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To my wife, Dimonika, who came halfway around the world to end up with me.

Hope it was worth the trip.


Introduction

I WENT LOOKING FOR A MAP OF BOSTON, AND, PREDICTABLY, I GOT lost. Boston’s serpentine streets, many of them unlabeled, are a snare for the unprepared. Luckily, my smartphone soon put me on the right track and brought me to the great Georgian Revival building on Boylston Street that houses the Massachusetts Historical Society. Among the gems of the collection is a tanned and tattered map of Boston, created in 1722 by a British sea captain named John Bonner. Believed to be the first map of the city to be run off on a printing press, Bonner’s work and its subsequent revisions would be republished and sold to Boston’s residents and transients for the next century or so.

This map would not have helped me find the historical society, or even the land it rests upon; it was salt marsh in Bonner’s day and beyond the city limits. Yet it is a detailed and thorough work, displaying the major wharves that supported Boston’s seaborne trade, as well as many prominent buildings, including churches, grammar schools, and the “Bridewell”—the city jail. Bonner counted forty-two streets, thirty-six lanes, twenty-two alleys, and three thousand houses. There’s no knowing how long he spent in accumulating so much data, but Bonner was about eighty years old when the first edition was published, and he passed away three years later.

Owner of several ships, husband of four wives, and a naval veteran of Queen Anne’s War, Bonner would have been accustomed to hard work. So would any mapmaker of that era, when accurate geographical knowledge was so difficult to obtain and the tools for acquiring it so rare and so primitive.

But it is a safe bet that no one will ever work so hard to make a map of our planet, or any part of it. Not too many years ago, great swaths of the world were mapped in only the most primitive, notional sense. Today, the geographical details of nearly every place have been charted in remarkable detail. And many of those places are remapped, thousands of times over, every day, by you and me.

As I read the street map on my smartphone, the map also read me, broadcasting my movements to a database maintained by Google, the giant Internet company that created the phone’s software. Google followed me to the historical society. Its server computers timed my footsteps, noted my detours, compared my journey to the archived records of thousands of others heading to the same destination. The phone even listened for the gentle chatter of wireless Internet routers, calculated the location of each transmitter, and then added it to a map almost as precise as the ones generated by satellite radio signals and aerial photographs.

Chances are, by tracking me, Google learned nothing it had not already known. But every previously undetected Internet signal, every untimely traffic jam, adds one more data point to the map. Even the time of your journey matters, for the quickest way to get someplace changes by the day and the hour. So Google’s calculation of optimum routes and arrival times is based partly on historical data. How long does it take to get there on a typical Monday at four or Sunday at noon? By collecting fresh data from thousands of smartphones every minute, the directions they give us become ever more precise.

The famed Argentine writer Jorge Luis Borges once told of a kingdom whose cartographers created “a Map of the Empire whose size was that of the Empire, and which coincided point for point with it.” A map of such vast size is no more than bizarre, delightful fantasy. But when it comes to detailed, point-for-point representation of the real world, Borges’s ideal map is just about within reach. Aircraft and satellites photograph every inch of the world, while sensor vehicles crammed with radars and laser range finders cruise our streets, photographing our front doors and the number of cars in our driveways.

And then there are the location sensors masquerading as portable telephones, carried in the purses and hip pockets of two-thirds of the human race. Those of us who use them are helping to remap the world every day. We are a global band of freelance cartographers, continuing the work of millennia, begun by smarter, tougher people who actually knew what they were doing.

Mapmaking is vital work, but not without risk. The Portuguese Ferdinand Magellan got himself killed before he could complete the first voyage around the globe; it took Henry Morton Stanley three years to trace the Congo River through Africa, and more than half the members of his expedition died along the way.

We casual mapmakers are in no danger of losing our lives; instead, we are at risk of losing our privacy. As they measure the world around us, the devices in our pockets also take the measure of their owners. They create four-dimensional maps that measure our locations not just in space, but also in time. A permanent record of our movements over days, months, and years, these maps can reveal the most salient details of our lives—political and religious beliefs, suspicious friendships, bad habits.

Much of this information is accumulated by corporations like Google and the major cell phone carriers. They mine it for insights about our tastes and habits, the better to target those profitable little ads that pop up on our phones. But in May 2013, a series of revelations by Edward Snowden, a former technician at the US National Security Agency, revealed that American intelligence agencies also scrutinize these databases, enabling them to subject millions of citizens to near-constant location surveillance. Perhaps the NSA’s methods have made us a little safer from assault by terrorists, but they have also sown distrust of our own government. Many of us fret that our phones have become battery-powered snitches, betraying our secrets by recording our whereabouts.

Yet few technological marvels have been as marvelous as humanity’s victory over the mysteries of location. For most of human history, simply finding our way to some distant place or person was nearly as daunting as planning a trip to the moon. There were no decent maps of the destination or of the land or sea routes leading to it. And even when there were, people lacked reliable tools of navigation to ensure that they were constantly on course. As recently as the nineteenth century, our navigational aids were still remarkably primitive, and great swaths of the planet’s surface had yet to be properly mapped.

It all changed in the twentieth century, as the new insights of physics and the demands of war and commerce set loose a torrent of navigational innovation. Radio stations became invisible lighthouses for ships and aircraft. Precisely balanced gyroscopes supplanted the magnetic compass as a direction finder, enabled aircraft to fly straight and level, and led to inertial navigational systems that could guide submarines beneath the North Pole or drop hydrogen bombs on Moscow. A Soviet breakthrough in space exploration accidentally taught American scientists how signals from space could steer ships and planes on earth, while a desperate effort to peek behind the Iron Curtain led to the invention of space cameras capable of generating photographic maps of the entire world. A cash register company developed a new wireless way for computers to chat with one another, and a pair of Boston entrepreneurs used the same technology to map the world’s largest cities. And the invention of cheap mobile phones attached digital homing beacons to most of humankind.

This book tells the story of these remarkable accomplishments. We will meet a host of brilliant people, goaded by motives ranging from mercenary to military, whose tireless efforts have given us the superb maps, nearly flawless navigational systems, and tracking technologies that can ensure that we always know exactly where we are.

In Chapter 1 you will find a capsule history of navigation from ancient times to the late 1800s. Some of the most impressive breakthroughs happened relatively early, like when a Greek scientist from the third century BC figured out the earth’s circumference equipped only with sunlight and a few sticks. We will meet the ancient Polynesian sailors who colonized the islands of the South Pacific, sailing across hundreds of miles of open ocean guided by maps made of seashells and bits of straw.

Chapter 2 brings us into the recognizably modern world of the late nineteenth century. We will see how Guglielmo Marconi and other pioneers of radio realized the medium’s value as a tool of navigation. Indeed, radio came along at exactly the right time to solve a brand-new problem—helping aviators find their way through dark and cloudy skies. And the tendency of radio waves to bounce off solid objects led to new location-finding systems that may have played a greater role in winning World War II than the atomic bomb.

Yet radio navigation was not enough. In Chapter 3 we see how engineers like Elmer and Lawrence Sperry and Charles Stark Draper developed self-contained systems that relied on gyroscopes—rapidly spinning disks with a magical tendency to maintain a constant orientation in space. Gyroscopes made possible aircraft that could fly a straight and level course without human intervention and aeronautical instruments that kept pilots on course at night or in bad weather. They also enabled inertial navigational systems that could “feel” every movement of a ship or plane and, from that information alone, calculate its exact position with remarkable accuracy.

The earliest navigators steered by objects that orbited in the heavens. In Chapter 4 a team of American scientists develops a new kind of celestial navigation. Inspired by the radio signals from the Russian Sputnik satellite, they realize that the incoming beeps could be used to steer ships and aim guided missiles. The result of their work is Transit, the world’s first satellite navigational system. But it was not the last. Chapter 5 introduces the global positioning system (GPS), Transit’s bigger, smarter brother. Born for use in war, this ultraprecise satellite navigational service has reshaped the contours of everyday life for millions.

In Chapter 6 we witness a welcome accident. Millions of homes and businesses have installed Wi-Fi radio networks to connect computers and smartphones to the Internet. Hardly any of them knew that they were also remapping cities around the world. It took a couple of businessmen in Boston to realize that each Wi-Fi device could become a navigational beacon. When they proved the idea worked, they found themselves in a high-stakes showdown with the most powerful technology company on earth.

In Chapter 7 we take to the skies over the former Soviet Union, but not for long. The Russians figured out how to shoot down American spy planes as they attempted to photograph military bases and armament factories. After the downing of a U-2 in 1960, American intelligence was effectively blinded. But just a few months later, the United States had launched a spy satellite, capable of flying far out of range of Soviet missiles while photographing millions of square miles. We will see how this Cold War technology, once top secret, now generates the precise photographic maps we use for planning next year’s vacation.

Mapmaking is complex work, best left to professionals. Or is it? With cheap GPS units and Internet-based mapping services, just about anyone can become a part-time cartographer, making corrections and additions to current maps or generating entirely new ones. In Chapter 8 we will see how companies like MapQuest and Google brought cheap digital maps to the masses and then gave us the tools to modify and improve them to our heart’s content. And we’ll see how do-it-yourself mapmaking has become a vital tool for human rights activists and disaster relief workers.

With our digital maps and GPS-enabled phones, we can find anyplace with ease, but others can also find us. In the final two chapters, we will consider the implications of this new locational transparency. In Chapter 9 we will see how businesses seek to profit from their knowledge of our whereabouts. Mobile marketing companies and popular apps like Foursquare persuade us to share our location data. Then they use it to ping us with precisely targeted advertising messages and tempting special bargains. Meanwhile, companies like Point Inside and Wifarer are tackling the last great challenge in personal navigation, by mapping the vast interior spaces of airports, shopping malls, and other giant buildings.

But not everyone who tracks our location bothers to ask for permission. In Chapter 10 we will see how government agencies ranging from the Federal Bureau of Investigation (FBI) to local school boards monitor the movements of citizens. With GPS trackers in our cars, cell phone records subpoenaed from compliant wireless companies, and cameras that record the license plate numbers of passing cars, the cops can keep tabs on us with almost Orwellian diligence. They may be guided by good intentions, but in the near future government agents may be able to track everybody’s location, everywhere, all the time, and at very little cost. What’s to stop them?

Preserving our privacy in a world full of location-aware technologies is a challenge we may never completely master. But as we apply ourselves to the task, we now have free run of a planet we have thoroughly mapped and photographed and where even the farthest traveler can count on arriving at his intended destination.

This book is about how we got here.


1

The Hard Way

ON NOVEMBER 8, 1620, CAPTAIN CHRISTOPHER JONES KNEW EXACTLY where he was for the first time in sixty-five days. The trouble was that Jones and his vessel were in the wrong place, 220 miles north of the mouth of the Hudson River, where they had meant to go. For a day Jones headed south, hoping to make good his navigational error. Shifting tidal currents and the shallow, treacherous coastline made every mile of the journey perilous. And with winter and scurvy setting in, Cape Cod began to look appealing to the captain, crew, and passengers of the merchant ship Mayflower. By November 11, Jones had steered the ship around, tucked her into Provincetown Harbor, and began putting the pilgrims ashore.1

It’s a treasured bit of early American lore. But apart from the historical significance of the Mayflower’s voyage, it wasn’t all that unusual a tale in the seventeenth century. A brave and daring band of travelers set out on a vast journey with only a general idea of where they would end up, the barest notion of how they would get there, and the vaguest suspicions of their whereabouts at any moment during their travels. It’s a wonder anyone ever got anywhere back then. And sure enough, many people never did.

For most of human history, millions lived their lives within a few miles of the places where they were born. There were numerous reasons: poverty, the perils of the journey, the lack of cheap, rapid means of transportation. Even those undeterred by such concerns—merchants, soldiers, explorers, religious pilgrims—faced the substantial problem of figuring out how to get where they wanted to go.

By the time the Mayflower set sail, humans had made some progress in solving the problem. Jones, passengers, and crew had set out on a 3,000-mile sea voyage, reasonably confident that they would reach their destination. However, this confidence rested on a fragile foundation. The Mayflower’s navigational tools were little more advanced than those a Phoenician sailor might have used in the Mediterranean two millennia earlier.

WHAT DO WE NEED TO MAKE OUR WAY SAFELY AROUND THE WORLD? As visual creatures, we prefer to navigate by sight, even when heading to places well beyond the horizon. So from our earliest days, we have drawn maps—pictures that show the distance between one place and another and the direction we must travel to get there.

To draw such maps, or to follow them, people first need a way to pinpoint their location even as they are moving about. They also need a method to ensure that they are moving in the right direction and a way to track the speed at which they are traveling. Today this sounds like a pretty basic tool kit. Yet it took humans about six thousand years to fill it up, as they fumbled their way around the planet on the road to navigational mastery.

The map was likely the first tool. People may have begun drawing maps even before they had mastered writing. They didn’t need advanced navigational tools to map a small area. A knack for making recognizable sketches of familiar objects and landmarks would suffice. African rock carvings of forty thousand years ago depict nomadic settlements and cattle pens. Some consider them maps of a sort, though this notion is open to dispute. In 2009 scientists at the University of Zaragoza discovered that a stone found in a Spanish cave fifteen years earlier had been etched with lines representing nearby hunting grounds and a river. The researchers estimated that the etchings had been made nearly fourteen thousand years ago, making it the oldest Western European map uncovered so far.2

Later maps were created with more specific uses in mind. A map carved into a clay tablet circa 2300 BC and found in northern Iraq features images of towns, rivers, and mountains, as well as written notes on the dimensions of various plots of farmland. Other maps from the same era were clearly used for tracking landownership and usage; there is even evidence of surveyors’ notes, used to resolve boundary disputes and levy taxes.

Maybe the most remarkable early maps were the ones created by the people who colonized the Pacific Ocean. Beginning in Southeast Asia, the Lapita people island-hopped their way to Taiwan, the Philippines, and the Bismarck Archipelago. By 1000 BC, Lapita voyagers had traveled as far east as Fiji and Samoa. Their descendants, the Polynesians, continued the oceangoing tradition, gradually finding their way across the Pacific. By the first millennium AD, the Polynesians had settled in New Zealand, Easter Island, Hawaii, and other islands, separated from one another by thousands of miles of blank blue water. These voyages, unrecorded and unrecalled, rank among the greatest of human explorations.

How did they manage such remarkable journeys without so much as a compass? Sailors relied on nature, reading the subtle but plentiful signs of wind, waves, and wildlife. Anthropologist David Lewis, who worked with modern Polynesians trained in traditional navigational techniques, witnessed their ability to steer in part by the rolling of the sea. Years of experience had taught them to sense their location and direction by feeling the motions of the waves.3

Residents of the Marshall Islands recorded this profound knowledge of the sea in three-dimensional maps of sticks and shells. The shells represented islands, while the shape and placement of the sticks illustrated the wave patterns in nearby waters. A sailor would place the stick map on the deck of his boat and then steer until the stick patterns matched the shapes of the waves. More than with other maps, perhaps, the utility of the wave map was dependent on the navigator’s knowledge and skill in matching representation and reality.4

Apart from the navigational ingenuity of Pacific Islanders, for most of history the development of reliable maps was severely hindered by the lack of trustworthy navigational tools. Accurate mapping requires knowing where you are relative to other places whose exact location is also well known. It would take our species thousands of years to master the craft.

But that doesn’t mean we stayed in place. Travelers developed a variety of methods for feeling their way along. They memorized the sea currents and prevailing wind patterns. They followed fellow travelers—fish, turtles, or seabirds—that were heading toward the same lands they sought. Some Norsemen traveled with birds, which they would release from time to time. If the bird returned, they sailed on. If it didn’t, they would aim their ship in the direction the bird had flown, fairly confident that they would strike land. If this tactic sounds familiar, you are thinking of the biblical Noah, who launched avian emissaries from his ark.5

Of course, like today’s travelers, the ancients were guided by signals from space. People had long noticed the regular, predictable motions of the sun, moon, and stars. Even the most ignorant saw that the sun always appears from roughly the same direction, sweeps across the sky, and disappears in a roughly opposite direction. Indeed, the sun’s motion probably gave humans their first firm concepts of East and West. The sun also helped define North and South: in the Northern Hemisphere, where most of the human race resides, the sun is usually south of an observer, and due south at solar noon, when the sun is at its highest point in the sky.

At night, travelers relied on the light of more distant suns. Centuries of observation had revealed the predictable movements of stars. In time, this understanding enabled fairly accurate measurements of a traveler’s latitude—his position north or south of the equator.

Precise stellar navigation probably began with Egyptian scholars of the third millennium BC, upon recognition of a blessed coincidence. Each year’s flooding of the Nile began on the same day that a familiar star—Sirius, the Dog Star—rose early in the morning, just before dawn. It happened every year, like clockwork. Indeed, this event was a timepiece of sorts, accurate enough to lead the Egyptians toward the development of twenty-four-hour days and the 365-day calendar we use today. Equipped with their naked eyes and an ample supply of darkness, Egyptian astronomers gradually compiled charts of thirty-six constellations. They learned when particular stars would appear at particular points in the sky. And with that knowledge, they took the first great step toward a rigorous science of location.

Close observation of the movement of constellations revealed relatively fixed points that could be reliably located, regardless of the day. For instance, astronomers noticed that some constellations never fall below the horizon; they appear to wheel overhead in an endless circle. Near the axis of that vast wheel, ancient observers could clearly see the Great Bear and the Lesser Bear—what we now call the Big and Little Dippers. One star in the Little Dipper, called Kochab, seems to hang at the center of the circle. For navigators, this became the polestar, the indicator of true north.6

Yet adding to the complexity of navigation was the fact that the great stellar wheel is a bit off-kilter. The gravitational pull of the sun and moon causes axial precession, a slow back-and-forth wobble in our planet’s orbit. Even thousands of years ago, educated people knew that the earth is a sphere, and as far back as 450 BC, the Greeks figured out that the planet tilts on its axis by about 23 degrees. It is this tilt that causes our seasons, as the earth’s hemispheres lean away from the sun and then toward it. In addition, the planet is not a perfect sphere; it is a bit thicker and more massive at the equator. As the planet tilts on its axis, the sun and moon tug unevenly on that extra mass in the middle. The result is precession, the slow wobble first noticed by the Greek astronomer and mathematician Hipparchus around 130 BC.7 Thanks to precession, the star hovering closest to true north has gradually changed over the centuries, in a cycle that repeats itself every 26,000 years. Although Kochab was the North Star for the ancients—and will be again someday—in our own time, the polestar is Polaris, which is actually a trio of stars about 430 light-years away.

Give a sailor a polestar and some basic trigonometry, and he can figure out how far north or south of the equator he is, using the measurement we call latitude. He would simply assume the polestar is directly above the North Pole and then measure the angle between the star and the horizon. Sailors did this using various devices. There was the astrolabe, a simple machine made first of wood and later of metal, which accurately measured celestial angles. Yet simpler methods also worked. One popular tool was a knotted string held between the teeth and extended toward the sky. If the angle between the polestar and the horizon was, say, 40 degrees, then you were at 40 degrees north latitude, the same as Philadelphia.

By the Middle Ages, European sailors were traveling south of the equator. There, the north polestar was invisible, hidden by the bulk of the planet. And there was no corresponding star hovering over the South Pole. The closest substitute was a constellation called the Southern Cross, and sailors learned to use it as a guide to southern latitude. In addition, they relied on measurements of the sun’s angle above the horizon. However, the earth’s axial tilt constantly alters the sun’s position relative to the equator in a process called declination. As a result, the sun’s path through the sky shifts every day of the year. Could so changeable a star offer a reliable guide to latitude?

In fact, the answer is yes. It’s possible to determine latitude by measuring the angle of the sun above the horizon at midday. To do it accurately at any spot on earth, however, one needs a declination table—a reference book that lists the sun’s angle relative to the equator on that particular day. In 1473 Abraham Zacuto, a Spanish Jew of remarkable erudition, began work on a set of solar declination tables. It took him five years, and the finished work wasn’t widely published until 1496. But this book, the Almanach Perpetuum, appeared just in time for Europe’s age of discovery. Solar declination tables enabled any skilled seaman with a clear view of the sun to determine his latitude, on any ocean, anywhere.8

An understanding of latitude was essential to navigation, as was the creation of reliable maps. Yet it was not enough to know how far north or south one was. Precise navigation required a way of accurately measuring one’s east-west location—the problem of longitude.

By the second century BC, Greek mathematician Hipparchus had suggested that a proper map of the earth would feature lines of latitude running east and west and parallel to each other, from the equator up and down to the poles. These would be intersected by longitudinal lines running north and south, although not in parallel. Instead, these lines would be farthest apart at the equator and then steadily converge until they united at the poles. Viewed this way, the planet was wrapped in lines, and any place on earth could be defined by its location on the grid.

Three centuries later, the greatest cartographer of antiquity based his maps on the same concept. Claudius Ptolemy’s Geography, written in the mid-second century AD, set a standard of excellence that would not be improved upon for more than a millennium. Sadly, Ptolemy’s original maps have been lost to us. In the centuries before the printing press was invented, books like Ptolemy’s were copied by hand, but few copyists had the skill to reproduce maps. Indeed, Ptolemy’s maps and text alike were lost to Europe after the collapse of the Roman Empire. Muslim scholars translated the text into Arabic during the ninth century AD; in the thirteenth century, Byzantine monk Maximus Planudes translated it into Latin and reintroduced the book to the Western world. Scholars soon re-created the lost maps using the facts and figures in Ptolemy’s text.9

Few books have had more impact on history. During the Middle Ages, European maps were works of theology and mythology rather than geography. They purported to show the precise location of the Christian paradise or the kingdom of Prester John, an imaginary hero who might someday aid Christendom in its war against Islam. Ptolemy’s maps, by contrast, were an ice-water slap to Europe’s dozing geographers. They still have the power to startle. With their latitudinal and longitudinal grids, their cool, unimaginative focus on reality, these reproductions of two-thousand-year-old data look surprisingly modern. Indeed, they are like electronic circuit diagrams compared to the crudities of the medieval cartographers. However imperfect, Ptolemy’s maps bear a general resemblance to the real world.

That said, Ptolemy’s details were often wrong. Most famously, he grossly underestimated the circumference of the earth—a beneficial blunder, it turns out, as it helped convince Christopher Columbus that he could easily reach Asia by sailing west. But for all his mistakes, Ptolemy laid out the guiding principles for a truly scientific cartography.10

By this time, sailors had mastered a simple, almost magical, tool that let them determine their direction of travel. But the magnetic compass—ubiquitous now—was a long time coming. The naturally magnetic rock called lodestone had puzzled scholars for centuries. The earliest written mention of it was by Greek philosopher Thales of Miletus around 585 BC. There is also a curious Chinese account from the second century BC, which tells of the palace of emperor Ch’in Shi Huang Ti. The main gate of the palace was made of a huge lodestone that exerted such great force that men armed with iron weapons could not enter without being detected. By the first century AD, Chinese writers told of ladles made of lodestone and used in mystical rituals meant to foretell the future. No one can vouch for the quality of advice these large spoons provided, but they were certainly consistent: for some reason, the handles of these curious ladles always pointed toward the south. The ancients didn’t recognize that the lodestone’s magnetic field was lining up with a far more powerful field generated by the entire planet.

A lodestone will share its remarkable power with any piece of iron. Just stroke the iron with the lodestone, and it too becomes a magnet. This parlor trick took on real value when performed on a piece of iron small enough to float. In 1040 AD a Chinese text describes a paper-thin leaf of magnetized iron, shaped like a fish, that could float in a bowl of water. The head of the fish would rotate until it faced south, with the tail aiming to the north. By 1111 another Chinese book describes a magnetized needle that always pointed south, and thus served as a reliable aid to navigators. It is the earliest known reference to the compass, a direction-finding technology that would make its way to Europe late in the twelfth century.

Armed with a compass, sailors could identify North and South, East and West, without reference to heavenly or earthly landmarks. The compass dramatically reduced the peril of long voyages. Prior to its widespread use, sailors kept close to port in the winter months, for fear of storms that would prevent navigation by the stars. The compass enabled a navigator to know which way he was going, no matter the weather.

Along with a compass and an astrolabe or other latitude-measuring tool, a sailor could employ a chip log, a piece of wood bound with knotted rope that was tossed overboard at regular intervals. The rate at which the knots slid through the sailor’s hand gave him a reasonably accurate measure of his ship’s speed.

Sailors also relied on the sounding line, an ancient tool of great value when navigating relatively shallow water. A knotted rope with a heavy weight at one end was tossed into the sea. The base of the weight was hollowed out and packed with grease or soft wax. When a sailor felt the sinking weight hit bottom, he would count the knots to measure the depth of water beneath the ship’s keel. Then he would pull up the rope and examine the weighted end. Bits of the ocean floor would be gummed to its greasy bottom—gravel, perhaps, or sand or seaweed. Over the centuries, thousands of such soundings enabled chart makers to accurately show the depth of water at various points along a coastline and the material to be found on the bottom. A sailor could confirm his ship’s position against the chart by doing soundings of his own.

With these tools, a sailor who knew his business could travel a long way through stormy weather while retaining a fair idea of where he was. Starting from the last accurate celestial fix, he would take frequent compass and chip-log readings, noting every variation in course and speed. From these, he could deduce his probable location. This process is called “dead reckoning,” and, as I’ll show later, a far more sophisticated version of the method that still guides jumbo jets across the Pacific.

Despite explorers’ reliance on the compass, for the longest time, nobody knew why magnetized iron pointed to the north. The great sixteenth-century mapmaker Gerhard Mercator, like other wise men of his time, believed in the existence of Rupes Nigra, a vast black island at the top of the world, made wholly of lodestone. The idea was that only so great a magnet could attract all the world’s compass needles to itself. It wasn’t until 1600, six years after Mercator’s death, that an English physician named William Gilbert finally grasped the truth.

Gilbert, who was appointed physician to Queen Elizabeth I the following year, made for himself miniature copies of the earth, carved from lodestones. He found that when moving a compass over these “earthkins,” the needle behaved just as it would toward the real earth. For instance, the needle tended to be drawn to the “north” of the earthkin when held parallel to the magnetic globe, but when held point downward, the needle would exhibit “dip,” a curious occurrence recorded by another Englishman, Robert Norman, in 1581. Norman had found that the magnetic field tugged the needle downward as well as toward the north. His superbly balanced and calibrated needle pointed not straight down, but consistently at an angle of about 71 degrees.

Gilbert’s dip experiment with his earthkins produced similar results, albeit on a much smaller scale. Yet Gilbert went one step further, noting that the downward angle of his needle altered when held over different parts of the earthkin. The farther north the needle was placed, the more its northern end would dip. Move to the south of the earthkin, and the southern end would start dipping. And at the equator, there would be no dipping tendency at all. Confronted with such evidence, Gilbert came to a remarkable and essentially correct conclusion: there was no giant magnet at the North Pole. The giant magnet, Gilbert declared, was the earth itself. It was the first step toward a scientific understanding of the planet’s magnetic field.11

The compass became a vital tool for mapmakers. A ship’s navigator, sailing close to shore, could take compass bearings on key landmarks to accurately fix their relative positions. By compiling enough such readings taken from a variety of locations, cartographers were able to make vast improvements in the accuracy of coastal maps. Over time, mariners’ charts stopped depicting shorelines as indistinct slabs of terrain. Instead, these charts revealed every feature of the shore—bays, river deltas, sandbars, cliffs, beaches. As people became better navigators, they learned to produce better maps.12

Yet even with better technology, mapmaking is at best an exercise in approximation. Even in Ptolemy’s time, mapmakers understood they would have to make compromises with reality. After all, a map seeks to depict the features of a sphere on a flat surface; any such projection must introduce some distortion. Ptolemy and his heirs developed a variety of projection methods, each designed to accurately display some aspect of geometry, while inevitably misrepresenting others. For example, a world map projection that accurately displays the relative sizes of the continents can prove unreliable for calculating the distances between landmasses.

By the sixteenth century, as Europeans set out into the Atlantic to exploit newly discovered lands, what they most needed were maps that made it easier to chart an accurate course from one place to another. On an ideal map, a navigator would be able to draw a straight line from the island of São Miguel in the Azores to the town of Touros in Brazil and know that he would reach his destination by sailing along the compass heading indicated by that line. However, there’s no such thing as a straight line, not when you’re traveling twenty-six hundred miles over the surface of a sphere. The navigator’s ship would actually be sailing in a curve, a far more difficult course to draw on a flat sheet of paper—unless someone could design a map projection that would accurately represent the compass bearing as a straight line.

German-born Gerhard Mercator accomplished this feat in 1569, with a projection that made him history’s most famous mapmaker. In his projection, the lines of longitude ran north to south, with each line being equidistant from the others. The latitudinal lines were exactly perpendicular, running east to west. But to correct for the earth’s curvature, Mercator drew his latitudinal lines at varying distances from each other; the farther north or south from the equator, the wider the distance between them.

This approach to mapmaking has some disconcerting side effects. Landmasses near the equator are represented with fair accuracy, while those nearer the North and South Poles are greatly distorted, so that their relative sizes are exaggerated. For example, Mercator’s map makes Greenland look far too large relative to Europe. No matter; Mercator had designed a map for navigators. His distortions may have made the continents look funny, but they greatly simplified the task of plotting an accurate course at sea with map and compass.13

Still, the compass was a fickle guide. Any halfway competent navigator could see that the magnet’s idea of North often didn’t always line up with the observed position of the polestar. That’s because the planet’s magnetic field is not uniform. It alters depending on where one is located, in a phenomenon called magnetic declination. Sailors soon learned not to rely too heavily on the compass alone, but to cross-check its readings against traditional methods of stellar navigation. Yet they suspected that there was a rhyme and reason to such compass errors—and that decoding it would eventually lead to a solution to the previously intractable problem of east-west location: longitude.

Some thought that the key had been discovered in 1544. That year, Venetian explorer Sebastian Cabot, who sailed under the flag of Spain, issued a map that showed a spot in the ocean, near the Azores, where magnetic compasses showed no declination at all. Here, the compass needle agreed with the polestar and pointed toward true North. Many a sailor rejoiced at the news, believing that magnetic declination would provide an easy way to measure longitude.14 They assumed that as a ship sailed east or west, magnetic declination would change in a smooth, regular manner. If travelers on land or sea made careful measurements of true North and magnetic North at many locations around the globe, they would eventually produce a magnetic declination table that would show navigators how far off their compasses would be at any given point. More important, the same table would amount to a reasonably accurate map of longitude. One French navigator declared that each degree of magnetic declination would equal 22.5 leagues—about 56 miles. Thus, you could measure your travel east or west by simply counting off degrees of declination on your compass.

Navigators soon realized that it wasn’t quite that simple. Declination didn’t change in a predictable east-west fashion. Indeed, navigators found that the compass became ever more erratic as a ship moved farther north. Still, it might be possible to record these variations at many points on land and sea and thus create a magnetic chart of longitude.

In 1698 Queen Mary II of England bankrolled the effort to create such a chart. The royal treasury financed the construction of a small vessel and chose eminent mathematician and astronomer Edmond Halley to lead the expedition. Over two years and two voyages, Halley and his team carefully collected magnetic data over a vast area of the Atlantic Ocean, from 52 degrees north of the equator to 52 degrees south. The result was the first magnetic declination chart.

Halley’s chart, and many that have been created since, is a superb resource for navigators, enabling them to correct their compass readings. But Halley soon saw that magnetic declination was useless as a guide to longitude. The reason was something first noted in 1634 by another English mathematician, Henry Gellibrand. Not only did the magnetic field vary from place to place, but the amount of variation changed over time. Using historical records, Gellibrand found that the amount of declination in London had changed from 11.3 degrees east in 1580 to just 4.1 degrees east in his own time.15 Today, we know that declination changes because of the constant alteration of the planet’s magnetic field. That field is generated by a vast ball of molten iron at the planet’s core. The nonstop movement of this liquid core, stirred by its own heat and the rotation of the planet on its axis, accounts for the variations in the magnetic field. Indeed, people understand the process well enough to accurately predict the correct magnetic declination at various locations years in advance.

Halley knew none of this, but soon realized that Gellibrand had been right. Whatever the cause of the earth’s magnetism, its constant fluctuation ensured that any chart of magnetic declination would have to be regularly updated to be of any use. And worse, such a chart could never provide a means to calculate longitude.

The maddening thing was, every navigator knew how to solve the latitude-longitude problem. It was simple, really—if you had the right tools.

The earth is a near sphere that makes a complete rotation on its north-south axis once every day. Thus, our planet rotates 360 degrees each day, or 15 degrees in each of a day’s twenty-four hours. This means you can figure out your east-west location relative to some reference point on land, if you can answer two simple questions. First, what time is it where you are? Second, at that same moment, what time is it at your land-bound reference point?

A navigator could tell local time from the position of the sun, realizing that it was, say, nine in the morning at his location. Now if he knew that it was noon at some point on land, he would know that he was 45 degrees west of that point. How far is that in terms of miles? It depends how far north or south you were. At the equator, 15 degrees of longitude works out to about 1,035 miles of distance, or 69 miles for each degree. But the lines of longitude converge at the North and South Poles, so the distance covered by 15 degrees of longitude gets smaller as you move north or south of the equator. Luckily, a simple formula can be used to calculate the distance, as long as you already know your latitude. And, of course, navigators had already mastered latitude. Thus, if a sailor could nail down the calculation of longitude, he could quickly and accurately figure out his position on any ocean.

So what the sailor needed was a highly accurate timepiece that could operate for months without gaining or losing more than a few minutes. It must be undaunted by constant exposure to saltwater, dramatic variations in temperature and humidity, and the constant pitching and rolling of a ship at sea. In short, our ancient mariner needed a good waterproof wristwatch, the sort we can buy any day of the week at the nearest Walgreens. But the primitive pocket timepieces of the sixteenth century weren’t nearly accurate or durable enough for seagoing navigation. This didn’t deter the explorers and empire builders of Europe; the beckoning wealth of the New World was irresistible. Still, solving the longitudinal problem would make their voyages faster, safer, and more profitable.

At first, scientists looked to the heavens for an answer. When in 1610 Galileo discovered four brilliant moons orbiting the planet Jupiter, he proposed using them as a universal clock. First, Galileo painstakingly recorded the movements of the moons relative to dates and times on earth. By 1612 he had put together a record that enabled him to tell the time of day simply by viewing through a telescope the positions of the Jovian moons. And because the moons would appear the same to any earthbound observer, their position could be used to tell the time in a distant city—Rome, say, or London or Paris.16

It was a brilliant idea, if you happened to be on land. But try peering at the moons of Jupiter through a telescope on the rolling deck of a ship at sea. It was a miserable, frustrating business. Besides, Galileo would soon find himself answering to the Catholic Inquisition for unorthodox views on astronomy. No wonder his method never caught on.

A more practical heavenly clock could be found much closer than the moons of Jupiter. In 1514 a Nuremberg priest named Johannes Werner suggested that longitude could be calculated by measuring the exact position of the earth’s own moon. A table showing the distances between the moon and other celestial bodies on every day of the year would be a universal clock, just like the positions of the Jovian moons, but a lot easier for sailors to view.

It took well over two centuries for someone to make a serious attempt at creating it. In 1714 the government of Great Britain began offering enormous cash prizes—worth millions of today’s US dollars—to anyone who could find a practical way to calculate longitude at sea. The prize went unclaimed for decades—a measure of the problem’s difficulty.

In 1761 a British Anglican cleric named Nevil Maskelyne took up the challenge, basing his effort on Werner’s work. In 1766 he published tables showing the relative positions of the sun, moon, planets, and various stars, as viewed from Greenwich, England, for every day of the year 1767. A sailor thousands of miles away could now calculate the time at Greenwich by using a sextant to measure lunar distance and then compare his results to Maskelyne’s tables. The lunar tables prepared by Maskelyne and his colleagues formed the core of a new nautical almanac. Published every year, it became an indispensable guide to the world’s navigators. Eventually Greenwich would become the baseline used by sailors worldwide to calculate longitude.

However, the lunar method wasn’t nearly accurate enough for the remarkable man who finally solved the problem for good. British carpenter and self-taught clockmaker John Harrison spent about forty of his eighty-three years of life designing timepieces that could withstand the stresses of a sea voyage while still keeping accurate time. His H4 marine chronometer of 1755 was a near miracle of engineering, losing just a few seconds of accuracy even after months at sea.

Harrison’s invention was just what the world’s navigators had needed. Still, most would do without for another century or so. Like early mainframe computers, marine chronometers were immensely expensive. Many navigators continued using the lunar method into the mid-nineteenth century, when accurate ship clocks at last became relatively cheap.

While navigators grappled with the longitudinal problem, cartographers were figuring out how to accurately map vast areas of land. They eventually hit upon a solution familiar to the ancients, the geometric concept of triangulation. This method allows you to calculate the distance to a remote landmark and its latitude and longitude, without having to set foot in the place. You start with a line on the ground, its length very precisely measured and its exact position known. Then you set up some kind of observation device at both ends of the line and aim it at your landmark. If you measure the landmark’s angle relative to both ends of your original line, you now have two angles and the length of your line. With these three bits of data, you can calculate the distance to the landmark, as well as its position on the earth’s surface.

In the late seventeenth century, Italian geographer Giovanni Cassini moved to France and, with the support of King Louis XIV, began triangulating his way across the countryside in the first systematic effort to map an entire nation. The effort required more than a century and the skills of three generations of Cassinis. Yet when it was completed in 1793, the map of France had set a new standard in geographic precision that other nations would soon emulate.17

From the eighteenth century on, the scientific mapping of the planet proceeded in earnest. In the Pacific Ocean, British seaman James Cook charted the coast of New Zealand and the east coast of Australia. In India, British soldiers and explorers mapped the subcontinent in a grueling effort that lasted nearly 150 years. In North America, a young George Washington surveyed the hills and valleys of colonial Virginia; later, Thomas Jefferson, third president of an independent United States, sent Meriwether Lewis and William Clark on a quest to map the new nation’s interior. Little by little, humans drew trustworthy pictures of the world.

Not every mapmaker was on the same page, though. Different nations used different methods and standards to draw their maps. As a result, even by the late nineteenth century, it was still impossible to stitch together a consistent, coherent world map. In 1891 a German geographer named Albrecht Penck proposed to unify cartographic efforts. At an international conference of geographers held in Bern, Switzerland, Penck proposed the “International Map of the World,” a project to map the entire globe using standardized symbols, colors, and, above all, scale—the ratio of a distance on the map to the corresponding distance on land or sea. For instance, given a map with a scale of 1:24,000, 1 inch on the map equals 24,000 inches, or 2,000 feet, in the real world. Such a map would show a vast amount of detail. However, given the tools and techniques of the era, it was quite impractical. Penck suggested a more manageable scale of 1:1,000,000. On such a map, 1 inch equals 1 million inches, or 15.8 miles, on the ground. Geographers dropped Penck’s rather grandiose name and took to calling it the Million Map.

Despite the plan’s obvious appeal, it languished for years. Work finally began in the ominous year of 1913. The project continued in fits and starts through two world wars and a global depression. It faded away entirely in 1987 after the United Nations, which had taken responsibility for the Million Map after World War II, finally washed its hands of the matter.

By then governments and businesses worldwide had mapped, charted, and photographed the entire planet. Many parts of the world still haven’t been mapped to the level of detail that Penck had hoped for, but all of it has been set down with a degree of precision that the captain of the Mayflower could scarcely have imagined. As for navigation, we have grown so good at it that getting truly lost is nearly impossible.

As the twentieth century began, humans could confidently find their way to nearly every part of the world. To a world traveler circa 1900, it may have seemed that the problem of navigation had been solved for all time. Certainly, the difficulties that vexed Christopher Columbus or the captain of the Mayflower had been decisively resolved. But the new century would bring a host of new navigational challenges every bit as daunting.

How do you navigate a ship that travels not on the surface of the sea, but five hundred feet below it? How do you steer a craft as it soars thirty thousand feet above the earth, with enough fuel to reach its destination and just one chance to get it right? How do you transmit an urgent message to one person, when that person could be anywhere on the planet? New technologies of travel and communications, and the deadly necessities of warfare, have created many such problems, as well as the tools to solve them. We will look first at the most vital of these tools—the invisible electromagnetic beacons that guide our aircraft and ships and footsteps, and sometimes our deadliest weapons.
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The New Wave

ON JUNE 19, 1944, JAMES VAN ALLEN STOOD ON THE BRIDGE OF THE American battleship USS Washington. Above him flew a wave of Japanese bombing planes that were doing their best to kill him. They came close—so close that Van Allen glimpsed the face of one of the attacking Japanese pilots, moments before his plane and the others were ripped apart, their remains plunging into the Pacific.1

Van Allen had been as eager to shoot down those Japanese pilots as they had been to attack him, but he stubbornly stayed alive until 2006. In ninety-one productive years, Van Allen would discover the radiation belts around our planet that bear his name and oversee two dozen unmanned space missions, including trips to Venus, Jupiter, and Saturn. But none of his efforts had a greater impact than the technology that saved his life in 1944.

Van Allen and the US Navy had introduced the Japanese to history’s first “smart” weapon, an antiaircraft shell that did not have to hit its target to destroy it. Instead, the shell carried a miniature radio system that could determine the location of a nearby enemy aircraft. When the plane came within lethal range, the shell blew itself up, shredding the aircraft with shrapnel. At the Battle of the Philippine Sea, the proximity fuse savaged the Japanese air force, saving hundreds, perhaps thousands, of American sailors.

After millennia of fumbling efforts, the sciences of location and navigation reached near perfection in the twentieth century. A host of new technologies enabled people to easily find their way through the world and locate practically any object. Of these innovations, none was more important than radio, the transmission of electromagnetic waves through space.
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