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			To my colleagues on polar expeditions:

			remembering the times we shared and all we learned
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			Chapter 1

			Ice Is Hot

			Strapped to the netting inside an Air Force LC-130—a whale-shaped Cold War–era propeller plane that is older than virtually all of its passengers—it is hard to escape the fact that working in Antarctica is 180 degrees different from working in the Arctic, both literally and figuratively. In 2018, our eleven-hour flight to McMurdo Station began in Christchurch, New Zealand, where we had spent two days receiving extreme-weather clothing and getting introduced to the U.S. Antarctic Program. I was one of thirty passengers, all of whom were wearing the program’s iconic parka, known affectionately as Big Red. Big Red is a warm home away from home in the field, a giant blanket of a coat with enough pockets to lose small items for an entire field season. Now, Big Red was our survival gear in case the plane crash-landed on ice during the flight over the rough seas of the Southern Ocean.

			Donning earplugs to deaden the propeller noise, sitting at a distance from my neighbors because of Big Red’s girth, it was nearly impossible to hold a conversation. I gleaned from shouts that my colleagues on the flight included ice drillers, fire-safety personnel, and research scientists. Working in the Arctic, something that felt so extreme in the early days, now seemed like a quaint family camping trip. Antarctic fossil hunting would be more akin to a military operation.

			As we deplaned the LC-130, the hatch felt like a portal to a new existence: from the dark confines of the belly of the plane we emerged into a cold, dry, and searingly bright world. Southern polar rookies like me savored our first lungfuls of Antarctic air and wandered around the ice landing strip relishing new vistas while the staff tried to herd us into the transport to the base. Slipping on the hard-packed ice, I soon realized I would need to learn new ways of walking, living, and working in this environment. I’d spent my career thus far primed to look at rocks for fossils. But in Antarctica, there was a new factor to consider in the field. The southern polar region rises thousands of feet above sea level. Antarctica is a continent and does not have relatively warm ocean waters penetrating its interior the way much of the Arctic does. Consequently, Antarctica is colder, windier, and drier—and most important, icier—than the Arctic. The U.S. Antarctic Program calls the time in Antarctica being “on the ice” when on base or in the field. Whether preparing at home, training at the station, or sleeping in a tent in the field, Antarctic work is defined by a relationship with ice.

			Humanity’s experience with glacial ice, both on mountaintops and at the poles, is a story of adventure, tragedy, and scientific observation. For most of us, familiarity with ice derives from encountering patches or pieces of it—skating rinks in winter and cubes in summer drinks. These experiences can hardly prepare you for the workings of ice the size of small towns or even entire continents.

			The Beauty of Water

			Being on an American expedition in Antarctica often means spending time at McMurdo Station, the largest scientific outpost on the continent. Mactown, as the locals call it, sits on an active volcano, while its airstrip lies atop a shelf of ice that borders the base. Known as the Ross Ice Shelf, it is as large as the Mediterranean Sea and is nestled between mountain ranges on one side and smoking volcanoes on the other. The rocks around McMurdo are dark basalts, cooled magma bombs that were ejected from the volcanoes in years past. The location of the airstrip has had to creep farther from the station in recent years as climate warming thins the ice below it.

			Since the ratification of the Antarctic Treaty in 1959, seventy scientific bases have been constructed in Antarctica by twenty-nine different countries. The total population of the continent never exceeds 4,000 people. McMurdo is one of three bases run by the U.S. Antarctic Program. It houses over 1,000 people in the height of summer and about 300 in winter. The South Pole Station is 900 miles away and sits at an altitude of 10,000 feet. A big summer event for scientists and staff at the pole has been the Round the World Run—nerd humor for a kilometer-long costumed jog or ride around the globe done in subzero temperatures. Each country’s base becomes its own world with a distinctive culture. The food options on French and Italian bases—from pâté to risotto—are as different from McMurdo’s meatloaf, pizza, and nachos as are the field gear and extreme-weather clothing donned by researchers. American researchers in Big Red look like five-year-olds on their first sledding trip when compared to the New Zealanders in their slick black-and-green parkas.

			McMurdo is the port of entry for most expeditions on the ice, and it feels like a waystation similar to the fictional Mos Eisley spaceport in Star Wars or Rick’s Café from Casablanca. The entire population is temporary: those in transit to field sites, such as me and my team, interact with people who are on base for six months or more and maintain and support its operations. Many people are waiting for flights into the field, others for flights home. Each year, several expeditions get stuck on the base for months, or never get into the field because of equipment failures or weather changes. Some arrive at McMurdo only to find their entire scientific project scuttled because a part for an experiment didn’t arrive or the weather where they want to work is too forbidding.
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					Round the World Run, including those less inclined to run, in 2010

				
			
			Ice was my silent partner on base—I saw it from the panoramic windows of the science library. I’d trained in the base’s hangars to camp and live on the ice, but I wasn’t allowed to actually be on it until all our gear was checked and we were certified to go into the deep field. I spent weeks walking around McMurdo with a clipboard, taking notes on topics ranging from snowmobile maintenance to environmental safety, while I also checked and rechecked field lists of equipment, food, and supplies.

			Bad weather had backed up flights into the field, and the population of McMurdo swelled to the point where finding a seat in the cafeteria at dinner became a minor expedition itself. One evening I found an empty spot at a table with a mix of glaciologists and ice drillers engaged in an animated conversation. One of the scientists was ruminating on how the delayed work on the West Antarctic Ice Sheet was going to reshuffle their plans. His easy demeanor was as captivating as his knowledge of glaciers, so I hung around to chat after we finished our meal.

			Sridhar Anandakrishnan trained as an electrical engineer in college in preparation for a career designing equipment for scientific research. He settled at the University of Wisconsin to pursue his engineering degree, but lacking any financial support, he was stuck looking for a job to get him through the summer months. A roommate scanning the newspaper had found an ad for work in the geology department designing and building a portable seismometer to measure movements of the ground’s surface in remote field locations. Lacking any other opportunities, Sridhar took the summer gig. After he built the gadget, the lab’s leader came to him with a proposition: Could he join his team for an expedition on the ice in Antarctica? The group wanted to use Sridhar’s seismometer, but because he knew the details of its construction intimately, he was the only one who could repair it if something went wrong.

			Sridhar describes the moment he stepped foot on Antarctica as “the end of the story.” He was hooked on polar research and was set on a new path in life. Shifting fields, from engineering to ice, Sridhar needed to take a crash course in geology. But it all paid off when he found himself going into the field and learning about the ice firsthand. Working on the ice was an intellectual and visceral thrill for Sridhar. He gleams as he says, “Where else can you learn about our world while living in a camp eight hundred miles from the nearest humans?”

			By the time I met him at dinner, Sridhar had become a professor at Penn State University and had worked for more than thirty seasons on glaciers in Antarctica and Greenland. He specializes in using high technology to probe into the ice and explore its interaction with the ocean waters and bedrock below. As I got to know him, I became more comfortable asking naïve questions. Seeing my ignorance about the complexity of glacial ice, Sridhar smiled and casually observed that I needed to understand that “ice is hot.”
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					Sridhar Anandakrishnan in his element

				
			
			Sridhar’s glaciological Zen koan explains what is so weird and important about ice. The physics of water molecules underlies much of our world. Water is an unusually important substance because it exists as a solid, liquid, and gas within a relatively narrow range of temperatures. Obviously ice near water’s freezing point of 32 degrees Fahrenheit is not hot by any measure of temperature. But because of the physics of the molecule, ice is hot in terms of the temperature required to melt it into a liquid. A steel bar melts at a temperature of roughly 2,300 degrees Fahrenheit. Steel needs to be heated to extreme temperatures to go from a solid to a liquid, let alone a gas. Meanwhile, the melting point of ice, at 32 degrees Fahrenheit, means that in natural settings it is much closer to the transition from its solid to its liquid state than a material like steel. Only a slight change in temperature is needed to shift the water from a solid to a liquid. And because pressure and temperature are related physically, ice under pressure melts at an even lower temperature. Ice lining the bottom of a glacier sits at such high pressure that it is right on the cusp of melting.

			The fact that “ice is hot” spawned one of the most vicious scientific debates of all time. Far from being an esoteric academic feud, this conflict illuminates the surprising things ice can do.

			Louis Rendu, Bishop of Annecy in France, developed interests in both the creator and the glacial ice in the mountains near his home at the border of Switzerland. In 1840, after cogitating about glacial movement and looking at the shapes of the glaciers around him, Rendu supposed that glaciers moved like a lump of honey on an incline. As a viscous substance, honey stretches and deforms as it descends, spreads, and follows the general topography of the surface over which it flows. Using this analogy, Rendu believed that glacial ice fills valleys and all the nooks and crannies inside as it spreads. Bishop Rendu published his idea in a treatise titled Theorie des Glaciers de la Savoies, and noted that glaciers have “some sort of extensibility” and “may move like soft dough.” In 1841, the physicist James Forbes was told of Rendu’s theory and essentially popularized it by announcing his own “viscous or plastic theory of the movement of glaciers.”

			Entering the conversation next was Lord Kelvin (born William Thomson), who later became famous for his discoveries in physics, including thermodynamics. He worked with his brother on theories of glaciers. They noted that at high pressures ice can melt at lower temperatures than normal. This meant that the ice at the depths of a glacier, which sits at high pressure, could melt into liquid water despite being cold. The liquid at the base could serve as a lubricant between the ice above and rock below, enabling the entire glacier to glide over the bedrock. Melting will happen anywhere in the glacier where ice sits at high pressure. The interior itself can melt and break apart, and the different parts of the glacier move downhill at different rates. The brothers envisioned that glaciers don’t move as a single block of ice; with different parts of its interior melting as it sits under pressure, ice could crack and flow downhill, and different pieces could fuse as they came back into contact and refroze.

			The physicist John Tyndall, a fiery Scot, was as attracted to Lord Kelvin’s approach as he was utterly appalled by that of Rendu and Forbes. It didn’t hurt that Tyndall also held a deep and long-lasting antipathy to Forbes. By the time Tyndall became interested in glaciers, he had already attacked Forbes’s theories on other topics—even one on, of all things, musical instruments. Tyndall never lost an opportunity to savage Forbes and make him look like an incompetent fool. Turning to glaciers, Tyndall thought Forbes’s use of the term “viscous” wildly off base. To him it was obvious that glaciers didn’t move as a viscous, honey-like substance—they cracked, slid over melting waters at their base, and fused again anew as Lord Kelvin suggested.

			In retrospect, Rendu, Forbes, Kelvin, and Tyndall were each correct to some degree. Glacial ice, it turns out, can do it all. It is not one thing—it is many things. Part solid, part liquid, and part plastic, glacial ice can slide, bend, ooze, melt, and refreeze. Whenever there is liquid water, strange things can happen. With ice at pressure becoming liquid water, parts of a glacier can move relative to other parts like a thick gel. Glaciers can flow around obstructions by splitting like a river around a boulder, or deep layers can be pushed to the surface.

			Polar landscapes have captivated humans for millennia with their varieties of ice. It’s been said famously that Inuit have around fifty-two words for ice and snow. While the specific number of words in that claim is controversial, the Inuktitut language uses varied combinations of words and phrases to describe ice’s shape, form, strength, and usefulness for traveling, cooking, or hunting. Polar ice can take almost infinite shapes as it crystallizes, moves, and melts. The area around McMurdo Station exhibits this diverse world of ice in microcosm. The mountain ranges near McMurdo look like a dessert that would have pleased Rendu; the ice covers the mountains like a pure white syrup, filling canyons and valleys as it flows. Elsewhere ice looks like glass that has shattered into shards, strips, or chunks ranging in size from a small car to an entire skyscraper. The nearby sea is covered by ice that looks like a layer of foam at one time of year, a quilt of polygons at another, and a folded blanket at still another. Part of the awe of seeing a polar vista comes from imagining how a chemical formula as simple as H2O can underlie worlds of shape and movement that are almost magical in their variety.

			Ice comes in structures as different as individual crystals and sheets the size of North America. Hidden within this complexity are secrets to the ways it sculpts landscapes and changes our entire world.

			Living on Ice

			I was drawn to polar regions during a hunt for the most ancient fish to have walked on land. While it may seem strange to look for fossil fish near the poles, the movement of the continents during Earth’s history means that rocks that formed near the equator millions of years ago can now be found at high northern and southern latitudes. After my colleagues and I discovered the fishapod—a 375-million-year-old fish with arms and legs—in rocks in the Canadian Arctic in 2004, we later found scientific papers attesting to similar rocks in Antarctica. Antarctica is divided by the Transantarctic Mountains, which, as the name implies, extend across the entire continent. Their summits are the rocky equivalent of “the tip of the iceberg.” The mountains rise over 14,000 feet from their base, but because the ice sheet is miles thick, they extend only a few thousand feet above the ice surface. In 1914, Robert Falcon Scott’s team discovered fossil fish scales in some of these rocks. In the 1960s, New Zealand teams led by Sir Edmund Hillary and, two decades later, Margaret Bradshaw, found more fish bones and teeth. In more than 150 years of Antarctic exploration, Bradshaw was a pioneer—one of the few women to lead deep-field teams. In 2018, my team and I were off to follow in Bradshaw’s footsteps to explore these mountains for fishapods. But as with every expedition on the continent, the real player is the ice and the way it influences our world.

			Each deep-field team has a mountaineer assigned to it, somebody who can train the team on ice tactics before the trip and help keep the expedition safe in the field. While I was the scientific head of the trip, our mountaineer defined what was doable—a conversation he and I would have over coffee in the tent each morning while the rest of the crew slept. I met Forrest McCarthy on the advice of longtime Antarctic veterans while I was preparing for the expedition at home. He has startling blue eyes that stare right though you and an almost childlike enthusiasm for work on the ice. By the time we met, Forrest had guided dozens of expeditions and had worked for the search-and-rescue teams in McMurdo and at Denali in Alaska. Beginning in 2017, a year before this particular trip, Forrest and I went over our gear needs and sat with aerial photos of the sites to assess how to get in, get the work done, and get out safely. Our plan was to fly in with our supplies, fuel, and snowmobiles to the middle of a flat glacier known as Deception Glacier, then use the vehicles to set up camp at the base of the mountain that held promising rocks for fossils.

			After two weeks of a mind-numbing routine training and shuffling field gear at McMurdo, Forrest came up to my table at breakfast with a look in his eyes that told me our drudgery was about to end. He’d just learned that we’d be heading out to do the fabled “field gear shakedown and mock crevasse rescue” the following day. I knew what that meant. One of our first experiences with Antarctic glaciers wouldn’t be on the ice—it would be inside it.

			We filled the snowmobiles with fuel, packed our camping gear, and departed McMurdo the next morning. After setting up camp on a flat and stable patch of ice, making ice shelters, testing the tents, and firing up the stoves, we set off to a crevasse. The mountaineers use a small crevasse near the training site for mountaineering lessons—a playground version of the treacherous crevasses around base. Even so, looking down a 20-foot crack in the ice is vertiginous. Crevasses are a major cause of fatalities in the region; these cracks can descend 200 feet and be invisible from the surface. Two years before our trip, Forrest had extracted the remains of a famed researcher who died when he fell into a hidden crevasse. He had been one of the world’s leading experts on glacial crevasses and was snowmobiling across the ice near McMurdo. The student driving behind described him as having simply disappeared from the surface. Crevasses can be deceptive because cracks at the surface can be covered by thin, ephemeral snow bridges, which can collapse under any small weight. That tale was on my mind as Forrest brought us to the crevasse to train. The plan was to lower a member of the crew into the ice while the team on the surface learned to build rigs to pull the person up.

			Forrest walked us through the sequence of knots, pulleys, and carabiners needed to haul a large person up to the surface from deep in the crevasse. The pulley system is an amazingly simple and lightweight contraption—the mechanical advantage to extract a fully grown adult who has fallen 100 feet below the ice surface can be assembled from items kept in a small daypack. But a misplaced loop, a hitch tied too loosely, or a frayed rope can mean the difference between life and death. With that fact in mind, I memorized the sequence of knots and pulleys until I could build the system with my eyes closed.
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					Antarctic crevasse with humans for scale

				
			
			Tim, one of the burly Australians on our crew, was a spelunker in his spare time and did not have a hint of the claustrophobia that the rest of us felt at the idea of squeezing into a crack in the ice not much wider than Big Red. After Tim gleefully volunteered to be lowered into the ice, we attached ropes and carabiners to a harness clasped around his waist and thighs. Once he got the OK from Forrest, he descended from view looking like a puffy red caterpillar undulating into the earth.

			Cries of awe, punctuated by occasional irreverent Aussie slang, emanated out of the crevasse. Tim’s shouts from 20 feet down were as if he were undergoing religious ecstasy. Once we hauled him up safely, the team needed to hear what the fuss was all about.

			As he described his experience, Tim’s eyes glowed like Charlton Heston’s as Moses holding the Ten Commandments. The trip inside ice was like crossing a gateway to an exotic realm of new hues, shapes, and contours. Tim’s world became awash in a sea of blues of different shades that got darker with each passing foot of depth. Frozen water absorbs all other wavelengths of light, leaving blue reflected. Light flowing through the ice illuminates ice crystals in the walls that take a cornucopia of shapes, from slender rods to crystals the size of the palm of your hand. With walls of ice forming pillars, folds, and arches, each with numerous layers, the place felt as if it were designed by an architect. Sounds changed as well. The rustling of the wind and human voices are replaced by sounds of your own beating heart and clipped breath, and the crinkling of ice that resembles gentle wind chimes. The utter lack of evidence of life, the narrow and multiform spaces wrought by nature, and the filtering of the light from above made the interior of the ice feel sacred. It was like a blue chancel of an icy Gothic cathedral, a space hallowed by its isolation from the populated world nearby.

			The interior of the ice reveals the ways glaciers change with depth. Falling snow each year covers the packed snow that remained from the previous one. Air separates the flakes, which are so dry they move like a mound of feathers in a breeze. If the weather stays cool, the ice builds year to year, with the fluffiest snow on top and ever denser ice and snow in deeper layers. With even more accumulation, the snow below gets squeezed into ice at higher pressures. Because the melting point of water is related to both temperature and pressure, the ice at depth sits close to its melting point. Any small change can cause these layers to melt and later refreeze. Over time, this ice compacts into a rock-solid substance with only tiny air bubbles inside.

			When the ultra-compact ice from the depths is brought to the surface, it looks like a shiny version of an aquamarine. This ice, known as blue ice, can be a torment for polar researchers. It looks like a gentle azure pool of tropical water from a distance. But looks can be deceiving. Blue ice is so frictionless that even the simplest motion becomes fraught. There is absolutely no way of getting enough traction to move on a flat patch of it. Crampons often don’t work because they cannot etch into the ice’s rock-hard surface. Snowmobiles caught on a slope of blue ice have been known to slide hundreds of feet downhill.

			Blue ice tells the story of movement—it forms at depth in a glacier and is heaved to the surface in certain locations. Like glaciers everywhere, ice sheets in Antarctica are always flowing from areas of high elevation to lower ones. Occasionally, an ice floe will hit an obstruction such as a mountain range and blue ice will extrude upward from the deep layers of the glacier. This ice can rise vertically hundreds, if not thousands, of feet. The deepest layers hold the most dense, hard, and ancient blue ice—some of it is more than 6 million years old. While it is one of the greatest hazards to work on the surface, blue ice in its antiquity brings sublime joys. Melting this ice for drinking means consuming water from snow that fell when Neanderthals roamed the Earth.

			We camp on ice, melt it for water, make accommodations with it as we work, eat, and sleep. Ice becomes part of the fabric of our lives like the air we breathe and the food we eat. Ice is our highway to the rocks on mountains that poke through it. Ice also influences the weather and the entire landscape around us.

			At the base of a mountain in Antarctica there’s the pervasive threat of disastrous winds, sometimes over 100 miles per hour, that not only can stop work but can wipe out a camp. Ice at elevation makes the surrounding air cold and very dense. That dense air can flow downhill and, gaining speed as it descends, generating intense windstorms in the floor of a valley. Forrest was famously caught in an Antarctic gale that sent his team’s snowmobiles flying though the sky. Of course, given Forrest’s experience, the machines on our trip were parked far away from tents.

			Extreme winds are like an invisible sculptor of the world at our feet and in the distance. Fields of rocks, scoured by blowing air, are scattered across Antarctic valleys. The direction of the prevailing winds is etched on the rock surfaces. Over centuries, this erosion carves a range of shapes in the rocks and boulders, from Corvette-like wedges to sponge-like, hollowed-out husks. The valley’s features also show the action of centuries of continuous gales. Cliff surfaces bear scalloped edges, hollows in rock walls, and pillars of sandstone—all features crafted by wind.
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					Antarctic Dry Valley with a windblown rock in the foreground

				
			
			Wind and ice together shape entire landscapes and create new ecosystems. A set of parallel valleys, covering almost 2,000 square miles, lies 40 miles west of McMurdo Station. While these valleys are flanked by ice, their walls and floors are pure bedrock with barely a patch of ice inside. The area looks like the surface of a rocky, lifeless desert. In winter, temperatures here can drop to −90 degrees Fahrenheit. The region is so cold and barren, it is used to model the geology and possibilities for life on Mars. The landscape of these valleys, known as the Dry Valleys, appears as a paradox. If ice lies on the mountains above the valleys, and their interior gets extremely cold, why is there no ice within the valleys themselves?

			Small mountains rise over 8,000 feet along the edges of the valleys. These ridges serve as natural dams that block the movement of glaciers into the valleys below. Instead of entering the valleys, the ice remains on the tops of the ridges. There, cold air accumulates above the ice. When the conditions are right, this cold and dense air rips into the valley at the speed of a major hurricane. These winds carve the valley walls and keep any snow from accumulating in areas of low relief. The winds make for a cold desert oasis on the vast, ice-covered continent. Picture the Grand Canyon surrounded by a world of ice. The mythological names of the mountain ranges that line the valleys—Asgard Range and Olympic Range—conjure the awe they inspire.

			The winds throughout Antarctica carve the rocky landscape and sculpt and resculpt the ice surface. The surfaces of glaciers are covered with hummocks of snow that can rise as high as six feet. Known as “sastrugi,” these features loom large in polar expeditions. Explorers who tried to sledge to the North and South Poles recount tales of being slowed by having to push their sledges over these humps. Blowing snow, the formation of sastrugi, and the regular movement of ice make the surface of a glacier feel like an ocean with moving waves and surfaces that change from day to day.

			If there’s a Murphy’s Law of paleontology, it is that the best fossils are often found at the tops of mountains. Our fossil site was no exception. With moving sastrugi, routes up from Deception Glacier to the mountain changed almost daily. Having learned to walk, live, and climb on polar ice, we’d ascend through millions of years of geological time as we moved up layer after layer of rock with our eyes close to the surface to find fossils. Our reward was the fossil bones and teeth of 380-million-year-old sharks, armored fish, and evolutionary cousins of the fishapod we found in the Arctic. An ancient tropical river once teeming with life is now a rock layer lying atop an Antarctic peak surrounded by ice that extends hundreds of miles to the South Pole.

			Polar landscapes expose the transience and precariousness of our own existence as well as that of the entire living world. Change is everywhere on the ice. Seeing the impact of this dynamism on a planetary scale means developing a new set of eyes.
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					The tops of these mountains contain rocks formed in ancient rivers and streams and hold fossils of ancient fish and sharks.

				
			
			A Glacial Pace?

			Eric Rignot’s path to a career on the ice was not through mountaineering or geology but through mathematics. Math, as he was told by his teachers in France, was a ticket to interesting careers. And in his case, it was—the discipline opened doors for him to explore his passions in engineering, aeronautics, and astronomy. By the mid-1980s, Rignot became fascinated by the newly burgeoning field of satellite imaging. Landsat missions had been under way since 1972, imaging the Earth with ever greater precision with each new satellite launched. Stimulated by the possibilities of this new science, Rignot gravitated to the Jet Propulsion Laboratory (JPL) in Pasadena, California. Famed for its satellites and space probes, the JPL was also home to some of the world’s most advanced remote-sensing work.

			When Rignot joined the team at JPL, his boss told him to work on ice. Rignot wasn’t sure. As he told me, “I actually thought my boss didn’t like me and that’s why he pushed me to work on glacial ice.” But soon, Rignot’s time at JPL convinced him that satellite-based remote-sensing techniques could revolutionize our understanding of the ice sheets in Greenland and Antarctica. Ideally, satellites could allow scientists to see and measure an entire glacier at once, giving access that might otherwise be impossible because of the difficult logistics of polar work. Also, with the technology that was emerging at the time, satellite imaging could allow him to see ice in new ways, even under cloud cover.

			Although he started his work with skepticism, it turned out he was in the right place at the right time, doing the right thing. In looking back at the start of his career three decades later, Rignot said, “Pretty soon, I realized that I stepped into a gold mine of information from remote sensing techniques that were changing completely the ways we were looking at ice.” Much of what we had thought we knew about glaciers and their response to changes in Earth’s climate turned out to be wrong.

			In the early 1990s, astronomers at JPL devised a satellite technique to measure subtle movements of the Earth’s surface. Radar pulses sent from a satellite in space to the planet below are reflected back to the satellite. The timing of the round trip of a pulse gives a measurement of distance between the surface and the satellite detector. If the same spot is measured several times, the signals can be combined to reveal the velocity at which objects below are moving. The technique can be so precise that changes on the order of a millimeter can be measured from space. To Rignot, this technique was like a new pair of glasses—a whole world of ice, and its movement, could be explored.

			Rignot and his team at JPL, NASA, and international space agencies scanned the satellite data to make detailed measurements of the movement of ice across the entire continent of Antarctica between 2007 and 2009. In terms of scale, this effort is akin to looking at the water flowing across the entire continental United States every day over a two-year period. The imaging generated an enormous amount of data, which was then crunched and visualized with powerful computers at the University of California, Irvine. When the satellite data were rendered in graphical form, they revealed the movement of ice across the entire continent. The glaciers obviously aren’t static, but the ways they move are surprising. Streams of ice, which from space look like rivers some 5 to 10 miles wide, flow from the center of the continent thousands of miles to the coast. As these rivers of ice flow, they break up to form tributaries of ice that stream toward the sea. These corridors of moving ice can be 500 feet thick and travel over half a mile in a single year.
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					Eric Rignot

				
			
			Just as a map of North America from space shows rivers of water flowing from the Continental Divide to the oceans on both coasts, a satellite image of the ice of Antarctica reveals rivers of ice flowing from the continent’s interior to the ocean around it. And this flow has been happening for millennia.

			The satellites reveal that the entire ice sheet of Antarctica is continually on the move from the center of the continent to the ocean. If you put a boulder that could be traced year after year at the South Pole, it would end up in the ocean within one hundred years. When the ice hits a mountain or some other obstruction, the conveyor belt continues and it flows around the obstacle while some ice from the deepest layers wells up. These regions also develop cracks, crevasses, and ice cliffs where the ice folds and bends.

			Satellite discoveries led Rignot and his colleagues to a new question: If ice sheets are always flowing toward the coast, often rapidly, what controls the speed at which they slide, grow, or melt?

			Glaciologists have envisioned the size of a glacier to be set by the balance of processes that add ice each year and those that remove it. Moreover, ice will flow like a river via the force of gravity from higher elevations to lower ones: new snow at higher elevations compacts year over year and flows downhill. As the glacier flows downhill, ice is lost to melting, crumbling at its margins, and the direct evaporation of solid ice in the wind. Warmer conditions mean less snow accumulation at the top, and more melting, cracking, and evaporation at the bottom. All else being equal, the glacier’s movement downhill will speed up as it shrinks. The converse is true in cooler conditions.

			New snow that persists each year adds volume to the glacier, while melting throughout its surface and downstream edge reduces it. Taking this notion to its logical conclusion, the way glaciers should shrink in a warming climate is that ice should melt at the surface and the water should flow into the ocean. When the planet cools, the melting and water flow should stop while snow is added to the surface, allowing the ice to grow.

			But satellites were revealing something different. Pings of lasers sent from space to the ice don’t only provide a snapshot of the condition of the ice, they reveal how the height of glaciers changes over time. Taking these measurements over months and years can show where and how fast the ice is shrinking and melting. These refined measurements reveal that new snow clearly is added each year. But most of the changes in mass of the ice sheet, and the glaciers that extend from it, do not happen by melting on the surface. Looking at the ice change suggests only 5 percent of ice loss in Antarctica happens this way. If melting on surfaces the size of a continent does not contribute significantly to changes in the size of the glacier, what does?

			The laser signals were revealing that the loss of ice in the glaciers wasn’t spread across the continent; it was highly localized. The greatest change in the height of the ice, meaning the fastest melt, happens along the coastline, where the ice meets the ocean. Changes at the coast then propagate inland to the center of the ice sheet. The “business end” of the ice sheet is where it meets the warm water of the ocean.

			Still other missions added new pieces to the puzzle. The Gravity Recovery and Climate Experiment (GRACE) missions, a collaboration between NASA and the German space agency, DLR, were initially launched in 2002 with a clever idea. Two satellites (nicknamed Tom and Jerry) were placed in orbit 310 miles above Earth. They circle the globe 140 miles from one another, one trailing the other (presumably Tom is chasing Jerry). Each satellite shoots a beam of microwaves to the other, enabling the researchers to measure how far apart they are. The resolution that these microwave measurements provide is nothing short of astounding—they can detect changes in distance of a micrometer, which is one thousandth of a meter. As the satellites orbit the planet, they encounter changes to the Earth’s gravitational field. Areas with lots of mass, such as thick sheets of ice, exert a greater gravitational pull on the satellites than do areas with thinning ice. As the satellites move over areas with thicker ice, the one ahead will be pulled away from the one behind. Then, as the lead satellite passes this area, it will slow down again. Now it’s the trailing satellite’s turn to be sped up by the gravitational pull, only to slow down as it passes the area with high mass. While these two satellites accordion away from and nearer to each other by the pull of gravity, the microwave beams are recording the distance between the satellites. The changes in distance allow researchers on the ground to determine where there are areas of high gravity (hence, greater ice mass) and lower gravity. These satellites monitor gravity and mass 24 hours a day, 7 days a week, 365 days a year. We now have a continuous record of changes in the mass of polar ice over time. The GRACE missions send data that Rignot calls a “Weather Report” of the changes to the mass of ice in Antarctica and Greenland.

			With satellites able to measure the mass of the ice in different places, the speed of the ice’s movement, and places where the ice is thinning, the dynamism of the ice sheets is coming into clearer focus. At the coast, ice meets the sea and liquid water interacts with solid ice. The melting here is the most dramatic because the warmth of the ocean causes the edge of the glacier to thin, collapse, and crumble into the sea. Melt can also happen from below when the relatively warm water of the ocean flows underneath the glacier between the bedrock floor and the ice. This melt can set off a chain reaction: the more the leading edge collapses, the faster the ice streams will bring ice from the interior to the coast, leading to more ice interacting with the warm ocean waters. Some coastal glaciers, such as the Cadman Glacier, have lost as much as 60 feet of height—the equivalent of a five-story building—in a single year.

			Scientific history offers perspective to these recent satellite discoveries. In the 1800s, mountaineers and natural scientists noticed strange patterns in the ice and rock of alpine landscapes. Seeing that the valleys that hold glaciers are larger than the ice itself, they surmised that at some point in the past the glaciers had filled the valley and later retreated. The alpinists also were intrigued by massive rocks strewn across the terrain that were unlike any others in the area. With these facts, they hypothesized that over long periods of time, glaciers ebbed and flowed, carving landscapes and moving rock and earth along the way. As this theory of the ice ages gained traction, glaciers were thought to have slowly carved many familiar landscapes, from the Great Lakes and Cape Cod to alpine valleys and Scandinavian fiords and coastlines.

			A “glacial pace” describes something that plods along, often painfully so. While the phrase can apply to a stultifying bureaucracy or long-awaited change, it does not describe the workings of glacial ice itself. Rignot and his colleagues revealed how ice the size of the North American continent can flow in rivers that move almost half a mile per year, often in ways that we do not fully understand. In fact, in the 1800s, scientists working on alpine glaciers found hints that ice can move and change shape quickly. One scientist noticed that the glacier that carried his research hut flowed downhill when he returned to make observations each year. Later, other scientists discovered that ice can flow almost as rapidly as seen in Rignot’s satellite data by drilling stakes in the ice of the glaciers and following them year after year. The fact that ice can move astonishingly quickly has consequences for the natural world and the ways we have come to know it.

			The following chapters show how moving ice shapes the world. As ice grows, shrinks, and flows, it creates new habitats for living things. When glaciers expand and contract, life adapts often in surprising ways—extreme environments bring remarkable new forms of life. Moreover, since the surface of the ice has captured objects inside for millennia, changes to glaciers expose the history of the cosmos itself. And, as we will see, rapidly moving ice has the power to change the planet on a time scale that can influence all our lives.
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