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PROLOGUE

Darkness at Noon: Baja Mexico, 11 July 1991

Stretching over 1,300 km south of the California state line between San Diego and Tijuana is a peninsula of mountains, deserts and plains ending at one of the most beautiful beaches in the world. Fine golden sand for miles and miles slopes into the azure Sea of Cortés and the Pacific Ocean. The peninsula, called Baja California, is actually part of Mexico. In the heat of the summer of 1991 I arrived, planning to view my first total eclipse of the Sun.

The morning of 11 August is bright and clear. Amid the palm trees and cactus plants all along the beach, tripods are being set up in the sand, an army of straw hats and Bermuda shorts appear as far as the eye can see. Everyone is buoyant. Not a single cloud in the sky, though still a few hours to go. Totality would be unusually long today at Los Cabos, 6 minutes 26 seconds, close to the theoretical maximum for a solar eclipse. The Moon’s shadow, when it reaches Baja, will be 260 km wide, moving along the beach at a speed of about 40 km per minute. As the bell in the small church tolls 10:00 a.m., the crowd makes final adjustments to telescopes and cameras. The long wait is over. Twenty-three minutes to go.

First contact occurs at 10:23:17 as the Moon’s disk just touches the Sun’s. The sky continues to be cloudless and no one is thinking of the weather. The show has begun.

In earlier times humanity held its breath during this solar disappearing act, offering sacrifices to appease the evil spirits who might destroy humanity’s source of heat and life itself. Slowly the Moon cuts deeper and deeper into the Suns image and it is now obvious that the two disks have the same diameter, a remarkable coincidence. The light fades imperceptibly.

Two small Japanese girls watch the progress of the eclipse through special Mylar sunglasses, while their mother watches anxiously. The Moon’s shadow is now sweeping across the globe towards us on the beach at Los Cabos at twice the speed of Concorde. In an orbit above the earth, a weather satellite photographs the shadow of the Moon every half-hour during its journey.

As second contact approaches, the Sun has been reduced to a thin crescent and now breaks up into a string of bright beads. These are known as Baily’s beads, caused by the streaming of the last rays of sunlight between mountains at the edge of the Moon. One by one the beads disappear until only one is left, radiating brightly from a single point on the edge of the eclipse, like a diamond ring.

[image: images]

Baily’s beads

My watch reads 11:47:40 and the miracle happens: second contact. The diamond ring disappears and a delicate pearly white halo springs into view around the eclipsed Sun. This is the corona. I have 6 minutes and 26 seconds. I look at the sky map and locate four planets in the noonday sky, lined up just to the east of the eclipsed Sun. Mercury and Jupiter are the closest, then Mars and Venus. The twin stars Castor and Pollux are clear and bright in the darkened sky, quite near the Sun. Sirius is just due south of the Sun. Through my telescope I see massive pink gaseous formations floating in the Sun’s atmosphere, the solar prominences.

[image: images]

The diamond ring

I look away at my fellow sky-gazers along the beach. It is like a scene from Spielberg’s Close Encounters of the Third Kind. Hundreds stand transfixed, motionless, staring directly up into the sky. No goggles or Mylar glasses are needed now. There is not a sound – even birds have stopped chirping. In the distance, I see what appears to be a sunset in all directions, 360° around the horizon. This is the illuminated Earth outside the canopy of darkness under the Moon’s shadow.

I check my stopwatch as third contact approaches. Then at 11:54:06, the corona disappears. In its place, the diamond ring effect and Baily’s beads repeat in reverse order. Cheers of excitement ripple through the crowd. A sliver of sunlight is now visible, and safety viewing devices are taken up to guard against the invisible ultraviolet waves. The Darkness at Noon is over.
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The corona

One hour, fourteen minutes and forty seconds later, fourth contact occurs at 13:18:46. The Moon moves away from the Sun and the full disk returns. Everyone seems satisfied. The eclipse-chasers of the world have had their day in the Moon’s shadow. The travel, the hassles, the expense have all been worth it, viewing one of the greatest eclipses of the twentieth century.
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UNDERSTANDING AN ECLIPSE

A solar eclipse … is a gift to us from the Creator.

Johannes Kepler, 1605



THE SYSTEMATIC UNDERSTANDING of the motion of heavenly bodies was one of the earliest problems confronting humankind. The development of conceptual models to reproduce this motion is one of the great stories of the history of science.

Even the most casual observer knows that the Sun and the Moon are continuously changing position in the sky. And surely all would agree that the Sun’s motion appears to be regular. But other observations are more puzzling. Many people are surprised to see the Moon high in the daytime sky. Why are bright wandering ‘stars’, the planets, often seen close to the Moon or the setting Sun? Why does the pole star, signposted by the stars of the Plough, never change position? What is the significance of the constellations along the Sun’s path?

How can one make sense of all this? The best way is to use a model of the sky called the celestial sphere, an imaginary surface upon which may be represented the motions of the Sun, Moon, stars and planets as seen from the Earth.

APPARENT MOTION OF THE SUN AND THE MOON: THE CELESTIAL SPHERE

Suppose a sphere that contains the whole universe is drawn with the Earth as its centre, as shown in Figure 1.1. The outer shell is an imaginary infinitely large dome onto which the positions of the stars and all other celestial bodies are projected. At any one time, we can see only half of this sphere from our position on the Earth. The celestial sphere works as a model because we are interested only in the directions of celestial bodies, not their distances from the Earth. The celestial equator is a projection of the Earth’s equator onto the sphere. Directly above the Earth’s north geographical pole is the north pole star, Polaris, marking the position of the north celestial pole. This star appears stationary in the sky as the other stars appear to revolve around it because the axis of the Earth’s rotation passes through it. (It is actually nearly a degree from the north celestial pole itself, but this is close enough for it to appear more or less fixed.) Instead of the Earth’s rotating in one direction, the sphere is imagined to turn in the opposite direction once every 24 hours so that all the stars complete one cycle every day. This simulates what we see from the apparently stationary Earth.

The Sun moves around the celestial sphere on a path called the ecliptic, describing a complete 360° circuit at a rate of approximately 1° per day in its annual cycle of 365 days. The Moon’s path on the celestial sphere differs distinctly from the Sun’s. First, the Moon moves more swiftly than the Sun, completing a circuit of the celestial sphere in 29.5 days as seen from the Earth. Second, the Moon’s orbit has a different orientation from the Sun’s, intersecting the ecliptic at an angle of about 5°, as shown in Figure 1.1. The intersections of the paths of the Sun and the Moon defines two points on the ecliptic called the nodes of the Moon’s orbit. The nodes, denoted by the letter N in Figure 1.1, are crucial to the study of eclipses. The arrows showing the direction of the orbital motion of the Moon indicate that one node, N1, is the descending node, where the Moon crosses the celestial equator from north to south. The other node, N2, is the ascending node, where the Moon crosses the celestial equator from south to north.
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Figure 1.1. The celestial sphere, showing the paths of the Sun and Moon and the position of the lunar nodes.

To study eclipses, it is necessary to consider the motion of the Sun and the Moon simultaneously. The Sun advances about 1° per day along the ecliptic, and the Moon moves in the same direction at about 12° per day along its orbital path. As the Moon completes a circuit of the celestial sphere about twelve times faster than the Sun, the Moon is always catching the Sun up and passing it.

With the celestial sphere defined and understood, all aspects of the apparent motion of the Sun and Moon necessary to describe eclipses are in place. However, it should be kept in mind that though this model may be useful, it is of course not a true picture of nature. The Sun does not move around the Earth. In fact, the opposite is true. Nevertheless, the celestial sphere model shows the sky as it appears to an observer on the Earth. So it is possible to speak of the ‘Sun orbiting the Earth’ in terms of the celestial sphere. The model allows us to define the positions of celestial bodies, and greatly simplifies the visualisation of their motion. It is used by astronomers the world over to measure and report observations of Sun and Moon, planets and stars. During the eighteenth century celestial globes based on the celestial-sphere model were popular accessories among the upper classes. Definitely de rigueur in fashionable British and European salons.

A solar eclipse happens when the Moon moves into alignment between the Sun and the Earth, casting its shadow on the Earth and blocking off the Sun’s light. Alternatively, if the Moon moves into alignment with the Sun but behind the Earth, the Earth’s shadow falls on the Moon. This is called a lunar eclipse. If the orbits of the Sun and the Moon were in the same plane, a solar eclipse would occur at every new Moon and a lunar eclipse would occur at every full Moon. This doesn’t happen because the orbit of the Moon is inclined at 5° to the orbit of the Earth around the Sun, as shown in Figure 1.1. The conditions for an eclipse to occur are that the Moon must be new or full and close to one of the nodes. If the new Moon is close to a node, a solar eclipse may occur; if the full Moon is close to a node, a lunar eclipse may occur. As we shall see, the proximity of the Moon to a node is critical. But first, we shall look more closely at the changing phase of the Moon as it moves in its orbit, and the relation of this to eclipses.
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Figure 1.2. ‘The First Lecture in Geography and Astronomy’, 1748, based on the celestial-sphere model of the sky.

Hulton Getty, London

THE MOON AND THE EARTH: PHASES

One aspect of the Moon’s motion which is important for understanding eclipses is the cycle of the phases it presents to the Earth during the course of a month. This is illustrated in Figure 1.3. New Moon marks the start of the cycle, when the Moon cannot be seen because it is in the same direction as the Sun and the illuminated, sunlit side faces away from the Earth. A day later, however, the Moon has moved away from the Sun and is seen as a slim crescent in the evening sky just after sunset before disappearing over the horizon. A few days later, the waxing, growing Moon is seen higher in the sky, now increasing its angular distance from the Sun at a rate of just over 12° per day. (It moves through one complete cycle of 360° in a little over 29.5 days, a period called a synodic month.) Between the 7th and 8th days the Moon reaches first quarter, making a right angle with the Sun as seen from the Earth, and the right half of the Moon is now illuminated. Between the 8th and 15th days the illuminated portion continues to grow until midway through the cycle, when full Moon is reached.

At full Moon the entire lunar disk is illuminated and 180° separate the Moon from the Sun. It is in this position that a lunar eclipse is possible, depending on how close the full Moon is to one of its nodes. As the month plays out, the illuminated portion decreases. The waning Moon reaches third quarter after about 22 days, when only the left half is illuminated. The Moon again makes a right angle with the Sun as seen from the Earth. The Moon will rise before the Sun, visible in the morning sky. After last quarter the Moon moves closer and closer to the Sun, showing a progressively thinner crescent. On the 27th and 28th days the Moon is seen only just before sunrise, a sliver in the morning sky as new Moon approaches. After 29.5 days the Moon passes out of view again at new Moon. If the new Moon is close enough to one of its nodes a solar eclipse will occur. After new Moon, the cycle starts all over again. Figure 1.3 shows that a lunar eclipse can occur only at full Moon, and a solar eclipse can occur only at new Moon.

[image: images]

Figure 1.3. The four chief phases of the Moon and the times when eclipses can occur.

A PENNY IN YOUR EYE: A DIY ECLIPSE

It is easy to simulate a solar eclipse. First, take a circular drinks coaster about 10 cm in diameter in your left hand, and extend it to arm’s length. Then take a penny in your right hand. Close one eye. Now view the two disks along the same axis, and adjust the position of the penny closer and closer to your eye until it just obscures your view of the coaster. You have just simulated a total eclipse of the Sun. For the 2 cm penny and a 10 cm coaster, and assuming arm’s length to be 70 cm, the penny will be about 14 cm from your eye.

[image: images]

Figure 1.4. Making your own solar eclipse.

The simplicity of this simulated solar eclipse may suggest that a real solar eclipse is a common phenomenon. But size considerations make a solar eclipse a remarkable event. The Sun is about four hundred times larger than the Moon. But it is also about four hundred times as distant as the Moon. As a result, the Sun and Moon appear to an observer on the surface of the Earth to be almost the same size in the sky. When the Moon is new and precisely aligned with the Sun and the Earth, the two disks can overlap nearly exactly, and a solar eclipse occurs. The Moon obstructs the Suns light and casts its shadow on the Earth.

To demonstrate how unusual the phenomenon of a solar eclipse is, a scale drawing has been made of the Sun, Moon and Earth and the distances between them. The common scale has been achieved by using the Moon’s diameter as a measuring unit, a Moon. The scaled sizes and distances are listed in Table 1A. Note that on this scale the Earth’s diameter is 3.66 Moons, the Sun’s diameter is 400 Moons, the Earth–Moon distance is 109 Moons and the Earth–Sun distance is 42,816 Moons, If we choose a scale of 1 Moon = 0.5 mm, the Moon would look like this: • ; the Earth would be 1.83 mm, as indicated in Table 1A, and look like this: [image: ]. The Sun would be 200 mm in diameter.

Table 1A. Dimensions for a scale drawing of a solar eclipse.

[image: images]

Part of the Sun is drawn to scale on the inside front cover of this book. The separation between the two bodies would be 54.6 mm, as shown on page, where the Earth and the Moon and their separation are shown to scale. The Earth’s diameter is 1.83 mm to scale, and the Moon’s diameter is 0.5 mm. Why page? Because we need nearly the entire extent of this book, from the inside front cover to page, to represent on this scale the distance from the Sun to the Earth. This is with all the pages opened out like an accordion, double-sided. At this distance the image of the Sun viewed from the Earth shrinks to 0.5 mm, and is just small enough to be obstructed by the image of the Moon, which is also 0.5 mm across on this scale.

TYPES OF SOLAR ECLIPSE

Not all solar eclipses are alike. There are three different types, defined in terms of the shadow produced by the Moon. Like a sundial or even a large straw hat, the Moon casts a shadow in sunlight, and in the Moon’s case the shadow is long enough to reach the Earth, causing an eclipse. Most of the time the cone-shaped lunar shadow is projected out into space, past the Earth. However, when the conditions of the Moon’s phase and orbital position are right, near a node at new Moon, the shadow strikes the Earth. As shown in Figure 1.5, one of three types of solar eclipse will occur, depending on the exact circumstances of the Earth–Moon–Sun alignment and on the Earth–Moon distance.

There are two parts to any shadow produced by an extended light source like the Sun. The umbra is the zone of total shadow, from within which no part of the Sun can be seen. If the tip of the umbral shadow cone reaches the Earth, those within the small region where it falls will see a total eclipse. Outside the umbra but within the penumbra, the light is not completely cut off by the Moon, and an observer on the Earth sees some part of the Sun, experiencing a partial eclipse. A total eclipse is the most interesting type. For an observer within the umbra, the faint corona surrounding the Sun can be seen if the sky is clear of cloud. The corona is a very thin gas, mostly hydrogen, forming the outer atmosphere of the Sun, which appears as a halo during a total eclipse – it is in fact the most distinguishing characteristic of a total eclipse. A partial eclipse can also be seen when only the penumbra strikes the Earth. None of the special characteristics of totality such as the corona are seen during a partial eclipse.

[image: images]

Figure 1.5. Types of solar eclipse: total (a), partial (b) and annular (c).

In an annular eclipse, the Moon is aligned in front of the Sun but does not completely cover the Sun’s disk because the umbra does not quite reach the Earth. It is still a striking visual effect, with sunlight streaming out from a ring around the Moon’s outer rim. This gives the eclipse its name: annular means ‘ring-like’. As in a partial eclipse, the faint solar corona is not seen in an annular eclipse, for it is overwhelmed by the bright direct sunlight from the annular ring. An annular eclipse can be demonstrated by a slight variation in the DIY demonstration. Align the penny as before, just covering the coaster, then move the penny away from your eye slightly. You will see a ring of the coaster appear around the penny. Voilà – an annular eclipse!

The fact that a central alignment can cause either a total eclipse or an annular eclipse implies that the Earth–Moon distance varies. The Moon is not always close enough to the Earth to obscure the entire face of the Sun. In fact, both the Earth–Moon distance and the Earth–Sun distance change continuously as the Earth and Moon trace out their orbits. The values given in Table 1A for these distances are averages: at a given moment their orbital distances can be more or less than these values. Consequently, the Moon is sometimes not close enough to eclipse the Sun totally, even when perfectly aligned, and an annular eclipse happens instead.

The variation of the Earth–Moon and Earth–Sun distances is due to the non-circularity of their orbits. This is a characteristic of all orbiting bodies, and was one of the discoveries made by the German astronomer Johannes Kepler (1571–1630) early in the seventeenth century. Kepler had proposed a set of laws for planetary motion which were completely at odds with contemporary theories. The first law stated that all the planets, including the Earth, move in orbits around the Sun which are elongated circles called ellipses. Furthermore, said Kepler, the Sun is not at the centre of the planet’s orbit, but sits at one of two points on each side of the centre, each called a focus.

Kepler’s second law proposed another revolutionary idea: that the planets do not move uniformly, but continuously slow down when moving away from the Sun, and speed up when moving towards the Sun. A planet moves fastest at the point in its elliptical orbit where it makes its closest approach to the Sun, called perihelion. It moves slowest at the other end of the orbit, when farthest from the Sun, at the point called aphelion














	
	
	



	
	
	



	
	
	



	
	
	



	
	
	




THE LINE OF NODES AND THE ECLIPSE SEASON







THE ECLIPTIC LIMIT







THE FUTURE OF THE TOTAL SOLAR ECLIPSE
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