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Perhaps the greatest threat of catastrophic climate impacts for humans is the possibility that warming may cause one or more of the ice sheets to become unstable, initiating a process of disintegration that is out of humanity’s control.

—JAMES HANSEN

 

 

Everything comes to an end.

—DEATH CAB FOR CUTIE






INTRODUCTION

 MIAMI BEACHED

Miami, 2120 CE. Carbon dioxide at 800 ppm.

 

 

 

 

Miami had become an open city. It was also an island. Although to the north it was still contiguous with the vast peninsula that had been Florida, the flooding had cut off all freeway and railroad ties, while the airport itself was now a vast lake. All this was because the level of the world’s oceans had risen 10 feet. The reason for this vast geographic change—one that rendered every schoolchild’s world atlas obsolete—was readily apparent. Greenland was losing its ice cover.

Now, with waters sufficiently high to render assistance enormously expensive, the embattled U.S. government could no longer bear the costs of defending the drowned metropolis against the small-time tyrants who had risen to power amid decades of economic chaos, social displacement, and political breakdown. America was in a state of triage. The nation’s leaders had to decide which American coastal cities to fight for, and which to surrender to the rising waters. Miami did not make the list.

Nature was besieging the drowning city—the federal government could not afford to save a city like Miami, not with such a significant portion of the U.S. gross national product dedicated to building dikes for those urban areas of the eastern and western seaboards still somewhat less  affected by the relentlessly encroaching waters. Miami had joined New Orleans and Galveston as cities given over to the rapidly rising sea and to the mobs that burgeoned in the resulting chaos. It was under no flag now. The city itself—and Miami Beach, or the thin ribbon of land that remained of it—had become a strange new entity, a variant of the old city-states of ancient Greece, but with its own peculiar problems.1

The sea, annually emboldened by hurricanes, had transformed the city entirely over the previous hundred years. The geography was now quite different than it had been as late as the mid-twenty-first century. To its east, Miami Beach was vastly reduced in size: Collins Avenue south to Washington Avenue was still on land, but the terrain was denuded of any but the fastest-growing vegetation and the hulks of the hotels that had once provided its economic sustenance. The vertical storm surge from hurricanes now routinely swept over the entire narrow island. The five main bridges from Miami proper, Florida highways 922 and 934, U.S. 195 and 41, and Venetian Way, had all been severed, as had the Rickenbacker Causeway, thus isolating Key Biscayne. On the other side of the onetime urban center, West Miami was the last dry land before the gigantic salt marshes that now encircled the city from southwest to northwest, effectively making Miami its own island. Miami International Airport was long gone (although its runways were still visible from the air, just under the clear water), devoured by the enlarging of Lake Joanne and Blue Lagoon along an arm from the sea parallel to the old Dolphin Expressway. Lehigh Lake had expanded northeast to meet up with the Amelia Earhart ponds to form a large brackish lake, too saline for freshwater life, not salty enough for marine life. The same was true of all the old lakes: Lake Ruth was now enlarged, with the Weston Hills the only dry land well to the northwest of the city. The numerous toxic waste sites had long ago been inundated, making the vast swamps carcinogenic until rain and freshwater hurricane flooding cleansed them of the more liquid toxins. The sediments leavened with heavy metals and arsenic were another matter.

Miami’s most immediate problem was freshwater. The rising sea levels had caused the city to finally lose all semblances of municipal freshwater and sewage systems in 2106. Without freshwater from any kind of municipal system, Miamians resorted to other means. Personal swimming pools became personal freshwater reservoirs, with each residence using a combination  of solar power and rainwater collectors to store water in its pool and then pump it into the house. Septic systems rarely worked well in the wet ground, so each house now had an outdoor privy, and warm afternoons filled with the stench of thousands of gallons of untreated human waste.

While the defense against the rising sea throughout the late 2000s had been heroic in its own way, the combination of loss of all personal home insurance, coupled with the crippling costs of keeping a water system running against the unceasing lateral movement of salt water into the normal aquifers and reservoirs, bankrupted the city. The federal government, with so many problems elsewhere, gave the city up as well. One relatively minor commercial decision destroyed the region’s entire economic equation: the cancellation of home insurance throughout South Florida in 2073, following the enormous mortality and billions of dollars of damage from Hurricane George. Homeowners who had liquid capital (gold was the preferred coin of the realm, at $4,500 an ounce) fled the state for higher ground. Colorado was booming, for instance. Those people whose entire capital was invested in their now valueless homes (which is to say most people) either stayed and prayed or fled onto the great American road, looking for work amid the crippling national depression brought on by the battle against the rising seas. The fight for New York alone had necessitated cuts to national defense to the point that the United States had completely withdrawn from its foreign bases, defaulted on its Social Security obligations, and abandoned its short-lived national health care system. Coldly logical decision-making had led to the governmental desertion of Miami. It would not be the last such abandonment.

Here and there, the rich mansions of Key Biscayne and other upscale neighborhoods remained palaces of luxury for those whose fortunes remained. As always, enough money could still make a difference, even in a drowning city. But with no middle class to sustain a police force or any sort of municipal presence, the wealthy who remained did so with lethal defense. Money still flowed through Miami, enough to keep it from totally dying economically. But much of it came from the leading cash crop of South America, illegal drugs. Coca, that valuable crop, now covered huge regions of South America, and Miami was one of its chief ports of entry. The Miami police force had ultimately succumbed to the same realities that had brought down South American and Mexican big-city police forces  in the early twenty-first century—there was just too much money, and too many well-armed soldiers employed by the cartels.

If anything, the Keys had fared even worse. All the islands were reduced in size, and a large section of the long highway connecting the mainland to Key West had collapsed, with no federal money to repair it. Key West had reverted to its old ways, once again becoming a haunt for sailors and smugglers.

There was no agriculture in South Florida at all. The rising salt levels in the soil saw to that. But perhaps the greatest change to the entire region lay to the west of Miami. Visible from the diminishing, still functioning satellites (Cape Canaveral had been leveled by the great hurricane of 2045) was the great brown-to-black smudge that had been the Everglades. Once a seemingly endless green landscape, the Everglades was now dead. It had been the first victim of the rising seawater, with all its huge expanse of freshwater plants dying quickly, while the mangroves that replaced them were still too young to make a green dent in the mass of dead vegetation. So profound was this change that the level of atmospheric oxygen over Florida had undergone a still minor but nevertheless measurable dip, joining other huge regions on Earth, such as the lower reaches of the Amazon, Nile, Mississippi, Mekong, and Ganges rivers—all these rich deltas losing all their green plants, which had been a significant portion of the world’s oxygen-producing vegetation.

The sea had “only” risen 10 feet in South Florida by 2120. But the rise was accelerating. The open city of Miami was destined to become no city at all.




 A FLOODING PLANET 

This book is about the impending and ever-accelerating rise of the oceans due to global warming. Neither the rise nor its cause can be doubted any longer. The only question is how high the seas will rise, and how fast. But regardless of whether we reach the first 3 feet of sea level rise in 2100, or even 2200 (and not 2075 or earlier), the effects will be the same. Except with every passing month as this book is written the estimate for 2100 keeps rising. By that time anything less than 5 to 6 feet will be welcome, for the alternatives—up to 8 feet—cannot be borne by society. They are  predictable because the planet’s waters have risen before, even during the lifetime of our species. But in our era, it looks as though the extent and speed of rise will surpass anything that at least post-agricultural humanity has gone through. As a paleontologist who has had to professionally study the effects of rising and falling sea level from far more ancient times than the time of humanity, I know that we are not merely speculating through cloudy crystal balls; we can see from the past what we face in a future we have created. The geological record holds a rich history for scrutiny. This book is based on the fact that the earth has flooded before.

Much of what we know about the new increase in sea level comes from what we have discovered about the very old rises and falls of the sea. Recent studies of the deep past have told us much about how the earth and its life have responded to changes in sea level. Such changes in the sea level, and thus to land geography as well, have sometimes been a boon to life, but sometimes they have led to quite the opposite effect, the most extreme being mass extinction. History, then, opens one door to the explorations we will make in this book.

There are many axioms about the importance and the place of using history to contemplate current and future actions. These maxims contradict each other. We are told that those who ignore the past are destined to relive it. We also learn that the past is an unknown country, and thus a place of no relevance at all to the present. But for more than two centuries the key principle of geology has held that the changes occurring in the past are composed of processes that continue today. This is known as the Principle of Uniformitarianism, first codified by Charles Lyell, and then championed by his fellow early nineteenth-century savant, James Hutton. The principle indicates symmetry, telling us that if we can understand geological events of the past only in terms of modern-day physical processes, then the reverse must hold as well—that in terms of processes occurring too slowly to be observed in any human lifetime, the past must inform us. So it is with any change in sea level—and in the world’s current predicament, the rise in sea level.

The geological record, written in rocks of many kinds and ages, tells us that the level of the sea can change in only two ways.2 One happens as a result of the swelling or shrinking of the vast mountain chains found amid the deep ocean basins, such as the Mid-Atlantic Ridge, the long  line of submarine volcanoes where hot magma erupts onto the sea floor daily and is then carried through continental drift either east or west. For reasons unknown, the heat that accompanies this ocean-long line of volcanoes waxes and wanes across the millennia. When it increases, it causes the rocks of the ridge itself to swell, decreasing the volume of the basins that hold the world’s oceans. The amount of water stays the same—just the worldwide vessel holding those oceans changes in size. It is like putting a large brick in a bathtub; the level of the water rises. Conversely, with a loss of heat, the mid-ocean ridge is reduced in size, and the water level declines globally. The rate of change of sea level from this process is very slow indeed—with changes of several feet or more taking millions of years—but nonetheless significant over time.

The second method of change in sea level happens faster, coming from the accumulation or melting of continental ice sheets.3 When snow falling in cold climes accumulates faster than it melts during the warm seasons, an ice sheet will form. All that water ultimately comes from the sea, so a growing ice sheet causes the level of the sea to drop. The opposite process also occurs: a melting ice sheet causes sea level to rise.

Long before the modern era, a time when humans began to play their own role in climate change, the seas rose and fell thanks to their own entirely natural inclinations. We can see examples of these processes in many places on the planet. Consider two American examples. The first is North Dakota, a place as far from the ocean as any place in North America—as remote, in fact, as almost any place on Earth. But a glance at the geological record of the North Dakota badlands shows that this part of the planet was once anything but landlocked.

Near the North Dakotan border with Montana, the present-day landscape is made up of the eroded beds of ancient sea bottoms—which are overlain and underlain by a different kind of sedimentary bedding, one that was deposited in river valleys. Both seabed and riverbed have their own stark beauty. They are made up of mesas and cuestas that, at sunrise and sunset, are flocked in sandstone and shale from brown to dun and seem to glow in the late-afternoon sun. The fossil and sedimentary record tells us that the lighter-colored beds were deposited in richly vegetated river valleys near the end of the Cretaceous Period, over a time interval  from about 68 million to 65 million years ago, and these rocks contain the most famous of all fossils, Tyrannosaurus rex, as well as its more numerous prey, the herbivorous dinosaurs of the time. Yet both stratigraphically above and below the riverbeds, you can see a change in the appearance and type of the fossil content as the strata entombing them change as well. Far darker in color, these sedimentary beds are no longer the remains of river deposits, but instead are clearly the remains of a seabed, a seabed where land had been. The fossils of these darker beds have a spectacular beauty. The most common are the beautifully iridescent fossil shells of ammonites, now extinct cephalopods whose nearest living relative is the chambered nautilus of the tropical Pacific. Like a modern-day nautilus shell, these fossil ammonites sparkle in the sun when they are exhumed. But they are not alone. Among the mollusk shells are the more rare bones of giant sea lizards, Mosasaurs, as well as the biggest crocodile of all—a behemoth named Deinosuchus, which must have competed with the mosasaurs for food, and perhaps for breeding sites as well. Both of these seagoing reptiles had to painfully wade ashore on legs turned to flippers to lay their precious eggs, always alert for the marauding tyrannosaurs of fearsome fame.

These seabeds underlying the last dinosaur-bearing beds of North America thus tell us something profound. This far inland was once shallow ocean. It was part of the great Western Interior Seaway, a thick branch of the world ocean that existed throughout the Cretaceous—which is to say almost as long as the dinosaurs have been dead. These old strata tell us that the Western Interior Seaway was not a static entity: it rose and fell with the level of the global ocean. Thus, while the dinosaur beds of the great American West were deposited on land, they in fact sit atop the remains of the vast inland sea, one that originated more than 100 million years ago—and was caused by a rise in sea level. In this case it was not the melting of ice that raised the water, but that slight shrinkage of the volume of the ocean basins described above. At its high-water mark in the Cretaceous Period between 125 million and 65 million years ago, the North American inland sea was hundreds of feet deep and hundreds of miles across. It separated eastern North America from the western parts, creating what were really two continents. The water rose and fell, but did  so very, very slowly, its oscillating history taking hundreds of thousands of years to unfold, with the final draining that resulted in our modern-day geography occurring tens of millions of years ago.4

But there is another place that tells us not only that the change in sea level can be vast, but also that such change can happen very, very quickly compared to those stony, primeval North Dakotan beds. That place is in a small quarry tucked into one of southern Florida’s famous line of islands: the Florida Keys.

If you go down to Key Largo and don a mask and fins in John Pennekamp State Park—the first underwater park in America—and look past the 9-foot-tall, 4,000-pound bronze statue of Jesus (a second casting of the Italian bronze Il Cristo Degli Abissi, donated by Italian scuba entrepreneur Egidi Cressi and placed in its current location in 1965), you can behold the richness of variety of the only true coral reef in the continental United States. Its immense stone ramparts compose an invertebrate tenement occupied by untold tiny, anemone-like coral polyps, their tentacles withdrawn during the dangerous daylight, awaiting the cloak of darkness before they creep outward in search of floating meat. These enormous  Montastrea coral are hundreds of years old and are surrounded by many other smaller corals: the blocky Siderastrea, the hornlike Acropora of two types, the more stag-like A. cervicornis, and a few moose-horn-like  A. palmata, whose fronds make spiky thickets around the flank of the  Montastrea. The corals, the Montastrea most of all, have lived in this region for millions of years. But now is the time to see them, because this reef is dying fast. The welcoming, warm ocean of apparent peace and biological plenty covers trouble brewing, because most of the Acropora  corals in Pennekamp are quite dead, the ocean has been slowly warmed over the previous decades, and this Florida reef tract was one of the first to experience what would become known as coral bleaching.

The Florida sea was home to another American coral reef whose condition is a veritable graduate course in the effects of sea level increase. A short distance from Key Largo is the smaller Lone Pine Key. At one side is a flattened area that looks the entire world like an abandoned quarry (which it was). You are greeted by a mass of white rocks blazing in the sun. Up close, you’ll see that the large white walls are made up of gigantic coral skeletons intermingled with a profusion of smaller coral, shell,  and unidentifiable limestone crags of all sizes and orientations—a reef, a fossil reef. The largest of the fossils are enormous heads that, if you look closely, show the distinctive pattern of Montastrea. One of the most prominent heads is the shape of a mushroom and measures nearly 10 feet in length. This is clearly the cemetery of a reef that is identical in composition to one that exists offshore of this very key.

Yet corals of this size—surrounded and lithified with all of the framework builders and binders that make any reef, new or old, a three-dimensional, wave-resistant structure built by life and cemented by tropical ocean chemistry—develop only underwater. The components of this reef show it to be similar in structure to the offshore reefs now found at least 10, and sometimes as much as 30, feet beneath the sea. But this old reef now sits at least 10 feet above sea level. Was it lifted here by storm? By earthquake? By the simple lifting of the Florida Keys due to some unknown, deep-seated heating of the underlying earth?

The answer is simple, yet unnerving. The giant corals on Lone Pine Key have not moved a bit since the days when they were growing in water 10 to 30 feet at this very place—about 125,000 years ago. The land had not gone up. The sea had gone down. Somehow the level of the oceans—not just here in Florida, but all over the world—had risen 30 feet, stayed that way for more than a few centuries, and then receded, exposing and killing these once-lush reefs.

The world climate of our era is the aftermath of a geologically recent episode of continental glaciation informally called the ice ages, but technically termed the Pleistocene epoch. But that event, which ended about 10,000 years ago, with wholesale melting of glaciers, was just one of many that made up the ice ages. An even more significant change in climate (and in the amount of the world’s ice) occurred about 125,000 years ago, when a rapid melting of continental ice sheets and glaciers caused the sea level rise that led to the formation of reefs on now solid land. These sheets must have disappeared quickly indeed, causing the world’s oceans to rise and encroach on the land, carrying sea creatures with them.5 It was not the first time such a process happened on this planet, and certainly it would not be the last, but it is the last time that a change of this magnitude happened so quickly. Now all evidence suggests that a similar rise is beginning. When the world warms, ice melts. When ice melts, the sea  rises. It is this second kind of increase in sea level that promises to flood the world that our grandchildren and great-grandchildren will inherit. What might make it unique is the rate at which it is happening. There is every reason to believe that we are on the cusp of the most rapid rate of sea level rise in Earth history—that ice is and will continue to melt faster than at any previous time.




 TELLING THE STORY OF THE FLOODED EARTH 

In this book, I explain what the consequences might be in the next centuries. The first chapter cuts to the chase, exploring how sea level change is occurring in the present day. From there, the chapter goes into the record of ancient sea level change and the ways in which these records can be understood.

The second chapter discusses carbon dioxide—what it is, what it does, and how it contributes to the so-called greenhouse effect and global temperatures. It is the amount of carbon dioxide that is most pertinent to global climate, and every single human on the planet produces the stuff, one way or another. Hence, the number of humans on the planet is a large part of the story to come, and thus the second chapter hands off to the third, which deals with human population change and its effect on energy demand.

In Chapter 4 I look at how even a modest increase in sea level will dramatically affect world agricultural yields. In Chapter 5 I examine the confluence of global temperature increase and the makeup of continental ice sheets on Greenland and Antarctica, which hold the greatest volume of potentially meltable frozen water on the planet. I explore how and when they formed in the first place, and how fast and at what rate they will melt. When this ice melts, not just fields will be flooded, but cities as well, and that is the subject of Chapter 6.

Chapter 7 again looks back in deep time, by examining previous epochs when there were no ice sheets. Those times inevitably led to mass extinctions, and I examine whether conditions of the past leading to those mass extinctions are in any way similar to what the earth is experiencing now. This chapter shows what the very worst effect of global warming could be in the near future.

In Chapter 8 I change gears away from the science of sea level change and global warming to illustrate the potential “fixes” being proposed to remedy or manage the rise in sea level, through both local and global engineering. And I explore ways that we might yet stop the rising of the seas to levels that cause the calamitous loss of agriculture, and the equally calamitous flooding of coastal cities, and, if we cannot do that, how we might at least buy civilization more time by slowing the rate of rise. There is hope, if we act now. But the train is leaving the station. Perhaps forever.

In a way, this book is meant to be a sort of geological version of Dickens’s  A Christmas Carol. Call it “A Christmas Carol on Ice.” We do have ghosts of floods past, present, and future to reckon with. The ghost of the future offers us a vision of the Chrysler Building emerging from a troubled green-and-white-capped sea, or the new island of Miami. The choice is entirely ours whether we accept that vision or create a more positive one.





 CHAPTER 1

 THE RISING SEA

James Ross Island, Antarctica, March 2009. Mean carbon dioxide at 385 ppm.

 

There is no mistaking the sound of melting ice in Antarctica. From the pattering of individual drips to the strange groaning of the small floating slag ice—the near-final fragments of the calving glaciers—the background noise is akin to living near a freeway. It was this noise, as much as any, that brought me up from the depths of sleep, but shallow depths as always; slumber in Antarctica is a eutrophic lake of troubled dreams. After thirty-five days of hard work and close living, I was bothered by the dirtiness and personal smell and the aches from long hours excavating fossils from frozen rocks. But most of all I was disturbed about the weather, even in sleep, as I more than half-listened for the telltale first vibrations of the tent poles signaling the start of a violent and abnormal wind, a progression inevitably ending in the raucous, ear-splitting clanging of hard canvas on poles, and metal poles on each other. My partners and I had quickly learned to associate the rising wind with discomfort, fear, stress, and intimations of death foreseen. I had expected many things about Antarctica, including even these intense and disturbing storms, if  not their frequency and ferocity. But I had not expected Antarctica to be melting with such gusto.1

Today was no day to linger in the warm sleeping bag; it was our last day, when the large ship that had landed us and our several tons of food and water on this lifeless island a month earlier would retrieve us. Already we had tempted fate enough by staying this late in the “season,” the short interval when scientists could scurry across Antarctica and actually do science. In our case the science was a geological project that would increase the accuracy of dating the ancient sedimentary rocks that made up James Ross Island, a large bit of land near the end of the arc-shaped Antarctic Peninsula. We had come to collect marine fossils from near, during, and after the age of dinosaurs, with its fiery conclusion hypothesized to have attended the end of a particular asteroid’s 4.5 billion years of wandering through the solar system.

But we had another goal as well. Near the end of the age of dinosaurs, the seas seemed to oscillate more than usual. The longer term rises and falls of the Cretaceous Age, such as those so starkly evident in eastern Montana and the Dakotas, were long accepted to have been caused by slow changes in the oceans’ volume as the immense sea bottoms swelled or shrank in tune with the vicissitudes of deep-earth heating. Yet near the end of the Cretaceous period, the rise and fall of the sea, as evidenced in sedimentary beds, seemed to defy the rate of tectonically produced sea level change—the changes happened so fast and were of such magnitude that melting ice appeared to be the culprit. For the first time, researchers were asking whether there could have been ice at the North or South poles some 66 million to 70 million years ago.2 That possibility had seemed laughable in recent decades for a simple reason: the entire Mesozoic Era, including the freak collision of a large asteroid in Mexico’s Yucatan region that brought the period to a fiery end, was a time of elevated carbon dioxide. Atmospheric levels of this potent “greenhouse gas” were three to perhaps five times higher than the present-day level of nearly 390 parts per million (ppm). No one could conceive of ice sheets of any extent in a world with so much carbon dioxide. But could it have happened?

 

FINDING THE ANSWER to this question is of enormous importance. Perhaps—just perhaps—there could be much higher carbon dioxide than  there is today without the resultant melting of the ice sheets and ice caps. Maybe the current rise in carbon dioxide would excuse us from such wholesale melting—and spare us the disastrous rise in sea level that would ensue. That was the good news our team was hoping for. But there were bad portents possible in the rocks we had traveled so far to see—one of which also dealt with sea level.

That an asteroid collision brought about the extinction of the dinosaurs had been unquestioned for the previous two decades. The theory had to be right: even Hollywood had taken notice by making two blockbuster movies about an asteroid striking the earth—both of them, shall we say, smash hits. In fact, the Alvarez asteroid-impact hypothesis—that the mass extinction of the dinosaurs was directly attributable to the environmental aftereffects of a large-body impact on the earth—became the dominant proposition about all mass extinctions; the celebrated Cretaceous-Tertiary (KT) event that did in the dinos was considered just the latest in 500 million years of animal Armageddon. But lately doubts are emerging. Coming back into consideration is a new version of a popular old explanation of animal extinction—that volcanoes were involved.3 As a boy growing up in the late 1950s and early 1960s, I relished the wonderful movies with their clay dinosaurs jerking along in stop motion, and near the end of the movie the behemoths menacing humans would be enveloped by lava belching from a volcano. By 2008, my work and that of dozens of other geologists suggested that this might have been the only extinction even partly caused by asteroid impact.4 All the others had another source—the explosion of volcanoes that caused a short-term version of an even direr phenomenon I was now witnessing in Antarctica. What helped to kill the earth’s primordial creatures now threatens to drown us.

Long before humans were even a gleam in nature’s eye, the convergence of geological forces repeatedly caused the planet to heat up. Such events, however rare, hugely altered life and its evolution. The warming had resulted from enormous volumes of carbon dioxide that emanated from the flood basalts, creating atmospheric greenhouse conditions that quickly heated the planet to a point that the poles were nearly as warm as the equator, leading the normal winds and ocean currents to diminish and in some cases totally stop. A stilled ocean, eventually even on its surface regions, loses oxygen. The apparent result was a series of nasty  events, such as oceanwide “dead zones” not unlike the anoxic areas found today in the Gulf of Mexico, off Namibia in Africa, and in many lakes and estuaries where conditions of eutrophication—where a body of water first warms and then loses its oxygen as its enclosed life dies and then rots—have eliminated all the life-giving oxygen in the water.5 Warm water holds far less oxygen than cooler water. Worse yet, warm stagnant water breeds particularly nasty microbes that metabolize using sulfur rather than oxygen. The waste by-product of that reaction was not the oxygen inadvertently produced by plant photosynthesis, but the poisonous substance hydrogen sulfide, the nasty gas that makes rotten eggs and human flatulence so unwelcome. Hydrogen sulfide is just now emerging as a new kind of dangerous pollutant. Drillers looking for freshwater are finding pockets of the stuff with sometimes fatal results, while on many beaches around the world, rotting seaweed produces local concentrations of the gas that are killing wildlife and even, in 2009, a horse on a French beach.6  These events—whose initial actions produce toxic levels of hydrogen sulfide, and whose final actions create what is known as “greenhouse extinctions”—coincided with high sea levels.7 The end of sea level rise seemed to coincide repeatedly with major mass extinctions, with hydrogen sulfide as one of the chief killers.

 

A CRY FROM ONE of my early-rising companions spurred me out of my sleeping bag. I braced myself against the usual shock of cold as I changed out of the two pairs of long underwear and thermal tops, the two pairs of thermal socks, and the thin sleeping gloves that kept me in some vicinity of warm at night. I could never get used to this cold. It had damn near murdered us on several occasions now, when high winds, horizontal snow, and wind chill temperatures made it imperative to get through the knots closing our tents in fifteen seconds or less.

Yet while it was cold enough to make us all miserable, in the summer of 2009 Antarctica was not cold enough. I was seeing with my own eyes the evidence of a study authored by Eric Steig, the man in the tent next to mine. Steig had found that Antarctica, like every other continent, was warming, releasing its ice into the world’s waters.8 His finding inspired the wrath of Senator James Inhofe of Oklahoma (the leading Congressional skeptic on global warming) to denounce Steig as a scientific fraud. He accused  Steig and his coauthors of somehow making up the data, while all around our campsite, even in the placid, ice-studded bay in front of us, melting rapidly proceeded.

The second night I was there, I’d endured the evidence of global warming’s impact on Antarctica. A great storm had descended. The next dreadful morning sent me groping for the safety of the food tent in complete whiteout, when I foolishly tried to go for food rather than wait out the storm and try to hold my tent poles against the wind. In the cold, trying to decide if I could find either my own tent again or the food tent, quickly getting really cold and terrified, I bumped into Steig, who turned me around to face the direction he knew the food tent to be.

We made it there, to find the rest of our seven-person team already sipping coffee and tea, each with a story of the extraordinary storm. Our camp manager, an employee of the National Science Foundation who had organized and orchestrated numerous field camps such as ours in Antarctica, was downplaying the storm, as any old hand invariably does. Not above 35 mph winds, she said with a straight face. Steig and I exchanged a look. Both of us knew storms and wind; we both live in Seattle, which has had its share of near-hurricane windstorms, and this wind was a lot closer to 100 knots than it was to 30. Just an average Antarctic storm, she said. What the wind tried to do to our tents had nothing to do with normal weather or simple equipment failure. It was all about the reality of the changing intensity of Antarctic storms. Later we would hear that the storm had totally wrecked the camp of another paleontological party on a nearby island, sending them half frozen to a providential cave for two days until a ship could rescue them. Their tents had ripped to shreds in the wind. Argentinean scientists camped across the island from us later told us it was the most severe storm any of them had known in more than thirty years of annually coming to this part of the peninsula, with its sustained winds of 70 knots, and gusts far above that. Steig told me it was the most violent storm of his Antarctic experience—multiple expeditions that already totaled years, not months, of continuously living here.

The cause of those storms, anomalous warmth, was evident in more than the newly violent weather. Our camp was a swamp, even well into the Antarctic autumn. The permafrost on which our camp was placed  was melting—perhaps for the first time in 10,000 millennia. Between and beneath each of our tents was an enlarging pond; we waded from place to place in our camp. Getting around required rubber boots.

The ship was there, all right, silhouetted and dwarfed against a towering wall of ice taller than a ten-story building; across the bay, where the ship now gently rocked amid floating ice, was a giant lobe of ice, a fragment of the huge ice sheet that covered part of James Ross Island. It was spectacular—as were the waterfalls it had gestated, all of that long-frozen water entering the sea. I wondered if there was an instrument sensitive enough to measure the increase in sea level produced by our own island’s melting ice sheet. Our small island’s contribution to the level of the sea, even if all of its ice were to melt, would probably raise the world’s oceans less than a few millimeters. But multiply that by all the enormous ice sheets on this planet, each melting, and you get a flood. A flooded earth.




 THE WATERS UPON THE EARTH 

The subject of this initial chapter is nothing less than the overall subject of the book: that the level of the global ocean can change, has changed in the past, and is changing again. The rates of change have varied from very slow to very quick. (“Glacial” is an inapt term, since change in glaciers is fast compared to tectonic rates.) The alarming aspect of this otherwise normal effect on the earth is that today’s predictions of sea level increase all appear to be too conservative. What makes things alarming is that this time, the rates of change seem anomalously fast compared to those of the past.

The first victim of sea level change will be geography—at least as we know it. Growing up, all of us learned early the basic geography of the world. We may not have learned the names of all the countries on that map on the schoolroom wall, but the world’s continental configurations were imprinted on our young brains. We knew the outlines of the great landmasses, the larger islands, the overall Rorschach-like inkblots of green, yellow, and red land floating in blue sea. Because we learned them so young, the shapes of the continents feel not just familiar but permanent. In fact, before 1960, all school kids were taught that the shapes of continents and oceans had been the same through all of time. It was only  relatively recently that the continents were discovered to be inveterate travelers upon a spherical globe, all the while being fixed to the earth’s mobile, if stony, upper crust. But we will have to change our maps long before the continental plates creep significantly across the planet. The shapes of coastlines are set to radically change beginning early in the next century, as water moves quickly to resculpt and cover the low-lying land areas we are familiar with.

What causes sea level change? As noted in the Introduction, the oceans are affected by the machinery of Earth’s solid surface mass, including both tectonic processes (mountain-building that causes some land to rise, some to fall), and the phenomenon of isostatic rebound, where land springs upward if a heavy load of long-term glacial ice is removed. Another factor affecting local sea level occurs when a coastline gets a load of sediment rapidly dumped on it from rivers, from the flow of debris from coastal mountains, or when strong long-shore currents subside from the weight of the sediment. Sometimes the settling is of greater magnitude than the offsetting rise of the bottom caused by tectonic uplift. This event is especially true for deltas, where rivers meet the sea and form broad aprons of low-lying sediment over areas dictated by the strength of the river and the load of sediment it carries. For example, coastal subsidence in any river delta region is estimated to be 10 millimeters per year, which will help minimize the effects of sea level rise.

Oceans rise more in some places than in others.9 Although we intuitively consider an upsurge in sea level to be a global phenomenon, because the world’s oceans are all connected and it seems as though every part of the “bathtub” would fill up at the same rate, on a spinning planet with great differences in heat from equator to pole such complex workings as oceans vary considerably. Relative sea level changes might be either higher or lower than the global average. A number of geological and oceanographic factors contribute to this geographical variability. Despite the great distance, the relevance to the United States is unequivocal. The rate of rise will be higher on the East Coast than the West Coast, and it is the East Coast that has the largest American population at risk.

Although measurable, tectonic events rarely precipitate large-amplitude changes in sea level. But changes far more rapid than any caused by tectonic forces are evident, even since the end of the ice ages some 10,000  years ago. That there are so many flood myths is no coincidence, and what would a brief rise in sea level be interpreted as other than a traumatic flooding, whose major consequences would rattle down through the ages as sad tales of tragedy?

So many myths—but until recently, so little proof. The problem with proving this contention was the great difficulty in first finding geological evidence of major sea level change since agricultural times, then pinning down the exact time it happened. With the advent of new dating techniques, however, as well as a far more sophisticated means to interpret the ancient sedimentary record, the mystery of at least some of these flood legends was solved.

Narratives of water covering the land are indeed found in many cultural histories. The story of Noah’s flood is one of the most widely quoted legends of scripture, telling of a rise in the level of water over the entire earth, resulting from monstrous, continuous rains lasting almost six weeks. Science tells us it is impossible to rain everywhere on Earth at the same time, and even if it were possible, the high mountains of the many continents would never be covered completely. To cover the earth to 29,029 feet—the highest point on Earth—would take as much or more water as the oceans contain already. Yet the Old Testament tale of Noah is just one allusion among civilizations after 10,000 BCE attesting to an event that could have been brought about only by a rise in sea level.10 Both ancient Greek and Middle Eastern literature recorded accounts of a mighty flood, while the Sumerians told of a similar event in their region.

What, if anything, really happened? Perhaps the flood myths originated in a truly spectacular event that occurred in the Black Sea some 7,600 years ago. In 1998, geologists Bill Ryan and Walter Pitman found evidence of a short-term rise in the Black Sea that would have flooded enormous areas on its entire perimeter.11 As much as 60,000 square miles might have been flooded in as little as a few months. This event, so short, so obviously devastating, could indeed have started the myths of a global flood that comes down to us from multiple ancient sources in that region.

The obvious question is what could have caused such a short-term rise. All the water spilling over the normal edges of that landlocked sea  had to come from somewhere. Was it new water suddenly added by the many rivers that flow into the Black Sea? That explanation simply begs the question of why the rivers would so suddenly increase in volume. Was it a truly spectacular deluge of rain, dwarfing anything we’ve seen today?

The answers to this riddle come from fossils found in the region. Before the great flood, now many thousands of years ago, the Black Sea was no sea at all but a lake, perhaps the largest lake on Earth. Immediately after this event of about 5600 BCE we see a very different kind of life entombed as fossils around the Black Sea: organisms adapted to salt water.12  The rise of the Black Sea could only have occurred by flooding from the global ocean in some way. Somehow the waters of the nearest ocean, the Mediterranean (and by extension the Atlantic Ocean), made their way into the Black Sea.

The event had to have been spectacular beyond television disaster-movie fare, because the only entrance would have been through what is now the Bosphorus Strait but was then a valley, near what is today Istanbul. Water would have cascaded through that valley from the Mediterranean into the Black Sea in a volume perhaps two hundred times greater than the present-day flow of Niagara Falls.

Yet that one mystery solved leads us to another: why would all that salt water so suddenly make its way inland? Perhaps a titanic earthquake opened a passage from sea to lake. But perhaps something else was involved—a rapid increase in the level of the global ocean, which would have had to rise for some reason. But before we look at explanations for this phenomenon, we should examine what the two geologists found within ancient rocks. Such evidence is the key to understanding the variations in sea level past, present, and future.

The increase in the level of the Black Sea, it turns out, did far more than flood nearby land areas: it would have substantially changed the nature of sedimentation in the region. For starters, there would have been a change in the shorelines. Shore deposits show a characteristic pattern of sedimentation and sedimentary structures such as wave or ripple marks, even dunes. In addition, human settlements would have been flooded, and even the kind of sediment falling onto the deepest parts of the Black Sea would have changed.

Other evidence showed that the flooding was substantial—to the point that the level of the Black Sea may have risen as much as 558 feet (although others think it may not have been more than 200 feet).13 Either way, the Black Sea is in a confined basin, surrounded by higher ground, and the rising sea would have covered all the agriculturally rich lowlands very quickly. However much the world’s ocean rose overall, it produced enough new water to severely flood this region.

There is no doubt the world’s oceans rose about this time, for good reason. About two hundred years before the Black Sea flood, global temperatures shot upward. This short-term rise in temperature, about 7,600 years ago, is called the Holocene thermal maximum—the warmest period of the past 10,000 years (before our own, that is). The temporary heating of the atmosphere caused ice caps on Greenland, and perhaps in Antarctica, to melt at least partially; it also spurred the melting of many mountain glaciers in lower latitudes. All that water had to go somewhere—and it ended up in the global ocean, causing it to rise, and sending water spilling into the lake that became the Black Sea.

Noah and the geological record tell us that sea level can change, and relatively quickly. The fastest way is through the melting of ice. And melting ice is precisely what is going on right now.

As recently as 15,000 years ago, the contours of the continents looked very different because of these rapid changes—caused by the melting or formation of ice caps.14 In the twenty-first century, we have just come out of an ice age where sea level was 240 feet below what it is now, and that translates into far greater continental land areas lying exposed. New Guinea was hooked to Australia by dry land; North America, especially along its tectonically quiescent East Coast, was far broader than today; the Mediterranean was more a lake than a sea. If we considered each second as a century, we would see the onlap and offlap of the seas, the draining of gaping “bathtubs” like Hudson Bay, and the refilling and gobbling up of coastlines as the sea returned back onto the land. In fact, all occurred at a rate that would have been noticeable in a single human life span. That is the kind of change we face now: a rate too slow to be perceived by politicians elected to two- or to six-year terms, but a rate too fast to leave civilization as we know it unscarred.




 THE RATE OF THE RISE 

The greatest single scientific question—and for our society, a question of life or death—is how far and how fast the seas will rise. There is no end of prognostications. It has been estimated that more than a million Web sites discuss the issue, many of them proposing their own guesses. While plenty of uncertainty remains about how extreme the rise in sea level will be, the exact rate will make a vital difference in who lives and who dies. A rise in the earth’s temperature of just 7 to 9 degrees Fahrenheit will not by itself kill anyone if it happens slowly. Nor would a 30-foot rise in sea level necessarily be lethal, because the amount of time it would take to occur would allow even the slowest creatures to crawl their way to higher ground—except when storm surge batters down dikes, potentially killing thousands at a time. But the consequences of 30 feet—or even 10 feet—are staggering, simply for the amount of land either covered or affected by storm surge and a process known as salt intrusion, where salt-enriched water seeps sideways into the soil, ruining it for human crops or even native vegetation. The loss of arable land alone from these two processes guarantees massive famine on an unprecedented scale. Animals would easily walk away. Plants would try to disperse. But human-held property does not get up and move toward higher ground. Someone loses, someone pays.

So what are the estimates of sea level rise, and how do we assess them? The best data at hand come from careful measurements of current sea level rise. That rise seems minuscule, on the order of several millimeters per year. It also seems to have been constant throughout the twentieth century. If sea level rise were to stay at present levels of increase per year, there would not be any risk of catastrophic land loss by incursion of the sea for tens of thousands of years, if ever. But no one believes that rate of rise will remain at present levels.

It doesn’t take much of a change in climate conditions to edge us from manageability into catastrophe. As we saw in the Introduction, based on evidence emerging in Florida, only slightly more than 125,000 years ago the global level of the sea was about 13 feet to almost 20 feet higher than it is today. The beautiful fossil corals now found well above sea level in  the Florida Keys are testament enough: such corals are found far offshore, in depths of 10 to 30 feet. There were no Florida Keys then, no Key West, no Everglades or Miami Beach. All were underwater.

One vital, frightening factor unites today’s world with the radically transformed one that existed 125,000 years ago: carbon dioxide levels in the atmosphere were lower than those of today, but not by much. Florida and places like it were submerged by seas when global temperatures were only about 4 degrees Fahrenheit higher than they are now, and most of that rise came from the melting of the Greenland continental ice sheet—not the ice already floating in water, but the ice on land. This difference is crucial. We hear about the loss of Arctic sea ice. When that melts, sea level does not change. But the ice on land that melts goes right into the sea—and raises its level. Since that time, there has been no geographic change of Greenland, such as a move northward by rapid continental drift. Greenland’s continental ice volume melted before under conditions that we are fast approaching (or have surpassed) in terms of global CO2  and global temperature. That means we can expect a similar rise of perhaps 30 feet even if we succeed in keeping carbon dioxide levels no more than about 500 ppm (390 ppm as I write this in 2009).

Today we are bombarded by so many numbers, and estimates of sea level change are part of this resulting explosion of information—much of it contradictory. Yet the various recent estimates of sea level change mostly seem to discount the observations made from deep time—of changes so great that they would utterly topple the map industry with the rapidly changing geography of sea level rise. Among the many data being published are many “official” estimates of sea level that purport decreasing sea levels, and foes of global climate change have trumpeted this decline. But a study in late 2007, based on rates of increase during this most recent rise, projects that by 2100 sea level will be almost 6 feet higher than today—and still rising. Following this, the Copenhagen meeting of late 2009 again raised the estimate—to a minimum of 5 feet! This is a far higher number than that estimated by the United Nations Intergovernmental Panel on Climate Change (IPCC), which lists maximum, minimum, and estimated ranges of sea level change.

So what else happened 125,000 years ago? Four papers published simultaneously in 2006 evoke a world with radically different coastlines  than we have now. The first of these papers used computer simulations to derive a picture of what the Greenland ice cover would have looked like and how big it was. The researchers found that most of the ice fields in Arctic Canada and Iceland had disappeared and that the Greenland ice sheet had been reduced to “a steep ice dome” in the central and northern parts of the country. These results squared with other evidence about the ice core and with other paleoclimate data, all of which agreed that much of southern Greenland had been entirely deglaciated—it was bare rock where today a giant lid of ice exists. All that water went into the oceans, where it created higher sea levels. And yet with much of the southern ice fields of Greenland gone, sea level was higher than would have been expected even with such extensive melting.

A second paper tried to explain why sea level became so high 125,000 years ago, suggesting that it was not only Greenland that was melting, but parts of the Antarctic ice sheets as well. This paper reckoned the rate of sea level rise at that time was at least 10 mm per year—which conservatively means a full 3 feet of increase per century. But such figures are not the highest rates of sea level rise in the past—far from it, in fact.

Understanding that climate change is under way certainly predates the start of the twenty-first century. By the 1980s and 1990s, scientists worldwide had become alarmed enough that they scrambled to start regular meetings and, more important, begin the difficult job of convincing their national governments that this newest assault on civilization warranted action. One of the results was the formation of the IPCC, composed of an international group of scientists of broad backgrounds. Their meetings and consultations have resulted in the publication of ever-thicker tomes attempting not only to summarize changes that have taken place in recent years but also to attempt to forecast and predict future rates and trends of climate change. Two of the most important issues are future temperature change and future sea level rise.

Although the IPCC is avowedly nonpolitical, internal politics surely played a large part in the ultimate results of its four reports so far. Thus there is much conjecture by the scientific (and political) communities on just how confident we can be in its various estimates. It is probably safe to say that while the estimates are accompanied by weaseling about high and low possibilities away from the mean estimate itself, surely a dose of  conservatism enters into the projections. No one wants to be associated with some out-of-bounds and wild overestimate.

Because sea level change is related and correlated to temperature change, the two estimates from the fourth IPCC report (IPCC 4) have been rigorously examined in print and on the Internet since their publication in 2007.15 Let us look at what the IPCC foresaw, and how close to reality those estimates might be.

The first of the IPCC 4 estimates of sea level rise led to widespread confusion in the press. The media have extracted a positive message from the estimate, though it is certainly realized that there is no good news in any aspect of sea level rise; thus the lower the estimate, the better the news. 16 Journalists had the impression that the estimate touted by the fourth IPCC report was actually less dire than the group’s previous accounting. The critical figure relates to how many inches (or millimeters) sea level will rise by 2100. Some articles came out reporting that the new estimate was of a 23-inch rise, instead of the 35 inches estimated in the third IPCC.17 This would indeed be good news—if sea levels rose only 2 feet over the next century, surely humanity would be able to compensate and engineer itself out of the kind of disasters a more rapid rise would cause. But were these press reports accurate? The very complexity of the IPCC estimates may in fact have led reporters to misinterpret the findings.

Estimates like those presented by the fourth IPCC report are based on mathematical models, and all involved various scenarios of climate change. 18 It is important to see exactly what these models represent. Only then will we understand what these estimates really mean and how valid they may be. At the heart of all this is that climate change is highly politicized, and that the politics involved in the IPCC estimates may have trumped the science.

Let us look at what the models show, with the caveat that model “results” are at best scientifically informed estimates, not real data. The first IPCC 4 model explored what is called “thermal expansion.” Warming water expands; if the entire ocean warms, enough of its water molecules interact to cause a rise as the entire volume of seawater slightly expands. But this is not a straightforward scenario. The sea is warmed at its surface, and if warming were limited to this region, there would be far less thermal expansion. But the numerous ocean currents, including the so-called  thermohaline systems—the vastly important and gigantic currents that carry surface water down into the depths at various places around the globe and oxygenate the ocean bottom—also serve to import warmer water from the surface to the depths. The rate of this warming has to be taken into account as we model how much the ocean temperature changes. The models have to estimate where, and how fast, the warmer surface waters penetrate the depths.

The second part of this modeling exercise related to the rivers of new fresh water entering the sea from melting glaciers and ice caps—excluding the great ice sheets of Greenland and Antarctica, which are so important that they merit their own modeling. Scientists seek to estimate how much of the ice resting on land surface is disappearing—or will disappear—into the oceans as the world warms. They compute this number from formulae linking mean global temperature to loss of ice—which itself is an estimate. Hence we see one of the major problems of this strategy: using estimates to make further estimates.

The third IPCC modeling section related to Greenland and Antarctica and estimated the rate at which their vast ice sheets would melt as temperatures increased. This calculation involved a number called surface mass balance, or the amount of snowfall (which causes ice accumulation) minus ablation (melting) of the ice. This modeling shows whether the glaciers are getting larger or smaller, not so much from their length, but from their thickness.

Finally, there is a fourth way the ice sheets can contribute to sea level rise, one that is a bit tricky to comprehend, even counterintuitive, yet it must be evaluated in model form as well. Ice has the unusual property of being able to essentially “flow” while still remaining frozen. Thus if the rate of such flow increases, more and more of it hits the ocean, where it melts, and sea level rises. It is this kind of flow that particularly worries climate scientists, because it can happen very fast—and can change quickly. We can envision the “melting” of glaciers on land in two ways. Yes, they are melting in place—ice turns to water, and that water makes its way to the base of the glacier and then flows out beneath the rest of the glacier into the sea. But the entire “river” of ice is also heading toward lower ground, and eventually the ocean if it is near enough to the sea—which most of Greenland’s glaciers are. Huge blocks of ice cleave off the front  of the glacier and fall into the sea, where they melt, and mix with the other water that came from beneath the glacier.

To come up with an overall estimate of sea level change, the IPCC ran each of the four models on computers, then examined the results. The IPCC 4 came up with the following estimates of how much the seas would rise overall by the years 2090 to 2099, as compared with sea levels from 1980 to 1999.19 The various scenario numbers certainly add to the confusion (a specialty of the IPCC reports, in my view—why not just scenarios 1 through 6?). Each of the scenarios modeled slightly different conditions of overall global warming, from coolest to warmest.



	B1 scenario:	0.18-0.38 m rise in sea level (or a maximum of less than two feet)
	A1T scenario:	0.20-0.45 m
	B2 scenario:	0.20-0.43 m
	A1B scenario:	0.21-0.48 m
	A2 scenario:	0.23-0.51 m
	A1FI scenario: 	0.26-0.59 m-or a maximum of just over 2 feet


In the most extreme case, the last one in the table above, sea level would rise less than 3 feet by the end of the twenty-first century. Hence the science press published the huge sigh of relief after the IPCC 4. The drop from a maximum of 0.70 to 0.59 m between IPCC 3 and 4 in the estimate of the rise of sea level seemed good news. But almost immediately after the publication of the IPCC 4, new studies of past sea level rises—examining not a theoretical future change but increases that really did happen—put the IPCC estimates into question. Moreover, scientists actually working on the ice sheets themselves were very worried about IPCC projection of the rate of flow of the ice sheets, a process poorly known indeed. In the face of rapidly rising temperatures, they asked, could ice flow increase to the point that the ice sheet actually disintegrates into a catastrophic, off-the-charts melting? Such a cataclysm cannot be ruled out, and in fact, in late 2009 such a catastrophe was discovered to have happened in Antarctica about a million years ago—the first proof that ice sheet disintegration is not just theoretical (but more about this event in a later chapter).

Beyond these projections and the challenges to them, there is a good current estimate about how fast the oceans are rising within their basins. It is a seemingly very small number: less than 2 mm per year. Yet there is something disturbing about these numbers, because IPCC’s models woefully underestimate current sea level change. A good way to test the models is to use them to predict something with a known answer, such as the rate of sea level rise this decade. Given this exercise, the models “flunk.” In other words, when the numbers directly observable from modern-day melting and temperature are plugged into the models, the figures that emerge from the many equations seem to be way too low. The models thus appear to be wrong, in that they project melting at rates that are only half of what can be measured today.

Based on all of this number crunching (and political posturing), it is instructive to hear from climatologist Gavin Schmidt, one of the authors of the IPCC, about what the real rate of sea level rise could be:The main conclusion of this analysis is that sea level uncertainty is not smaller . . . , and that quoting the 18-59 cm [a meter is a bit more than 3 feet] range of sea level rise, as many media articles have done, is not telling the full story. Fifty-nine centimeters (59 cm) is unfortunately not the “worst case.” It does not include the full ice sheet uncertainty, which could add 20 cm or even more. It does not cover the full “likely” temperature range that global warming could produce by 2100 (up to 6.4 ºC)—correcting for that could again roughly add 15-20 cm. It does not account for the fact that past sea level the models underestimate rise for reasons that are unclear. Considering these issues, a sea level rise exceeding one-meter can in my view by no means be ruled out. In a completely different analysis, based only on a simple correlation of observed sea level rise and temperature, I came to a similar conclusion. As stated in that paper, my point here is not that I predict that sea level rise will be higher than IPCC suggests, or that the IPCC estimates for sea level are wrong in any way. My point is that in terms of a risk assessment, the uncertainty range that one needs to consider is in my view substantially larger than 18-59 cm.

—GAVIN SCHMIDT, RealClimate.org





As a final point, let’s remember that all these projections of sea level rise focus only on an increase over the next century. Estimates stop a hundred years out. But rising sea level will not stop. Over the coming centuries, we can expect meters of sea level rise at a minimum—and much more if something unexpected happens, such as rapid disintegration of one or more ice sheets.




 HOW HIGH COULD THE SEAS CLIMB? 

So with this entire circus of estimates to contend with, how fast could the oceans rise? It certainly seems that the changes produced by melting ice can produce rates of change higher than those powered by tectonic changes, such as greater heat flow into oceanic basins causing thermal expansion of the ocean basins, and thus lowering their overall volume. Thus we need only look to the time of the great ice ages to find maximum rates. While there are numerous times of melting to choose from, it seems as though one of the fastest sea level rises on record occurred during the most recent ice melt, 14,000 to 16,000 years ago.

To study this rate of change, climate scientists needed to have a means of measurement. One such means was to locate positions of mangrove and tidal flats that had left behind evidence of their existence in the sediment. But because sea level was rising, the shoreline was also migrating. Taking a single drilled core of nearshore sediment, for example, one finds that the contact between sediments deposited on land area that was subsequently flooded would be meaningless—that land surface had to be tracked horizontally as it migrated landward, in retreat from the advancing sea. The deposits left behind by mangroves, which, it turns out, are readily identifiable in cores, had to be tracked over large geographic distances. Scientists undertook this investigation on the Sunda Shelf area of Southeast Asia.

The rate of rise turned out to be nearly 50 feet over three hundred years—or more than 15 feet per century. A large portion of an ice shelf or sheet in Antarctica appeared to have rapidly disintegrated, causing wholesale melting—enough to cause a catastrophic rise in sea level. Thus, as shown throughout this chapter, we see that sea level rise becomes the single greatest natural danger threatening civilization as we know it.

Fifteen feet in a hundred years would surely have been alarming to the many humans living by the edge of the sea, who were not only watching the waters rise but also witnessing radical changes wrought on the river mouths, estuaries, and salt marshes, and the region’s near-shore agriculture. The sea would have swallowed entire villages over time. Now there are cities by the sea, with far fewer villages. Picking up stakes and moving to higher land is a lot easier to do with a village than a concrete and steel city with all its infrastructure.




 THE RISING THREAT OF STORM SURGE 

Although the ascending sea is perhaps best imagined as a slowly rising if relentless tide, in fact there is a second manifestation of rising sea levels that happens fast. Among the more rapid changes, the most ominous is produced by great storms hitting coastlines where sea level has risen to new and higher levels than human civilization has engineered for. This process is called storm surge, and it threatens a great number of humans.

Storm surge happens when large storms essentially push great volumes of water up against the shore, where the water can then break on the shorefront as abnormally high waves (which can move farther inland than most other waves). The most recent estimate is that more than 200 million people worldwide live along coastal flood plains that can be brutalized by storm surge, representing about 4 percent of the world’s population. 20  (These areas lie below what is termed the once-in-1,000-year elevation that surge flood might attain—during the worst storm of a millennium.) Of this number, the climatologist Neville Nicholls—who has done more than anyone in showing the effects of sea level rise on the world’s future—estimated that, on average, 10 million people per year experienced flooding due to storm surge in 1990.21 But any rise in sea level changes that 1990 equation, as does any increase in human population in the low-lying areas next to the sea. Both the sea and the flood-plain populace are rising, making storm surge ever more dangerous to ever more people. But it is not just people who are threatened; storm surge can take out local agriculture and infrastructure, such as roads and railroads.

Some important geographical variations in storm surge are evident when we view it from a global perspective.22 As might be expected, at  greatest risk are the small, low-lying islands, such as those in the Caribbean Sea, the Indian Ocean, and the Pacific Ocean. Among continental regions, by far the most vulnerable to increased surge flooding are Europe’s southern Mediterranean, West Africa, East Africa, South Asia, and Southeast Asia. It goes without saying that this same group of coastlines will similarly be disproportionately affected not just by storm surges but also by future sea level rise.

Increasingly, as we perform the all-important calculus of cost-benefit analyses around whether we fight sea level rise or withdraw our battlements and human settlements from the coastlines, we will have to factor in storm surge. Whether on the municipal, state, or national level, our planners tend to make their assessments on topographic contours, establishing their strategies based on land they believe will be above sea level in 2100, the farthest date that any planning group seems able to imagine. But storm surge can upset all their best-laid plans. In the years ahead we will face two kinds of flooding. The first is the kind of catastrophic submergence that will occur when once and for all the sea rises onto a given height above (old) sea level. The second is the more transient kind—the flooding caused by storm surges. Such large storms will become ever more dangerous with even small escalations in sea level. For low-lying, densely populated regions, such as the Bay of Bengal and Holland, storm surges pose the greatest threat to life.

Storm surge is often portrayed as the waves crashing into a coastline amid rain and wind. Wind-whipped waves are indeed the major destructive elements caused by seawater (or freshwater in large lakes). Yet although there are indeed large waves in a storm, storm surge itself is a temporary rise in sea level as more and more water is pushed landward. At the intersection of land and sea, the water has no place to go but up. Adding insult to injury, the large waves roll in on the back of a raised sea level.

Whether combating storm surges or hedging against the more subtle and long-term effects of rising seas, civil planning is always based on probabilities and is an exercise in what technocrats call “risk management,” which, in truth, is condoned gambling. The gambling comes from the hope that any structure built to tolerate some kind of periodic catastrophes, such as river flooding or hurricane damage, can withstand various disasters for its lifetime. All engineering structures have a functional lifetime,  and engineers work from the belief that the sites of their structures experience no more than the strongest possible storm only once every ten years or once every fifty. But increasingly, Mother Nature fools the engineers by throwing a once-a-century storm at structures not built to withstand it. Such was the planning in New Orleans before Katrina—the levees were designed to withstand the once-a-decade category 3 hurricane, not a once-a-century category 4 or category 5 storm like Katrina.23  They gambled and lost.

While this kind of speculative engineering has, in fact, paid off in the long run, it was introduced in situations where the danger to be encountered occurred at some unknown but presumably constant rate. Buildings, levees, roads, bridges, and other structures have been designed to deal with other constancies. Flood engineers do not worry that the Mississippi River will keep rising, year by year, eventually overtopping its banks even during non-flood times. But that is exactly the situation facing the structures that have been built to withstand the ravages of great storms hitting coastlines. As they confront the reality of storm surge, climatologists and oceanographers have been able to arrive at tables estimating the maximum surge heights—the rise in effective local sea level caused by surge. Surge height is important because it creates a short-term but real rise in sea level of varying heights. Everyone concentrates on the permanent rise. But the occasional rise in major storms is equally important, or more so. Say you are a kid with a big fence keeping you from the forbidden but wonderful goodies of a next-door orchard. You know that sooner or later you will grow big enough to hop that fence. But then someone gives you a stepladder . . . and the goodies that the storm surge—the stepladder for rising sea level—gets to are our cities and farms.

Surge height is affected by the geography of a coastline, such as a funneling bay, or a large intersecting river that could add water, or even by the topography of the sea bottom just offshore. Worst-case scenarios for surge heights occur when a storm encounters a topography that induces strong waves during maximum high tide. Many bays experience a double whammy, such as the Bay of Fundy in Canada, where waves from 33- to 50-foot tides can produce a devastating effect.24

With the recognized acceleration of annual sea level rise, atmospheric models and oceanographers have begun to examine how much higher  storm surge might get as the world warms and ice melts. While any rise of carbon dioxide (the subject of the next chapter) does nothing to the level of the sea, the warming that carbon dioxide produces will certainly melt portions of the great ice sheets of Greenland and Antarctica as well as the many mountain glaciers around the world, whose melt water will eventually reach the sea by rivers. A 1997 German study by H. Von Storch and H. Reichardt predicted the rise of storm surge levels with higher CO2 levels along the country’s long coastline. Other researchers followed suit for many other coastlines around the world, and the results are sobering.

The Von Storch and Reichardt study tried to estimate the storm surge the German coastline would encounter when atmospheric CO2 had doubled. With CO2 at 385 ppm now, and climbing at 2 ppm per year, the level of 770 ppm would occur in only 190 years, or about 2200—assuming the rate of yearly CO2 increase did not accelerate. In this calculation, we have to consider the increase in sea level from other factors, such as the melting of ice in Greenland and Antarctica, and the melting of mountain glaciers in the face of such high concentrations of greenhouse gases. Because most studies conclude that sea level will rise a minimum of about 3 feet by 2100, a minimum estimate for 2200 would be 11 feet—but more likely will be 5 to 30 feet at a minimum! The storm surge calculations for both the German coastline as well as selected other European coastal cities varied from slightly less than 3 feet in additional rise (for Bergen in Norway, and Galway in Ireland) to a whopping 18 feet (for the German town of Esberg; England’s Liverpool fell in between at 5 feet). Esberg could conceivably see a sea level rise of 25 to 35 feet, even using conservative figures.

Another worrying aspect is that CO2 will rise faster than IPCC 4 conceded in 2007. An extreme view is held by David Battisti of the University of Washington, who projects a CO2 level of 800 to 1,000 not in 2200, but by 2100. Although this early arrival of such high CO2 will reduce by a century the amount of time that melting significantly raises sea level, Battisti also points out that current Global Circulation Models (GCM) underestimate the effects of such levels of CO2 on most Earth systems, including melting, and thus sea level. So while the IPCC takes comfort in projecting “only” about 3 feet of rise at most in sea level in the year 2100, it did not add in the storm surge number of an additional 3 to 10 feet globally. Finally, the warming atmosphere will surely increase the number  and ferocity of storms hitting coastlines. Opposition to the hypothesis that global warming increased hurricane numbers and strength in the last parts of the twentieth century and first decade of the twenty-first century seems to be melting away.

Without a doubt, worldwide, there will be far more incidents of coastal flooding than currently predicted. Because of these effective heights with the addition of storm surge, it is probable that great swaths of low coastal countries will be inundated, and even if the sea subsides back into its basin, the damage to agriculture, infrastructure, and other developed human property will be enormous. As we will see in later chapters, Holland and Bangladesh would fare the worse, but other places, notably Venice in Italy, will probably be made uninhabitable and will have to be abandoned. We could witness inundated cities and coastal communities that produce nothing but consume much, and that would put brakes on their country’s GNP. “Recession” is too fine a word for what would ensue from storm surge alone; major economic depression would be probable.

As I write this, a new cascade of doubt flows through the press. Predictably, conservatives such as George Will dismiss those of us who, like the great Peter Finch in the movie Network, are screaming out of windows through books such as this. We are labeled Cassandras.25 I am not sure what a Cassandra is. But I know what I indeed am: scared.




 SEA LEVEL RISE AND “SCIENTIFIC RETICENCE” 

Science is built on facts. But to no less an extent it is built on reputations. Scientists routinely put greater or lesser weight on a new scientific pronouncement based on the perceived accuracy and believability of the scientist behind it. It is quite true that reputations can be inalterably affected not only by presenting poor data and poorly drawn conclusions, but also from crying wolf or even exaggerating effects of good data. “Scientific reticence” is a well-known phenomenon defined by philosophers of science as “resistance by scientists to scientific discovery.” In my own field, paleontology, this phenomenon was in full swing in the decade following the announcement by the Alvarez group from Berkeley that the dinosaur-killing KT mass extinction of 65 million years ago was caused by the environmental effects of a large asteroid hitting the earth, rather than by  intrinsic causes, such as climate change or disease, which had been the favored reasons for a century up to the 1980 discovery of iridium and glassy spherules at KT boundary sites that helped verify the impact extinction hypothesis.26

The phenomenon of scientific reticence is in full swing around the debate over sea level change, present and future. Although vertebrate paleontologists viscerally opposed the asteroid-impact hypothesis out of fear they would back the wrong horse, in the case of climate change, the forces resisting estimates of sea level increases are more complex and subtly different. Now the fear is not so much of tarnishing one’s reputation by adhering to one particular hypothesis, but of crying wolf in response to new discoveries—that is, publishing information that ultimately turns out to be wrong to the detriment of a scientist’s career. Even the investigators who make the new discoveries are reluctant to sound the alarms their findings demand. NASA climatologist James Hansen, who has pointed out wholesale examples of scientific reticence concerning many aspects of climate change, sees the current climate change situation as causing many scientists to be more worried about crying wolf than “fiddling while Rome burns.”

While not overtly saying so, Hansen is really accusing his colleagues of scientific cowardice in the face of what he sees as overwhelming crisis. He has addressed this issue in two ways—starting out by being gentle:I believe there is a pressure on scientists to be conservative. Papers are accepted for publication more readily if they do not push too far and are larded with caveats. Caveats are essential to science, being born in skepticism, which is essential to the process of investigation and verification. But there is a question of degree. A tendency for “gradualism” as new evidence comes to light may be ill suited for communication, when an issue with a short time fuse is concerned. However, these matters are subjective.





But in the same paper, he took the gloves off:I suspect the existence of what I call the “John Mercer effect.” Mercer (1978) suggested that global warming from burning of fossil fuels  could lead to disastrous disintegration of the West Antarctic ice sheet, with a sea level rise of several meters worldwide. This was during the era when global warming was beginning to get attention from the United States Department of Energy and other science agencies. I noticed that scientists who disputed Mercer, suggesting that his paper was alarmist, were treated as being more authoritative. It was not obvious who was right on the science, but it seemed to me, and I believe to most scientists, that the scientists preaching caution and downplaying the dangers of climate have fared better in receipt of research funding. Drawing attention to the dangers of global warming may or may not have helped increase funding for relevant scientific areas, but it surely did not help individuals like Mercer who stuck their heads out. I could vouch for that from my own experience. After I published a paper (Hansen et al. 1981) that described likely climate effects of fossil fuel use, the Department of Energy reversed a decision to fund our research.27





Hansen makes no bones about his own estimate: that sea level will rise more than 3 feet by the end of this century. He goes on to say that this estimate itself may be conservative, and as noted above, so it seems—now we must hope for less than 5 feet of rise.

Ultimately, as we move into the second decade of the twenty-first century, what is the best estimate science can produce of how high and how fast the world’s waters will go? It is certain that sea level will continue to rise—for rise it has, globally, for some time now. The amount it rose over the twentieth century has been small. But will that smallish rise stay so—or, in the face of the accelerating increase in atmospheric greenhouse gases, will it begin some inexorable increase, both in rate and in amount of land it swallows? Those are the critical questions that in no small way control the fate of coastal humanity.

Science never stands still, however, especially when confronting a crucial issue like sea level change. But because we are dealing with effects in the future, we must always work with estimates, not data. All our guesses come from models—but that is the best we have. Most recently, in the late summer of 2008, a new set of estimates emerged, based on a new kind of model. Climatologist Stefan Rahmstorf used a statistical  protocol to ask how high sea level will be by 2100—compared to known values of 1990.28 His new method assumed that the rate of sea level rise was related to, and mathematically proportionate to, the rate of warming above the temperatures of the pre-industrial age. The method can be tested using real data—by matching the real rate of rise during the twentieth century with real data on CO2 as well as sea level rise. With these in hand, Rahmstorf then modeled the future. There are always uncertainties in modeling, and thus good modelers do not try to foist a single number or result on their audience, assuming they have one. A better methodology is to come up with minimum and maximum possible results. The caveat here is that the amount of temperature rise must be estimated for the future in order for the model to work.

The results are not encouraging for anyone wanting the world’s oceans to stay right where they are. Employing the known data from the twentieth century, Rahmstorf established that the sea rose 3.1 mm for every degree of temperature rise in excess of prehistorical values. By using the estimated temperature rise assumed for the next century, he came up with an estimate of sea level rise from 1990 to 2100 to be a minimum of 2 feet to a maximum of almost 5 feet. As we will see in the next chapter, 5 feet above where we are now will cause major changes to our world.





 CHAPTER 2

 RISING CARBON DIOXIDE

Athabasca region, Canada, 2030 CE. Carbon dioxide at 420 ppm.

It seemed as if no place was immune from the seas of the past. The oceans had their influence even here, east of the Rockies, where the vast Canadian prairie appeared even more endless than its southern extension, the Great Plains, in the United States. Every river exposed sedimentary rocks that told the same tale—that long ago, this place was under water. Even with the most extreme possibility of worldwide sea level rise—the 240 feet promised if all of Antarctica and Greenland were to melt—this prairie would remain dry. Yet it was here, in this part of Canada, perhaps more than any other single place, that could incite that kind of catastrophic melting. Athabasca was a hotly contested place, one where sandstone richly endowed with tar-like carbon had become, by 2030, the greatest single producer of carbon dioxide.1

From Calgary, Alberta, the road to Athabasca traversed a prairie of annual grasses swaying in the constant wind, a landscape formerly cold most of the year because of the high latitude. But now its escalating warmth made it increasingly valuable for wheat and other grains. Even farther to the north, the landscape was rapidly changing, moving from a place with an occasional withered pine to a terrain of numerous small trees growing  lustily in the ever-longer summers with their endless twilights. The land gave way to creeks, then ponds and even lakes, then immense rivers that drained north, not west, making their stately way into the Arctic Sea. Mosquitoes darkened the sky from May through October. This region, part of the vast Northern Boreal Forest, a huge expanse formerly dominated by jack pine and black spruce, now experienced the northward march of new kinds of trees, moving with the changing climate. Broadleaf trees could now hold their own.

Warmer or not, it was a difficult land to traverse because of the muskeg—swampy, wet land that would break the leg of livestock or of the unwary human hunter. The wildness was palpable: the rivers and lakes held schools of arctic grayling, with their sail-like dorsal fins, while river otters trolled for shellfish, and black-throated green warblers flitted among the trees. If you were wary and careful, you could even sight an endangered species, the whooping crane, its immense wings causing their own muted but audile roar on takeoff, while woodland caribou watched warily from dark copses of boreal forest—evidence that the protections put in place during the twentieth century may have actually done some good. The land had looked this way since the last ice cover of the ice age had finally melted away to the north, leaving behind a rolling landscape littered with gravel and glacial features that eventually evolved into a soil cover, then adapted for cold, and now was unfolding through the novel warmth. It was a beautiful land, increasingly rich, because the new warmth increased the rate of weathering—the decomposition of earthly matter from interaction with the atmosphere—which in turn produced more and better soil. It was a land inhabited for at least 10,000 years by various tribes of indigenous peoples.

But as you approached the Athabasca region, all began to change. Soon the surroundings no longer resembled green Earth at all but became a reasonable facsimile of the lunar landscape. Plants were gone; jumbled piles of sand, muck, and rock were piled in vast disorder; and there were even craters—the vast, man-made settling ponds. Even the bedrock beneath the land had changed: the vast, fine-grained, and light-colored sandstone cropping out along the riverbanks and eroded knolls had been replaced by a darker rock, one that was greasy to the touch and smelled of oil if broken open. This was tar sand, a thick sandstone infused with  rich hydrocarbons forming a mass called bitumen. This rock type was found at or near the surface of the region over an area exceeding 54,000 square miles, in three separate deposits. Taken together, these Athabasca tar sands made up one of the largest known oil deposits in the world, second only to the fabulously rich sandstones of Saudi Arabia. In 2030 as in the immediate decades before, oil fever ruled this part of Canada. As in any gold rush, the dream of wealth trumped law and culture. Athabasca’s First Peoples, having lived here 10,000 years, had witnessed the effects of a gold rush on land they formerly owned. Now they were in the middle of a guerrilla war.

In 2009 the First Nations communities downstream from the existing tar sands petroleum extraction plants were labeled a national security threat to energy production in Canada, allowing the government of then prime minister Stephen Harper to initiate plans originally created for pacifying villages in Afghanistan. In particular, when the Mikisew Cree and the Athabascan Chipewyan protested the poisoning of their waterways and the health and environmental hazards facing their peoples, they were “monitored” by a government determined to wring its oil from the land at any cost.

To the north of Athabasca, a new toxic waste “lake,” devoid of life except for microbes and undeserving of its own name (although the locals had dubbed it Lake Harper, after the leader who had seen to it that Canada’s long practice of environmental stewardship was put aside for the Athabasca treasure), continued to grow beyond its 75-square-mile size. By 2030, it contained enough toxic water to top off all of Lake Erie by a foot.

Even back in 2009, doctors attending the First Peoples noticed among their patients an alarming number of rare cancers and autoimmune diseases such as rheumatoid arthritis and lupus. The cases were too numerous to ignore even given the small population. Already in 2009, populations of moose living near the settling ponds were found to have five hundred times the “acceptable” level of arsenic in their meat. The health and environmental fallout of oil development incited an incendiary fury among the First Peoples. As early as 2020, the Fort Chipewyan and Fort McKay communities had begun actively sabotaging the oil fields and had started kidnapping oil field workers—following the lead of equally angry locals near Nigerian oil fields. To the northeast of the Athabasca region, the  Lubicon First Nations held up the construction of the Gateway Pipeline, which was to cross from the tar sands to Kitimat in British Columbia for shipment to China. By 2030, the Canadian army now had a real role in defense—defense of the tar sands.

Along with the immediate human health hazards in Athabasca arose a more insidious threat—one that would affect people far beyond the region’s borders: the creation of carbon dioxide. Converting tar to oil released carbon dioxide, and lots of it.

The development of this rich reserve had taken place for decades. To exploit it, giant bulldozers stripped away the thin soil of glacial till, and then other great machines scooped up the tar sands and dumped them into waiting trucks. Athabasca’s Syncrude mine had the dubious honor of being the largest mine of any kind in the world, and as the other petroleum fields of the world were pumped dry one by one, over the first decades of the twenty-first century the Canadians increasingly exploited the tar sands.

Converting the raw rock into usable petroleum took energy. Like the old saw that it takes money to make money, here it took vast amounts of energy to end up with the liquid gold. Barrel by barrel, the tar sands became petroleum. But mining this material required not just fossil fuel and electricity: water was the other essential ingredient. Water was needed to convert tar sands to oil, but even more water was needed for the slag heaps of useless gravel generated by the conversion process to try to make the waste less toxic, for it still contained enough hydrocarbons to make people sick if it got into groundwater. It needed to be cleaned and isolated because the by-products of the mining became settling ponds that were enormous and abiotic. Nothing but strange metal- and oil-loving bacteria could live or grow in otherwise sterile bodies of water such as Lake Harper.

All of this effort resulted in large quantities of two very different products. The first was a liquid filled with carbon compounds that burns when heated: heating oil and gasoline. The second was a simple molecule: carbon dioxide, a carbon atom with two accompanying oxygen atoms bonded in place. At Athabasca, it was produced in its most common state, as a gas. As is true in one way or another of most sites our species inhabits, carbon  dioxide was emitted from the trucks and machines, and from the cooking and heating of the workers’ accommodations during the frigid winters and short but hot summers. But here in the tar sands, by far most of the carbon dioxide came out of gigantic chimneys rising from the vast refineries where the solid oil shale was turned into the usable liquid. Visible even from space, these chimneys had a most dubious honor, one that in fact they shared with the entire region around the mine: more greenhouse gases were produced here each day (and night, because the mining and refining never stopped) than anywhere else on the planet.

In 2030, there were innumerable signs that the world’s ecosystem was subtly changing, its temperatures rising, its sea levels creeping higher. Such heavily populated spots as China, South Africa, and South Australia suffered from continued droughts. But because none of these changes had yet caused any sort of mass human mortality, little was being done to ameliorate them. The industrialized countries would meet, haggle about reducing carbon dioxide emissions, and then go home with nothing accomplished. Three decades into the new millennium’s oil-based economy, there was no way to seriously reduce emissions without grave damage to the economies and agriculture that were barely keeping the 7 billion people on the planet fed and clothed.

Of all the changes, the biggest of all was invisible to everyone but the scientists and high-altitude animals and plants. In 2030, for the first time in millions of years, carbon dioxide stood at 385 ppm, near the so-called tipping point identified by many in the early years of the twenty-first century. To the many millions born in those years, 385 ppm seemed like status quo. It had been at least a decade since journalists and politicians had tried to stir in the multiplying billions of humans any sense of global apprehension about escalating carbon dioxide levels. In fact, the situation was now akin to the first six months of World War Two in Europe—the time of the “Phony War” that soon enough ended in bloody battles. By 2030, the increasing number and ferocity of hurricanes, the ever-greater flooding, and the continued disappearance and widespread, complete loss of mountain glaciers had all happened as predicted, but other events always seemed to divert humanity’s attention elsewhere. And one factor had not come into any significant play at all: since the start of the century, the  level of the sea had risen only about 100 to 150 millimeters—a paltry 4 to 7 inches. Skeptics had a field day on that aspect of global warming. Little did they know that major change was coming to the seas as well.

Even as they did nothing, all in this world agreed about one thing. It was definitely getting warmer, and that warming was mainly because of a simple molecule, one absolutely necessary for the continuation of life on Earth: carbon dioxide. This rise in carbon dioxide had lit the slow fuse that was starting a melting that would end in Greenland and Antarctica when every bit of ice was gone.

From molecule to melting: the cause and effect between carbon dioxide and wholesale sea rise was evident now, its implications irrefutable.




 THE LIFE AND TIMES OF CARBON DIOXIDE 

In September 2009, the British government released a report on the newest models forecasting how much and how fast global temperatures could rise in this century.2 The results upended previous estimates suggesting that this century’s rise in temperatures would not be catastrophic and that none but today’s newborns would be around to feel the coming heat—even as teenagers or young adults, the Class of 2028, or even 2038, would graduate from high school in a world little if at all different from present-day Earth. The new report, produced by the United Kingdom’s Met Hadley Centre for Climate Prediction and Research, declared that average global temperatures could rise by 7.2 degrees Fahrenheit by 2060. These startling new predictions came in the aftermath of yet another major letdown for progress on the issue of climate change at the autumn meeting of the G-20, the score of nations with the largest economies. The Met Hadley Centre’s study, conducted on behalf of the UK Department of Energy and Climate Change, anticipates a 10-degree or greater rise in temperatures in some world regions, which would cause droughts in certain areas and flooding in others, severe rises in sea level, and the collapse of entire ecosystems. The Arctic could be up to 15.2 degrees Fahrenheit warmer, while the temperature rise in Antarctica would be nearly as large. The consequences of these changes are stark—but why are they happening at all, and so quickly?

According to most experts, the reason for this coming (and current) warmth is increased carbon dioxide. Nearly all scientists agree that human activity is causing CO2 levels to rise, though a few hold out that today’s levels are the result of natural cycles unrelated to what we have done to the planet, and that we need do nothing toward curbing emissions. Those who would deny global warming contend, without convincing evidence, that the rise in global temperature is in fact the result of long-term climate cycles, or a consequence of changing solar activity operating on a time line invisible to our science because we have not been looking long enough. But their minority view is totally debunked by the deep time record of past CO2 and past climate changes. However, it does not seem like a minority view if you tune in to politically conservative radio shows and telecasts. In this chapter, I’ll demonstrate that rising temperatures—and the ensuing rise in sea level—are indeed a consequence of rising carbon dioxide. To do that, I must take a detour away from the sea itself and focus instead on the planet’s atmosphere—and not just today’s atmosphere but the ones that characterized Earth eons ago. Just as the geological record gives us invaluable information about past sea level change (that seas do rise and fall, and that we can estimate the speed at which the process happens), so too will we better understand greenhouse gases if we examine their record in deep time. That way, we will learn much about why CO2 is warming our planet and raising our oceans.

 

THE PAST TELLS US MUCH about our present—but it can tell us much about our future as well. The near-future scenario of a CO2-spewing Canada warming the entire world is hardly a fantasy. Athabasca is doing more than any other single site to heat our skies and thus ensure that our oceans encroach on our lands. But it is just one human enterprise among many that is introducing unprecedented levels of carbon dioxide into the atmosphere and disrupting the delicate balance of earth, sea, and sky.

Is carbon dioxide a villain? This relatively rare and otherwise innocuous gas molecule now seems to rank right up there with humankind’s worst bogeymen, real or imagined. Yet its rise to notoriety is recent: even a decade ago, CO2 was just another minor gas, not considered a primary  factor in the dynamics of climate, and certainly not judged as a pernicious atmospheric force. How things have changed. Now it appears to be the central player in what is truly a long-running drama, that of climate change.

All the carbon found on, in, and above the earth today was formed in some ancient star, in the dense fusion furnaces contained in all stars’ interiors.  3 As the solar system emerged from the early solar nebula, the inner planets formed with heavier metals on average, while beyond the orbit of Mars the planets received very little of the heaviest elements and became instead great gas giants. That there is so much carbon and water on Earth is testament to the great volumes of outer solar system material brought sunward by comets and asteroids, with most of it crashing onto the various moons and planets from Mercury through Mars. As the earth finally formed and cooled, it found itself covered with seas and a thick atmosphere of nitrogen, carbon dioxide, and water vapor. But the carbon in that CO2 has not remained in gaseous form all this time. Instead, its bonds with the two oxygen molecules would be readily broken in many different chemical reactions, which frees the molecule to pass between various “reservoirs”: the oceans, the solid earth beneath us, and living matter. It can manifest itself as a solid, liquid, or gas. Thus while carbon dioxide has been present since the earth’s inception, it is extremely doubtful that many of the CO2 molecules now floating in our atmosphere are original to our planet.

The first real scientific look at the elusive gas phase of carbon dioxide was undertaken by a reportedly dour Scotsman named Joseph Black in 1754.4 By putting limestone into a weak acid and carefully recovering the gas bubbles fizzing off the stone before they dissipated in the air around him, Black soon discovered that nothing would burn in what was to him a new gas. He also found it denser (that is, heavier for the same volume) than air. But Black’s greatest contribution was to show that carbon dioxide was the gas emitted by animals—including humans—during respiration. Black, a practicing physician, wanted to know how human breathing and metabolism worked.

A good start, but there were other properties of the gas still to be discovered. One key finding was that carbon dioxide, if concentrated enough, is toxic, even lethal, to humans. In 2010, our atmosphere contains carbon dioxide at a rate of nearly 390 ppm. If that number were to rise to 10,000  ppm, or still only about 1 percent by volume of the atmosphere, once again we would be at a truly ancient atmospheric concentration, one that may have been present before the evolution of animal life. If CO2 were to rise an order of magnitude higher (such as 10 percent of the atmosphere), animals would pass out and die within hours. It was exactly this kind of death that was suffered by more than 1,800 people living on the shores of Lake Nyos in Cameroon in 1986. Over the years volcanic forces beneath the lake, itself a large volcanic crater that had flooded, discharged gases, including a great deal of CO2, that immediately dissolved into the lake water. Eventually, however, the water could absorb no more CO2  molecules, and like any unhappy landlord, it began evicting the free-loaders. But rather than emitting the gas a small volume at a time, the lake burped an enormous bubble of CO2. Because carbon dioxide is heavier than air, this moving cloud of nearly pure CO2 stalked the shoreline, enveloping people and animals, snuffing out their lives in great silence.




CARBON DIOXIDE AND NATURE’S GREENHOUSE EFFECT 

Carbon dioxide in the atmosphere is vital to life as we know it—even though too high a proportion of the gas could suffocate the very life it otherwise engenders. Its primary property is the ability to trap heat and infrared energy close to the planet’s surface. This is the famous greenhouse effect, although as we’ll see, this appellation is inaccurate to describe what CO2 really does in the atmosphere. No atmospheric gas acts in the same way as windowpanes in a real greenhouse (or in any house, in fact). The real process is similar but different, the distinction subtle but important. Yet the first understanding of the greenhouse effect seemed to have spawned from a seemingly unrelated phenomenon: the first construction of glass greenhouses for plants.5

The first greenhouses (which were quite primitive by our standards) intended specifically to help grow plants were built in seventeenth-century Italy by the benefactors of another breakthrough: the first affordable glass to appear in the marketplace. Anyone walking into a greenhouse on a cold but sunny day immediately perceived the warmth within, and from this came the notion that perhaps gases alone could do the same to the entire planet. By the time of John Tyndall, in the 1860s,  greenhouses ranged in size from small to large, and by large I mean on a grand scale indeed. Experimentation with the design of these first greenhouses in seventeenth-century Europe led to marked improvements as technology produced better glass and improved construction techniques. The greenhouse at the Palace of Versailles was an example of their size and elaborateness; it was more than 500 feet long, 42 feet wide, and 45 feet high. But perhaps the greatest of all greenhouses was the Crystal Palace of London.6 Built in 1851, it was 1,851 feet long, with an interior height of 108 feet, and sported all kinds of interesting exhibits and innovations, including the first 3-D renditions of dinosaurs (posed to look like squat lizards), then but newly discovered.

With the sudden increase in the number of greenhouses for growing tropical plants in cool, damp England—from tiny domestic structures all the way up to warehouse-size transparent castles—naturalists discovered firsthand how glass could amplify the sun’s output, both from the blazingly bright light beams themselves and from the air warmed by convection and turbulence, which are forces causing gentle spinning and overturn of air masses of different density within the greenhouses. With the giant greenhouses still fresh in their minds, scientists soon discovered that some of the atmosphere’s minor gases played a major role in climate. Although the actual term “greenhouse effect” would not be coined until 1896, the overall acceptance that warming was occurring through the action of minor gases had been prevalent for the previous fifty years.

But a greenhouse is a misleading metaphor to describe the role of CO2 and other gases in our atmosphere. In fact, carbon dioxide, methane, and water vapor (along with several other gases at even lesser concentrations) cause warming in ways quite unlike the warming within a glass greenhouse. Nevertheless, the thought that a gas as well as glass could warm an enclosed space (in this case the lower atmosphere of the whole planet) was born. This idea that carbon dioxide and a few other gases could, even at small concentration, trap heat within the atmosphere and work as a kind of natural greenhouse goes back to the 1820s, when the great naturalist and mathematician Joseph Fourier realized that energy in the form of visible light from the sun penetrates the atmosphere to reach the surface and heat it up, but that this same energy (now converted  to heat) cannot so easily escape back into space. The heat rising from the warmed surface of the earth is absorbed by air itself as it tries to bounce back into space. This process is something like a one-way mirror for visible light—it passes through as it would through a window in one direction, but bounces back as it would in a mirror in the opposite direction. The equations and data available to nineteenth-century scientists were far too poor to allow an accurate calculation. Yet the physics was straightforward enough to show that a bare, airless rock at the earth’s distance from the sun should be far colder than the earth actually is.

As great a mathematician as he was (to this day the Fourier Transform is used in statistics), Fourier could not derive the correct equations that would allow him to model this so-called greenhouse effect, and he was even more hopeless as an experimenter. Nearly forty years passed before Tyndall used experimentation to show that the greenhouse effect was produced by several gases in addition to CO2, including methane and water vapor. But Tyndall made a crucial mistake: he thought these gases worked like a single pane of glass, and in this he was influenced by the increasing number of glass-and-iron greenhouses so popular in Europe and America in his time. The great Swedish scientist Svante Arrhenius termed the phenomenon the “greenhouse effect.”7 Furthermore, he was among the first, if not the first, to posit that the combustion of fossil fuels might increase the level of CO2 in the atmosphere and thereby warm the earth several degrees.

The warming process occurs like this: energy in the form of visible light from the sun easily penetrates the atmosphere to reach the surface and heat it up, but this energy, now transformed to heat, is stuck there (because of one of the great laws of physics: energy can be neither created nor destroyed, but transformed). Unlike light, heat cannot so easily escape back into space. The air (nothing more than a swarm of nitrogen and oxygen molecules) absorbs the heat (a process technically called infrared radiation) rising from the earth’s surface. The heated air radiates some of the energy back down to the surface, helping it to stay warm. This process is actually quite different from what happens in a greenhouse, where the glass holds within it the warmed air as a single blanket. But the atmosphere is infinitely more complex than a single,  blanketing pane of glass. To understand what is happening in our atmosphere, we must complicate that analogy to imagine multiple layers of air, like multiple electric blankets, with air spaces in between, on a bed. But in this case the warming is not from electricity, but from light. The greenhouse effect might be a metaphor limited in its scientific authority, but it is one we can use if we recognize that the process it describes is the result of many factors at work.

In addition to keeping the planet warm enough for animals and higher plants, CO2 is also the major source of carbon for life. But what I find surprising as a scientist is not that greenhouse gases can warm the planet by trapping heat in the atmosphere as well as provide the major scaffold molecule of life, but that the greenhouse gases do both with relatively few molecules. If we could randomly take 1,000 molecules of gas out of our atmosphere, 790 would most probably be molecules of nitrogen, and 210 would be oxygen (there would be variations in such an experiment, but if enough experiments were performed these values would predominate). But for all of these tiny molecules now in our sampler, in all probability there would be no greenhouse-gas molecules at all! While we measure nitrogen and oxygen as parts per hundred, we measure carbon dioxide in parts per million. Going back to our gas capture experiment, in most of our experiments to get a single molecule of carbon dioxide we would have to collect 2,500 molecules of gas. Yet that one molecule, surrounded by 2,500 nitrogen and oxygen molecules, when combined with its brethren, is enough to warm the earth more than about 50 degrees Fahrenheit on average above what it would be if there were no greenhouse gases at all. Left without CO2, our planet’s average temperature would thus be just slightly below 0 degrees Fahrenheit—more than cold enough to freeze the oceans. Without this gas, the surface of our planet would be too cold to allow most animal and plant life, and plants would not have produced the oxygen we breathe.

Yet for all its beneficence, more than a little CO2 can be too much of a necessary thing. Far greater dangers can be associated with this molecule than those that come from several billion years of life-giving atmospheric gaseousness, or even from the stealthy peril arising from a volcanic lake brimming with CO2. Rising levels of carbon dioxide could cause swift  global warming and concomitant loss of oxygen in the oceans. I call this mechanism a “greenhouse extinction,” and I will discuss it in Chapter 7.




 THE HUMAN ROLE IN THE RISE OF CARBON DIOXIDE—AN INTRODUCTION 

During the first half of the twentieth century, the scientific community produced ever more mathematically precise modeling of the greenhouse effect. Less studied, however, was the source of the gases themselves. Where was CO2 coming from? Water vapor was one easily understood source—the evaporation of seas, lakes, and rivers. It took brave souls to stick gas sniffers into the maw of various volcanoes to ascertain the kinds of gases produced there. But most early researchers thought humans were unlikely to substantially affect climate through their own production of carbon dioxide. Because the oceans contain fifty times as much CO2 as the atmosphere, and the concentrations of CO2 in the oceans and the atmosphere seemed (at least in early measurements) fixed, it appeared that perhaps only 2 percent of the human-produced CO2 would remain in the atmosphere.8 Unfortunately, this happy assumption was not to last. In 1957, climatologists Roger Revelle and Hans Seuss demonstrated that the oceans could not absorb CO2 as rapidly as humanity was releasing it, presciently noting that “human beings are now carrying out a large-scale geophysical experiment.”9 After this revelation, monitoring stations were set up to measure worldwide trends in atmospheric concentrations, and by the mid-1960s, it was clear that humanity was rapidly changing the atmosphere through its increase in resident greenhouse gases.

Climatologists now believe that a doubling of CO2 would warm the earth 3 to 8 degrees Fahrenheit, which could leave our planet warmer than it has been during the past 2 million years or more. Moreover, other human-produced gases entering the atmosphere also combine to increase the greenhouse effect, including methane, chlorofluorocarbons, nitrous oxide, and sulfur dioxide.

But to understand—and address—what our species has done to aggravate the level of carbon dioxide in the atmosphere, we need first to  comprehend how carbon dioxide has manifested itself in our planet’s atmosphere over the past nearly 5 billion years.




 CARBON DIOXIDE OVER TIME 

Carbon dioxide has been a vital part of the earth’s atmosphere since the planet’s formation, some 4.6 billion years ago.10 The level of this gas has varied through time—a variance that has had important and far-reaching effects on the biosphere and on evolution. The main effect produced by varying CO2 levels comes from its well-known, quite natural greenhouse effects: during periods of relatively higher CO2 levels, the earth will be warmer than during times with lower levels.

While it is easy to measure carbon dioxide in the present-day atmosphere, assessing the levels of CO2 that existed in ancient times has proven difficult. We can directly measure fossils and extrapolate from the carbon isotopic ratios of ancient soil nodules, but most of what we accept about past CO2 values has come from mathematical modeling. The most recent graphs show a kind of yo-yo. From 600 million to about 300 million years ago, CO2 levels were far higher than today—perhaps as high as 1,000 to 3,000 ppm. But then in the geological period called the Carboniferous Era, CO2 levels plunged even lower than in the recently concluded ice age. By 250 million years ago, however, they went back up to the highest levels found earlier. The final change has been a long-term slide back down to our present-day levels.

New data have allowed a more precise set of estimates of past CO2 levels at various times in Earth’s history. My own work on mass extinctions of the deep past showed an apparent relationship between CO2 and the deaths of species. Even more important, another stark bit of evidence looms, proving that the times of high carbon dioxide were also times of elevated sea level. Times when there were no ice sheets.

If it were only a coincidence that high carbon dioxide levels accompanied the mass extinctions and high sea levels of the past, then we might be okay despite the impending spike of CO2 to 1,000 ppm. If, however, as I argued in Under a Green Sky, high carbon dioxide produces global warming that can occur so fast that it kills off entire species, then we will  soon witness a mass extinction. How soon such an extinction might start is the next pressing question. Would it happen over the next thousand years, or hundred years, or a few decades hence? We will return to this question in more detail in Chapter 7.

Even if we avoid a mass extinction in the near term, what will the world be like with carbon dioxide at 1,000 ppm? Ice caps and ice sheets have been part of our planetary ecosystem for the past 35 million years. New findings indicate that CO2 levels dropped from about 540 ppm to a near-modern level of 370 ppm between 40 million and 30 million years ago, and then continued to drop below the 200s during the Pleistocene, the great ice age of the past 2.5 million years.11 But then a change occurred. Levels started to rise, as they continue to do today. How far and how fast will they ascend? The most extreme estimate suggests that within the next century we will reach the level that existed in the Eocene Epoch of about 55 million to 34 million years ago, when carbon dioxide was about 800 to 1,000 ppm. This might be the last stop before a chain of mechanisms leads to wholesale oceanic changes that are not good for oxygen-loving life.




 THE CLIMATE ENIGMA OF ANCIENT “GREENHOUSE” WORLDS 

We are certainly not in the middle of another ice age, where large areas of continents even to midlatitudes (such as to the upper Midwest of North America) are covered by a mile of ice, and sea level is hundreds of feet lower than it is today. Nor are we experiencing what we might call a full greenhouse climate, where continental ice sheets, if they are present at all, cover only the highest latitudes, and where sea level is tens to hundreds of feet higher than now. But both of these rather dramatic end-of-the-curve manifestations of climate can provide interesting clues about what might be in store.

My own career has been dominated by my research into the Cretaceous Period—the time extending from about 135 million to 65 million years ago. The third of the trio of geological periods making up the middle era of animal life known as the Mesozoic Era, the Cretaceous Period began with something of a whimper. Unlike many of the geological units,  its start was defined not by a great mass extinction, but instead by a relatively minor event, one hardly recognizable on land, and marked in the sea only by rather minimal changes to the marine faunas then living: a few thousand species died out, rather than the millions of a major mass extinction. Its end, however, was anything but minor—a great asteroid struck the Yucatan Peninsula, killing off a majority of species, including the iconic dinosaurs.

The Cretaceous can be characterized as having been one long summer.  12 It had some of the highest sea levels in geological history, which meant that continental ice sheets were either minor or absent, or that the ocean basins were warped upward in spectacular fashion by greater-than-normal heat flow from beneath, a process we saw earlier that causes a reduction of volume of the ocean basins without any lessening of the volume of seawater filling those basins. All that excess water had to go somewhere, and that somewhere was the margins and even interiors of the Cretaceous continents. There is little evidence of the latter, and much evidence of the former. Earth was a warm place, too warm, perhaps, for ice of any kind. It was so warm, in fact, that it has been dubbed a “hothouse” climate—a time very particular and peculiar in the past. Perhaps only the Eocene Epoch (of the Paleogene Period, some 56 million to 50 million years ago) was equivalent. We seem to be returning to this climate, where Arctic temperatures were above freezing (perhaps there were a very few exceptions) and there was no floating sea ice at all. Crocodiles frolicked in what we now call Hudson Bay—which also suggests that there may have been no ice there. It looks as though Antarctica was also ice-free. These times are of relevance to us because of their high atmospheric carbon dioxide—levels that our world may once again experience within centuries or less at current rates of increase.

So just what was this kind of climate like? That question has been of considerable interest to climatologists, and a frequent subject of recent debate. Previously climatologists took comfort in believing that tropical regions during the Cretaceous and Eocene were not much warmer than today (suggesting that our tropics are already as warm as they can get). Data for Cretaceous- and Eocene-age carbonates—analyzed for their ancient temperatures by comparing two isotopes of oxygen, one with a molecular  weight of 16, by far the most common, and the far rarer O18—can show the temperature at which an ancient lime rock solidified. This method revealed that the ancient super-greenhouse worlds of the Cretaceous and Eocene had tropical sea surface temperatures no warmer than those of today—85 degrees Fahrenheit. Recent data now contradict this. Better samples that have been shown not to have been secondarily deformed, heated, or otherwise compromised by Mother Nature and her very tectonically active earth have given a more ominous view of ancient tropical heat .13 The tropics back then did in fact heat to temperatures hotter than those of today, as evidenced by sea surface temperatures as high as 95 degrees Fahrenheit measured from sedimentary rocks of that age. That is pretty warm water—so warm that modern-day corals would have a hard time surviving for long without undergoing a process called bleaching, in which their symbiotic algae leave for cooler climes, leaving the coral animal white or transparent in appearance, and in so doing leaving it with a death sentence as well.

Where does this new information leave us? It appears that there really are two climate regimes—the world with ice, and the world without. For the past 2.5 million years our planet has not been able to decide which way to go—the climate has bounced back and forth between times of much ice on the continents, and warmer times, with less ice. But left to its own devices, the earth’s now historically low levels of planetary CO2  (rarely below 300 ppm in the past billion years or more) probably would have kept us with continental ice sheets for many tens of millions of years hence. It is entirely plausible that in the course of natural history, CO2  would not—until about 7 billion years from now, when our sun will become a red giant star and utterly destroy the earth—reach the 1,000-ppm mark, its average for the past 500 million years. But humans have changed that history.

Our future promises a change in carbon dioxide levels initiated by humans but not directed by them. The combined climate and sea level change are like a big boulder at the top of a steep mountain. Anthropogenic greenhouse gases—that is, gases generated by humans—have already sent the rock rolling. Down it goes, and we can do nothing to stop it. Temperature will increase by 3 to 4 degrees, and sea level will rise by  3 feet. With luck—and a prodigious human effort at scaling back greenhouse gases—the rock stops there. But to date there is no evidence that humans are succeeding in any slowdown or reversal of the rates at which CO2 and other greenhouse gases are being emitted into the sky and oceans. We seem ready to roll that boulder down an even steeper incline. We could end up with a 15- to 20-degree Fahrenheit temperature change and perhaps a 24-foot sea level rise that could ultimately leave the oceans 240 feet higher than they are now. Our greatest worry should be not only that the boulder may not need much of a push, but that once it is rolling down the steep slope there will be no stopping it.




LEARNING FROM CO2 LEVELS IN THE NEAR PAST 

We humans can very accurately keep track of carbon dioxide in the atmosphere, and we can even measure the amounts that were present on Earth for well over the past million years, through careful analysis of minute trapped gas bubbles in ice cores taken from Greenland and Antarctic continental ice sheets. One of the most important, the Vostok ice core from Antarctica, has yielded a detailed record of carbon dioxide over the past 400,000 years. It shows that carbon dioxide varied between a minimum of 180 ppm and a maximum of 280 ppm.14 Thus, for nearly 2 million years, atmospheric carbon dioxide values (and methane values as well, which mirror those of CO2) went up and down, which led global temperature to seesaw as well. If we break down CO2 levels into either above or below an arbitrarily selected level of about 240 ppm, it turns out that levels in the lower half of the cycle occurred more frequently than those in the higher half. During the low CO2 times, the earth accumulated the great ice sheets—and we had ice ages.

Our planet did not break out of the 180-280 ppm range until about 1800, when carbon dioxide levels began to rise well beyond the old upper limit.15 By 1900, the level was 295 ppm, a rise of about 15 ppm over a century. But that was just the warm-up, so to speak. From 1900 to 2000, CO2 levels went from 295 all the way up to the current level of about 385—a 90 ppm rise in just a hundred years. The curve these data describe will soon get even steeper. The rise will continue as China and India join  Europe and the Americas in putting two cars in every garage and heating millions of new houses with natural gas and oil. Even if carbon dioxide levels rose just another 90 ppm over the next century, by 2100 the atmosphere would have a CO2 level of about 460 ppm. But most atmospheric scientists calculate future CO2 levels by using the rate of rise over the past fifty years, rather the past hundred. Using those rates, which work out to about 120 ppm per century, we might expect CO2 to hit 500- 600 ppm by the year 2100. That would be the same carbon dioxide levels that were most recently present sometime in the past 40 million years—in terms of the rise of the seas, it would be equivalent to when there were little or no ice sheets even at the poles.

Yet climatologists assessing these new data dismiss even that scenario as too moderate. The rate at which carbon dioxide is increasing into the atmosphere is accelerating. Models using the latest values of the measured rise for the past decade, and projecting forward, lead to an estimate that CO2 levels will nearly double in the next two centuries. By 2200, we might expect to see CO2 levels approaching 1,200 ppm. Sooner than that, in as little as a century, levels might approach 1,000 ppm. That is the level of the Mesozoic Period and will cause the ice sheets to rapidly melt—all of them.




 CARBON DIOXIDE AND OCEAN ACIDIFICATION 

Not only do greenhouse gases destroy ice caps, but they themselves are lethal as well. The activity of these gases directly kills by carbon-dioxide or methane toxicity. To this we can add another potentially lethal process: acidification. To understand it, we have to digress briefly into ocean chemistry. 16

Carbon dioxide participates in reactions with many other molecules. Several of these reactions are directly involved in maintaining the acidity or alkalinity of the ocean. The chemical species bicarbonate (HCO3) forms part of the chemical buffer system that maintains a relatively neutral level of the oceans, making them neither acid nor base. However, if atmospheric CO2 rises, the ocean becomes more acidic through a chemical reaction leading to formation of hydrogen (H+) ions in the sea. We  measure the concentration of this H+ level using the pH scale, with lower values corresponding to higher acid levels. At small levels, a rise in acidity poses no danger to organisms. But if the levels rise enough, organisms are directly threatened. Rising acidity is most dangerous to organisms that produce calcareous shells, such as coral reefs and a type of phytoplankton called coccolithophorids. Moreover, once the acid levels rise, they linger at high levels for a long time: an ocean pH change would persist for thousands of years. Because the rise caused by carbon dioxide in fossil fuel happens faster than natural CO2 increases have in the past, the ocean will be acidified to a much greater extent than has occurred naturally in at least the past 800,000 years.

If through most of geological time the CO2 level in the atmosphere was higher than now, does that mean the oceans were once more acidic? At least for the past 100 million years, this was probably not the case. If there is lots of calcium carbonate in the upper reaches of the ocean (as there is when there are abundant blooms of the organisms that make chalk, the coccolithophorids, or another group called foraminifera), the ocean is described as “buffered”—neutrality is maintained despite the high CO2. But buffering takes time, and that is the biggest difference between the effect of today’s rise in CO2 compared to any time in the past. During slow natural changes, the carbon system in the oceans has time to interact with sediments and therefore stays approximately in steady state with them. For example, if the deep oceans start to become more acidic, some carbonate will be dissolved from sediments, a process that tends to buffer the chemistry of the seawater and lessen pH changes. But what humans are doing in terms of injecting carbon dioxide into the oceans from human-made emissions is unprecedented.

The present-day rise in CO2 seems to eclipse any other past rate of rise. This rapid rise outstrips nature’s buffering systems, resulting in ocean acidification. Past atmospheric concentrations probably would not have led to a significantly lower pH in the oceans. The fastest natural changes we are sure about are those occurring at the ends of the recent ice ages, when CO2 rose about 80 ppm in the space of 6,000 years. That rate is about one-hundredth of the changes we are witnessing now.




 HOW GREENHOUSE GASES CHALLENGE PREDICTIONS ABOUT NATURAL CLIMATE CHANGE 

Climatologists have long theorized that climate change observed over the past 1.5 million years—long periods of very cold climate with growing ice sheets and dropping sea level alternating with shorter times of warmth—was the result of orbital changes.17 All planets travel around the sun in an ellipse, not a true circle. Because of this, sometimes during the year Earth is significantly closer to the sun, and hence warmer, than other times, because when a planet is closer to the sun, more energy strikes it. Year in, year out, sometimes the planet is closer, sometimes farther away, as we make one complete orbit every 365 days. If this was all there was, understanding climate would be much easier. But the very elliptical orbit itself slowly changes position over thousands of years. Thus, over tens of thousands of years the earth’s closest encounter with the sun takes place during summer or winter, or fall, and all in between. This leads to long-term variation in the actual amount of solar energy hitting all planets in our (or any) solar system. But then scientists developed the technology to drill into ice cores from Greenland and Antarctica to ascertain the temperature and carbon dioxide levels that occurred in the past. Their findings showed directly measureable changes in both carbon dioxide and global temperatures of very high precision. They found that there could be changes in global temperature in decades as well as millennia, and that every case correlated to CO2 levels. The new finding was that both long-term and shorter-term variations in global temperature occurred and that these longer-term cycles helped alter glacial and interglacial episodes over the past 2.5 million years that together are termed the ice ages.

What might we have expected had humans not begun a grand global experiment in planetary engineering? One recent prediction was that the current “interglacial” period should end within a few more thousand years, to be followed by a drop of global temperature by as much as 20 degrees Fahrenheit for the next 80,000 years—spawning another cycle of continental ice sheets all the way from the poles to midlatitudes in both  hemispheres. If this is so, in all that time our planet would never experience temperatures approaching present-day highs. But with global warming from increasing greenhouse gases, it is pretty certain that such a cooling has been put on hold. For how long, we cannot yet say, but surely for the next 10,000 years, if various estimates of increasing greenhouse gases and their residence time in the atmosphere and oceans are to be believed. 18




PREDICTING FUTURE CO2 RISE 

One of the best sources of data about all aspects of climate is the award-winning Web site RealClimate.org. Run by climate experts without political axes to grind, this site has been a voice of reason and information for years. Much of this book is based on information published or referenced there. RealClimate.org provides two potential models of the future of carbon dioxide levels—and thus the future of our planet.

Barring the construction of a time machine, there is no way to know the actual arc of our planet’s fate in the future. The climate we will have, the temperatures in a given year, the height of the sea—all are exactly unknowable. But at the same time, ever more sophisticated computer models, using values of known climate “forcings” (such environmental factors as the amount of energy from the sun as well as the level of greenhouse gases that “force” the climate to change), continue to yield new believable insights because they have been corroborated from modeling the past. When it comes to assessing how much carbon dioxide will rise, a 2006 RealClimate.org column by Malte Meinshausen, Reto Knutti, and Dave Frame offers a useful discussion and summary of the problem.19

The three authors go through the math showing that a stable CO2  level of 400 ppm compared to our 380 ppm will yield an 80 percent chance that the earth will warm about 4 degrees Fahrenheit. For instance, the rise from CO2 levels of 280 ppm at the start of the Industrial Revolution to the present 380 ppm has brought about a 1.5 degrees Fahrenheit global temperature rise, thus calibrating the climate models used to predict future temperature rises tied to rises in greenhouse gas concentration. The good news is that methane, one of the most troublesome of  greenhouse gases produced by human activity, has a short life in the atmosphere before it breaks down. Also, the oceans are an effective sink for atmospheric carbon if we can sharply curtail emissions. Then concentrations of all greenhouse gases could begin to decline near the end of the twenty-first century (according to the best models now available, which, however, are just that—models). The three authors’ model even lets greenhouse gas levels peak at 475 ppm for a short time, but if we brought them back down to 400 ppm before the end of the century, temperature rise would stop at 4 degrees Fahrenheit. Based on ever-newer reports of the rise of CO2, however, that goal seems ever more out of reach.

There are other models of the potential greenhouse effect, the most important coming from NASA climate scientist James Hansen and his colleagues .20 Hansen believed that one of the most powerful means by which the earth naturally removes CO2 from the atmosphere is the natural dissolution of the gas into the ocean. So if a good model is to be made, the rate of this must be known, as well as the other variables that control global heat, such as the amount of ice on the planet at any given time (ice is highly reflective and thus cools the planet). Unfortunately, Hansen believed, these variables were not measured well in the past, so his group tried a more complicated method, not only including the amount of CO2 in the atmosphere and the amount of sunlight being absorbed by the earth rather than reflected back into space, but also looking at the amount of water vapor in the atmosphere at the time being modeled. They added several other peculiar parameters, such as the amount of black carbon, organic carbon, ozone (an oxygen molecule that protects us from cosmic rays from outer space), the amount of H2O high in the atmosphere as the result of methane breakdown, and aerosols also high in the atmosphere, especially molecules with sulfur attached, as well as other aerosols separately fed into the model to account for amounts of nitrates. Hansen also factored in oceanographic values, including temperature of deep and shallow seas and velocities of major ocean currents. The values of these variables are known from the past, and by including them, Hansen gave us a highly efficacious model. He determined the approximate global temperature among a host of other atmospheric variables for a series of past years, and thus could give realistic estimates of  future global temperatures as well as oceanographic and atmospheric conditions. Further, the model compares the various forcings and ranks them in relative importance.

At the moment, the greatest uncertainties among the forcings come from the effects of the various natural CO2 reservoirs in the ocean, places where gaseous CO2 dissolves into seawater, and especially their rates of CO2 uptake. Currently the oceans are our best allies in scrubbing CO2  out of the atmosphere, removing an enormous mass of the gas every year. Unfortunately, as we have seen, the net effect is to make the sea increasingly acidic so that the coldest places are the most acidic. Already researchers following the coldest areas report that the water’s rising acidity is having biological consequences—most noticeably on the small planktonic creatures that produce calcareous shells. The increasing acid interferes with this calcification process and in the worst case causes the shells to dissolve. Because cold water absorbs more CO2 (and oxygen) than warmer water, the global warming of the oceans will cause this sink to reduce. That, in turn, will increase the amount of CO2 entering the atmosphere rather than the oceans.

Another major concern for Hansen and others in assessing the forcing factor comes from the vast amounts of methane and CO2 held in permafrost and in frozen methane blocks known as clathrate. Methane is an even more potent greenhouse gas than CO2, and in the atmosphere it converts to CO2 over only a few decades. But prior to its decay to the lighter gas CO2, it traps heat in the atmosphere very efficiently. The danger here is that rising temperature will increasingly liberate these currently inert forms of methane and CO2 into gaseous form, thereby increasing atmospheric levels and greenhouse effects.

The bottom line from all this work is that the rate of global warming is far higher now than the “consensus” levels from other models. If correct, Hansen’s findings indicate that sea level will rise ever more rapidly.

Because the earth’s heat budget is complicated by the effects of the oceans, land, and especially air and water currents, CO2 rise and global temperature do not share a linear relationship. The rule of thumb climatologists use is that each doubling of the CO2 level can be expected to raise global temperatures by about 4 degrees Fahrenheit. Thus the projected CO2 level even for a century from now would raise the global temperature  between 4 and 7 degrees. Today that temperature is estimated at between 59 and 61 degrees Fahrenheit. This does not mean that everywhere on Earth has this temperature—but that the planet taken as a whole does. It would climb to as much as 68 degrees Fahrenheit. The effect of that escalation would be earth changing and could conceivably bring about the greatest mass death of humans in all of history.

Despite the various factors being considered by climate scientists such as Hansen and the RealClimate.org researchers, both climate-change professionals and the public focus primarily on the actual amounts of CO2 currently being emitted into the atmosphere. Thus, a September 2008 report on this figure came as a bit of a shock. Rather than showing lowered values of CO2 entering the atmosphere, 2008 promised to have the highest rate ever. It was expected that the economic downturn of 2007 and 2008, coupled with efforts to lower emissions, would have had some effect. But the published figures for 2007 showed a 3 percent increase in the amount of carbon put into the atmosphere compared to the year before. This figure exceeded the worst-case scenario of the Nobel Prize-winning group of climate scientists who have been avidly monitoring the effects of carbon emissions.

National governments have indeed paid at least passing attention to reducing emissions, even as their larger efforts to lessen climate change have been thwarted by short-term concerns and internecine bickering. Concerted efforts to reduce emissions are well under way, but working against these attempts has been the continued industrialization of the world, and especially the phenomenal growth of India and China. Both countries need vast new sources of power, and coal is cheap compared to oil. Thus, at the start of the twenty-first century, new coal-fired plants have become a major source of CO2 emissions, and greenhouse gases have increased.

The leader in carbon emissions for 2008 was China, followed by the United States. While several countries did succeed in lowering emissions, the United States produced more. The total came to 9.34 billion tons of carbon put into the atmosphere globally. As we will see in a chapter to come, that figure will soon be dwarfed by even greater industrialization and consequent carbon emission. And the sea will rise.

World energy use is the prime cause of anthropogenic emissions of carbon dioxide. Whether these emissions rise or fall will depend on the world  economy as much as world conservation. The belief that the future of the atmosphere is really in the hands of the Chinese and Indians has some truth to it, but it would be foolish to exculpate North America and Europe from responsibility for curbing carbon emissions. The latest projections have emissions rising from 28.1 billion metric tons in 2005 to 34.3 billion metric tons in 2015 and 42.3 billion metric tons in 2030. Not good news.21




 FAILURES OF INTERNATIONAL ACCORDS 

No book about sea level rise would be complete without some mention of the colossal international failure of American leadership known as the Kyoto Protocol, the 2005 international accord that requires some major industrialized countries to reduce their greenhouse gas emissions collectively from 2008 to 2012 to an annual average of about 5 percent below their 1990 level. The United States and other powerful nations hamstrung the agreement from the start, by allowing it to exempt fourteen countries considered “economies in transition” including China and India, which both ratified the treaty merely as a public relations move. The United States refused even to ratify it.

Kyoto has had at least the effect of bringing more attention to the problem globally—but seemingly no effect on slowing the rise of CO2.22  World energy-related carbon dioxide emissions are projected to grow by an average of 1.7 percent per year from 2005 to 2030.23 The highest rates of increase in annual emissions of carbon dioxide among nations are China at 3.3 percent, India and other Asian countries at 2.6 percent, Brazil at 2.3 percent, the Middle East and Africa at about 1.8 to 1.9 percent each, and Russia at 0.9 percent. In contrast, the United States is projected to increase emissions annually at 0.5 percent. Although that number is relatively low, the sheer magnitude of the U.S. economy, largely powered by carbon energy, still ranks it among the lead emitters, now and well into the future.




HOW MUCH IS TOO MUCH CO2? 

As we confront the reality that greenhouse gases are radically altering our atmosphere and world climate, we have to ask whether increased  temperatures will reach either levels high enough to cause positive feedback that incites even faster rises, or levels that are irreversible in the near future. Yet the actual level where these various and potentially catastrophic events take place is highly disputed and will remain so until some kind of tipping point occurs.

The controversy over a potential tipping point has not stopped various climate scientists from hypothesizing about what could irreversibly happen when.24 Of these researchers, most noted is James Hansen (introduced earlier in this chapter), who is viewed by his detractors as Chicken Little and by his supporters as Jeremiah—and who also was a victim of Bush administration censorship on climate change. In 2008, Hansen and an astonishingly large assemblage of forty-six coauthors used various climate models to look beyond the simple estimates of rise from their previous work. This time they specifically looked for temperature and CO2 levels that might prove to be catastrophic in that it would be too late to put the genie back in the bottle—or in this case, the CO2 back into rocks. They called this catastrophic level a “tipping point.”25

For some of the same reasons that make weather forecasting so difficult, the complicated physics of a world ocean and atmosphere constantly in motion means that any model for a tipping point will evince a significant range of results. A further complication is that the climate system, made up of the various components that cause weather and global temperature and its changes, possesses what has been termed “thermal inertia”—which means there is a lag time of one to several decades before the climate responds to changes in one of its drivers, such as rising greenhouse gases in the atmosphere. An even more serious complication is that while any such model must look at the aspects of physical changes over decades, the human component is also changing at the same time. For instance, the rapid construction of coal-fired power plants in China and the increase in the number of cars worldwide, to name but two examples, have import for our future.

In an attempt to answer how much carbon dioxide is too much, Hansen summarized the group’s findings as follows:The Intergovernmental Panel on Climate Change and others used several “Reasons for concern” to estimate that global warming of more  than 2-3°C may be dangerous. The European Union adopted 2°C above pre-industrial global temperature as a goal to limit human-made warming. Hansen et al. argued for a limit of 1°C global warming (relative to 2000, 1.7°C relative to pre-industrial time), aiming to avoid practically irreversible ice sheet and species loss. This 1°C limit . . . implies maximum CO2 ~ 450 ppm. Our current analysis suggests that humanity must aim for an even lower level of Green House Gases. If humanity wishes to preserve a planet similar to that on which civilization developed and to which life on Earth is adapted, paleoclimate evidence and ongoing climate change suggest that CO2 will need to be reduced from its current 385 ppm to at most 350 ppm. The largest uncertainty in the target arises from possible changes of non-CO2  forcings. An initial 350 ppm CO2 target may be achievable by phasing out coal use except where CO2 is captured and adopting agricultural and forestry practices that sequester carbon. If the present overshoot of this target CO2 is not brief, there is a possibility of seeding irreversible catastrophic effects.26





In this chapter we’ve established that the atmospheric concentration of carbon dioxide has an enormous effect on global temperatures. Unfortunately, many climate skeptics still refuse to believe this. Yet the evidence is there—and perhaps none is more compelling than in the rock record’s evidence of warm periods and cold periods coinciding with, respectively, CO2 levels higher or lower than today.

Carbon dioxide affects our lives in many ways, a number of them trivial to most of humanity—such as one I discovered over a very slow and satisfying lunch with vintner Robert Mondavi in California’s Napa Valley a few years ago: if the climate warms, what will happen to the distribution of the French oak, whose wood is needed to make the best of Mondavi’s cabernet sauvignon? But others, of course, are vital to our survival. How quickly will food crops be affected by climate changes in a way similar to the loss of the French oaks? What will warmer winters mean to apple production when the necessary chill producing dormancy does not happen, or when the heat level becomes too high for cattle to reproduce? And perhaps most important, how high will sea level rise? Perhaps none of the myriad estimates of climate change is more uncertain than what the  seas will do. Calculations of the increase in sea level are subject to variability between minimum and maximum estimates of rise, between the earliest and latest times that the sea could reach a certain level, and even in estimates of how high sea level will rise before tapering off. These are the projections that have the greatest bearing on future human history, estimates that range from minor annoyances to death sentences for some proportion of humanity.
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