volcanic outgassing of H,, which could reduce
the oxygen amount (Kasting et al. 1997).

The above two cases occur just in the limiting region where liquid water is
impossible on the planetary surface. However, Kasting (1997) shows that the detec-
tion of large amounts of atmospheric oxygen in an Earth-like planet whose surface
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Fig. 5.4 Upper panel (a) the blackbody curve for the solar effective temperature (left) and for
the Earth effective temperature (right). Note how the maximum emission for the Sun is at about
0.6 wm, while for the Earth is at 15 um. Lower panels show the most important molecular absorp-
tion bands in the terrestrial atmosphere at the ground level (b) and at 11 km (c)

temperature is adequate to harbour liquid water is a strong indicator of continuous
production through biological activity (photosynthesis). Such a planet would show
the signs of water vapour in its atmosphere, besides oxygen and ozone.

O, has several absorption bands, and the most important ones located in
the optical spectral range are o (578.8-583.4nm), B (687.5nm) and A (745.0-
785.0nm). Because of the magnitude of the stellar flux in the optical region, the
detection of oxygen in an exoplanet atmosphere is not simple, unless the star is
eclipsed. Ozone is a photolytic product formed in the stratosphere by the ultraviolet
rays (see Chap. 4).

Their analysis shows that the O3 column density is not a linear tracer of the
atmospheric O, content, although its massive detection in a planetary atmosphere
would indicate a certain content of atmospheric O,. If the planet is detected within
the circumstellar habitable zone of a star (see following sections), this could also be
a strong indication of biological activity. One additional difficulty in detecting the
ozone feature in the mid-infrared is the presence of other absorption bands, such as
NH; and PHj3, in the region between 9 and 11 pm.
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Segura et al. (2007) showed that even if CO;, and O, may have abiotic sources,
their simultaneous detection in a planet with abundant liquid water provides a
biosignature. This is considered as the fundamental biosignature for the detection
of exobiospheres similar to Earth’s and is known as the triple fingerprint (CO,, O,
and H,0), as first proposed by Selsis et al. (2002).

However, we must stress that oxygen (ozone) was not always present along the
history of a really habitable planet such as the Earth (see Chap.4). Jones (2008)
summarizes the possibilities for life in absence of oxygen.

Plenty of O, but too little stellar UV to form Os.

Efficient removal of Os3.

Anoxygenic photosynthesis

A planet too young for oxygen photosynthesis to feature in the spectrum of the
planetary atmosphere.

e A biosphere beneath the planet’s surface.

5.4.1.2 Other Atmospheric Biosignatures

The detection of O, or O3 is definitely a better biomarker when associated with a
reducing atmospheric component, due to the departure from the thermodynamical
disequilibrium that such a situation would imply and following the ideas explained
in Sect. 5.1.

Some important reducing biogenic trace gases in the Earth’s atmosphere are ni-
trous oxide (N, O), methane (CHy4), H,, CO, CH3Cl and freons. They are considered
to be excellent biosignatures, although the detection of their spectral bands requires
high spectral resolution. They are created in biogenic processes as follows:

1. N,O is primarily generated by denitrification of agricultural soils by microorgan-
isms (Stein and Yung 2003).

2. CHy4 is produced by methanogenic bacteria that live in anaerobic environments,
such as intestines of ruminants and flooded soils in rice paddies (Segura et al.
2005). However, it also has an abiotic source: it emanates from mid-ocean
ridge vents (Kelley et al. 2001), although its biological sources outweigh abiotic
sources by a factor of 300 (Kasting and Catling 2003). More recently, Kelley
et al. (2005) have measured an increase in the abiotic methane concentration in
the atmosphere by a factor of 10.

These two gases, N,O and CHy4, however, are mainly confined to the tropo-
sphere, their abundances decline rapidly above 12—15km (Kasting 1997), and
their detection for an Earth-like planet is extremely difficult, in particular in a
planet with abundant high clouds.

3. H, is produced under certain conditions by unicellular green algae during illu-
mination (Gaffron 1939 and Gaffron and Rubin; 1942). H, production has been
found to be very common throughout the procaryotic and eucaryotic kingdoms
and it can be generated biologically through different pathways. The most com-
mon ones are the photolysis of water and the fermentation of small molecules
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Table 5.6 Biotic and abiotic sources of some atmospheric molecules

Molecule Biotic Abiotic
N,O Denitrification agricultural soils
Microorganisms
CH4 Methanogenic bacteria Mid-ocean ridge vents
H, Unicellular green algae Photolysis by UV
Photolysis H,O
Fermentation
CH;Cl Tropical planets Ocean Biomass burning

Fungii rotten woods

into H, and CO,. However, the photolysis by UV light of different atmospheric
components to produce H is also produced abiotically (Sleep and Bird 2008).

4. Methyl chloride (CH3Cl) is the most abundant halocarbon in the atmosphere. Its
main biological sources on Earth are some common tropical plants, certain types
of ferns and Dipterocarpaceae that have been shown to contribute significantly
to its abundance in the global atmosphere (Yokouchi et al. 2002), and fungal
activity in rotten woods (Harper 1985). But CH3Cl also has two important abiotic
sources: the ocean (Singh and Kanakidou 1993) and biomass burning (Lobert
et al. 1991).

We should remark that the absence of atmospheric or even surface biosignatures
is not a proof that the planet is abiotic. A particular metabolism or biological pig-
ment might just not be detectable through remote sensing in that planet (Table 5.6).

5.4.2 Chlorophyll and Other Spectral Biosignatures
of the Planetary Surface: The Red Edge

Photosynthesis is closely linked to several light-harvesting molecules, chlorophyll-a
(Chl-a) being the dominant one on Earth. Chl-a behaves like an antenna, helping
plants to collect solar energy. In the process of photosynthesis, light-harvesting
chlorophyll-protein carries out a selective collection of photons, with high absorp-
tion in the blue and red and lower absorption in the green, which gives its colour to
plants (Papageorgiou and Govindjee 2005).

The idea of detecting chlorophyll in other planets is not new. Liais (1865) already
speculated that dark albedo regions in Mars were due to vegetation and not due to
water. In the science fiction novel The War of the Worlds (1898), H.G. Wells (1866—
1946) already speculated about the idea of a different kind of chlorophyll on Mars
(Fig.5.13). Arcichovsky (1912) suggested looking for chlorophyll in the Earthshine
spectrum. G.A. Tikhov (1875-1960) in his book Astrobotany (1949) presented the
results of several expeditions to take spectra of vegetation under extreme conditions’
(Briot et al. 2004; Omarov and Tashenov 2005).

7 He also observed Mars using the 30-inch refractor at Pulkovo Observatory.
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Besides its reflectance in the green, the chlorophyll spectrum also shows strong
reflectance in the near-infrared. This feature, known as red edge, is remarkable,
since it is four times brighter than the green reflectivity in the visible spectral re-
gion (Clark 1999) — this means that if we were able to see in the near infrared we
would not see vegetation green, but in that new infrared colour — and it is detectable
through remote sensing, as shown in Fig. 5.5. Remote sensing data have been used to
study the vegetation condition and seasonal vegetation dynamics (Reed and Bradley
2006) in order to predict the impact of climate change on ecosystems. These results
shows that all healthy vegetation is chemically similar and exhibit green and in-
frared reflectance enhancement, and also that there is a positive correlation between
temperature and chlorophyll content (Almond et al. 2007).

In cellular thermodynamics, the red-edge feature plays the role of releasing en-
ergy from the leaf interior, preventing it from overheating. It is caused by the
refraction between leaf mesophyll cell walls and air spaces within the leaf, as shown
in Fig. 5.6.

The red edge has been used to describe the variation in leaf and canopy chloro-
phyll concentration, because it is sensitive to plant health conditions, species and
incident sunlight. The leaves substantially reduce their absorbance of incident ra-
diation during the hot periods of the year by changing their moisture and hence
dissolved salt contents. At these times, the light intensity required for saturation of
photosynthesis is low and a reduction in the radiation absorbed by the leaves there-
fore results in a greater water-use efficiency (Mooney et al. 1977).

REFLECTANCE

0_0..”]....1...i....l....:..

0.5 1.0 1.5 2.0 2.5
WAVELENGTH (um)

Fig. 5.5 Reflectance spectra of photosynthetic (green) vegetation, non-photosynthetic (dry) veg-
etation and soil. The green vegetation has absorptions short of 1 wm due to chlorophyll. Those at
wavelengths greater than 0.9 wum are dominated by liquid water. The dry vegetation shows absorp-
tions dominated by cellulose, and also lignin and nitrogen. These absorptions must also be present
in the green vegetation, but can be detected only weakly in the presence of stronger water bands.
The soil spectrum shows a weak signature at 2.2 jum due to montmorillonite. Adpated from Clark
(1999) Fig. 1-18. Copyright: John Wiley Sons
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Fig. 5.6 Plant leaves are the primary photosynthesizing organs affecting planetary biogeochemi-
cal cycles. Leaf structure is closely associated with its photosynthetic function. They must permit
carbon dioxide access to the photosynthetic cells but impede water from diffusing out. The oxygen
that is a waste product of photosynthesis must be allowed to escape from the leaf. It is well estab-
lished that the reflectance and transmission spectra of leaves is a function of both the concentration
of light absorbing compounds (chlorophyll, water, dry matter, etc.) and the internal scattering of
light that is not absorbed or absorbed less efficiently. Courtesy: Ron Neumeyer

On Earth, vegetation may extend over large areas of the planetary surface,
allowing the direct detection of its pigments spectral signal from space. For this
reason the red edge is used by satellites to identify vegetated areas, and from that,
quantify the vegetative cover on the Earth’s surface. The concept of leaf area in-
dex (LAI), the ratio of total upper leaf surface of vegetation divided by the surface
area of the land on which the vegetation grows,® is frequently used to determine
chlorophyll contents from satellite images (Fig.5.7).

Another interesting concept is the relationship between the red and near-infrared
(NIR) reflected energy to the amount of vegetation present on the ground (Colwell
1974). The amount of red and NIR radiation reflected from a plant canopy and
reaching the space varies with solar irradiance, atmospheric conditions and canopy
background, structure and composition. One cannot use a simple measure of re-
flected energy to quantify plant biophysical parameters to monitor vegetation on a
global scale.

8 LAT is a dimensionless value, typically ranging from 0 for bare ground to 6 for a dense forest.
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Fig. 5.7 The MODIS on the Terra and Aqua satellites collects global leaf area index (LAI) data
on a daily basis. This map, created from Terra data, shows the LAI for the month of April 2008,
expressed in terms of square metres of leaf area per square metre of ground area

Several vegetation indexes have been defined as the arithmetic combination of
molecular bands related to spectral characteristics of plants, in order to classify them
through remote sensing (phonologic monitoring). The most commonly used is the
normalized difference vegetation index (NDVI), given by the following expression,
which cancels out a large portion of noise due to its ratio property:

Rnir — RreD

NDVI = ,
Rnir + Rrep

where Rrgp and Ryr stand for the spectral reflectance measurements acquired in
the red (0.54-0.68 wm) and near-infrared (0.7-1.1 wm) regions. These reflectances
are themselves ratios of that reflected over the incoming radiation in each spectral
band individually, here they vary between 0 and 1 (Carlson and Ripley 1997).

Figure 5.8 gives another view of the global photosynthesis, where the NDVI
measured on land and the oceanic chlorophyll production’ are combined.

Two additional concepts are also used by satellite monitoring, the photosyn-
thetically active radiation incident on a plant canopy (PAR) and the fraction of
photosynthetically active radiation absorbed by a plant canopy (FPAR). The lat-

° The concentration of microscopic marine plants, called phytoplankton, can be derived from satel-
lite observation and quantification of ocean colour. This is due to the fact that the colour in most
of the world’s oceans in the visible light region (wavelengths of 400-700 nm) varies with the
concentration of chlorophyll and other plant pigments present in the water, that is the more the
phytoplankton present, the greater the concentration of plant pigments and the greener the water.
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Fig. 5.8 This composite image gives an indication of the magnitude and distribution of global
primary production, both oceanic (mgm™ chlorophyll a) and terrestrial (NDVI). Provided by the
SeaWiFS Project, NASA/Goddard Space Flight Center and ORBIMAGE. Data corresponding to
the period September 1997-August 1998

ter excludes the fraction of incident PAR reflected from the canopy and the fraction
absorbed by the soil surface, but includes the portion of PAR which is reflected by
the soil and absorbed by the canopy on the way back to space.

While the remote sensing detection of atmospheric components will give an
indirect indication of the presence of biological material, the detection of surface
signals, like the red edge, will give a direct confirmation of the existence not only of
exobiological organisms, but of an advanced degree of complexity and evolution.

Apart from satellite monitoring data, detection of the red-edge signal on Earth
was reported by Sagan et al. (1993) from spectroscopic observations of the Galileo
mission when pointing toward our planet in 1990, covering a relatively small,
cloud-free green surface area (Fig. 5.9). The Mars Express and Venus Express mis-
sions took similar data in July 2003 and October 2008, respectively (Grinspoon
et al. 2008).

The red edge has also been studied through the earthshine technique in the vis-
ible range (Arnold et al. 2002; Woolf et al. 2002; Montafés-Rodriguez et al. 2005;
Seager et al. 2005; Hamdani et al. 2006; Montafiés-Rodriguez et al. 2006). Several
important implications have been attained from these studies, in relation to the use
of the red edge signal as a biomarker in exoplanets.

First, variability in the slope of the red edge has been detected and measured,
showing values that oscillate between 0 and 11%. This variation can partially be
attributed to seasonal or geographical differences between the observations. But, al-
though this signal is a reliable chlorophyll indicator for spatially resolved areas, in
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Fig. 5.9 Representative spectrophotmetric data taken by the Galileo single-launch Jupiter orbiter
during its close approach to Earth in December 1990. The spectra correspond to three areas of land
surface centred over 72°W, 34°S at 20-30 km resolution. A gently sloping spectrum (circles, Area
A) is consistent with any of the several types of rock or soil. An intermediate spectrum (squares,
Area B) shows some evidence of an absorption band near 0.67 um. Substantial areas on the surface
have an unusual spectrum (diamonds, Area C) with a strong absorption in the red band and a steed
band edge just beyond 0.7 pwm. This spectrum is inconsistent with all likely rock and soil types and
is plausibly associated with photosynthetic pigments. From Sagan et al. 1993, Fig. 3. Reprinted by
permission from Macmillan Publishers Ltd. Nature Vol. 365, p. 715. Copyright (1993)

the case of globally integrated planetary observations it remains, in general, an am-
biguous biomarker, because other surface and atmospheric compounds have spectral
features that contribute to enhance or to reduce the vegetation index.

Clouds, and low clouds in particular, have demonstrated to contribute with a
positive slope to the red-edge index (Tinetti et al. 2006a, b). The typical cloud cover
for Earth is about 60%, thus vegetation is significantly obscured by clouds in our
planet. The sand of the Sahara desert, an area usually uncovered by clouds, also
shows a positive slope (Arnold 2008). Furthermore, there are minerals that show
enhancements in their reflectance spectra that are spectrally coincidental with the
red edge (Seager et al. 2005). Other relatively darker surface components, such as
oceans, non-vegetated land areas and snow or ice, cause a decline in the red-edge
intensity (Tinetti et al. 2006a).

Considering this ambiguity, the measured change in reflectance in the red edge
spectral region could be attributed only to vegetation after carefully analyzing the
real distribution of land, oceans and real cloud cover from satellite data during
earthshine observations (Montafiés-Rodriguez et al. 2006). However, despite the
discouraging results, the models indicate that an unambiguous detection on an
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extrasolar planet could occur at certain times of its orbit (Montaiés-Rodriguez et al.
2006). As the planet orbits around its star and rotates, the vegetation signal should
become more dominant at certain geometrical configurations: when the planet is in
the desired phase range, typically only about 10% of the planet’s sunlit surface is
visible to the observer, which means that the planet’s signal will be faintest com-
pared to its parent star.

Figure 5.10a compares the solar spectral flux (at the top and bottom of the at-
mosphere) with the absorption spectra of different photosynthetic pigments (See
Kiang (2007a) for further details and for data sources). The chlorophyll’s red edge
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Fig. 5.10 (a) Solar spectral photon flux densities at the top of Earth’s atmosphere (fop blue line)
and at the Earth’s surface (dark red line), and estimated absorbtion spectra of photosynthetic pig-
ments of plants and algae (brightly colored lines below). Green lines show the two different kinds of
chlorophyll common in plants. In addition, measurements from buoys at Hawaii (NOAA) are plot-
ted to show how varying atmospheric transparency can affect the incident light spectrum. (b) Solar
spectral photon flux densities at the top of the Earth’s atmosphere, at the Earth’s surface, at 5cm
deep in pure water, at 10 cm deep in water with an arbitrary concentration of brown algae, and
algae and bacteria pigment absorbance spectra. (See Kiang (2007a) for further details and for data
sources). The publisher for this copyrighted material is Mary Ann Liebert, Inc. publishers
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detected on Earth is associated only with vegetation. The chlorophyll signal is also
detected in marine phytoplankton, especially in tropical areas.'” However, the phy-
toplankton’s signal could hardly be detected through remote sensing in the global
Earth spectrum. These single-cell aquatic plants can only use the solar radiation that
reach the first 10 cm of the water column,'! but this column is more than enough to
obscure the signal of the red edge (Fig. 5.10b).

Although chlorophyll-a is the pigment most commonly used by surface terrestrial
photosynthetic life, it is not the only one. Light-harvesting pigments are categorized
into three groups: the chlorophylls, the carotenoids'? and the phycobilioproteins '*
(Fig.5.11). The latter two are not as commonly used on Earth but they could be
dominant on other Earth-like planets, depending on the spectrum of light of the
parent star. They not only have different colours, but they also absorb at different
wavelengths.

Halobacteria use for photosynthesis a light-sensitive molecule called retinal that
absorbs green light and reflects back red and violet light,'* the combination of which

Chiorophyll @  (green)
——— Chlorophyll b (green)

B Carotene  (yellow)
= Phycoerythrin (red)
~— Phycocyanin (blue)

e |ntensity of the sun's
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Fig. 5.11 Absorption spectrum of several plant pigments: the chlorophylls, the carotenoids and
the phycobilioproteins (Phycoerythrin and Phycocyanin)

10 Through photosynthesis, phytoplankton are responsible for much of the oxygen present in the
Earth’s atmosphere — half of the total amount produced by all plant life.

"'Water is highly transmitting in the visible and highly transmitting in the near infrared.

12 Because of their absorption region, carotenoids appear red and yellow and provide most of the
red and yellow colours present in fruits and flowers.

13 Accessory pigments to chlorophyll, present in cyanobacteria and red algae.

14 This pigment is similar to sensory rhodopsin, the pigment that humans and other animals use for
vision.
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Fig. 5.12 The retinal pigment absorbs light of a wavelength that human perceive as green, but
reflects light at the red and, to a lesser extent, the violet ends of the spectrum, a pattern that yields
a purple appearance (purple line). By contrast, photosynthetic chlorophyll pigments absorb in-
digo and red and reflect green (green line). This mirror image relation suggest that chlorophyll
evolved to exploit parts of the spectrum left used by the purple pigment. The carotenoid pigments
(orange line) shield haloarchaea from high-energy violet and UV light waves but reflect lower-
energy orangish-red colors. The absorbance spectra have been scaled for comparison. Adapted
from DasSarma (2007), Fig. 4. Reproduced by permission of American Scientist

appear purple (Fig.5.12). Primitive microbes that used retinal to harness the sun’s
energy might have dominated early Earth tinting with a purple colour the first bio-
logical hotspots (Sparks et al. 2006; DasSarma 2007).

Chlorophylls are the pigments of the cellular reaction centre. Chl-a is the one pre-
dominantly used, but oxygenic photosynthesis is also preformed in the near infrared
by cyanobacteria that live in environments with little visible light. Their dominant
light-harvesting pigment is Chl-d, which has its major peak absorbance at ~720 nm.

Kiang et al. (2007b) showed how spectral characteristics of photosynthesis could
be different from what we know for Earth when one looks at the terrestrial planets
orbiting around F, K and M stars. Figure 5.13 represents how possible vegetation
in an exoplanet orbiting a star different from the Sun could harvest and reflect dif-
ferent wavelengths other than chlorophyll. Pigments in Earth-sized planets orbiting
stars somewhat brighter than the Sun could absorb blue (450 nm) and reflect yel-
low, orange, red, or a combination of these colours. For stars cooler than the Sun
(M spectral type), evolution might favor photosynthetic pigments to pick up the full
range of visible and infrared light. With little light reflected, plants might look blank
to human eyes (see also Kiang 2008).

It has also been argued that the red edge spectral position could be shifted for
other Earth-like planets with a different parent star (Tinetti et al. 2006a, b; Kiang
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Fig. 5.13 This is an illustration of what plants may look like on different planets. Credit: Caltech
illustration by Doug Cummings

et al. 2007a, b). However, it should essentially be located in a spectral region with-
out major absorption bands to carry out its function of regulating the cellular heat
exchanged. This would make it more easily detectable through remote sensing.

5.4.3 Chirality and Polarization as Biosignatures

The term chiral (handedness) of a molecule can be described as follows: if one
takes the geometrical structure of a molecule, creates its image on a mirror and then
try to match the two structures by means of translations and/or rotations, there are
only two possible outcomes, either they are identical, in which case the molecule is
achiral, or they are not identical, then the molecule is chiral.

Many biologically active molecules are chiral, including amino acids and sug-
ars, and most of these compounds must be homochiral to function (Thiemann et al.
2001). Chiral molecules produce a typical response when they interact with solar
light (which is not polarized): they induce circular polarization of light, which, fol-
lowing a classical description, can be interpreted as an electromagnetic wave that
oscillates in only one plane of space. This plane rotates to the left or the right around
the direction of propagation of the light. The induction of left or right handed circu-
lar polarization by a certain compound is called circular dichroism and is illustrated
in Fig.5.14.
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Fig. 5.14 Circular dichroism Right and Left Hand
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Living systems on Earth use only L-amino acids (left-handed circular polarized
light) in proteins and D-sugars (right-handed circular polarized light) in nucleic
acids (Gleiser et al. 2008). An existing preferred direction of circular polarization on
the incident radiation may have led to the selection of a dominant direction (L-amino
acids) (Meierhenrich et al. 2005; Barron 2007).

The search for chirality by means of identifying circular polarization through
remote sensing has been proposed as a biomarker (Thaler et al. 2006). But it has
to be used with care because the identification of circular polarization in itself is
not an unambiguous indication of the existence of chiral molecules since it can be
induced in several other natural ways, for instance there are minerals that induce
polarization. In fact, the highest known circular polarization in the solar system has
been found in Mercury (Kemp et al. 1971) and has been attributed to surface crystals
and minerals.

Interestingly, our own senses are able to recognize chirality. For example, our
taste buds sense the two chiral forms of a compound as different (Goraieb et al.
2007).

5.5 Biosignatures on Early-Earth

In Chap. 2, we described the evolutionary steps of life on Earth. Most of the time,
our planet was inhabited only by unicellular organisms, which were able to interact
with, and transform, their environments. Only recently did multicellular life appear.

The spectra shown in the previous sections is not a permanent property of our
planet. Life has a strong influence on the Earth’s atmosphere, and consequently
early eras will have different life footprints in the atmosphere. In the early Archean
period, for instance, methanogens were already producing CHy4, and could have gen-
erated a detectable methane-rich atmosphere (Schindler and Kasting 2000). Studies
of ancient sediments demonstrate that O, was present in only trace amounts before
2.5 Ga (Kaufman et al. 2007; Farquhar et al. 2004)

With the advent of cyanobacteria and the subsequent rise in O, concentration
(Battistuzzi et al. 2004; Bern and Goldberg 2005), even larger changes in atmo-
spheric composition took place. Sleep and Bird (2008) recently published a review
on the evolution of ecology during this rise of O, in the Earth’s atmosphere.

Kaltenegger et al. (2007) characterized the evolution of the Earth’s atmosphere
and surface in order to model the observable spectra of an Earth-like planet through
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Fig. 5.15 Visible and near-infrared spectra of an Earth-like planet at six geological epochs.
The spectral features change considerably as the planet evolves from a CO,-rich (epoch 0) to a
CO,/CHy4-rich atmosphere (epoch 3) to a present-day atmosphere (epoch 5). The black lines show
spectral resolution of 70. Adapted from Kaltenegger et al. (2007), Fig. 9. Reproduced by permis-
sion of the American Astronomical Society

its geological history. Kaltenegger et al. (2007) chose six epochs that exhibit a wide
range in atmospheric abundances, ranging from a CO,-rich early atmosphere 4 Ga
ago, to a CO,/CHy-rich atmosphere around 2 Ga ago, to a present-day atmosphere
(see Chap. 2 for a review of the Earth’s evolution).

In the visible range (Fig. 5.15), the most pronounced historical changes were the
deepening of the atmospheric water vapour bands and the appearance of O, and
O3 spectroscopic signatures. On the other hand, the signature of methane became
increasingly small. In the infrared range (Fig.5.16), O, also appeared in epoch 3
and onwards, and the signature of CO, and H,O became easier to identify. As in
the visible range, the CHy4 signatures disappeared with time. Surface features, as the
red chlorophyll edge, became relevant only for the present Earth, at 0.44 Ga ago,
with the appearance of land plants (Kaltenegger et al. 2007).
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Fig. 5.16 Thermal-infrared spectra of an Earth-like planet at six geological epochs. The spectral
features change considerably as the planet evolves from a CO,-rich (epoch 0) to a CO,/CHy-
rich atmosphere (epoch 3) to a present-day atmosphere (epoch 5). The black lines show spectral
resolution of 20. Adapted from Kaltenegger et al. (2007), Fig. 10. Reproduced by permission of
the American Astronomical Society

5.6 Life in the Universe

After studying life on our planet, it is appropriate to establish criteria for finding life
elsewhere and to select suitable targets. Let us start with the study of habitability
conditions, keeping in mind that the criteria could depend on the complexity of the
living being that is considered.

5.6.1 Circumstellar Habitable Zone

The circumstellar habitable zone is related to the presence of liquid water as a nec-
essary condition for the origin and the evolution of life as we know it. W. Whewell
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(1794-1866) in his 1853 Of the plurality of worlds'> remarked in clear reference to
water: ‘[Earth] is situated just in that region of the System, where the existence of
matter, both in a solid, a fluid, and a gaseous condition, is possible’. A.R. Wallace
(1823=1913) in his 1903 book Man’s Place in the Universe'® established the condi-
tions for the existence of life on Earth: (1) a regular heat supply, resulting in a limited
range of temperatures, (2) a sufficient amount of solar light and heat, (3) water in
great abundance and (4) alterations of day and night.

The works of Huang (1960), Dole (1970) and Hart (1979) established the modern
concept of a habitable zone around a star. For recent reviews on this topic see Kast-
ing and Catling (2003), Gaidos et al. (2005), Vazquez (2005) and Kasting et al.
(2008).

A planet is considered to be within the habitable zone around a star if there is
sufficient temperature and pressure in its atmosphere to sustain stable liquid water
at the planetary surface. As seen in Chap. 2, the temperature would depend on the
luminosity of the parent star, Lg, and on the star—planet distance, d, with the amount
of greenhouse gases, g, and the planetary albedo, a, as additional factors character-
izing this region. In short, the surface temperature of the planet, T , is expressed as

4 Fs(l—a) _ Ls(l—a)
T 40(l—g) 4dod2(1-—-g)

In Fig. 5.17 a simple sketch of the habitable zone around different spectral types
is shown, taking into account only the distance to the star.
We can now briefly analyse the different factors influencing habitability.

5.6.1.1 Stellar Constraints

The luminosity of a star is related with its effective temperature, T, s, according the
expression

Ls = 47R3Fs = 47R3 0TS,
where Fg and Rg are the observed radiation flux and the radius of the star,
respectively.

The stellar spectra is the best way to determine the stellar temperature and pro-
ceed to a classification. The standard Morgan—Keenan system has seven categories,
each of which is associated with a temperature (Morgan and Keenan 1973 and
Table 5.7). By analogy with the heating of solid objects which change color from
a dull red to blue-white as they increase in temperature, the spectral type is telling
us about the temperature of the star (just as with colour indexes but with more de-
tail). Note that the hotter stars are sometimes termed ‘early-type’ and the cooler

15 Reedited in 2001 by University of Chicago Press with new introductory material by M. Ruse.

16 Published in volume 55 of The Independent (New York) and simultaneously in Fortnightly Re-
view (London). It was reprinted in 2008 by BiblioLife.
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Fig. 5.17 A depiction of the habitable zone around three different stars. Depending on the stellar
type, habitable planets will be at different distances from the parent star, so that the planet’s surface
temperature is capable of sustaining liquid water. The range of orbits around each star that allows
liquid water is known as the habitable zone. Credit: ESA

Table 5.7 The MK spectral classification scheme

Spectral type ~ Temp [K] Colour Dominant absorption lines

(6] >20,000 Hottest blue stars ITonized helium, strong ultraviolet

B 20-10,000 Hot blue stars Neutral helium dominates (Hel)

A 10-7,000 Blue/blue—white stars ~ Neutral hydrogen (H) dominates

F 7-6,000 ‘White stars Call, neutral H weaker, other metals

G 6-5,000 Yellow stars Call , neutral metals (e.g. iron—Fel)

K 5,000-3,500  Orange-red stars Neutral metals, molecular bands appear
M 3,500-2,000  Coolest red stars Molecular bands, neutral metals

ones ‘late-type’. From hottest to coolest, these categories are O, B, A, F, G, K and
M. These categories are each divided into ten numbered subclasses from O to 9.
Representative spectra for spectral types O5 through M5 are shown in Fig. 5.18.

In Fig. 5.18 we can see the relationship between stellar type and the elements that
create each type of spectrum. A dominant characteristic of spectral class A stars is
the presence of strong hydrogen lines, but ionized helium lines are present only in
the class O stars. Since helium ionizes only at high temperatures, this tells us that
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Fig. 5.18 A compilation of actual spectra from stars of different spectral types. Each spectrum is
shifted vertically by an arbitrary amount to separate it from its neighbours (data from Pickles 1998)

class O stars must have very high surface temperatures. On the other hand, spectral
lines associated with molecules are found only for spectral classes K and M. This is
because these correspond to low surface temperatures, and molecules can only hold
together in stars with relatively low surface temperatures.

The brightness of the star is a way to determine empirically its luminosity. His-
torically this was expressed by the concept of apparent magnitude.!” The difference
of magnitude between two stars is given by

F
m; —mp = —2.5log Sl

S,2

Absolute magnitude is the apparent magnitude an object would have if it were at
a standard luminosity distance (10 parsecs) away from the observer, in the absence
of astronomical extinction. It allows the true brightnesses of objects to be compared
without regard to distance. Bolometric magnitude, My, is luminosity expressed in

17 The brighter the object appears, the lower the value of its magnitude. In 1856, N. Pogson (1829
1891) formalized the system by defining a typical first magnitude star as a star that is 100 times
as bright as a typical sixth magnitude star. Pogson’s scale was originally fixed by assigning Polaris
a magnitude of 2. Astronomers later discovered that Polaris is slightly variable, and so they first
switched to Vega as the standard reference star, and then switched to using tabulated zero points
for the measured fluxes.
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magnitude units; it takes into account energy radiated at all wavelengths, whether
observed or not:

Ls — 10704 Mbol—Mbol,sun)

LSun

In 1911, Ejnar Hertzprung (1873—-1967) plotted the first diagram of the rela-
tive magnitudes of stars in a cluster vs. their spectral types. Two years later Henry
Russell (1877-1957), working independently, produced a plot of the absolute mag-
nitude of nearby stars with well-determined distances against their spectral types.
The resulting diagram has come to be known as the Hertzprung—Russell or HR
diagram. It is one of the most useful diagrams in astronomy and is fundamental to
our understanding of stars (see Fig. 5.19 for an example).

The main points to note from Fig. 5.19 are that 90% of stars lie on a narrow di-
agonal band running from top left (bright and hot) to bottom right (faint and cool).
This is called the main sequence. The Sun lies approximately in the middle of the

SUPERGIANTS .

—_
c
=]
w
4]
=
=
o
2
©
[+1]
-
o
o
E
o
)
2
>
=
7]
o
o
E
3
|

AB Doradus C ~

Surface Temperature (in degrees)

Fig. 5.19 In the Hertzprung—Russell diagram, the temperatures of stars are plotted against lumi-
nosities. The position of a star in the diagram provides information about its present stage and its
mass. Stars that burn hydrogen into helium lie on the diagonal branch, the so-called main sequence.
Red dwarfs like AB Doradus C lie in the cool and faint corner. When a star exhausts all the hydro-
gen, it leaves the main sequence and becomes a red giant or a supergiant, depending on its mass.
Stars with the mass of the Sun which have burnt all their fuel evolve finally into a white dwarf (left
low corner). Credit: European Southern Observatory (ESO)
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main sequence. Giants and supergiants are much more luminous for a given temper-
ature, lying above the main sequence and generally at the cooler end (the right) of
the HR diagram. Far below the main sequence are the faint white dwarf stars. This
diagram is explained in terms of stellar evolution, based on the energy consumption
in the stellar core.

The main sequence is the most stable phase where the energy is obtained by
burning hydrogen into helium. The time of permanence in this phase, Tys, is related
with the mass of the star, Mg, (Scalo and Miller 1979)

log Tyms = 9.87 — 3.79log Mg + 1.07(log Ms)?.

For main sequence stars the luminosity of a star is related with its mass through
a simple power law ratio of the type

Ls ox M3.

The relationship between the radius, Rg, and the mass of a main sequence star is
given approximately'® by
Rs o« MO8,

In summary, habitable planets are expected around stars in the main sequence.
Massive stars are less numerous in the Universe and stay too short to allow life in
orbiting planets to develop. Low-mass stars are more numerous and live long, but
they present some problems that we describe in some detail below. In the middle we
have ‘solar-like’ stars, neither ‘too hot’ nor ‘too cold’ and living just long enough.
This spectral range likely accounts for about 5—10% of stars in our galaxy. Superfi-
cial liquid water may exist on planets orbiting these spectral types at a distance that
does not induce tidal lock (see Sect. 5.6 and Chap. 2 for the adequate formulation).

5.6.1.2 M Stars and Tidal Locking

Red M dwarfs make up between 70 and 90% of all the stars in the Galaxy and
have long main sequence lifetimes, significantly larger than the age of the Universe.
However, astronomers for many years ruled out red dwarfs as potential abodes for
life, because of their small size (from 0.1 — 0.6M) implicating that their nuclear
reactions proceed exceptionally slowly, and thus they emit very little light, from 3%
produced by the Sun to as little as 0.01%. Any planet in orbit around a red dwarf
would have to huddle very close to its parent star to attain Earth-like surface temper-
atures; from 0.3 AU (just inside the orbit of Mercury) for a star like Lacaille 8760 to
as little as 0.032 AU (such a world would have a year lasting just 6.3 days) for a star
like Proxima Centauri. At those distances, the star’s gravity would cause tidal lock.
The daylight side of the planet would eternally face the star, while the nighttime

18 Empirically determined in well-detached binary systems.
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side would eternally face away from it. The only way potential life could avoid ei-
ther an inferno or an utter deep freeze would be if the planet had an atmosphere
thick enough to transfer the star’s heat from the day side to the night side. But it was
long assumed that such a thick atmosphere would prevent sunlight from reaching
the surface in the first place, preventing photosynthesis.

Studies have shown that a planet’s atmosphere need only be 15% thicker than
Earth’s for the star’s heat to be effectively carried to the night side (Joshi et al. 1997).
This is well within the levels required for photosynthesis, though water would still
remain frozen on the dark side in some of the models. Heath et al. (1999) have
shown that seawater too could be effectively circulated without freezing solid if the
ocean basins were deep enough to allow free flow beneath the night side’s ice cap.
So, a planet with deep enough sea basins and a thick enough atmosphere could, at
least potentially, harbor life in a red dwarf system.

Mere size is not the only factor in making red dwarfs potentially unsuitable for
life, however. On a red dwarf planet, photosynthesis on the night side would be im-
possible, since it would never see the Sun. On the day side, because the Sun does
not rise or set, areas in the shadows of mountains would remain so forever, mak-
ing photosynthesis difficult. Photosynthesis as we understand it would be further
complicated by the fact that a red dwarf produces most of its radiation in the in-
frared, and on our planet the process depends on visible light. Raven and Cockell
(2006) have studied the efficiency of photosynthesis for different sources of light
and absorption by the water in the planetary oceans (Raven 2007).

Tides may also place important constraints on planetary habitability. Barnes et al.
(2010) have defined a ‘tidal habitable zone’ (THZ) for a range of stellar and plan-
etary masses, which complements the classical habitable zone bases based on the
existence of liquid water on the planetary surface. The tidal heating must be sub-
stantial enough to contribute, together with other internal energy sources, to the
start of plate tectonics, but not so large as to cause lo-like volcanism.

Further, while the odds of finding a planet in the habitable zone around any spe-
cific red dwarf are slim, the total amount of habitable zone around all red dwarfs
combined is equal to the total amount around Sun-like stars. For summary papers
on this topic see Tarter et al. (2007) and Scalo et al. (2007).

5.6.1.3 Planetary Constraints

The limits of the circumstellar habitable zone are also conditioned by the properties
of the planet.

The inner boundary of the continuously habitable zone for an Earth-like planet is
determined by the conditions that inevitably lead to a runaway greenhouse effect in
the early stages of planet history. This would occur when the planet is too close to the
star and too much water enters the atmosphere. A moist greenhouse effect was also
proposed by Kasting et al. (1993). In that scenario, water gets into the stratosphere,
where it is dissociated by solar UV radiation, and the resulting H atoms at the top
of the atmosphere are lost to space.
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The outer boundary of the habitable zone is defined by the conditions that lead
to runaway glaciation after an oxidizing atmosphere develops. This would happen
when the planet is too far from the star and too much water freezes, leading to
runway glaciations, or with the condensation of CO, clouds, which would limit the
potential amount of greenhouse warming.

Kasting et al. (1993) calculated the inner and outer boundaries at 0.95 and
1.37 AU, respectively. Most recently, Franck et al. (2001) found these limits to be
between 0.95 and 1.2 AU. Their habitable zone is defined by surface temperature
boundaries of 0°C and 100 °C, but they restricted the CO, partial pressure to above
10-5 bar to ensure that conditions are suitable for biological productivity via pho-
tosynthesis. According to their model, the extinction of life for an Earth-like planet
around a star between 0.6 and 1.1 Mg is caused by planetary geodynamics, at the
age of 6.5 Ga.

5.6.1.4 The Continuously Habitable Zone

On the basis of the terrestrial experience, we assume that a long time must elapse
before multicellular life appears. This means that the planet must remain habitable
for a long time, at least a few Gigayears. It is defined a continuously habitable zone
(CHZ) as the region in which a planet could remain habitable for a long period of
time, suitable for the development of multicellular life.

Several time-varying factors determine the possibility of keeping the habitabil-
ity conditions (liquid water on the planetary surface). They were summarized in
Fig.2.22, and in short are a balance between the increase of stellar luminosity and
the changes in the concentration of greenhouse gases in the atmosphere.

The Potsdam group have developed a geodynamical model to estimate the time
of a planet in the CHZ (Franck et al. 2000; Bounama et al. 2007). For planets around
massive stars (M > 2 Mg), the main limitation is given by the star. For those planets
around less massive stars, the limit is given by the duration of tectonic activity on the
planet, Ttp, depending on the planetary mass through the expression (Fogg 1992)

Trp = 5.1(Mp/Mg)° "' Ga.

5.6.2 Additional Constraints for Habitability

5.6.2.1 Short-term Stellar Variability

Changes in luminosity are common to all stars but the amplitude of such fluctuations
covers a broad range. Most stars are relatively stable, but a significant minority
of variable stars often experience sudden and intense increases in luminosity and,
consequently, the amount of energy radiated toward bodies in orbit. These are con-
sidered poor candidates for hosting life-bearing planets as their unpredictability
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and energy output changes would impact negatively on organisms. Living things
adapted to a particular temperature range would likely be unable to stand too great
a deviation.

These changes in stellar brightness are driven by variations of the different types
of energy available at the star. Short-term changes in main sequence solar-like stars
are associated to the magnetic activity driven by a dynamo process in the stellar
convection zone. However, the measured changes across a cycle of solar activity, 11
years, on the sun are benign, roughly 0.1%. There is strong (though not undisputed)
evidence that larger changes in solar flux (~0.25%) have had significant effects on
the Earth’s climate well within the historical era; the Little Ice Age in the 1600s,
for instance, might have been caused by a relatively long-term decline in the Sun’s
irradiance (Eddy 1976). However, for M stars these changes are stronger and their
effects on life could not be negligible.

5.6.2.2 Ultraviolet and Ionizing Radiation

Tonizing radiation' has the potential to produce direct lethal effects on living or-
ganisms (Sinha and Hider 2002; Fernandez-Capetillo 2005). Ultraviolet radiation
is also especially damaging for DNA and moreover can produce important photo-
chemistry reactions in a planetary atmosphere.

Table 5.8 summarizes the main sources of UV and ionizing radiation on Earth
and on other exoplanets (see also Vazquez and Hanslmeier 2005).

Main sequence stars emit enough high frequency ultraviolet radiation to initi-
ate important atmospheric dynamics such as ozone formation (Kasting et al. 1997).
Segura et al. (2003) have studied the UV environment of Earth-like planets orbiting
F, G and K stars, finding that high O, planets orbiting K2V and F2V stars are better
protected from surface UV radiation than is modern Earth. Buccino et al. 2006 stud-
ied the limits of an ultraviolet habitable zone considering the mentioned damaging
effects and also those essential for several biogenesis processes.

Table 5.8 Sources of UV and ionizing radiation on Earth and other
potential exoplanets

Source Radiation Time scale
Stellar photosphere Ultraviolet Ga

Stellar flares Ultraviolet, X-rays Days
Coronal mass ejections Stellar wind Days
Planet radioactivity y rays Ga
Radiation belts High-energy particles

Artificial sources (Earth)

Supernova explosions Cosmic rays Months

y ray bursts Cosmic rays Hours

191t consists of subatomic particles or photons that have enough energy to detach electrons from
atoms and molecules such as DNA.
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The first effect to be considered is related with the photochemistry of the plane-
tary atmosphere. Ionizing energy bursts would continually strip the planets of their
protective covering. For example, the Venus atmospheric oxygen escape during
the passage of several coronal mass ejections from the Sun is well documented
(Luhmann et al. 2008).

Grenfell et al. (2007) have shown that high levels of cosmic rays could affect the
strength of biomarkers such as ozone or methane when comparing planets orbiting
M stars with our Earth.

Scalo and Wheeler (2002) suggested that the stochastic ionizing radiation could
be an accelerating factor in the evolution of life through direct mutational en-
hancement or sterilization. In fact, primitive bacteria that evolved in a strong UV
environment (see Chaps. 2 and 4) have probably developed a survival procedure.

For high-energy photons or particles, the greatest mutational lesions are those
leading to lethality, but the situation is different for UV mutagenesis. The mutation
doubling dose for microorganisms due to UV radiation may be smaller than the
lethal dose. Flares in the youngest M stars could provide stochastic bursts of ionizing
radiation to accelerate life evolution in nearby planets (Smith et al. 2004).

Other constraints are given by the stability of the planetary orbit, explained in
some detail in Chap. 8.

5.6.3 Galactic Habitable Zone

The concept of the galactic habitable zone (GHZ) is not precisely defined. Basically,
it is the region in the Milky Way with the necessary conditions to form Earth-like
planets and with a sufficiently calm environment, over several Ga, to allow the de-
velopment of multicellular life, which took about 4 Ga for Earth.

The Milky Way is a common spiral disk galaxy, although the largest one in its
vicinity. Its structure is represented in Fig.5.20 (see also Fig. 1.30). It is formed
by the nuclear bulge and the Galactic Centre, the disk and the halo. The halo is a
spherical distribution that contains the oldest stars in the galaxy, known as Extreme

Halo
/ Bulge
NGP Thick disk
Thin disk
Extreme

Plane of _ R ESK
Fig. 5.20 Schematic rotation
(edge-on) view of the major
components of the Milky Way {—' .
Galaxy’s overall structure. Sun 7.8 kpe Galactic center

Adapted from Buser (2000) SGP
Fig. 1. Reprinted with
permission of the AAAS
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Population II stars. The globular clusters seen in the halo of the galaxy are the
residues of the primordial star clusters existing when the galaxy was formed. These
clusters are metal poor (by ‘metal’ is meant all elements heavier than helium). The
elements up to Fe on the periodic table are produced during the nuclear reactions in
the stellar core or during the collapse of this core and resulting supernova explosion.
Therefore, the only existing material when Population II stars formed was basically
hydrogen and helium. The Population I stars formed in the galactic disk from a ma-
terial that already contained heavy elements from the first generation of supernovae.
They are younger and have higher metallicity than the Population II stars.

The development and the successful evolution of complex life depends on
the temporal and the spatial location within the galaxy. Sterilizing radiation and
certain exterminator events are associated to some galactic regions. Nearby tran-
sient sources of ionizing radiation, for instance, including supernovas and gamma
ray bursts, as well as comet impacts are threats to complex life. These events tend
to increase close to the galactic centre.

Furthermore, an adequate abundance of heavy elements is a determining factor
for the formation of terrestrial planets. With too little metallicity, Earth—-mass planets
are unable to form; with too much metallicity, the planetary system develops giant
planets orbiting close to the parent star (Santos et al. 2003; Laws et al. 2003), which
would destroy any Earth-mass planets.

Considering these facts, the GHZ is defined by Gonzalez et al. (2001) as an an-
nular region lying in the plane of the galactic disk. The inner (closest to the galactic
centre) limit is set by the supernova frequency and the outer limit is imposed by the
galactic chemical evolution, in particular, the abundance of heavier elements.

Lineweaver et al. (2004) modelled the evolution of the galaxy and situated a
GHZ between the crowded inner bulge and the barren outer Galaxy. This is shown
in Fig.5.21, which represents the evolution of the annular region with time. The
green area contains the stars that can harbor life at the present time. This GHZ
emerged about 8 Ga ago (inner white contour in Fig. 5.21) and expanded with time
as metallicity spread outward in the Galaxy and the supernovae rate decreased. By
comparing the age distribution on the right of Fig. 5.21 to the origin of the Sun, they
found that ~75% of the stars that may harbour complex life in the Galaxy are older
than the Sun and that their average age is ~1 Ga older than the Sun.

Recently, Blair et al. (2008) have measured formaldehyde (H,CO) in molecular
clouds in different regions of the galaxy, constraining the inner boundary of the
galactic habitable zone.

5.7 Signatures of Technological Civilizations

The emergence of intelligence in our planet was an important feature of its history,
although our perspective could be strongly biased. With this in mind, we try to estab-
lish the fingerprints that such intelligence could leave in the surface and atmosphere,
which could possibly be observed remotely.
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Fig. 5.21 The GHZ in the disk of the Milky Way based on the star formation rate, metallicity
(blue), sufficient time for evolution (grey) and freedom from life-extinguishing supernova explo-
sions (red). The white contours encompass 68% (inner) and 95% (outer) of the origins of stars,
with the highest potential to be harbouring complex life today. The green line on the right is the
age distribution of complex life (Lineweaver et al. 2004). Reprinted with permission from the
AAAS

Our civilization is characterized by the growing production and the use of energy.
According to the principles of thermodynamics, this inevitably leads to emission of
residuals in some form. Some of these leakages could be observable from space.

5.7.1 Night Lights

Light pollution is light created by humans. About 30-60% of energy consumed in
such lighting is unnecessary, and is sent to space. Figure 5.22 perfectly illustrates
the uneven distribution of this emission of light to outer space.

The first world atlas of artificial night sky brightness (Fig. 5.22) from observa-
tions taken at sea level was published by Cinzano et al. (2001). This can be compared
with a well know composite of hundreds of images taken by the orbiting DMSP?
satellites (Fig. 5.23). About two-thirds of the world population and 99% of the pop-
ulation in the United States (excluding Alaska and Hawaii) and European Union

20 Defense Meteorological Satellites Program. A program of the US Air Forces active since the
1970s.
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Fig. 5.22 Artificial night sky brightness at sea level. The map has been computed for the photo-
metric astronomical V band at the zenith. Colours correspond to ratios between the artificial and
natural sky brightness (<0.01 black, 0.01-0.11 dark-gray; 0.11-0.33 blue and 9-27 red). Adapted
from Fig. 1 of Cinzano et al. (2001). Reproduced by permission of Blackwell-Wiley

Fig. 5.23 Earth at night. Data courtesy Marc Imhoff of NASA GSFC and Christopher Elvidge
of NOAA NGDC. Image by Craig Mayhew and Robert Simmon, NASA GSFC. Available from
http://visibleearth.nasa.gov

live in areas where the night sky is above the threshold set for polluted status. As-
suming average eye functionality, about one-fifth of the world population, more
than two-thirds of the United States population and more than one half of the Eu-
ropean Union population have already lost naked eye visibility of the Milky Way.
Additionally, about one-tenth of the world population, more than 40% of the United
States population and one sixth of the European Union population no longer view
the heavens with the eye adapted to night vision, because of the sky brightness.
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5.7.2 Spectral Features

Laws of sky protection put strict limits on the type of lights that can be used for out-
door lighting, concerning their power and orientation with respect to the ground.
These limits imply that, after local midnight, most of the high-pressure sodium
(HPS) and mercury lights must be extinguished, as well as all the discharge-tube
illumination.

Pedani (2004, 2005) shows sky spectra in one of the ENO (European Northern
Observatory) observatories, where the level of light pollution is limited by law?!
(Fig. 5.24). The most damaging lights are those that emit ultraviolet light, as light at
these wavelengths is the most strongly dispersed in the atmosphere and has no value
in terms of illumination.
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Fig. 5.24 The night-sky spectra at Roque de los Muchachos Observatory (ORM) from obser-
vations at the TNG. The Group 1 (4h total exposure) is the average of eight spectra and best
represents the average observing conditions at ORM. The Group 2 spectrum was taken towards
the NW, the least light-polluted zone at ORM. The Group 3 spectrum was taken towards the most
light-polluted region of sky at ORM, before midnight. The presence of thin clouds could explain
the abnormally high fluxes of the light polluting lines. Adapted from Pedani et al. (2005) Fig. 1

21 The TAC Sky Quality Protection Unit ensures adherence to the law.



5.7 Signatures of Technological Civilizations 239

Industrial activities produce some gases that are exclusively of anthropogenic
origin. The Moderate Resolution Imaging Spectroradiometer (MODIS) aboard the
Terra and Aqua satellites allows the monitoring of pollution from space.

5.7.3 Artificial Radioemission

Non-thermal electromagnetic radiation is mainly generated by humans in the
telecommunications industry. At specific radio frequencies the Earth is now brighter
than the Sun.

At radio wavelength, the signals of the ballistic missile early warnings systems
(BMEWS), the Arecibo radiotelescope and TV and FM transmitters>”> dominate the
electromagnetic spectra of the Earth and are larger than the natural emissions from
the Earth or the Sun (Sullivan et al. 1978; Billingham and Tarter 1992). The band-
widths are narrow and so the power per unit bandwidth is large.?* Figure 5.25 shows
the Earth radio spectrum with the technologies available in the 1980s compared to
the main natural sources of the solar system (Sun, magnetospheres and radiation
belts).

The electron density of the ionosphere, N, determines the plasma frequency
f, ~ 1-5MHz. Radio emissions from the sunlit Earth should be detectable only at
f > fp (at night f, should be lower). During the passage of the Galileo Spacecraft
close to the Earth, Sagan et al. (1993) studied the radio spectrum of our planet. They
detected narrow-band emissions near the range 4-5 MHz, which were identified as
ground-based transmitters. The signals were observed only on the nightside, where
f, is sufficiently low to allow the radiowaves to escape through the ionosphere.

Traditionally, radio is considered the best range of the electromagnetic spectrum
to search for and detect ‘artificial’ signatures emitted by an intelligent civilization.
That might be an anthropogenic prejudice due to the fact that humans have chosen
this specific technology for telecommunication processes, but there are certain ad-
vantages to the use of radio waves for interstellar communications, if such are ever
to occur. For example, there is almost nothing in outer space able to block or absorb
radio frequencies, and it is easy to pinpoint the origin of such waves with accuracy.
It is also quite easy to encrypt information within.

Rotational modulation of the radio emission of Earth would inform a distant
observer about the spatial distribution of the emitters and additionally about the
distribution of the continents (Fig. 5.26). The radar of the US Naval Space Surveil-
lance has a detectability range of leaking terrestrial signals to 60 light-years for an
Arecibo-type antenna (Sullivan et al. 1978; Sullivan 1981) .

22 The TV signal is not due to the modulation that produces the picture but to the very narrow
bandwidth carrier (less than 1 Hz), which is the backbone of the signal.

23TV services are increasingly being delivered by other means such as cable that do not leak radio
waves into the space.
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Billingham and Tarter (1992) estimated the maximum distance, R, at which radar
signals could be detected

EIRP

47[¢min |



5.7 Signatures of Technological Civilizations 241

80 T T T I 1 T T T 1 T T
BARNARD'S STAR
| | 8=+455, a=17"02, d =59 light years =
. o
5 i 7 - u & 7 % uj
> | 2 g @ = * 2 z
>60 & & - = = el
x = o] 2 @ <
< Z o\ -3 o
& a — 8 3] o
g2 [ S 2 = = s .
« o w @ @ &
! Z < E w *
ors =] g I
s =
2 e i ”
(] o =
a [ E w
> g =y
3 % =
@ 20 < ]
L2\ E
<L v
5 35
= T T
| : | 1
0 4 8 12 16 20 24

GREENWICH SIDEREAL TIME

Fig. 5.26 Calculated flux density (summed over all frequencies) of TV radiation that would be
measured over a sidereal day by an observer located in the direction of Barnard’s star. The origin of
the various peaks is indicated: ‘rise’ and ‘set’ refer, respectively, to the appearance at the western
limb of a particular region on the rotating Earth (N.A., North America; W.E., Western Europe).
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where ¢,,;, is the sensitivity of the detector (in watts per square metre), and EIRP
(Equivalent Isotropically Radiated Power) is the product of the transmitted power
and directive antenna gain.

5.7.4 Nuclear Explosions

Atmospheric nuclear explosions produce a unique signature: a short and intense
flash lasting around 1ms, followed by a much more prolonged and less intense
emission of light lasting from a fraction of a second to several seconds.

Nuclear explosions in the atmosphere left radioactive contamination that can be
identified. Chlorine-36 is produced in large amounts in such events. This isotope
is produced naturally in the stratosphere when atoms are bombarded by cosmic
rays, high-energy particles that streak through space from beyond our solar sys-
tem. This so-called cosmogenic production of chlorine-36 has varied over time due
to fluctuations in the strength of Earth’s magnetic field. The worldwide concentra-
tion of chlorine-36 substantially increased during atmospheric nuclear weapon tests
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conducted in the Pacific between 1952 and 1962?* (Elmore et al. 1982; Green et
al. 2004; Delmas et al. 2004). Sr-90 is also created during nuclear explosions or in
nuclear reactors in the process of fission of heavy nuclei, such as uranium-235 and
plutonium-239.

On 9 July 1962, the US exploded a thermonuclear bomb at 400 km of altitude,
called Starfish-Prime, above Johnston Island in the Pacific Ocean. As a consequence,
an artificial aurora was produced lasting 7 min (Fig.5.27) and the radiation belts
were amplified. The subsequent ionization of the upper atmosphere also gave rise to
an intense pulse of radioemission (McDiarmid et al. 1963; Dyal 2006). In the end,
the Test Ban Treaty of 1963 prohibited nuclear explosions in the atmosphere, outer
space and under water.

Elliot (1973) analyzed the X-ray emissions of the terrestrial nuclear explosions
carried out in the early 1960s. He estimated the distance at which the Starfish test
could be detected in X-rays from space. Assuming an energy of the explosion equiv-
alent to 1.4 megatons and an isotropic propagation, he found a distance of 400 AU,
about ten times the radius of Pluto’s orbit.

Fig. 5.27 The Starfish artificial aurora as seen from a KC-135 surveillance aircraft (July 9, 1962)

24 Chlorine-36 is also potentially useful as a tracer to study movement of contaminants around
large nuclear reactor complexes and near repositories for radioactive waste.
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5.7.5 Extraterrestrial Pulses

A technological civilization could produce light pulses that last nanoseconds
(Howard et al. 2004). The current technology on the Earth could generate a di-
rected laser pulse that would outshine the broadband visible light of the Sun by
four orders of magnitude. Ross (2000) describes a strategy for detecting such an
extraterrestrial signal.

Shkhlovoski and Sagan (1966) suggested that alien civilizations could add short-
lived isotopes to the atmospheres of their stars, to be detected by the presence of the
corresponding absorption lines.
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Chapter 6
Detecting Extrasolar Earth-like Planets

6.1 First Attempts to Discover Exoplanets

The first documented search for extrasolar planets was undertaken by the Dutch
astronomer Peter van de Kamp (1901-1995) in the mid-twentieth century. He re-
ported the discovery of an extrasolar planet around Barnard’s Star (Van de Kamp
1963, 1971, 1975). This dim star, named after its discoverer, noted astronomer
Edward E. Barnard (1857-1923), is the second closest to Sol after Alpha Centauri
3 and has the largest proper motion of all known stars (10.3 arcsec per year). It is
located about 6 ly away in the northernmost part of the Constellation Ophiuchus, the
Serpent Holder.

Van de Kamp (1982) studied photographic plates charting the proper motion of
Barnard’s Star and found a slight wobble in the star’s path. He concluded that the
wobble was caused by a planet of around 1.6 times the mass of Jupiter (Mj) in an ec-
centric orbit. Over the next couple of decades, Van de Kamp refined his calculations
so that, by 1982, he asserted that there were, in fact, two planets in circular orbits
around Barnard’s Star with masses of 0.7 and 0.5 that of Jupiter. However, further
studies attempting to verify Van de Kamp’s work found only that there was either no
wobble at all or a wobble caused by discrepancies in the methods used to produce
the photographic plates (Gatewood and Eichhorn 1973). More recent observations
with the Hubble Space Telescope have also failed to yield supporting evidence for
a large Jupiter or brown dwarf-sized object around Barnard’s star (Benedict et al.
1999), and high-precision radial velocity measurements (Kurster et al. 2003) set
even more stringent upper mass limits on any large planets in orbit around this small
star. Peter Van de Kamp died in 1995 still convinced of his findings.

In the late 1980s and 1990s, G.A. Walker and co-authors carried out the first
attempts to discover exoplanets by using radial velocity measurements. They tried
to detect the exoplanets’ Doppler shifts by using laboratory lines as a reference
(Campbell et al. 1988; Walker et al. 1992; Walker et al. 1995). Their results were
negative, but it was probably due to their small sampling size and the fact that they
did not consider variation at time scales smaller than 40 days.
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It is not clear when the first of the known exoplanets was detected. In 1989,
Latham et al. (1989) reported spectroscopic evidence for a probable brown dwarf
companion to the solar-type star HD114762. This star presents periodic variations in
radial velocity, which were attributed to the presence of an unseen companion. There
are, however, some concerns about whether this companion is an exoplanet or it is,
in fact, a brown dwarf. In spite of the fact that its minimum mass (Msin(i) = 11My)
is smaller than the 13Mj limit for brown dwarfs, there are indications that its incli-
nation is low (i much less than 90°; Hale 1995), so that its mass is finally likely to
be above 13M; (Mazeh et al. 1996).

The first widely accepted discovery of an extrasolar planet was made by
Wolszczan and Frail (1992). A terrestrial-sized object and an even smaller planet
orbiting a pulsar star were detected by measuring the periodic variation in the pulse
arrival time. Despite the close resemblance in terms of mass to the rocky planets in
our own solar system, these are exotic objects, which are difficult to catalogue. A
pulsar is a neutron star, the remnant of a massive star that exploded as a supernova.
In the supernova event, any planetary system that the star might have possessed was
necessarily destroyed, and any planetary objects orbiting the pulsar were probably
formed afterwards (Lin et al. 1991). The formation mechanism of such late planets
are presently unresolved, but some authors consider the detection of pulsar planets
as encouraging in the sense that it might indicate that planet formation is probably
a common rather than a rare phenomena.

There is not much doubt, however, that the discovery of an exoplanet around the
star 51 Pegasi marked a milestone in exoplanet studies. 51 Peg b (Mayor and Queloz
1995) was the first exoplanet discovered around a main sequence star (a G5V star
with a mass of 1.06 Myy,). The star has an apparent magnitude of 5.49, which makes
it easily observable from Earth, with binoculars or even with the naked eye under
very clear conditions. The planet has a mass similar to that of Jupiter and with an
orbit closer to the parent star than Mercury is to the Sun. This discovery immediately
challenged all the preconceptions scientists were harbouring about extrasolar plan-
ets as well as planetary formation theories. 51 Pegb was the first of a new class of
exoplanets, known as ‘Hot Jupiters’, because of their large mass and proximity to
the star.

The discovery of exoplanets was not entirely accepted by the scientific commu-
nity without reticences (Gray 1997). However, the planetary nature of these new
class of objects was soon confirmed by Charbonneau et al. (2000). They reported
the discovery of a transit (a dimming in the star’s brightness due to a planet passing
in front) in the photometric light curve of the star HD 209458, which was previously
known to have a planetary companion from radial velocity measurements. From the
measurements, they concluded that the star’s companion was indeed a gas giant with
a radius of 1.27 R;. Today, hundreds of exoplanets are being discovered and cata-
logued (Fig. 6.1), and the number continues to grow at an increasingly fast speed.
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Fig. 6.1 Number of confirmed extrasolar planets discovered against time. Also marked are the
years in which an extrasolar planet was found for the first time using different techniques. Data for
the plot was obtained from the Extrasolar Planets Encyclopaedia (http://exoplanet.eu)

6.2 The Mass Limit: From Brown Dwarfs to Giant Planets

There have been numerous theoretical and observational studies dedicated to under-
standing the existence and nature of objects in the mass range between a star and a
planet (Fig. 6.2). More than 40 years ago, Kumar (1963) and Hayashi and Nakano
(1963) proposed that, under a certain mass limit, the thermonuclear fusion of the
lighter hydrogen isotope would not occur, and degeneracy pressure would compen-
sate the gravitational collapse and maintain the hydrostatic equilibrium. These kinds
of objects were baptized by Tarter (1976) with the name of brown dwarfs.! Brown
dwarfs, like extrasolar giant planets, whose masses are not sufficient to maintain
stable deuterium combustion, are substellar objects. Recently, infrared observations
with the Spitzer space telescope (Fig. 6.3) have allowed the direct imaging of two
brown dwarfs orbiting stars (Luhman et al. 2007).

The first brown dwarfs (Rebolo et al. 1995; Nakajima et al. 1995) were discov-
ered in the same year as the first extrasolar planet was discovered by radial velocity
searches (Mayor and Queloz 1995). Teide 1 (Rebolo et al. 1995), a 55 M; and 110-
Ma-old brown dwarf in the Pleiades, was the first to be discovered. The presence
of Lithium in its spectrum is a strong indicator that these objects are not low-mass
stars (Magazzu et al. 1993; Rebolo et al. 1996). Nowadays, more than 500 substel-
lar objects are known to be brown dwarf candidates. The fact that brown dwarfs are
self-luminous and that they are not, in general, gravitationally tied to a more lumi-
nous star has increased their chances of detection as compared to extrasolar planets.
Giant planets are also self-luminous, but the origin of their light is not nuclear fu-
sion. But where is the limit between a planet and a star?

! Originally these objects were called black dwarfs (Jameson et al. 1983).
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Fig. 6.2 A comparative drawing illustrating the relative sizes of the Sun, a low-mass M star, a
brown dwarf, Jupiter and the Earth. Credit: Gemini Observatory, Artwork by J. Lomberg

Fig. 6.3 Two T brown dwarfs orbiting the stars HD 3651 (leff) and HN Peg (right). Credit: NASA/
JPL-Caltech/K. Luhman (Penn State University) and B. Patten (Harvard-Smithsonian)

The boundary between brown dwarfs and stars is defined by the hydrogen burn-
ing mass limit. For solar metallicity, the upper mass limit of substellar objects is
theoretically established at 0.072 Mg (or about 75 Mj). For objects less massive
than this limit, the internal temperature and pressure are not sufficiently intense to
maintain nuclear processes converting hydrogen into helium (Chabrier and Baraffe
1997 and 2000).
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The lower limit of the brown dwarf domain, however, is not so well-established
and is subject to dispute. Several terms have been used to name planetary mass
objects gravitationally isolated from any star that are observed in stellar clusters:
free-floating planets, isolated planetary-mass objects (IPMOs), planemos, cluster
planets or sub-brown dwarfs (Lucas and Roche 2000; Zapatero-Osorio et al. 2000;
Boss 2001; Basri 2003). On the other hand, planetary mass objects detected with
radial velocity, transits or microlensing, are named extrasolar giant planets. But it is
not clear if these are two separate kinds of objects, different in their formation and
evolution, or if these are different names for the same thing. From mass determina-
tions, there is a clear overlap between brown dwarfs and exoplanets.

Some authors would like to define brown dwarf and IPMOs boundaries based on
their different formation mechanism. This way brown dwarfs would be formed in
a pseudo-stellar manner, through the fragmentation and collapse of cool molecular
clouds, while exoplanets would form in stellar disks.

In practice, however, these criteria are difficult to implement, because we are still
far from a deep understanding of the formation mechanisms of substellar objects,
both planets and brown dwarfs (Pickett et al. 2000). Too many questions remain
unanswered. For example, we do not know what is the minimum mass for the for-
mation of very low mass objects in isolation, which would represent the bottom end
of the Initial Mass Function (IMF). Photometric and spectroscopic searches suggest
that the IMF extends further below the deuterium burning mass threshold at around
13 M;j. This is usually referred to as the ‘planetary-mass’ domain.

The least massive objects (Fig. 6.4) identified so far in young stellar clusters of
Orion have masses around 3-8 Mj (Zapatero-Osorio et al. 2000; Lucas and Roche
2000). These objects are less massive than the minimum Jeans mass of 7-10 M
and thus prompts us to refine the collapse-and-fragmentation models and/or to re-
think possible formation mechanisms for such low-mass objects (see the review by
Whitworth et al. (2007). Recently, several formation scenarios have been suggested,
which include tidal interactions and ejection of low-mass objects from multiple sys-
tems before brown dwarfs and planetary-mass objects can accrete enough gas to
become stars (Reipurth and Clarke 2001).

Other models suggest that brown dwarfs are formed in the same way as more
massive hydrogen burning stars, that is, by the process of supersonic turbulent frag-
mentation (Padoan and Norlund 2005). In fact, some of the objects of the o Orionis
and similar stellar clusters are found to possess debris disks (see Fig. 6.5), which
further supports the point that their formation mechanism might not be so different
from low mass stars (Barrado y Navascués et al. 2001; Zapatero-Osorio et al. 2007).
In fact, it is not a negligible possibility that some of these isolated planetary-mass
objects might possess planets on their own.

A different criteria to classify substellar objects is through nuclear physics. The
frontier between brown dwarfs and exoplanets is then limited by the minimum mass
necessary for an auto-gravitating body to maintain the deuterium fusion reactions
in its interior. For solar metallicity, the limiting mass is established at 13 My (4,100
MEg) (Saumon et al. 1996; Chabrier and Baraffe 2000).
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SOri 70

Fig. 6.4 An image of the o Ori region. Associated to this cluster, Zapatero-Osorio et al. (2002)
discovered a free-floating methane dwarf, SOri70, which is likely the least massive planetary-mass
body imaged to date outside the solar system. The multiple star, which is visible with the naked
eye, is at the centre. The small white box indicates the position of the planet candidate, which is
only 8.7 arcmin from the star and has a mass of about 3 Mj. The image was taken from the Digital
Sky Survey and has a size of 23 X 22 square arcmin. The image inset shows the infrared image
obtained using NICS at the Keck I telescope (Hawaii). Image credit: M. Zapatero-Osorio (IAC)

Substellar objects are not in thermodynamic equilibrium and are not capable of
stabilizing their temperature. Thus, as they evolve, they cool and shrink. In Fig. 6.6,
the evolution of the luminosity of very low mass stars, brown dwarfs and exoplanets
is shown (Burrows et al. 1997). Already at an age of a few thousand million years,
they become faint objects with extremely low luminosity and effective temperatures.
Thus, it is very likely that the vast majority of brown dwarfs and isolated exoplanets
in the solar neighbourhood remain undetected.

Because of their extremely low luminosity, the classical spectral series (O, B, A,
F, G, K, M) has been extended to include the spectral types L (with temperatures in
the range 1,300-2,000 K and metal hydrides and alkali metals in the spectra) and T
(with temperatures between 700 and 1,300 K and showing methane in the spectra)
(Martin et al. 1999; Kirkpatrick et al. 1999; Kirkpatrick 2005; Burgasser et al. 2002;
Geballe et al. 2002). The most massive brown dwarfs start their lives as late spectral
types M and later evolve to spectral types L and T. Young extrasolar planets exhibit
spectral types L during the first few million years of their evolution.
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Fig. 6.6 Evolution of the luminosity of solar-metallicity M dwarfs and substellar objects vs. time
after formation. The stars, brown dwarfs and planets are shown in blue, green and red, respectively.
In this figure, brown dwarfs are designated as those objects that burn deuterium, while those that
do not are designated as planets. The masses (in solar mass) label most of the curves, with the
lowest three corresponding to the mass of Saturn, half the mass of Jupiter, and the mass of Jupiter.
Adapted from Burrows et al. (1997). Reproduced by permission of the American Astronomical
Society
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Presently, there are dozens of planetary mass objects detected in isolation (Lucas
and Roche 2000; Caballero et al. 2007) or orbiting brown dwarfs (Chauvin et al.
2004). Although the differences in physical and chemical properties between these
objects and the giant planets tied to stars might be minimal, in the following sections
we focus on the detection methodologies for conventional extrasolar planets, that is
those planets orbiting around a star.

6.2.1 The Brown Dwarf Desert

According to the current formation models, vast numbers of brown dwarfs are
thought to drift, like vagabonds, across interstellar space (Padoan and Norlund
2005). Observational studies of the initial mass functions (IMF) also seem to in-
dicate a large number of expected brown dwarfs (Bouvier et al. 1998; Luhman et al.
2000; Bejar et al. 2001). However, according to radial velocity studies (Halbwachs
et al. 2000), very few of the closest Sun-like stars have brown dwarf companions
inside a radius of 5 AU. This under-population of brown dwarf companions has be-
come known as the brown dwarf desert. Around low-mass stars, however, Close
et al. (2002) found that there is likely no brown dwarf desert at wide separations.

If they are there, future space missions, such as Gaia, will be able to detect tens
of thousands of brown dwarfs, drifting through both space and in orbit around other
stars. These data will allow us to refine our theories and formation models.

6.3 The Detection of Earth-like Planets: A Complex Problem

The detection of extrasolar planets presents new challenges to modern astrophysics.
Planets are faint and are located very close to a bright object, the parent star. Thus,
their detection is extremely demanding.

6.3.1 Brightness Ratio

Perhaps the major challenge for the detection of exoplanets is their relatively low
brightness compared to that of their parent star. In the visible range, planets do not
shine but they do reflect some of the incident light. However, the starlight reflected
by the planet is literally lost amidst the light from the parent star.

A planet orbiting around a star emitting a flux F, acquires by reflection a bright-
ness given by F.. The ratio of both fluxes is given by

Fan _ a (Ry)°
Sy (B) (1),
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where a, is the planetary albedo, D is the distance between the planet and the star,
R, is the radius of the planet and ¢(t) is the orbital phase factor given by

¢(t) =1 — (sini) (sin (%m)) ,

where i is the inclination of the planetary orbit with respect to the 