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INTRODUCTION

THE PRIVILEGED PLANET

Discovery is seeing what everyone else saw and thinking what no one thought.

—Albert von Szent-Györgyi1

On Christmas Eve, 1968, the Apollo 8 astronauts—Frank Borman, James Lovell, and William Anders—became the first human beings to see the far side of the Moon.2 The moment was as historic as it was perilous: they had been wrested from Earth’s gravity and hurled into space by the massive, barely tested Saturn V rocket. Although one of their primary tasks was to take pictures of the Moon in search of future landing sites—the first lunar landing would take place just seven months later—many associate their mission with a different photograph, commonly known as Earthrise. (See Plate 1.)

Emerging from the Moon’s far side during their fourth orbit, the astronauts were suddenly transfixed by their vision of Earth, a delicate, gleaming swirl of blue and white, contrasting with the monochromatic, barren lunar horizon.3 Earth had never appeared so small to human eyes, yet was never more the center of attention.

To mark the event’s significance and its occurrence on Christmas Eve, the crew had decided, after much deliberation, to read the opening words of Genesis: “In the beginning, God created the heavens and the Earth. . . .” The reading, and the reverent silence that followed, went out over a live telecast to an estimated one billion viewers, the largest single audience in television history.

In his recent book about the Apollo 8 mission, Robert Zimmerman notes that the astronauts had not chosen the words as parochial religious expression but rather “to include the feelings and beliefs of as many people as possible.”4 Indeed, when the majority of Earth’s citizens look out at the wonders of nature or Apollo 8’s awe-inspiring Earthrise image, they see the majesty of a grand design. But a very different opinion holds that our Earthly existence is not only rather ordinary but in fact insignificant and purposeless. In his book Pale Blue Dot, the late astronomer Carl Sagan typifies this view while reflecting on another image of Earth (see Plate 2.), this one taken by Voyager 1 in 1990 from some four billion miles away:

            Because of the reflection of sunlight . . . Earth seems to be sitting in a beam of light, as if there were some special significance to this small world. But it’s just an accident of geometry and optics. . . . Our posturings, our imagined self-importance, the delusion that we have some privileged position in the Universe, are challenged by this point of pale light. Our planet is a lonely speck in the great enveloping cosmic dark. In our obscurity, in all this vastness, there is no hint that help will come from elsewhere to save us from ourselves.5

But perhaps this melancholy assumption, despite its heroic pretense, is mistaken. Perhaps the unprecedented scientific knowledge acquired in the last century, enabled by equally unprecedented technological achievements, should, when properly interpreted, contribute to a deeper appreciation of our place in the cosmos. In the following pages we hope to substantiate that possibility by means of a striking feature of the natural world, one as widely grounded in the evidence of nature as it is wide-ranging in its implications. Simply stated, the conditions allowing for intelligent life on Earth also make our planet strangely well suited for viewing and analyzing the universe.

The fact that our atmosphere is clear; that our moon is just the right size and distance from Earth, and that its gravity stabilizes Earth’s rotation; that our position in our galaxy is just so; that our sun is its precise mass and composition—all of these facts and many more not only are necessary for Earth’s habitability but also have been surprisingly crucial to the discovery and measurement of the universe by scientists. Mankind is unusually well positioned to decipher the cosmos. Were we merely lucky in this regard? Scrutinize the universe with the best tools of modern science and you’ll find that a place with the proper conditions for intelligent life will also afford its inhabitants an exceptionally clear view of the universe. Such so-called habitable zones are rare in the universe, and even these may be devoid of life. But if there is another civilization out there, it will also enjoy a clear vantage point for searching the cosmos, and maybe even for finding us.

To put it both more technically and more generally, “measurability” seems to correlate with “habitability.”6 Is this correlation simply a strange coincidence? And even if it has some explanation, is it significant? We think it is, not least because this evidence contradicts a popular idea called the Copernican Principle, or the Principle of Mediocrity. This principle is far more than the simple observation that the cosmos doesn’t literally revolve around Earth. For many, it is a metaphysical extension of that claim. According to this principle, modern science since Copernicus has persistently displaced human beings from the “center” of the cosmos, and demonstrated that life and the conditions required for it are unremarkable and certainly unintended. In short, it requires scientists to assume that our location, both physical and metaphysical, is unexceptional. And it usually expresses what philosophers call naturalism or materialism—the view that the material world is “all that is, or ever was, or ever will be,” as Carl Sagan famously put it.7

Following the Copernican Principle, most scientists have supposed that our Solar System is ordinary and that the emergence of life in some form somewhere other than Earth must be quite likely, given the vast size and great age of the universe. Accordingly, most have assumed that the universe is probably teeming with life. For example, in the early 1960s, astronomer Frank Drake proposed what later became known as the Drake Equation, in which he attempted to list the factors necessary for the existence of extraterrestrial civilizations that could use radio signals to communicate. Three of those factors were astronomical, two were biological, and two were social. They ranged from the rate of star formation to the likely age of civilizations prone to communicating with civilizations on other planets.8 Though highly speculative, the Drake Equation has helped focus the debate, and has become a part of every learned discussion about the possibility of extraterrestrial life. Ten years later, using the Drake Equation, Drake’s colleague Carl Sagan optimistically conjectured that our Milky Way galaxy alone might contain as many as one million advanced civilizations.

This optimism found its practical expression in the Search for Extraterrestrial Intelligence, or SETI, a project that scans the skies for radio transmissions containing the “signatures” of extraterrestrial intelligence. SETI seeks real evidence, which, if detected, would persuade most open-minded people of the existence of extraterrestrial intelligence. In contrast, some advocates (and critics) of extraterrestrial intelligence rely primarily on speculative calculations. For instance, probability theorist Amir Aczel recently argued that intelligent life elsewhere in the universe is a virtual certainty. He is so sure, in fact, that he titled his book Probability One: Why There Must Be Intelligent Life in the Universe.9

Although attractive to those of us nurtured on Star Trek and other fascinating interstellar science fiction, such certainty is misplaced. Recent discoveries from a variety of fields and from the new discipline of astrobiology have undermined this sanguine enthusiasm for extraterrestrials. Mounting evidence suggests that the conditions necessary for complex life are exceedingly rare, and that the probability of them all converging at the same place and time is minute. A few scientists have begun to take these facts seriously. For instance, in 1998 Australian planetary scientist Stuart Ross Taylor challenged the popular view that complex life was common in the universe. He emphasized the importance of the rare, chance events that formed our Solar System, with Earth nestled fortuitously in its narrow habitable zone.10 Contrary to the expectations of most astronomers, he argued that we should not assume that other planetary systems are basically like ours.

Similarly, in their important book Rare Earth: Why Complex Life Is Uncommon in the Universe,11 paleontologist Peter Ward and astronomer Donald Brownlee, both of the University of Washington, have moved the discussion of these facts from the narrow confines of astrobiology to the wider educated public.12 Ward and Brownlee focus on the many improbable astronomical and geological factors that united to give complex life a chance on Earth.

These views clearly challenge the Copernican Principle. But while challenging the letter of the principle, Taylor, Ward, and Brownlee have followed its spirit. They still assume, for instance, that the origin of life is basically a matter of getting liquid water in one place for a few million years. As a consequence, they continue to expect “simple” microbial life to be common in the universe. More significant, they all keep faith with the broader perspective that undergirds the Copernican Principle in its most expansive form. They argue that although Earth’s complex life and the rare conditions that allow for it are highly improbable, perhaps even unique, these conditions are still nothing more than an unintended fluke.13 In a lecture after the publication of Rare Earth, Peter Ward remarked, “We are just incredibly lucky. Somebody had to win the big lottery, and we were it.”

But we believe there is a better explanation. To see this, we have to consider these recent insights about habitability—the conditions necessary for complex life—in tandem with those concerning measurability. Measurability refers to those features of the universe as a whole, and especially to our particular location in it—in both space and time—that allow us to detect, observe, discover, and determine the size, age, history, laws, and other properties of the physical universe. It’s what makes scientific discovery possible. Although scientists don’t often discuss it, the degree to which we can “measure” the wider universe—not just our immediate surroundings—is surprising. Most scientists presuppose the measurability of the physical realm: it’s measurable because scientists have found ways to measure it. Read any book on the history of scientific discovery and you’ll find magnificent tales of human ingenuity, persistence, and dumb luck. What you probably won’t see is any discussion of the conditions necessary for such feats, conditions so improbably fine-tuned to allow scientific discoveries that they beg for a better explanation than mere chance.

Our argument is subtle, however, and requires a bit of explanation. First, we aren’t arguing that every condition for measurability is uniquely and individually optimized on Earth’s surface. Nor are we saying that it’s always easy to measure and make scientific discoveries. Our claim is that Earth’s conditions allow for a stunning diversity of measurements, from cosmology and galactic astronomy to stellar astrophysics and geophysics; they allow for this rich diversity of measurement much more so than if Earth were ideally suited for, say, just one of these sorts of measurement.

For instance, intergalactic space, far removed from any star, might be a better spot for measuring certain distant astronomical phenomena than the surface of any planet with an atmosphere, since it would contain less light and atmosphere pollution. But its value for learning about the details of star formation and stellar structure, or for discovering the laws of celestial mechanics, would be virtually worthless. Likewise, a planet in a giant molecular cloud in a spiral arm might be a great place to learn about star formation and interstellar chemistry, but observers there would find the distant universe to be hidden from view. In contrast, Earth offers surprisingly good views of the distant and nearby universe while providing an effective platform for discovering the laws of physics.

When we say that habitable locations are “optimal” for making scientific discoveries, we have in mind an optimal balance of competing conditions. Engineer and historian Henry Petroski calls this constrained optimization in his illuminating book Invention by Design: “All design involves conflicting objectives and hence compromise, and the best designs will always be those that come up with the best compromise.”14 To take a familiar example, think of the laptop computer. Computer engineers seek to design laptops that have the best overall compromise among various conflicting factors. Large screens and keyboards, all things being equal, are preferable to small ones. But in a laptop, all things aren’t equal. The engineer has to compromise between such matters as CPU speed, hard drive capacity, peripherals, size, weight, screen resolution, cost, aesthetics, durability, ease of production, and the like. The best design will be the best compromise. (See Figure 0.1) Similarly, if we are to make discoveries in a variety of fields from geology to cosmology, our physical environment must be a good compromise of competing factors, an environment where a whole host of “thresholds” for discovery are met or exceeded.

[image: Figure 0.1]

Figure 0.1: A laptop computer, like many well-designed objects, exhibits “constrained optimization.” The optimal or best-designed laptop computer is the one that is the best balance and compromise of multiple competing factors.

For instance, a threshold must be met for detecting the cosmic background radiation that permeates the universe as a result of the Big Bang. (Detecting something is, of course, a necessary condition for measuring it.) If our atmosphere or Solar System blocked this radiation, or if we lived at a future time when the background radiation had completely disappeared, our environment would not reach the threshold needed to discover and measure it. As it is, however, our planetary environment meets this requirement. At the same time, intergalactic space might give us a slightly better “view” of the cosmic background radiation, but the improvement would be drastically offset by the loss of other phenomena that can’t be measured from deep space, such as the information-rich layering processes on the surface of a terrestrial planet. An optimal location for measurability, then, will be one that meets a large and diverse number of such thresholds for measurability, and which combines a large and diverse number of items that need measuring. This is the sense in which we think our local environment is optimal for making scientific discoveries.15 In a very real sense the cosmos, our Solar System, and our exceptional planet are themselves a laboratory, and Earth is the best bench in the lab.

Even more mysterious than the fact that our location is so congenial to diverse measurement and discovery is that these same conditions appear to correlate with habitability. This is strange, because there’s no obvious reason to assume that the very same rare properties that allow for our existence would also provide the best overall setting to make discoveries about the world around us. We don’t think this is merely coincidental. It cries out for another explanation, an explanation that suggests there’s more to the cosmos than we have been willing to entertain or even imagine.


SECTION 1
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OUR LOCAL ENVIRONMENT


CHAPTER 1

WONDERFUL ECLIPSES

Perhaps that was the necessary condition of planetary life: Your Sun must fit your Moon.

—Martin Amis1

INSPIRED

October 24, 1995: the date I had long awaited.* I awoke at 5 A.M., along with several other astronomers in our group. It was a cool, clear morning in Neem Ka Thana, a small town in the dry region of Rajasthan, India, a great place for an eclipse. By 6 A.M. I had staked my claim within a roped-off compound in a local schoolyard and was setting up my scientific instruments. Half a dozen other experimental setups were scattered around me in the compound, each with its own team of astronomers. Some had mounted their experiments on stable concrete piers built weeks before. Around the compound were TV and radio news crews and hundreds of curious onlookers, staring at us as if we were rare zoo exhibits. I had joined the expedition at the invitation of the Indian Institute of Astrophysics in Bangalore. Although the eclipse was not the main purpose of my trip to India, I couldn’t pass up this rare opportunity.

Strictly speaking, like snowflakes, no two solar eclipses are exactly alike, but astronomers sort these events into three types: partial, annular, and total. In a partial eclipse, the Moon fails to completely cover the Sun’s bright photosphere.2 In an annular eclipse, although their centers may pass very close to each other, the Moon’s disk is too small to cover the Sun’s photosphere. To qualify as a total eclipse, the Moon’s disk must completely cover the bright solar disk as seen from Earth’s surface. These are the eclipses everyone wants to see. Observers far from the eclipse “centerline” see only a partial eclipse. Only total and very close annular eclipses noticeably darken the sky, while only total eclipses allow us to view the eerie pink chromosphere and silvery-white corona. Under such conditions, the chromosphere looks like a fragile, jagged crown, with pink flames protruding around it like a ring of fire. The corona is the outermost part of the Sun’s atmosphere, extending several degrees farther out from the chromosphere.

[image: Figure 1.1]

Figure 1.1: A total solar eclipse (above) compared to an annular eclipse (below). In a total eclipse, viewers within the Moon’s umbra will see the Moon block the Sun’s entire photosphere. Those within the penumbra will see a partial eclipse. During an annular eclipse, however, the Moon’s shadow cone converges above Earth’s surface, leaving a bright ring of the Sun’s photosphere visible even for the best-placed viewers. Sizes and separations are not drawn to scale.

I had witnessed a number of partial solar eclipses—including two annular ones in 1984 and 1994—but this was to be my first (and, to date, only) experience of a total solar eclipse. My experiment was simple: to measure the changing atmospheric conditions of temperature, pressure, and humidity, and to photograph the event with my 35 mm camera and a telephoto lens.

It was a complete success. The perfect weather both that day and the previous day allowed me to compare the meteorological changes occurring during the eclipse.3 I managed to shoot thirty frames during the fifty-one seconds of totality, the period when the Moon fully eclipses the Sun. The long coronal streamers were plainly visible to the naked eye. (See Plate 3.) Unfortunately, I was so busy snapping photos that I had only a brief glimpse of the eclipsed Sun with my naked eyes. My best view was through the camera’s viewfinder—a common complaint of eclipse watchers.

To experience a total solar eclipse is much more than simply to see it. The event summons all the senses. The dramatic drop in temperature was just as much a part of it as the blocked Sun and the “oohs” and “aahs” from the crowd. Just after the total phase ended, many burst into spontaneous applause, as if rewarding a choreographer for a well-executed ballet.

This was only the fourth total solar eclipse visible from India in the twentieth century. Still, I was surprised at the Indians’ interest in this eclipse. National television covered the event, with crews set up at three or four locations spread across the eclipse path. One of them shared our site. Prior to departing India, I received a videotaped copy of the TV coverage from a colleague. A number of scholars were interviewed on the scientific aspects of solar eclipses; others discussed Indian eclipse mythology and superstitions. The TV producers, it seemed, were trying to show the world that India had finally discarded religious superstition and entered the era of scientific enlightenment. But the widespread superstitious practices in evidence during this eclipse, such as people—especially pregnant women—remaining indoors, suggest they were not quite successful.

Finally, there were the amateur astronomers and eclipse chasers, people who try to see as many total solar eclipses as they can fit into a lifetime. Eclipse chaser Serge Brunier explains in his book Glorious Eclipses: Their Past, Present, and Future, what drives them:

            Passionately interested in astronomy ever since the age of twelve, for me eclipses remained, for a long time, simple dates in the ephemerides, and I had to wait until I was thirty-three before witnessing, for professional reasons, my first total eclipse, that of 11 July 1991, from the Hawaiian Observatory on top of Mauna Kea volcano.

                 It would be an understatement to say that I immediately became passionate about celestial events, which I have followed ever since, over the course of the years and the lunations, more or less all over the planet. Each time, there is the same astonishment and, each time, the feeling has grown that eclipses are not just astronomical events, that they are more than that, and that the emotion, the real internal upheaval, that they produce—a mixture of respect and also empathy with nature—far exceeds the purely aesthetic shock to one’s system.4

Brunier describes his first total solar eclipse experience:

            The sight is so staggering, so ethereal, and so enchanting that tears come to everyone’s eyes. It is not really night. A soft twilight bathes the Mauna Kea volcano. Along the ridge, the silvery domes, like ghostly silhouettes of a temple to the heavens, stand rigidly beneath the Moon. The solar corona, which spreads its diaphanous silken veil around the dark pit that is the Moon, glows with an other-worldly light. It is a perfect moment.5

Amateur astronomers who have traveled abroad to watch solar eclipses have told me that responses are always the same. The locals and the visiting astronomers are equally in awe and often in tears. Being able to predict the circumstances of total solar eclipses to within a second of time anywhere on Earth has not quenched our deepest emotional responses to them; neither has it stopped a modern astronomer like Brunier from describing this most physical of phenomena as ethereal, as spiritual. Is there something more to total solar eclipses than just the mechanics of the Earth-Moon-Sun system? Is there some deep connection, perhaps, between observing them and conscious life on Earth? We believe there is.

THE PHYSICS OF THE MOON

First, consider a little-known fact: A large moon stabilizes the rotation axis of its host planet, yielding a more stable, life-friendly climate. Our Moon keeps Earth’s axial tilt, or obliquity—the angle between its rotation axis and an imaginary axis perpendicular to the plane in which it orbits the Sun—from varying over a large range.6 A larger tilt would cause larger climate fluctuations.7 At present, Earth tilts 23.5 degrees, and it varies from 22.1 to 24.5 degrees over several thousand years. To stabilize effectively, the Moon’s mass must be a substantial fraction of Earth’s mass. Small bodies like the two potato-shaped moons of Mars, Phobos and Deimos, won’t suffice. If our Moon were as small as these Martian moons, Earth’s tilt would vary not 3 degrees but more than 30 degrees. That might not sound like anything to fuss over, but tell that to someone trying to survive on an Earth with a 60-degree tilt. When the North Pole was leaning sunward through the middle of the summer half of the year, most of the Northern Hemisphere would experience months of perpetually scorching daylight. High northern latitudes would be subjected to searing heat, hot enough to make Death Valley in July feel like a shady spring picnic. Any survivors would suffer viciously cold months of perpetual night during the other half of the year.



[image: Figure 1.2]

Figure 1.2: Earth’s axis currently tilts 23.5 degrees from a line perpendicular to the plane formed by the Earth’s orbit around the Sun, and varies a modest 2.5 degrees over thousands of years. Such stability is due to the action of the Moon’s gravity on Earth. Without a large Moon, Earth’s tilt could vary by 30 degrees or more, even 60 degrees, which would make Earth less habitable.

But it’s not just a large axial tilt that causes problems for life. On Earth, a small tilt might lead to very mild seasons, but it would also prevent the wide distribution of rain so hospitable to surface life. With a 23.5-degree axial tilt, Earth’s wind patterns change throughout the year, bringing seasonal monsoons to areas that would otherwise remain parched. Because of this, most regions receive at least some rain. A planet with little or no tilt would probably have large swaths of arid land.

The Moon also assists life by raising Earth’s ocean tides. The tides mix nutrients from the land with the oceans, creating the fecund intertidal zone, where the land is periodically immersed in seawater. (Without the Moon, Earth’s tides would be only about one-third as strong; we would experience only the regular solar tides.) Until very recently, oceanographers thought that all the lunar tidal energy was dissipated in the shallow areas of the oceans. It turns out that about one-third of the tidal energy is spent along rugged areas of the deep ocean floor, and this may be a main driver of ocean currents.8 These strong ocean currents regulate the climate by circulating enormous amounts of heat.9 If Earth lacked such lunar tides, Seattle would look more like northern Siberia than the lush, temperate “Emerald City.”

The Moon’s origin is also an important part of the story of life. At the present time, the most popular scenario for its formation posits a glancing blow to the proto-Earth by a body a few times more massive than Mars.10 That violent collision may have indirectly aided life. For example, it probably helped form Earth’s iron core by melting the planet and allowing the liquid iron to sink to the center more completely.11 This, in turn, may have been needed to create a strong planetary magnetic field, a protector of life that we’ll discuss later. In addition, had more iron remained in the crust, it would have taken longer for the atmosphere to be oxygenated, since any iron exposed on the surface would consume the free oxygen in the atmosphere. The collision is also believed to have removed some of Earth’s original crust. If it hadn’t, the thick crust might have prevented plate tectonics, still another essential ingredient for a habitable planet. In short, if Earth had no Moon, we wouldn’t be here.12

Of course, with eclipses it takes three to tango: a star, a planet, and its moon. As long as they are the right relative sizes and distances apart, a total eclipse can happen with a larger or smaller moon or star. But two factors vary considerably: the life-support potential of the host planet and the usefulness of the eclipse for science. Let’s start with the former.

Habitability varies dramatically, depending on the sizes of a planet and its host star and their separation. There are good reasons to believe that a star similar to the Sun is necessary for complex life.13 A more massive star has a shorter lifetime and brightens more rapidly. A less massive star radiates less energy, so a planet must orbit closer in to keep liquid water on its surface. (The band around a star wherein a terrestrial planet must orbit to maintain liquid water on its surface is called the Circumstellar Habitable Zone.) Orbiting too close to the host star, however, leads to rapid tidal locking, or “rotational synchronization,” in which one side of the planet perpetually faces its host star. (The Moon, incidentally, is so synchronized in its orbit around Earth.) This leads to brutal temperature differences between the day and night sides of a planet. Even if the thin boundary between day and night, called the terminator, were habitable, a host of other problems attend life around a less massive star (more on this in Chapter Seven).

If a planet’s moon were farther away, it would need to be bigger than our Moon to generate similar tidal energy and properly stabilize the planet.14 Since the Moon is already anomalously large compared with Earth, a bigger moon is even less likely. A smaller moon would have to be closer, but then it would probably be less round, creating other problems.

As for the host planet, it needs to be about Earth’s size to maintain plate tectonics, to keep some land above the oceans, and to retain an atmosphere (more on these requirements in Chapter Three). To maintain a stable planetary tilt, a planet needs a minimum tidal force from a moon. A larger planet would require a larger moon. So indirectly, even the size of Earth itself is relevant to the geometry of the Earth-Sun-Moon system and its contribution to Earth’s habitability. In short, the requirements for complex life on a terrestrial planet strongly overlap the requirements for observing total solar eclipses.

SUPER-ECLIPSES AND PERFECT ECLIPSES

What if the Moon were much closer to Earth, as it was in the distant past? About 2.5 billion years ago, the Moon was, on average, about 13 percent closer than it is now.15 Such total eclipses of the Sun, what we will call super-eclipses, would then have been more common and visible over a wider region of Earth’s surface. During a super-eclipse, the pink chromosphere and parts of the innermost corona are visible briefly only near the start and end of totality. Today we can observe the entire chromosphere throughout much of the total phase of an eclipse.

In eclipses like the one on October 24, 1995, when the Moon’s black disk just barely covered the Sun’s bright photosphere,16 the Sun’s extended atmosphere was fully visible for almost a minute. We’ll refer to an eclipse of this type as a “perfect eclipse,” because it lasts long enough for an observer to take it in. The Moon is just large enough to block the bright photosphere but not so large that it obscures the colorful chromosphere. A briefer total eclipse leaves a brighter sky, with less time for our eyes to adapt to the darkness, making the faint outer corona harder to see. A slightly larger moon would provide longer eclipses but block more of the scientifically revealing chromosphere.
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Figure 1.3: A perfect solar eclipse compared to a super-eclipse. For scientific discovery, perfect eclipses are better than super eclipses. In a perfect eclipse the Moon just covers the Sun’s bright photosphere, revealing the Sun’s thin chromosphere. In contrast, a super-eclipse would reveal only a small sickle of the scientifically valuable chromosphere, and then only at the beginning and end of totality. The thickness of the chromosphere has been exaggerated for clarity; in reality, its thickness is about one three-hundredth the radius of the Sun.

If the Moon were “less round,” we would still enjoy solar eclipses (if the minor axis of a squashed moon appeared larger than the Sun). But such eclipses would be “less perfect,” since the chromosphere would be obscured along the major axis during mid-totality. The Moon and the Sun, as it happens, are two of the roundest measured bodies in the Solar System. Neither is precisely a geometric sphere, of course, but the Sun comes closer than just about any natural object known to science.17 Because the Moon is rocky, its roundness is a bit surprising. In contrast, the moons in the outer Solar System are a mixture of rock and ice, which leads to a rounder shape, as ice is less resistant to stress than rock. Although the Moon has virtually no ice, its profile is quite round. This is probably the result of the peculiar way it formed, as compared with the moons in the outer Solar System. After the Moon formed as a result of a giant impact with the proto-Earth, the ejected material quickly coalesced while some of it was still partially molten; the remaining material accreted onto the Moon soon thereafter.18

What if the Moon had an atmosphere? Total lunar eclipses provide some clues. The Moon turns deep red during the central phase of a total lunar eclipse, because sunlight refracts through Earth’s atmosphere on its way to the Moon. The light looks red for the same reasons the Sun looks red at sunrise and sunset. An observer on the Moon would be bathed in deep red light, and he would see a bright red ring encircling Earth. We would also see such a ring around the Moon, if it had an atmosphere, during a total solar eclipse. It would completely obscure the pink chromosphere and much, if not all, of the corona.19

Finally, what if we were living on another planet in the Solar System? Figure 1.4 shows how big a given moon looks to an observer on its host planet compared with the Sun.20 The apparent size of a moon is what an observer at the equator of the parent planet would observe; for the gas giants, imagine the observer floating above the cloud tops in a research balloon. This figure illustrates an astonishing fact: Of the more than sixty-four moons in our Solar System, ours yields the best match to the Sun as viewed from a planet’s surface, and this is only possible during a fairly narrow window of Earth’s history, encompassing the present. The Sun is some four hundred times farther than the Moon, but it is also four hundred times larger. As a result, both bodies appear the same size in our sky.

The so-called Galilean Moons cast large shadows on the cloud tops of Jupiter, which are familiar to amateurs who have spent any time observing them. (Had they more closely matched the apparent disk of the Sun, their shadows would probably not be visible in amateur telescopes.) In general, the Sun looks smaller and total eclipses become more common as one goes outward from the Sun. Total solar eclipses are much more difficult to pull off when the Sun looms close and large.

In fact, if your only goal were mere total solar eclipses, you might wish to relocate to a planet farther from the Sun. But for scientific purposes, Earth’s eclipses are the best available, since in general the farther a planet is from the Sun, the briefer its eclipses. Because the Sun looks smaller on those outer planets, all other things being equal, an average moon orbiting one of them passes over the Sun’s disk more quickly. All other things aren’t equal, however, and those other things just make matters worse for our intrepid outer-planet eclipse chaser. Moons orbit the giant planets much faster than our Moon orbits Earth, because the giant planets are more massive. Moreover, only four moons in the Solar System are larger than the Moon. As a result, the typical total solar eclipse seen on the outermost planets lasts only a few seconds.

Of the sixty-four moons plotted in Figure 1.4, only two appear the same size (on average) as the Sun from their host planets—our Moon and Prometheus, a small, potato-shaped moon of Saturn. But Prometheus produces eclipses lasting less than one second as it whips around Saturn. Moreover, its highly elongated shape compromises the view of the chromosphere. As the figure shows, a typical moon appears larger than the Sun in the outer Solar System. The average ratio is near one at Saturn, so it’s not so surprising that a Saturnian moon most closely matches the Sun among the other planets. But can chance also account for the Moon’s match to the Sun? The Moon bucks this trend. We think an additional explanation is called for.

In fact, compared with the other moons in the Solar System, the Moon gives us eclipses that are “more than perfect,” since the Sun appears larger from Earth than from any other planet with a moon. So an Earth-bound observer can discern finer details in the Sun’s chromosphere and corona than from any other planet.

REVEALING ECLIPSES

Besides their intrinsic beauty, perfect solar eclipses have played an important role in scientific discovery. In particular, they have helped reveal the nature of stars, provided a natural experiment for testing Einstein’s General Theory of Relativity, and allowed us to measure the slowdown of Earth’s rotation.
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Figure 1.4: Comparison of the average angular size ratios of sixty-four moons to the Sun from the surfaces of their host planets (many smaller, recently discovered, moons around the giant planets are not included). The ratios are plotted on a logarithmic scale on the horizontal axis, so the main tick marks represent multiples of ten. If a moon is non-spherical, then its smallest dimension is used for calculating its apparent size. If a moon has a ratio of one, it is a perfect match for the Sun from the surface of its host planet. There are only two such matches in our Solar System: Earth’s Moon, and Prometheus, a small potato-shaped moon of Saturn. Unlike our Moon, however, Prometheus produces eclipses lasting less than one second. Notice that there is a range of angular size ratios of the moons, so a line rather than a point represents them. This is because the orbits of the planets and moons are not perfectly circular. As a result, the angular sizes of the Sun and the moons vary from the respective planetary surfaces. Nereid, one of Neptune’s moons, has a quite eccentric orbit. “<” represents moons too small to appear on the chart. “>” represents the one moon too large for the chart—Pluto’s Charon.

SPECTRA AND THE SUN’S ATMOSPHERE

The Sun’s full corona is visible to ground-based observers only during a total solar eclipse.21 It is one of the primary reasons people are drawn to view total solar eclipses: the corona never looks exactly the same at any two eclipses. Even today, astronomers still conduct experiments at total solar eclipses to discern how the corona can be heated to millions of degrees.

More important was the help perfect solar eclipses gave to early spectroscopists for interpreting the spectra of stars. Astronomers use instruments called spectroscopes to separate light into its constituent colors. The different colors in the light spectrum, we now know, correspond to different wavelengths of electromagnetic radiation. The traditional colors of the visible spectrum are the stripes of a rainbow: red, orange, yellow, green, blue, indigo, and violet. Wavelengths get longer as we go from the blue to the red end of the spectrum. (Visible light is actually an extremely tiny part of the electromagnetic spectrum, which extends from radio waves on the long end to X-ray and gamma rays on the short end.) Although scientists since a bit before Isaac Newton (1666) had known that sunlight splits into all the colors of the spectrum when passed through a prism, it was not until 1811 that Joseph von Fraunhofer first described the dark gaps that intersperse the smooth continuum of the solar spectrum, often called Fraunhofer lines.
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Figure 1.5: In 1811, Joseph von Fraunhofer (1787–1826) first described the dark gaps that cross the solar spectrum.

Over the following decades, laboratory experiments revealed that atoms and molecules both emit and absorb light at characteristic points on the spectrum, called emission and absorption lines. When a gas is heated to a certain temperature, it emits light unique to its composition. Such a gas absorbs light when illuminated from behind, producing absorption lines in the spectrum like a bar code superimposed on a rainbow. Each element impresses its own unique fingerprint on the spectrum. As a result of these laboratory experiments, astronomers were eventually able to identify many of the Fraunhofer lines in the Sun’s spectrum with emission lines produced by specific elements.

But astronomers did not know where the Sun’s Fraunhofer lines formed or understand the properties of the gas absorbing the light until two notable eclipses in the latter half of the nineteenth century. During the eclipse of August 18, 1868, the French astronomer Pierre Jules César Janssen pointed his spectroscope at prominences—plumes of gas that surge out from the photosphere into the corona—during the few minutes of totality, revealing a spectrum of bright emission lines. Most were quickly identified as hydrogen by comparing them with laboratory spectra.22 The brightness of the emission lines motivated Janssen to search for prominences the following day, when there was no eclipse. He succeeded, and soon thereafter invented the spectrohelioscope, which produces an image of the Sun in the light of one spectral line; this allows astronomers to study the gas motions in the Sun’s atmosphere in great detail. Observations of prominences and the chromosphere against the backdrop of dark space during an eclipse demonstrated that they are made of hot, low-density gas, like the gas-filled glass tubes excited by an electric current in laboratories. In fact, the color of such a tube filled with hydrogen is similar to that of the chromosphere and the prominences. (See Plate 4.)

These discoveries helped confirm the conjecture of Jesuit priest Angelo Secchi and John Herschel in 1864 that the Sun is a ball of hot gas. Today, this seems obvious, but it was not so to early-nineteenth-century astronomers. George Airy was the first astronomer to describe what we now know as the chromosphere, during the July 28, 1851, total solar eclipse, the first one to be photographed. He had called it the sierra, mistaking it for a range of mountains on the Sun.

The English astronomer Joseph Norman Lockyer independently recorded spectra of prominences without the benefit of an eclipse to guide and inspire him, though he was certainly aware of the results from successful solar eclipse expeditions. Both Janssen and Lockyer independently discovered a bright emission line in the yellow part of the Sun’s emission line spectrum, which Lockyer identified with a new element he named helium, after the Greek word for the Sun, helios. (Helium was not isolated in the laboratory until 1895.) Helium doesn’t have any spectral features in the absorption spectrum of the Sun, so its discovery would have been greatly delayed had astronomers continued to focus their attention only on its absorption spectrum. Today we know that helium makes up about 28 percent of the Sun’s mass; it’s the second most abundant element in the universe. It’s very unlikely that either Janssen or Lockyer would have thought of obtaining spectra of prominences if previous solar eclipse observers had not described them.
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Figure 1.6: Ultraviolet region of the solar spectrum obtained by W. W. Campbell during the total eclipse of August 30, 1905. Campbell used a clever “moving plate” method to record the changing solar spectrum as the Moon’s limb covered the last bit of the Sun’s photosphere. Wavelength runs horizontally and time vertically on the photo. Note how the spectrum changes from absorption to emission. The Sun’s photospheric spectrum is shown on the bottom panel for comparison.

During the total solar eclipse of December 22, 1870, American astronomer and one-time missionary Charles A. Young noticed that the Sun’s spectrum changed from its usual appearance of sharp, dark lines superimposed on a bright continuum to emission lines just as totality began. In Young’s own words:

            As the Moon advances, making narrower and narrower the remaining sickle of the solar disk, the dark lines of the spectrum for the most part remain sensibly unchanged, though becoming somewhat more intense. A few, however, begin to fade out, and some even begin to turn palely bright a minute or two before totality begins. But the moment the Sun is hidden, through the whole length of the spectrum—in the red, the green, the violet—the bright lines flash out by the hundreds and thousands almost startlingly, for the whole thing is over in two or three seconds. The layer seems to be only something under a thousand miles in thickness, and the Moon’s motion covers it very quickly.23

Hence, this thin region came to be called the reversing layer, which today we know is part of the chromosphere. Young’s observation first demonstrated the location and state of the gas producing the absorption lines in the out-of-eclipse solar spectrum.24 By applying Gustav Kirchhoff’s laws of spectroscopy (see Plate 5),25 Young realized that the reversing layer is made of cooler gas than the underlying photosphere. It is only during a total solar eclipse that the bright photosphere is conveniently blocked. Had the Moon loomed larger, Young’s experiment would have been possible only over a short segment of the Sun’s limb (the apparent “edge” of the photosphere).

Since Young’s historic observations of the 1870 eclipse, the so-called flash spectrum of the chromosphere has been photographed several times. In essence, the Moon acts as a giant slit, allowing only a thin sliver of light from the chromosphere to reach the observer during the first and last few seconds of totality. If there were a rainbow during a total solar eclipse, and one had sensitive video equipment, one could see it change from a continuous spectrum to an emission line spectrum for a few brief seconds.26 In effect, Earth, the Moon, and the Sun form the primary components of a giant spectroscope. All that remains is for an observer to hold a prism to his eye.

It’s hard to exaggerate the significance of the insights afforded by the 1868 and 1870 eclipses for developing stellar astrophysics later in the nineteenth and twentieth centuries. Only because we understand how absorption lines form in the Sun’s atmosphere can we interpret the spectra of distant stars, and thereby determine their chemical makeup, all without leaving our tiny planet. Such knowledge is the linchpin for modern astrophysics and cosmology.

EDDINGTON AND EINSTEIN’S THEORY OF GENERAL RELATIVITY

Arthur Eddington was a famous theoretical astrophysicist of the early twentieth century, but today most know him for his observations of a total solar eclipse that confirmed a prediction of Einstein’s General Theory of Relativity—namely, that gravity bends light. On May 29, 1919, two teams, one led by Eddington and Edwin Cottingham on Principle Island off the coast of West Africa and the other led by Andrew Crommelin and Charles Davidson in Brazil, used a total solar eclipse to test Einstein’s 1916 theory. Their goal was to measure the changes in the positions of stars near the Sun compared with their positions months later or before. Both teams succeeded in photographing the eclipse. Their results confirmed Einstein’s predictions and won him immediate acclaim.
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Figure 1.7: According to Einstein’s General Theory of Relativity, gravity should cause starlight passing near the Sun’s limb to “bend.” A perfect total solar eclipse creates the best natural experiment for testing this prediction. Sizes and separations of bodies are not drawn to scale; the amount of bending has been exaggerated for clarity.

Astronomers have repeated the 1919 experiment at many eclipses since, generally agreeing with Einstein’s predictions, although the first observed deflections tended to be a bit too large and displayed considerable scatter, this perhaps due to the less than ideal weather conditions.27 The most carefully executed starlight deflection experiment was conducted during the June 30, 1973, solar eclipse, and the results again confirmed General Relativity.28 Only a couple of years later, radioastronomers tested Einstein’s predictions to much higher precision with observations made without an eclipse.29 Other tests involving radio transmissions from space probes have also confirmed related aspects of General Relativity. Therefore, although more stringent tests of General Relativity have gone far beyond those requiring a solar eclipse, and although the British 1919 results were somewhat imprecise, solar eclipse experiments clearly played a crucial role in speeding the adoption of General Relativity.

DISCERNING THE PAST RATE OF EARTH’S ROTATION

Historical observations of total solar eclipses are by far the best known way to measure the change in Earth’s rotation period over the last few thousand years.30 Careful observations of stars show that Earth’s rotation period is slowing at a rate of two milliseconds per day per century, due mostly to the action of the tides on Earth by the Sun and Moon.31 However, such precise observations have only been possible for the last couple of centuries.

Since it casts a narrow shadow across Earth’s surface, a total solar eclipse is visible only by the lucky or ardent few in its track. Variations in Earth’s rotation period translate into errors in the placement of the predicted shadow track. By examining ancient accounts of total solar eclipses at known dates and places, astronomers can determine the error in the predicted longitude and translate it into an error in time. This kind of information has several uses. For example, knowing the precise variations of Earth’s rotation period helps us to discern subtle changes in its shape over centuries and millennia, such as changes due to the retreat of the glaciers in the Northern Hemisphere. More importantly, total solar eclipse observations allow historians to translate the calendar systems of ancient civilizations into our modern system, permitting us to place events from different civilizations on a common timeline. We can then establish the configuration of the Sun, Moon, and planets on any place and any date on that calendar. Other types of astronomical phenomena, such as lunar eclipses and planetary conjunctions, are not as useful as total solar eclipses for historical studies, since they are visible over a much broader geographical area and/or last much longer.

Perfect solar eclipses are optimal for all three of these uses—discovering the nature of the Sun’s atmosphere, testing General Relativity, and timing Earth’s rotation. If we experienced super-eclipses instead, we would be able to observe the chromosphere only over a small fraction of the solar limb.32 Also, we wouldn’t be able to measure the deflection of starlight as closely to the solar limb.33 Finally, the eclipse shadow on Earth would be larger, limiting its usefulness for studying Earth’s rotation.

We would be even more deprived had the Moon’s disk not covered the Sun’s bright face, yielding only annular eclipses. The difference between an annular and a total eclipse is not just a matter of degree. To a casual observer, an annular solar eclipse is hardly different from a partial one. Since the chromosphere is wafer-thin, we would have learned far less about stellar atmospheres had the Moon’s apparent size been only a little smaller.

The awe-inspiring beauty of total solar eclipses no doubt motivated astronomers in the last two centuries to travel great distances to observe them. This may seem trivial, but it’s clear from their diaries and accounts that the experience of an eclipse was an important part of their interest. A number of important discoveries about the Sun were unplanned. If the beauty of total eclipses had not attracted astronomers to their narrow shadow tracks, some discoveries would have been delayed, perhaps indefinitely.

Today, observatories in space can image the Sun’s outer corona, and mountaintop telescopes with coronagraphs can image the inner corona. But the occulting disks in the space-based coronagraphs cover everything within about two solar radii, and the spatial resolution is less than that of ground-based observations during total solar eclipses.34 Since only total solar eclipses allow the full corona to be imaged, they still provide useful and inexpensive information about the corona.

There’s a final, even more bizarre twist. Because of Moon-induced tides, the Moon is gradually receding from Earth at 3.82 centimeters per year.35 In ten million years, the Moon will seem noticeably smaller. At the same time, the Sun’s apparent girth has been swelling by six centimeters per year for ages, as is normal in stellar evolution. These two processes, working together, should end total solar eclipses in about 250 million years, a mere 5 percent of the age of Earth. This relatively small window of opportunity also happens to coincide with the existence of intelligent life.36 Put another way, the most habitable place in the Solar System yields the best view of solar eclipses just when observers can best appreciate them.37

FROM AN ECLIPSE TO AN INSIGHT

Perfect solar eclipses are perhaps the most aesthetically striking example of the correlation between habitability and observability. Yet the correlation in this case is more encompassing, since it applies also to measurability and discoverability, both of which are subtly different from observability. Earth is ideal for observing perfect solar eclipses. Beyond this, perfect solar eclipses are optimal for measuring a range of important phenomena, such as the solar flash spectrum, prominences, starlight deflection, and Earth’s rotation. But even more than this, perfect solar eclipses provide great opportunity for discoveries about the Sun. Finally, besides inspiring awe and allowing us to discover the nature of the Sun’s atmosphere and the element helium—both unanticipated—perfect solar eclipses became the occasion for discovering the correlation between habitability and measurability itself, hardly an insignificant point.

Eclipses are but the tip of the iceberg. The universe is filled with similar evidence. Let’s consider that evidence, working our way out in concentric spheres, beginning at the smallest scale—the surface of Earth—and then moving on to the sky, planets, and starry heavens, and ending with the cosmos itself.

*In this section, Guillermo is speaking in the first person.


CHAPTER 2

AT HOME ON A DATA RECORDER

But now ask the beasts, and let them teach you; And the birds of the heavens, and let them tell you. Or speak to the earth, and let it teach you; And let the fish of the sea declare to you.

—Job 12:7–81

RHYTHMS

In the warmth of the summer of 1975, a young male fur seal waddled across the steep rocks of Signy Island, off the coast of continental Antarctica. He had swum and shuffled through ice and water from the cold and salty Stygian Cove, where the ocean meets the tiny island. Upon clearing the rocks, he found what he hoped to find—a freshwater lake. Although Sombre Lake was still mostly frozen, continuous sunlight had melted enough of its icy crust to give him all the water he could wish to drink in one sitting. After a few minutes in the fresh slushy ice, he headed back out to the cove to the scores of breeding fur seals. Without knowing it, he had left a trace of his visit: a few thick, black hairs.

In 1992, Dominic Hodgson and other members of the British Antarctic Survey submerged sediment traps in Sombre Lake, extracting cores from the dark, chilly bottom. The variation of seal hairs in the layers of extracted sediment revealed startling details. The researchers discerned the annual fur seal populations fairly directly. But with careful analysis, the hairs gave them detailed clues about the effects of seal and whale hunting on the various Antarctic flora and fauna over the past two hundred years.2 Hodgson’s team had tapped into a tiny sliver of the information stored on our planet as a result of regular sedimentary processes. Their ingenuity in deciphering such information is apparent. Less apparent but equally important are the rare conditions that preserve it. For this sedimentation process is just one of dozens of natural recording “devices” that preserve detailed information about the past.

NATURE’S DATA LOGGERS

We all learn as children that we can estimate the age of a tree by counting the concentric rings in a cross section of its trunk. But scientists can discern more than age from such rings. Comparing their thickness, for instance, tells us something about the changes in temperature and precipitation in a tree’s vicinity while it was alive.

Tree rings, as well as many other geological layering and biological growth processes, are like scientists’ data-recording devices. We’re all familiar with one such device, if only from hokey TV dramas: the dreaded lie detector, with its black, spindly pens scribbling across a scroll of paper. The heart of a lie detector is a strip chart recorder, the basic parts of which are akin to many natural recorders.3 Consider the layered polar snow/ice deposits. The ice is like the paper, the diurnal and annual ice layers are like the pens that mark time intervals, and any other substances in the ice sensitive to environmental changes are like the other pens that record signals from the transducers, which convert environmental data to electrical signals.

Of course, to be useful, the paper roll must be protected from damage. Moreover, new information must be added without disturbing previously recorded data. If the motor on a chart recorder breaks down and the paper fails to advance, the pens will keep writing over the same small area of paper, creating an indecipherable glob of ink. Likewise, in a snow deposit, if several feet of snow accumulate for a few years, and the topmost one or two years’ accumulation erodes before the next year’s snow falls, then the process won’t be a good data recorder. A proper natural recorder preserves the sequential order of events as layers grow one at a time, new over old, accreting like memories not easily forgotten.

Of course, interpreting a record objectively requires that it be calibrated. To calibrate a recorder strip, a researcher must relate the ink markings on the paper to some environmental property known independently, such as temperature, pressure, or humidity. As we’ll show, there are many ways to calibrate natural recorders as well.4 Our planet contains vast libraries with immense quantities of time-stamped information that we’re only now learning how to read. Let’s open a few books in that library.

IN COLD STORAGE

Arguably, Earth’s best natural data recorders are the snow/ice deposits in the polar regions.5 Ice contains many things scientists employ as “proxies,” which, as the name suggests, “stand in” for various facts about Earth’s past. Such proxies include carbon dioxide, oxygen, and methane gas trapped as bubbles; dust; marine aerosols; ash and sulfuric acid from large volcanic eruptions; soot from forest fires; pollen; micrometeorites; and the ratios of isotopes.6 Isotopes of common elements, such as hydrogen and oxygen, have the same number of protons but different numbers of neutrons in the nuclei of their atoms. Though isotopes of the same element behave the same way in most chemical reactions, environmental changes can still subtly affect their ratios in deposited layers. For instance, in a hotter climate, more water evaporates, leaving behind more of the heavier isotopes and changing the ratio of its isotopes in the water that remains and in the water that precipitates elsewhere. This water, if preserved in layered deposits, can leave telling clues about climate changes as far back as hundreds of thousands of years.7

Today scientists travel to the frigid polar regions to drill for “white gold.” With equipment similar to oil exploration platforms, they drill deep into the ice sheets and carefully extract and store the ice cores for later analysis. Recently, scientists working in Antarctica finished extracting and measuring the Vostok station ice core, a 2.25-mile-deep record of snowfall on East Antarctica going back about 420,000 years. Though these records are from just one location, they provide more than only local information. An ice core contains data that are local, such as snowfall amount and temperature; regional, such as windblown dust, sea salt, volcanic dust, and other aerosols; and global, such as atmospheric levels of methane and carbon dioxide and total ice volume.8

From the Vostok cores, we’ve learned that the levels of carbon dioxide and methane have changed with temperature and ice volume. We’ve also learned that the cold glacial periods were dusty and windy. (Since the sea level was low enough to expose the continental shelves during a glacial period, strong winds swept what was once fine underwater sediment into the atmosphere.) Perhaps most important, we now know that Earth’s climate has been colder and less stable than the present, with brief warmings, for most of the last 420,000 years.9
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Figure 2.1: Environmental information derived from four of the many diverse proxies that can be traced back some 400,000 years in the Vostok ice core from Antarctica. Trapped air bubbles tell us about the composition of the atmosphere, including the carbon dioxide content. Deuterium content in the ice tells us about the local temperature. Sodium content tells us about wind speeds over the oceans surrounding Antarctica. And dust content tells us about global winds and the extent of deserts.

Researchers have also obtained ice cores in Greenland, the forbidding island near the North Pole that was named by Norsemen when it was still green. Since snow accumulates there more rapidly than in Antarctica, these ice cores go back only about 100,000 years. But while shorter in total time span, the Greenland cores have a “higher resolution,” providing greater detail than the Antarctic cores. This allows us to assign fairly accurate dates to short-lived events like volcanic eruptions and sudden climate shifts. Large volcanic eruptions appear in ice cores as increases in the acidity of the ice or even as ash layers. Historically documented eruptions that leave a signal in the ice—going back to Vesuvius in A.D. 79—serve as independent checks of ice core dating methods. Once scientists can identify known eruptions in a core, they can catalog other eruptions not well documented elsewhere.10

The Greenland cores also show us that dramatic global climate changes have been the rule over the past 100,000 years. The most recent one was the Younger Dryas, a glacial period lasting about a thousand years, which ended abruptly some twelve thousand years ago.

Because of their differences, the two sets of ice cores in Greenland and Antarctica complement each other, not only in their duration and resolution but also in their positions on nearly opposite sides of the planet. This allows cores from one to be a check on the other, providing a better reconstruction of the past global climate. What’s more, if one ice core is carefully dated, then scientists can use it to date other cores by matching patterns of change in carbon dioxide and methane. Since these gases are well mixed in the atmosphere, measuring the trapped gas at one location effectively gives us the global value.

They have even revealed changes in Earth’s magnetic field. For example, the ice cores recorded the Laschamp event, a temporary weakening of Earth’s magnetic field, which occurred about forty thousand years ago.11

Ice cores (as well as tree rings) record extraterrestrial phenomena as well. As high-energy cosmic ray particles—mostly protons—strike atoms in the upper atmosphere, nuclear reactions produce the unstable isotopes carbon-14, beryllium-10, and chlorine-36. (The sunspot cycle regulates the rate of production of these in the atmosphere through the interaction of the Sun’s extended magnetic field and solar wind with Earth’s magnetic field and the background flux of galactic cosmic rays.) Fluctuations in the strength of the eleven-year sunspot cycles appear clearly as changing concentrations of beryllium-10 in the Greenland cores.12 Evidence of other, longer-term changes in the Sun’s energy output over the last twelve thousand years shows up in the cores as well.13

Finally, there is the evidence of much more distant events. In 1979, astronomers and ice core researchers jointly published a study tentatively correlating nitrate spikes in an Antarctic ice core with historical supernovae (exploding stars).14 In 2000, another group of researchers suggested that a recently discovered supernova remnant caused the deepest nitrate spike noted in the original study, which had remained unmatched with a supernova.15 These claims, if confirmed with additional deeper ice cores at the South Pole, may enable us to catalog all supernovae close to Earth occurring over the last few hundred thousand years, something otherwise impossible. Not only would astrophysics benefit from a better sampling of the nearby supernova rate, but we might also be able to discern the biological effects of these powerful events.16

BIOLOGICAL DATA RECORDERS

We tend to think of living organisms primarily in terms of their survival and reproduction. But biological processes also provide some of nature’s most sensitive historical records. They may do this directly by producing growth layers useful for recording environmental information in a chronological sequence, or indirectly by enhancing inorganic deposits.17 For example, marine sediments would still be informative in a lifeless world, but the skeletal shells of single-celled marine organisms embedded in these sediments make them far more so.18

Many organisms display a slight preference for certain isotopes, often in a way that is temperature-sensitive.19 For instance, in 1946 Harold Urey discovered that the oxygen isotope ratios in the skeletons of planktonic foraminifera, or foram—microscopic organisms that live in shallow, warm waters—are sensitive to water temperature. Since then, researchers have confirmed this in the laboratory by culturing these species over a range of temperatures. Today, with such information, researchers can convert the measured isotope ratios in the marine sediments to changes in temperature. As we noted earlier, however, the oxygen isotope ratio in ocean water also depends on the global ice volume. Thus, the ratios measured in the planktonic foram skeletons will depend on both water temperature and global ice volume. There are at least two ways of separating out these effects.

One method uses another species of foram. Benthonic forams live near the ocean floor, where water temperatures are near freezing and aren’t expected to change much over long periods. As a result, changes in the oxygen isotope ratios in the benthonic forams tell us mostly about changing global ice volume. By measuring the sediment-trapped skeletons of both species in the same general region, scientists can discern changes in both temperature and global ice volume.20
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Figure 2.2: Emiliana huxleyi (type A), the most common species of phytoplankton. The platelets, called coccoliths, are made of calcium carbonate. These tiny organisms play two important roles in regulating the climate. First, when deposited on the ocean floor, their skeletons participate in an important part of the carbon cycle. Second, by emitting dimethyl sulfide into the atmosphere, they help form marine clouds. The scale bar on the lower left is equal to one micron.

Freshwater deposits are also good data recorders. Lake Baikal in Siberia provides the longest continuous sediment record in the continental interior of Asia. The high-resolution record retains information on temperature going back at least 800,000 years!21 While not as data-rich as ice cores, marine and lake sediment cores give us a reasonably detailed look at even more ancient climates.22

Other processes allow us to peer much further back in time. We can measure how quickly the Moon is receding from Earth by timing the round trip of laser beams reflected off the mirrors left on its surface by the Apollo astronauts.23 Geologists, collaborating with astronomers, have estimated the Moon’s orbital period and Earth’s rotation period back to about 2.5 billion years ago.24 This amazing reconstruction is possible because the tides—as established by the cycles of Earth’s orbit, Earth’s rotation, and the Moon’s orbit—leave repeating patterns in the growth layers of corals and mollusk shells.25 To reconstruct these cycles, all we need is a good measure of the patterns of thickness in the preserved layers.26

Inorganic processes allow similar studies. For example, data from ancient tidalites—fossilized remains of sediments deposited during periodic coastal tidal flooding—tell us that 500 million years ago days were twenty hours long and months were 27.5 modern Earth days.27 The Moon has been receding at a fairly constant rate over the last few hundred million years. By reading modern tidalites, astronomers can confirm the known lunar orbital period to better than one percent. It’s hard to imagine a more elegant and precise way of measuring the orbital properties of the Earth-Moon system while preserving them so accessibly.
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Figure 2.3: A variety of Florida corals (Louis Agassiz, 1880). Corals, like many other living things that produce growth rings or non-biological processes that produce layering, are remarkably high-fidelity data recorders of Earth’s past climate.

By providing much narrower and more recent information, trees rings complement more ancient climate data. As we noted above, these rings allow us to reconstruct ancient local climates. Thicker tree rings imply warmer and wetter conditions, while thinner rings suggest the opposite. Those trees most sensitive to local climate fluctuations grow in mountain areas without direct access to steady ground water. For this reason, the mountainous western United States has been a prime field laboratory for the scientists, called dendrochronologists, who specialize in this work. As stationary temperature and rainfall recorders, trees give us detailed information about local climate changes, such as regional droughts and fires, missed in the global records.28 Continued study of tree rings may reveal other ways in which they record their local environment.29 The next time you walk in a forest, besides admiring its intrinsic beauty, think of the tall trees as tightly wound scrolls bearing recorded information waiting to be read.

Trees leave other useful records. The leaves of fossilized trees can serve as “palaeobarometers” of carbon dioxide in the atmosphere.30 Trees exchange gas with the atmosphere through small openings on leaf surfaces called stomata. From laboratory experiments and historical herbarium data, botanists have found that the concentration of stomata on a leaf surface is sensitive to the concentration of carbon dioxide in the atmosphere. (Leaf fossils often reveal details fine enough to enable counting of the tiny stomata.) These studies, when compared with temperature reconstructions from oxygen isotopes in marine fossils, give us important clues about the long-term relationship between temperature and carbon dioxide.

Some tiny organisms not only are highly compact data recorders but are nearly ubiquitous on and under Earth’s surface. Mites, for instance, occupy almost every habitat, like the clutter that fills the house of a pack rat. We even find mites entombed in dark caves, preserved in stalagmites and stalactites by mineral-rich water. Because each mite species is adapted to a specific climate, the dominance of certain species of mites can teach us about the environment in which they lived. One recent study catalogued twelve types of mites in stalagmites in a cave near Carlsbad Caverns dating back 3,200 years,31 revealing that the southwestern United States was wetter and cooler from 3,200 to 800 years ago.

EARTH’S CLOCKS

The most basic way to date deposited or grown records is just to count layers. Tree ring counting has been particularly useful for calibrating the carbon-14 dating technique, since dendrochronologists can measure the carbon-14 in individual rings. This is necessary, because carbon-14 isn’t produced in the atmosphere at a constant rate.32

The organic excretions of living things contain carbon-14, and any living thing will contain some carbon-14 when it dies. So any growth layers or organic materials in layered deposits, like pollens and tree rings, are potential tools for absolute dating. Pollens are especially valuable. Trees and plants prodigiously produce pollens specific to their species (say that five times, quickly). Charles Darwin famously complained that pollination seems extravagant and even wasteful, but that very extravagance allows us to use pollen granules to date layered deposits. Pollens, cast far and wide by the wind, have been dated in lake sediments with carbon-14 to sixty thousand years ago and in bogs to about twelve thousand years ago.

There are other fairly short-lived radioactive isotopes in the marine environment, including a number of intermediate decay products from long-lived radioactive isotopes. For example, uranium-234 and thorium-230 hide in corals and ocean sediments, allowing us to date them back a few tens of thousands of years.33

A very different sort of clock uses the polarity reversals in Earth’s magnetic field (more on this in Chapter Three). Any magnetic minerals will align themselves with Earth’s magnetic field when they are deposited as sediments and left undisturbed. Oceanographers have mapped magnetic variations back nearly 200 million years, providing another way to check other records independently.34

Finally, there are the Milankovitch cycles, probably the single most useful type of clock for layered deposits.35 These are the various long-term dynamic rhythms, such as the changes in the angle and direction of Earth’s axial tilt and the subtle changes in its orbit. These cycles affect anything that involves the condensation and evaporation of water, or which is sensitive to changes in temperature or sunshine. Many such cycles occur on Earth, with ranges from 19,000 to 400,000 years, and are catalogued in ice, marine, and deep lake sediment cores.36

Once records are properly calibrated, researchers can use one record as an independent check on others by comparing their common proxies.37 (This means layered records are much more useful when more than one kind is available.) Earth’s many distinct records, therefore, allow scientists to reconstruct much of the ancient global climate confidently, as these records preserve events from Earth’s deep interior to the distant stars.
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Figure 2.4: Milankovitch astronomical cycles for Earth going back one million years. The small variations in the orbital parameters of Earth cause climate changes that leave their mark on its surface. All three types of variation—eccentricity, obliquity (tilt), and precession—are observed in the geological record. The dominant cycles are eccentricity, 100,000 and 400,000 years; obliquity, 41,000 years; precession, 23,000 and 19,000 thousand years. The actual precession period is 26,000 years, but modulation by the eccentricity cycles results in the two periods seen in the geological record. Earth and the Sun are not drawn to scale.

There are many more examples, but this brief survey should reveal that Earth’s surface is peppered with millions of natural data recorders, all patiently measuring a diverse range of phenomena.

WHAT DOES ALL THIS HAVE TO DO WITH HABITABILITY?

This may come as a surprise, but all the measurable aspects of our environment discussed above are closely related to its habitability. To see this, however, it’s important to understand the nature of life and its basic requirements.

For practical reasons, astrobiologists generally assume that extraterrestrial life, if it exists, will resemble Earthly life. After all, if their primary goal is to discover life on other worlds, it is much easier if they can use knowledge of Earthly life in the search. Critics claim this assumption betrays not only a lack of imagination but also a certain Earth-centered provincialism. In fact, it has a solid scientific justification, since the basic chemical requirements for life prescribe the kind of planetary environment conducive to complex life.

Although the boundaries are fuzzy, we can distinguish three categories of life: simple, complex, and technological. Since simple life is a prerequisite for complex life, and complex life is a prerequisite for technological life, technological life requires the narrowest range of conditions.38 Because our primary interest is complex life and ultimately technological life, we need the criterion that most clearly separates simple life from the complex life that may become technological.39 With this in mind, we can define the minimum complex organism as a macroscopic aerobic metazoan—that is, largish, oxygen-breathing, and multicellular. Without oxygen, large mobile organisms aren’t possible, especially those with large brains. This is a basic limitation resulting from simple chemistry and physiology.

LIFE’S CHEMISTRY

Science-fiction stories often describe alien life forms based on completely different chemistry from that of life on Earth.40 But sci-fi writers use artistic license, which allows their imaginations to run unfettered. One popular notion is silicon-based life—attractive, no doubt, because of silicon’s proximity to carbon in the periodic table.

CARBON

At its basic level, however, chemical life must be able to carry the instructions for the construction of its progeny from basic atomic building blocks.41 These instructions, or “blueprints,” require, among other important things, a complex molecule as the carrier. This molecule must be stable enough to withstand significant chemical and thermal perturbations, but not so stable that it won’t react with other molecules at low temperatures. In other words, it must be metastable.42 Also, to allow for diverse chemistry, it must have an affinity for many other kinds of atoms comparable with the affinity it has for itself. Carbon excels in this regard, but silicon falls far short. Other elements aren’t even in the race.

There are other arguments in favor of carbon, such as the fact that it forms gases when combined with oxygen (to make carbon dioxide) or hydrogen (to make methane), and both gases allow free exchange with the atmosphere and oceans.43 And most important, when other key atoms—hydrogen, nitrogen, oxygen, and phosphorus—are added to carbon, we get the informational backbones (DNA and RNA), and the building blocks (the amino acids and proteins) of life. Carbon gives these molecules an information-storage capacity vastly exceeding that of hypothetical alternatives.44 In fact, the half-dozen or so key chemical requirements for life discussed in the literature are rare or absent in other elements but are all present in carbon. (And in case you think there’s a loophole, it doesn’t work to try to create a carbon equivalent by combining several kinds of atoms.45)

WATER

Life also needs a solvent, which provides a medium for chemical reactions. The best possible solvent should dissolve many types of molecules, transporting them to reaction sites while preserving their integrity. It should be in the liquid state, since the solid state doesn’t allow for mobility and the gaseous one doesn’t allow for sufficiently frequent reactions. Further, the solvent should be liquid over the same range of temperatures where the basic molecules of life remain largely intact and in the liquid or gaseous state. Water, the most abundant chemical compound in the universe, exquisitely meets these requirements.46

In fact, water far exceeds these basic requirements for life chemistry. Harvard chemist Lawrence J. Henderson described the many ways that water and carbon are uniquely suited for life in his classic 1913 work, The Fitness of the Environment.47 Our increased knowledge of chemistry over the past century has only reinforced his arguments.48 The topic is too extensive to cover here in detail, except to note a few important examples. First, water is virtually unique in being denser as a liquid than as a solid (the element bismuth is another substance with this property). As a result, ice floats on water, insulating the water underneath from further loss of heat.49 This simple fact also prevents lakes and oceans from freezing from the bottom up. It’s very difficult, if not impossible, to alter such a situation once attained. If ice were to sink to the bottom, it would remain there, unable to melt, separated from the Sun’s warmth. Surface ice also helps to regulate the climate by altering Earth’s ability to absorb or reflect sunlight, as we’ll discuss at length in Chapter Four.

Second, water has very high latent heats when changing from a solid to a liquid to a gas.50 So more heat is needed to vaporize one gram of water than the same amount of any other known substance at ambient surface temperature (and higher than most others at any temperature).51 This means that it takes an unusually large amount of heat to convert liquid water to vapor. Similarly, vapor releases the same amount of heat when it condenses back to liquid water. As a result, water helps moderate Earth’s climate and helps larger organisms regulate their body temperatures. This characteristic also permits smallish bodies of water to exist on land; otherwise, ponds and lakes would evaporate more easily. In all three cases, if a gram of water evaporated with less heat, it would remove less heat from a surface. It’s probably no coincidence that water is found in all three states at Earth’s surface, and that the mean surface temperature is near the triple point of water—a unique combination of pressure and temperature where all three states can coexist. Not only does this provide a diverse set of surfaces (the relevance of which will be covered in Chapter Four), but it also best exploits water’s anomalous properties for regulating the temperature.

Third, liquid water’s surface tension, which is higher than that of almost all other liquids, gives it better capillary action in soils, trees, and circulatory systems, a greater ability to form discrete structures with membranes, and the power to speed up chemical reactions at its surface. Finally, water is probably essential for starting and maintaining Earth’s plate tectonics, an important part of the climate regulation system.52

Frank H. Stillinger, an expert on water, observed, “It is striking that so many eccentricities should occur together in one substance.”53 While water has more properties that are valuable for life than nearly all other elements or compounds, each property also interacts with the others to yield a biologically useful end. Michael Denton describes one of these ends, the weathering of rock:

            Take, for example, the weathering of rocks and its end result, the distribution of vital minerals upon which life depends via rivers to the oceans and ultimately throughout the hydrosphere. It is the high surface tension of water which draws it into the crevices of the rock; it is its highly anomalous expansion on freezing which cracks the rock, producing additional crevices for further weathering and increasing the surface area available for the solvation action of water in leaching out the elements. On top of all this, ice possesses the appropriate viscosity and strength to form hard, grinding rivers or glaciers which reduce the rocks broken and fractured by repeated cycles of freezing and thawing to tiny particles of glacial silt. The low viscosity of water confers on it the ability to flow rapidly in rivers and mountain streams and to carry at high speed those tiny particles of rock and glacial silt which contribute further to the weathering process and the breaking down of the mountains. The chemical reactivity of water and its great solvation power also contribute to the weathering process, dissolving out the minerals and elements from the rocks and eventually distributing them throughout the hydrosphere.54

This chemical and mechanical distribution of vital elements is an important part of chemical weathering, which is also an important part of Earth’s climate regulation system (a topic we will cover in Chapter Three).55

ALL TOGETHER NOW

John Lewis, a planetary scientist at the University of Arizona, agrees that carbon and water have no equals. After considering possible alternatives, he concludes:

            Despite our best efforts to step aside from terrestrial chauvinism and to seek out other solvents and structural chemistries for life, we are forced to conclude that water is the best of all possible solvents, and carbon compounds are apparently the best of all possible carriers of complex information.56

Henderson was also struck by the overall fitness of carbon and water for life: “From the materialistic and the energetic standpoint alike, carbon, hydrogen, and oxygen, each by itself, and all taken together, possess unique and preeminent chemical fitness for the organic mechanism.”57 Water appears to be an ideal match for carbon-based chemistry. For starters, organic reactions are optimal over the same range of temperatures that water is liquid at Earth’s surface.58 At low temperatures, reactions become too slow, while at high temperatures, organic compounds become unstable.

Earth’s ability to regulate its climate hinges on both water and carbon, not least because carbon dioxide and water vapor—and to a lesser extent, methane—are important atmospheric greenhouse gases. These life-essential vapors are freely exchanged among our planet’s living creatures, atmosphere, oceans, and solid interior. Moreover, carbon dioxide is highly soluble in water. Together, they create a unified climate feedback system, and have kept Earth a lush planet for the past 500 million years. Indeed, it’s hard to ignore the need for the planetary environment to be so closely linked to the chemistry of life.59

We’re made from the dust of Earth and to dust we will return. Life is not just an ephemeral dross clinging to an inert surface. Life, rocks, and the atmosphere interact in a complex web of feedback loops reminiscent of the classic dilemma of the chicken and the egg: Life needs a habitable planet to exist, but simple organisms seem to be necessary ingredients for making a habitable planet. James Lovelock even goes so far as to call Earth’s geophysical and biological processes a type of planetary physiology, because, like an animal’s metabolism, our planetary environment remains relatively stable despite changing external conditions. But the analogy goes deeper, since both systems use the special properties of carbon and water.

Because carbon and water are so well suited for life at the scales of molecules, cells, organisms, and planets,60 environments without enough carbon and water are very probably lifeless. Once we recognize the high degree of fitness of carbon and water chemistries for life, we must also accept the constraints this places on a habitable planet. A planet less flexible than Earth at regulating its climate with water and carbon will surely be less habitable.61

Of course, even simple life requires far more chemical elements than carbon, hydrogen, and oxygen. A tiny bacterium needs seventeen elements, and humans need twenty-seven.62 In general, the larger and more complex the organism, the more diverse the proteins and enzymes it requires. While most of the essential elements are concentrated enough in seawater for life, the oceans aren’t an adequate source of all elements. For example, the atmosphere is the primary source of nitrogen, and the continents are the primary source of several mineral nutrients, including molybdenum.63 This suggests that planetary environments lacking a nitrogen-rich atmosphere and continents may not be able to support a robust biosphere.64

Apart from these essential elements, life requires a stable, long-term energy source. The basic sources are stellar radiation, geothermal heat,65 and chemical energy. An environment needs enough energy to maintain liquid water, but even with liquid water, an environment with weak energy sources diluted over its surface won’t be able to support a lush biosphere. For that, you need lots of energy.

Complex life also requires a certain minimum biological support system through the activity of autotrophs, organisms that synthesize organic molecules from simple inorganic matter.66 For example, photosynthetic algae and some bacteria synthesize food from such inorganic materials as carbon dioxide, nitrogen, methane, hydrogen, and various minerals. These algae and bacteria, and their organic products, then become food for other organisms that require organic food—heterotrophs like us. Some environments might be able to support low-level microbial life, but if it lacks the energy to sustain an abundant autotroph population, it won’t allow for larger, more complex organisms.

Life relies on chemical energy for its immediate metabolic needs, and chemical energy is all about the exchange of electrons. The most energy is released when elements located on opposite ends of the periodic table exchange electrons. Oxygen is second only to fluorine in the amount of chemical energy released when it combines with other elements.67 Hydrogen, and carbon combined with hydrogen, or hydrocarbons, are the best substances to combine with oxygen. All complex life forms use such oxidation reactions (other common reactions yield far less chemical energy). And not incidentally, the products of oxidation are water and carbon dioxide, the nontoxic and essential components of the climate regulation system. So hydrogen, carbon, and oxygen, together, offer the best source of chemical energy. This remarkable fact was not lost on Henderson: “This is the last argument which I have to present, but it is one of the most potent. The very chemical changes, which for so many other reasons seem to be best fitted to become the process of physiology, turn out to be the very ones which can divert the greatest flood of energy into the stream of life.”68

EXTREME ENVIRONMENTS

Recent studies of the organisms called extremophiles have made many astrobiologists more optimistic about the prospects for finding life of this sort on other planets.69 We find these hearty critters in the severely salty Dead Sea and Great Salt Lake, the superheated water in deep-sea thermal vents, the stinky, gurgling Yellowstone springs, and the frigid ice fields of the Arctic and dry valleys of the Antarctic. But we may not find similar organisms in isolated extraterrestrial settings, because these Earthly organisms are not nearly as independent of other life as it appears. For example, the biological communities found around some deep-sea thermal vents include many creatures that require oxygen. Surface-dwelling organisms produce the oxygen by photosynthesis, which is then mixed into the deep ocean waters. There may be other, more direct ways that these vent communities are linked to present and past surface life.70 For instance, these animals may even have migrated there from shallower waters.

[image: Figure 2.5]

Figure 2.5: The periodic table of elements. Hydrogen (H) is the lightest element, and so is number one on the periodic table. Helium (He) is two. Complex life requires more elements than “simple,” single-celled life. A bacterium needs seventeen elements, while a human being needs twenty-seven. In addition, some of these essential elements, such as iron, along with radioactive elements located near the end of the table, are required for geological processes that produce a habitable planet.

Extremophiles also make a go of it off rock and hydrogen about a mile deep in the Columbia River basalt in eastern Washington and other subsurface spots around the globe. Typical subsurface life metabolizes very slowly compared with life at the surface, and the concentration of the cells is typically very dilute. And once again, it is probably dependent on surface life. There’s increasing evidence that deep subsurface microbial communities feed off dissolved organic matter, either from fossil soils or from fresher organic material brought down from the surface.71 As a result, thermal vent and deep subsurface communities may not be able to exist on a world that has never had abundant surface life or is far from a source of light energy.

Research by Abel Méndez, an astrobiologist at the University of Puerto Rico at Arecibo, suggests that most prokaryotes—“simple”72 organisms without a nucleus—grow best between 70 to 126 degrees Fahrenheit, with optimum growth at 96.8 degrees.73 This is important because the biodiversity in the tropical regions depends mostly on the growth rate of such organisms.74 Complex life is even less tolerant to changes in temperature.75 Temperatures quite different from this optimum would provide much less support for a complex biosphere.

Méndez also notes that life cannot survive at arbitrarily high pressures; the maximum limit is nearly one thousand times the pressure at Earth’s surface. Several environments in the Solar System where liquid water may exist exceed this limit. Moreover, while various species of extremophiles can tolerate extremes in temperature, salt content, moisture, and pH, few can tolerate a very broad range of environmental conditions.76 In fact, they’re somewhat challenging to maintain in the laboratory.77 So while we can certainly learn something of the extreme range of conditions in which life can exist by studying extremophiles, we shouldn’t assume we will find them on planets with environments significantly different from ours.

Moreover, studying the other planets in the Solar System enhances our knowledge of the range of conditions required for life. And the more we can compare Earth with the other planets, the more we realize that Earth is an exceptional host for both simple and complex life (more on this in Chapter Five).

Nevertheless, we may yet find life elsewhere in the Solar System (see Appendix B on panspermia, 343–345). Astrobiologists now generally recognize that the terrestrial planetary bodies have been exchanging material, especially during the early history of the Solar System. Even today fairly intact pieces of Mars and the Moon are collected as meteorites on Earth. Similarly, Earth has probably contaminated most of the other planetary bodies in the Solar System with its microbes. On most bodies—such as Mercury, the Moon, Jupiter, and asteroids—Earthly life can’t flourish. Mars, however, was probably wet for some time in its early history, and might have supported life. But today we find no evidence of life on its surface. Even with an early helping of our microbes, the harsh conditions on the other planetary bodies in the Solar System prevented them from surviving or transforming their host planets into more habitable environments.78 One or two hardy species clinging to a few oases in a mostly barren world have no opportunity to regulate climate; they are completely at the mercy of their environment. This implies that simple life may not be as widespread in the universe as many astrobiologists believe, even given what we know about extremophiles on Earth. Nevertheless, if only because of contamination from Earth, we may find some microbes below the Martian surface. In fact, it would be more surprising to find none.

THE FEEDBACK FROM LIFE TO MEASURABILITY

In taking basic mineral elements and energy sources to produce organic compounds, autotrophs make their environment more habitable for all life. For example, marine organisms deposit carbonates—an important part of the carbon cycle—on the ocean floor (we’ll discuss this cycle in Chapter Three). In addition, marine phytoplankton produce most of the oxygen in the atmosphere. We and our animal cohabitants also depend on simple life directly: as food sources, digestive aids, and decomposers. And simple life makes Earth a more measurable place—through tree rings, stomata on leaves, mites in cave stalagmites, foram skeletons in deep ocean sediments, and pollen in lake sediments, to name a few.

All the sedimentation and growth processes described in this chapter ultimately depend on the hydrological cycle. This cycle encompasses snowfall on Antarctica and Greenland; rainfall on the continents that replenishes rivers, lakes, and springs and nourishes trees and other living things; and mountain erosion that provides the life-essential minerals for lakes and oceans. But not just any water-cycle-in-a-bottle will do. A hydrological cycle must be fine-tuned to produce the high-quality natural recorders we find on Earth’s surface. Too little water would result in the erosion of deposited sediments; too much water would leave too little land surface for stable ice sheets, trees, or corals. Both extremes lead to conditions less hospitable for life and discovery. Since this is easier to appreciate by comparing Earth with the other planets, we’ll wait to explore this until Chapter Five.

FORETELLING THE FUTURE

Isn’t it surprising that processes on Earth would encode such high-grade, accessible information as a mere accidental byproduct of cosmic evolution? It’s equally surprising from the perspective of biological evolution, since this information conferred no survival advantage on living things throughout Earth’s long past. After all, we’ve only recently noticed it and are still perfecting the technology required to recover and read it.

At the same time, Earth’s capacity for recording data, especially in high-resolution ice cores, could confer survival advantages on an advanced civilization.79 In particular, it could help us maintain Earth’s present level of habitability long into the future by teaching us the proper relationship between temperature and atmospheric carbon dioxide. This requires a bit of explanation.

Ice cores have revealed that very large climate swings can occur over just a few years—at least they have in the past. Civilized humankind has not experienced such events. The last one, the Younger Dryas, occurred about twelve thousand years ago. Cooling our climate to glacial temperatures over just a few years would severely disrupt global food production and render cities far from the equator uninhabitable. The ice core record from central Greenland shows that events like the Younger Dryas were the norm for most of the last 100,000 years, while the time corresponding to human recorded history has been quite exceptional.80 Extending the record further back in time with the less detailed Antarctic ice cores, it appears that the present warm period is the longest-lived one of the past 420,000 years. There’s clearly something special about our time.

These records provide an objective test of computer simulations, which otherwise can be highly subjective. Climatologists can now develop long-term simulations of the global climate by adjusting their models to the present climate and testing them on the paleoclimate data derived from the diverse Earthly archives.81 With this growing database, they’ll continue to improve their ability to predict future climate changes. Long-term forecasting once seemed a dream, but the ice-filled pipes of ice cores, alongside other records, may one day make that dream a reality.

We still have much to learn about climate change, of course, but one surprising discovery from this work is that atmospheric carbon dioxide could help prevent glaciation in the future. Research by climatologists A. Berger and M. Loutre of the Institut d’Astronomie et de Geophysique in Belgium suggests that variations in the average amount of sunlight received recently by the Northern Hemisphere are quite exceptional.82 They compared the near-term changes (due to the Milankovitch cycles), five thousand years back to sixty thousand years into the future, to those of the past three million years. They found that only five intervals in the past three million years had variations as moderate as our present.83
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Figure 2.6: Variation in the isotope ratio of oxygen 18 to oxygen 16 in Greenland ice going back some 100,000 years. The oxygen isotope ratio is related to the local temperature. According to these data, the temperature over most of this time period has been marked by very large and rapid changes, and at points has been as much as 25 degrees C colder than the present. Moreover, the climate over the last 12,000 years has been anomalously warm and stable.

Loutre and Berger also found that for up to 130,000 years into the future, the onset of a glaciation depends on the atmospheric level of carbon dioxide, with less carbon dioxide leading to more pronounced growth of ice sheets in the Northern Hemisphere.84 So not only has the climate been anomalously warm, with fairly stable temperatures for the last twelve thousand years, but we could enjoy stability for at least a few tens of thousands of years into the future. That puts us at the beginning of a long-lived stable, warm period.

You’re probably astonished to learn that a high carbon dioxide level could inoculate the planet, and us, against a near-term glaciation (as long as it’s not too high, of course). The modern Industrial Revolution has maintained, and will continue to maintain, carbon dioxide levels well above the minimum threshold Loutre and Berger predict.85

We should be glad that the era since the last glacial period has lasted this long. You might not be reading this book had the next major glacial period started, say, one thousand years ago.86 The Northern Hemisphere’s climate would have been too severe for Europe to drag itself out of the so-called Dark Ages and to give us enough leisure time to make the web of scientific, philosophical, and artistic advancements that laid the groundwork for the Scientific and Industrial Revolutions. And without industrial man pouring his extra carbon dioxide into the atmosphere by burning fossil fuels, as he began to do some 150 years ago, the tendency toward increased glaciation might have continued unchecked, making it more and more difficult for civilization to progress. Carbon dioxide emissions are a natural consequence of the rise of civilization (in fact, concentration of carbon dioxide tracks closely with world population).

Human activity has always affected our planet locally, but our striving since the early Holocene has brought us to the point where we can hope to understand the global climate system just as we’re beginning to have a significant impact on it.87 If we’re smart, the measurability of our environment can lead to improved habitability in the near term by allowing us to attune our behavior with the natural processes of global change.88


CHAPTER 3

PEERING DOWN

Plate tectonics plays at least three crucial roles in maintaining animal life: It promotes biological productivity; it promotes diversity (the hedge against mass extinction); and it helps maintain equable temperatures, a necessary requirement for animal life. It may be that plate tectonics is the central requirement for life on a planet and that it is necessary for keeping a world supplied with water.

—Peter D. Ward and Donald Brownlee1

TREMORS

Just as we began to write this chapter, on February 28, 2001, we experienced the strongest earthquake in Seattle in the past five decades. We were both in tall buildings that rocked eerily, like trees in the wind. A friend in a ground-floor coffee shop saw a solid tile floor rippling like water, its solidity suddenly revealed as an illusion. Although it could be felt as far south as Salt Lake City and as far north as Vancouver, the earthquake’s epicenter was thirty life-preserving miles underground. As a result, although the earthquake was terrifying and powerful—magnitude 6.8 on the Richter scale—it caused relatively minor damage.

Earthquakes destroy property and kill many people every year; nevertheless, they benefit both our planet’s habitability and scientific discovery. Without earthquakes, we probably wouldn’t even be here and, if somehow we were, we would know far less about Earth’s interior structure.2

Like a hammer hitting a bell, a strong earthquake generates waves in the solid Earth that radiate in all directions and travel across its entire diameter. A seismograph anchored to the ground can detect waves from both strong, distant earthquakes and weak, local ones. Differences in density leave their marks on the wave paths, which then carry information about that part of Earth’s interior. For instance, sharp discontinuities abruptly deflect the waves, like light bending as it passes from air to a lens. Other wave features can reveal whether any of the traversed regions are liquid.3
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Figure 3.1: Cross section of Earth showing its internal structure inferred from the study of P and S waves generated by earthquakes. This figure shows a hypothetical earthquake and the P and S waves it propagates through the mantle, outer core, and inner core. Seismographs, which are widely distributed on the continents around Earth, are used to detect the waves. Note that only the P waves can traverse the liquid outer core.

But the real insight comes from collecting tracings from seismographs spread across Earth’s surface. With thousands of earthquakes measured on thousands of seismographs over the past several decades, geophysicists can “invert” a vast database to produce a three-dimensional map of the structure of Earth’s interior. The technique, called three-dimensional tomography, is like a geological CAT scan.

Earthquakes also help geophysicists probe small- and large-scale structures, such as an oceanic plate subducted beneath a continental plate. As two crustal plates slide past each other, sections from the opposing plates often catch and build up stress. At some point, a sudden jolt relieves the stress and generates earthquakes. The recent deep earthquake near Seattle was produced within the Juan de Fuca oceanic plate, which is subducting beneath the North American plate. By measuring such deep earthquakes over several decades, geophysicists have developed three-dimensional pictures of subduction zones around the globe. They’ve learned that deep earthquakes occur only at subduction zones. Earthquakes also trace the mid-ocean ridges, where fresh crust forms like hot icing on a dry cake. Together, the subduction zones and spreading ridges delineate the plate boundaries (more on this below). If we had only half a dozen well-separated seismograph stations, we could still produce a map of Earth’s major plate boundaries.
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Figure 3.2: Subduction of oceanic plate beneath a continental plate as revealed by earthquakes (in this case near the Japan trench). Earthquakes trace the three dimensional shape of the sinking lithosphere (rigid part of Earth’s outermost layer, which includes the crust); the asthenosphere is the part of the upper mantle that is easily deformed. As viewed from the top, the earthquakes display a clear pattern of increasing depth as one moves away from the trench, towards the continental plate.

Today seismographs are spread rather uniformly across Earth’s surface. This would have been impossible earlier in Earth’s history. About two hundred million years ago, only one supercontinent, called Pangaea, pierced the ocean surface of a watery, lopsided planet. Pangaea has since divided like a puzzle, with its pieces well distributed over Earth’s face.

To map our planet’s liquid outer and solid inner cores, seismographs need to be nearly opposite to an earthquake’s epicenter. Like the continents, earthquakes are widely distributed on the present Earth, occurring predominantly along the plate boundaries. Thus, widely distributed continents and earthquakes together enable us to optimally probe Earth’s structure.

Fortunately for science, earthquakes, unlike lightning, often strike the same place twice. If geophysicists can measure the seismic waves of such repeating quakes at stations nearly antipodal to them—that is, on the opposite side of Earth—they can uncover secrets about the inner core. For example, for three decades, researchers at a seismic station in Alaska measured the arrival times of waves generated by South Sandwich Island earthquakes.4 Since the waves arrived at different intervals after the quake, the researchers concluded that the solid core rotates a little faster than the rest of Earth.

PLANETARY MAGNETISM

In the nineteenth century, physicists discovered that rotating a wire coil inside a set of magnets generates an electrical current in the wire. Today we use this dynamo process to convert mechanical energy into electricity. The basic ingredients of a dynamo are a conducting medium, a magnetic field, and motion. From studying earthquakes and other events, geophysicists know that Earth’s outer core is made of piping-hot liquid iron, which probably exceeds 3000°C. Heat flowing through Earth’s outer liquid core causes it to convect, like the heat-transferring convection on a hot afternoon that produces cumulus clouds. Because it conducts electricity, the outer core sets up a dynamo generator. But Earth’s magnetic dynamo is even more demanding than the man-made variety. In an electrical dynamo, the magnets have permanent fields, but the geodynamo must regenerate its magnetic field. Otherwise, it would decay after only a few hundred years. Such a self-sustained planetary dynamo requires, among other things, the circulation provided by a planet rotating fast enough to produce eddies in the outer core.5

Geophysicists use the planetary magnetic field to reconstruct Earth’s geologic past. As we noted in the previous chapter, Earth’s magnetic field aligns ferrimagnetic minerals in grains as they sink to form undisturbed marine sediments. This isn’t the only process that records Earth’s magnetic field. Whenever basaltic lava cools below the Curie point—the temperature above which a rock loses its magnetism—it “freezes in” Earth’s magnetic field. Such fossil magnetism, or paleomagnetism, remains preserved in a rock as long as it’s not heated above the Curie point. We now know from studies of dated lava flows on land that the planetary magnetic field has changed polarity many times in the past. Magnetic reversals aren’t strictly periodic, but occur roughly every million years.6 The last one occurred 780,000 years ago. Because they are global events, magnetic reversals serve as universal markers for geologists to match widely separated seams of rock.
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Figure 3.3: Geomagnetic reversals measured in the northeastern Pacific with a magnetometer towed by a research ship. The present magnetic field direction is shown as black, and the reversed direction is shown as white. These magnetic patterns are used to reconstruct the detailed history of seafloor spreading. The locations of spreading ridges as well as faults are apparent in the figure. This figure (first published in 1961) played a very significant role in the eventual adoption of plate tectonic theory.

In the late 1950s, oceanographers began towing devices called magnetometers behind research ships to map the ancient magnetic fields of the rocks forming the ocean floor. The purpose of the first surveys was to search for magnetic anomalies associated with large structures like volcanoes. But the resultant maps revealed an unexpected and remarkable pattern of magnetic polarity reversals running parallel to and symmetric on both sides of the mid-ocean ridges.7 We now understand that these magnetic stripes result from reversals of Earth’s magnetic field as fresh sea floor crust forms and spreads out on both sides of a ridge. In effect, the ocean floor acts as a giant magnetic tape recorder. To read it, all you need is a ship sporting a magnetometer. (See Plate 6.)

But access to these data shouldn’t be taken for granted just because they’re easy to read. As geophysicist David Sandwell notes, “Indeed, the ability to observe magnetic reversals from a magnetometer towed behind a ship relies on some rather incredible coincidences related to reversal rate, spreading rate, ocean depth, and Earth temperatures.”8 Sandwell goes on to describe how these four scales conspire to produce measurable fields at the ocean surface:
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