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PREFACE

The North Pole of planet Earth is an extraordinary place. It's a smudgy circle of frozen ocean, hemmed in by the surrounding landmasses of Siberia, North America, and Europe. Cracks occasionally appear in its surface where the ice has been torn apart by winds above and currents below. But for the most part, its gray-white facade is as unyielding as rock. You can walk on it, stamp on it, even land planes on it. When you're there, the Arctic sea ice doesn't seem remotely fragile, just motionless, silent, and strong, as if water had been turned irreparably to stone. 

And yet photographs taken from satellites have now shown conclusively what scientists have been fearing for decades: The North Pole is melting. Each summer, the spread of the sea ice shrinks a little farther. It is vanishing from beneath the feet of the Arctic's polar bears. If we do nothing to stop it, by the end of the century the ice, polar bears and all, could be gone.

The story of global warming has progressed in the past few years from conjecture to suspicion to cold, hard fact. We now know for certain that on every inhabited continent on Earth, year by year and decade by decade, the world's temperature is rising. Something, or someone, is turning up the heat.

Should we care? After all, over the billions of years our planet has been around its climate has changed many times. In the geological past there have been ice ages, global floods, and heat waves. There have also been winners and losers throughout Earth's history—some species have become extinct while others have gone forth and multiplied.

But this time is different. If the current wave of change has its way with us, the polar bears will not be the only ones to suffer. Human civilization has never before been faced with a climate that is changing this fast or this furiously. The threat has become urgent. In 2004 one of us (David King) caused a furor by describing climate change as "the most severe problem we are facing today, more serious even than the threat of terrorism." 1 Since then, the scale of the problem has become even clearer.

Also, the amount of material focusing on the problem has multiplied. Books, newspapers, TV, radio—another day, another headline. It has become almost impossible to sort out what really matters.

Amid this cacophony there is a handful of voices that persists in arguing that warming isn't happening, or that it's not caused by humans, while others see disaster around every corner and indulge in gory scenarios that have been labeled "climate porn." We don't agree with either of these approaches. Climate change is happening, and humans are largely to blame. However, we do not believe that disaster is inevitable. A few shiny new Priuses won't get humans out of this mess, nor will sticking our collective heads in the sand. But we still have time to tackle the worst aspects of climate change if we act fast and work hard.

In the course of this book we will pick our way through the blizzard of information and misinformation about global warming, explaining each point in the most straightforward way possible. We are both trained scientists, and our approach will be a scientific one—to examine the evidence, giving most weight to rigorous research that has been tested by peer review.

If you're looking for a debate about the science of global warming, you won't find it here, though we do cover some of the most common misconceptions about the problem in a handy list of climate myths at the back. What you will find is the latest scientific explanations of how much the world is warming, how we know that humans are to blame, what the worst-case scenarios might be, an overview of the most promising new technologies, and a political overview of where the world stands in its fight to solve the problem. 

Though between us we have considerable experience in the worlds of media and politics, we are neither lobbyists nor politicians, and we have no personal axes to grind. We will lay out the entire essential story of global warming—what we humans have done, how we have done it, how we will need to prepare for the changes we can't stop, and how we can prevent the even worse effects that will otherwise follow. We aim to tell you everything you wanted to know about global warming but were too depressed to ask.

However, this is not a book about generic "green" issues. Most measures that increase efficiency and reduce waste will also help—at least a little—to reduce global warming. But this book is not a general environmental call to arms. It proposes a very specific set of solutions to a very specific, though wide-ranging, problem.

In particular, it seeks to show that the story need not have an unhappy ending. Global warming is a serious problem, probably the most serious that the human race has, collectively, ever faced. But we can still do something about it. This is a time for neither pessimism nor denial. It is a time for constructive, determined action.




PART I

THE PROBLEM

Before we can start discussing how to get ourselves out of the climate mess, we first need to set out the problem. There has been an extraordinary amount of confusion and misinformation about the science of climate change—which is surprising, since it is one of the few areas of complex science for which researchers are in almost unanimous agreement. In the next few chapters we will explain the science of global warming—what is happening, how we know the cause, the future changes that are now inevitable, and the ones that we still have a chance of avoiding. 




1. WARMING WORLD

Climate change isn't new. Our planet is restless and its environment rarely stays still for long. There have been times in the distant past when carbon dioxide levels were much higher than they are today and Antarctica was a tropical paradise. There have been others when carbon dioxide levels were much lower and even the equator was encrusted with ice. 

But over the past ten thousand years, the time during which human civilization has existed, Earth's climate has been unusually steady. We humans have become used to a world where the way things are is more or less the way they will be, at least when it comes to temperature. In other words, we have been lucky.

Now our steady reliable climate is changing, and this time nature isn't to blame. But how do we know for certain that the world is warming, and how can we identify the culprit?


The Heat Is On

When you're trying to determine whether the world's temperature is rising, the biggest problem is picking out a signal from the background "noise." Even in our relatively stable times, temperatures lurch up and down from one day to another, from season to season, from year to year and from place to place. To be sure that the underlying trend is changing, you need to take precise measurements from many different places around the world, and do so for an extremely long time. 

We do have a few long temperature records, thanks to certain individuals who decided to make the measurements just in case they ever proved useful. The world's longest is the Central England Temperature Record, which is a tribute to the obsessive data-collecting habits of seventeenth-century British natural scientists. It covers a triangular region of England from London to Bristol to Lancashire and stretches back to 1659. This impressive record shows clear signs of warming, especially toward the end of the twentieth century.

However, the record covers only a tiny part of the globe. Changes in England don't necessarily reflect changes in the United States, say, or Brazil. It also doesn't go back far enough to reveal just how unusual our recent warm temperatures really are. How do they compare, for instance, to the apparent warm period in medieval times when the Vikings settled a verdant, pleasant "Greenland" and there were vineyards in northern England? Or to the so-called Little Ice Age in the midcenturies of the last millennium, when the River Thames in London froze over completely so that frost fairs were held on its solid surface?

To answer these questions, scientists have come up with ingenious ways to expand the records geographically and extend them backward in time. Some people have tried to interpret written archives that didn't quote actual temperatures,1 but the best way is to look at records written not by humans, but by nature.

Every year, the average tree grows a ring of new wood around its trunk. In a good year the ring will be thicker, in a bad year, thinner.2 Researchers drill a small core into the side of the tree, about the diameter of a wine cork, extract the wood, and then count and measure. By examining trees that are different ages, and even some trees that are long dead but have been preserved in peaty bogs, they have come up with a temperature record spanning more than a thousand years and from regions across northern Europe, Russia, and North America. 

For more tropical regions, corals can play a similar role since they, like trees, grow a new ring every year. And in the frozen north and south (and the snowcapped peaks of tropical mountains), ice also contains a record book of past climate. Each year's snowfall buries the previous one. If temperatures are cold enough, the snow stays around long enough to be squeezed into ice, clearly marking out the annual layers because summer's snow crystals are larger than winter's, or because more dust blows in each year with the winter winds. The amount of snow that fell in a given year, and especially the changing nature of the oxygen atoms bound up in the ice,3 gives clues as to how warm it was then.

Another clue comes from changing plant life, as written into the record of mud at the bottom of lakes. As temperature rises and falls, different plants flourish and each one sheds its pollen into passing currents of air. Some of this lands on the surface of a nearby lake, before slowly sinking into the mud beneath. Drill a hole in this mud, collect and analyze the pollen grains each layer contains, and you have yet another record of temperature changes over time.

Researchers have now used a host of different ways like these to analyze and splice together these different measures, and all come to strikingly similar conclusions for temperatures over the last thousand years.4 The eleventh century was indeed relatively warm, corresponding to the Medieval Warm Period. ("Verdant" Greenland turned out to be more of a marketing exercise than the truth. Ice cores drilled into the heart of Greenland's ice cap show that a substantial quantity of ice has been present on the island for hundreds of thousands of years. Any Vikings who fell for the hype must have had an unpleasant shock when they arrived.)

Temperatures were also cooler in the seventeenth century, corresponding to the Little Ice Age, and again in the early nineteenth century. These warm and cool periods apparently were also fairly widespread, though they may have been less prevalent in the southern hemisphere. 5
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Changes in northern hemisphere temperature relative to the average value from 1961–90 in °C (1°C is approximately 1.8°F) for the past 1,000 years. The different lines reflect data that come from different sources and methods, but all show the same dramatic increase in temperature in the last few decades. (Source: P. D. Jones, T. J. Osborn, and K. R. Briffa, "The Evolution of Climate over the Last Millennium," Science, vol. 292 (5517), pp. 662–7, April 27, 2001)

However, it was only in the twentieth century that temperatures really began to take off. The warming didn't happen regularly, but in two bursts—which turns out to be important. The first one occurred during the early years of the century and was marked enough that it made itself clearly felt. In 1939 Time magazine wrote: "Gaffers who claim that winters were harder when they were boys are quite right ... Weather men have no doubt that the world at least for the time being is growing warmer."6 But the following few decades brought slightly cooler temperatures, at least in the northern hemisphere, and public interest waned.

The second burst of warming began in the 1970s and has been gathering pace ever since. And, crucially, the temperatures we are experiencing now are hotter than they have been for the entire last millennium. Even the Medieval Warm Period was cooler than it is today.7

Let's look at some numbers. Globally averaged, from the 1910s to the 1940s temperatures rose by about 0.6°F. After that there was a cooling of about 0.2°F, and since 1970 the world has warmed by a further 1°F. 8 These numbers might not sound like much, but they are very significant. Although the temperature where you live can change by much more than this within the space of a few hours or days, it is much more worrying when global annual averages show an inexorable upward trend. Averaging in this way smooths out short-term flurries and shows what's really happening. That's why a small change in global average temperature can reflect a very big shift in climate. Speaking in global averages, only a few degrees separate us from the frigid world of the last ice age.9

Though the proxy records of tree rings, ice cores, and the like give a good indication of average temperatures over a timescale of decades, they're not as accurate on temperatures for individual years. Thus, although we can say that the temperature is now greater than it has been in the past thousand years, it's harder to say how 2005 compared with, say, 1105. For that sort of pinpoint accuracy only a human record will do.

Good widespread records started to become available by about 1850, so we can put the past few individual years into the perspective of the past 160 or so. Once again, the message is stark. The hottest years in the entire instrumental record were in 1998 and 2005. They were very close in temperature, and opinion is divided as to which one takes the warming crown. The years 2002, 2003, and 2004 were, respectively, the third, fourth, and fifth warmest on record. In fact, eleven of the past twelve years have been in the top twelve on record. 10

(Much fuss was made of the recent news that an adjustment to NASA's records meant that one of the years of the Oklahoma Dust Bowl, 1934, was marginally warmer in the United States than 1998. While skeptics claimed that this threw the global warming research into disarray, in fact it did no such thing. These two years were long known to be within a few hundredths of a degree of each other in the record of local American temperatures. But averaged over the whole world, 1998 and 2005 remain the joint record holders. Regional records can be interesting, but they don't tell the global story.)
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Temperature change over the past 150 years in °C compared to the 1961–90 average. (Source: IPCC)


The Intergovernmental Panel on Climate Change (IPCC) is an international body made up of leading climate scientists and government advisers from around the world. In 2007 it was awarded the Nobel Peace Prize for its work on identifying the causes of global warming. Because its reports must reflect the consensus view of all its many contributors, the IPCC has a reputation for being conservative. It is also widely considered to be the definitive authority on the science of climate change. 

The latest report from the IPCC, published in 2007, describes the warming of the past few decades as "unequivocal."11 There is no longer any room for doubt. The world is certainly heating up. What we need to know next is why.



People Who Live in Greenhouses

The prime suspect for causing this heating is, of course, the infamous "greenhouse effect." It is this that gives us our capacity to affect the climate; without it, we could burn fuel to our heart's content and the planet wouldn't feel a thing. Because of this, the greenhouse effect is often portrayed as the villain of climate change. But it may come as a surprise to learn that the effect itself is a very good thing. Without it, Earth would be completely frozen.

Looking at our nearest planetary neighbors, Mars and Venus, it's tempting to think that our planet has the best location in the solar system. Venus is closer than we are to the sun, and so hot that its surface would melt lead. Mars is farther from the sun, and its winters are so cold that steel on its surface would shatter. Earth, the in-between "Goldilocks" planet, is supposed to be just right.

However, that's not quite accurate. In fact, we're a little too far away from the sun for comfort. Going by our location alone, Earth should, by rights, be frozen over. This was discovered back in 1827 by French scientist Joseph Fourier, who had decided to try balancing Earth's energy books. 

Our planet's central heating system ought to be fairly simple: Energy comes to us from the sun, in the form of sunlight. Earth soaks up this sunlight. It then glows with warmth, pouring out another form of light, which is too far beyond the red end of the rainbow for our eyes to see and hence is called "infrared." (All warm bodies give off this invisible infrared glow, including humans. Night-vision goggles work by detecting it, as do heat-seeking missiles.)

Fourier thought that the infrared light given off by invisibly glowing Earth would pour back out into space to balance the energy budget and set our global average temperature at 60°F. But when he calculated the heat energy coming in from the sun and going out from infrared radiation, he was astonished. By rights, our global average temperature should be a chilly 5°F. In other words, the entire planet should be frozen. Fourier also realized that each night, when incoming sunlight was temporarily switched off, the outgoing radiation would continue to pour into space, which should have cooled Earth's surface even more. In other words, there should also be much bigger differences between the temperatures of day and night than we see today.

Clearly something else is keeping us warmer than we deserve. Fourier realized that the atmosphere was the key. However, he didn't know which part of our air was acting as a warming blanket. This missing ingredient was discovered by a flamboyant Irishman named John Tyndall. Tyndall worked at London's Royal Institution, and when he wasn't wowing the audiences of poets and politicians upstairs with his famously entertaining lectures about science, he was down in the basement tinkering with his experiments on the atmosphere. He was fascinated by Fourier's calculations and wondered whether something was blocking part of the invisible infrared glow, preventing it from escaping back to space. 

To find out, Tyndall set up an artificial sky in a tube and started shining infrared light through it. He wanted his sky to be as clean as possible, so he took out all "impurities" from the air. This left the two gases that make up more than 99 percent of our atmosphere: oxygen and nitrogen. But to his bafflement, infrared light slipped through the air unhindered. In other words, the gases that make up most of our atmosphere—nitrogen and oxygen—make no difference at all to its temperature.

On a slightly desperate hunch, Tyndall slipped a few of the "impurities" back into his air. He added a whiff of methane, some water vapor, and a soupçon of carbon dioxide, all of which exist in tiny amounts in the real atmosphere. And suddenly everything changed. As far as infrared was concerned, Tyndall's artificial sky went black. These so-called impurities did indeed trap infrared and prevent at least some of it from escaping back into space. They were Fourier's mysterious warming ingredients.

Tyndall and Fourier had discovered what we now call the greenhouse effect. Water vapor, carbon dioxide, methane, and the other so-called greenhouse gases share a special skill that the more abundant oxygen and nitrogen don't possess. They act a bit like the glass windows of a greenhouse, which allow sunlight through to warm the air inside but then prevent the hot air from escaping. The difference is that greenhouse gases don't block the air itself. Instead they're more like a one-way mirror. They let sunlight slip in through the atmosphere to heat the surface, but then block some of the outgoing glow of warmth that would otherwise carry heat back into space.

This discovery teaches two important lessons.

First, a little greenhouse effect is a very good thing. Without any intervention by greenhouse gases, our planet would be frozen and lifeless. Or, as Tyndall put it more poetically: "The warmth of our fields and gardens would pour itself unrequited into space, and the sun would rise upon an island held fast in the iron grip of frost." 

Second, a little greenhouse gas goes a very long way. Watch out for people who say that greenhouse gases can't affect Earth's temperature because they make up such a tiny part of the atmosphere. They are certainly scarce compared to oxygen and nitrogen, but that's not relevant. Thanks to their skills at trapping infrared radiation, a whiff of greenhouse gas can change the temperature of the entire atmosphere, just as a few drops of ink can change the color of an entire bathful of water.

The real atmosphere contains a host of greenhouse gases,12 but the most important are the ones Tyndall tried: water, methane, and carbon dioxide. Of these, gaseous water has by far the biggest effect on the temperature of the air. That's mainly because, compared to the other greenhouse gases, water is so abundant. It can make up anything from a fraction of a percent to several percent of the air, depending on the region, season, and time of day.13

However, when it comes to the power to change the climate, carbon dioxide and methane (and to some extent those few other, scarcer greenhouse gases) come into their own. Carbon dioxide makes up less than 0.04 percent of the air, and methane even less than that. But they both punch considerably above their weight when it comes to global warming, for two important reasons.

First, there is already so much water vapor in the atmosphere that human activities make hardly any difference to the total; rather, they are like adding a few bucketfuls of water to an ocean. But because there's relatively little carbon dioxide and methane, you don't have to add much to make a big proportional difference; adding a small amount is like putting a few extra bucketfuls of water into a bath. Thus, humans have already almost managed to double the amount of greenhouse gases in the air. 

Second, by trapping extra heat themselves, these greenhouse gases also have an indirect effect on the amount of water vapor in the air. Warmer air can soak up more water, and warmer lakes, rivers, and seas can evaporate more easily into the atmosphere. The upshot of these two effects is that if you heat the air a little by adding extra carbon dioxide, it then takes up much more water vapor. This new water acts as a greenhouse gas in its own right and heats the air up even more, roughly doubling the effect the greenhouse gases would have had if they'd acted alone. Scientists call this a positive feedback—positive not because it's good, but because it amplifies the original effect rather than diminishes it.14

So, if you changed the quantities of the greenhouse gases in the air, you would expect the temperature to rise. And that's exactly what we have been doing for the past few hundred years. Since people began throwing coal on their fires, or stoking up their steam engines, carbon dioxide has been rising. The discoveries of oil and natural gas have accelerated the process. Every gas-fired cooker or central heating boiler, every tank of gasoline and every power station fueled by coal, gas, or oil has added a little more carbon dioxide to the air. Oil, coal, and natural gas are the three wicked witches of the climate change story, because they are all dense repositories of carbon.15



How Are Greenhouse Gases Changing?

Carbon is a wonder element, a supreme networker that can make chemical bonds with more or less anything else. Because of this extreme flexibility, carbon is the ultimate building block for all life on Earth. It forms the backbone for everything from carbohydrates, proteins, and fats to leaves, wood, bones, skin, and hair. 

One consequence is that when you burn something that was once alive, you will release the carbon it contained, usually in the form of carbon dioxide.16 That's what happens when you burn oil, coal, and natural gas. These three are known as "fossil fuels," because they are literally the fossilized remains of animals and plants that lived many millions of years ago and had, until the beginning of the Industrial Revolution around 1850, remained safely buried in the ground.

To make coal you need trees, swamps, and plenty of time. Most of the world's black coal was created between 360 and 290 million years ago in a period known, appropriately, as the Carboniferous. This was a time when insects grew to astonishing, horror-movie sizes—millipedes were six feet long, spiders and dragonflies spanned up to three feet, and even cockroaches could be as big as a foot. The coal itself came from the bodies of mighty trees growing in the swamps that covered the Carboniferous Earth.17 When these trees toppled, the stagnant swamp protected them from rotting, and they were gradually compressed, dried out, and cooked into the coal that we burn today.

Making crude oil is a more delicate process. Oil was formed, much of it also in the Carboniferous period, from the dead bodies of tiny sea creatures, but these bodies had to be trapped, preserved, and cooked to exactly the right temperatures and pressures. That's why oil is found in far fewer places than coal. If the cooking process went awry, the oil broke down and turned into methane, also known as natural gas. Almost all oil deposits come with some methane, but methane is often also found on its own.

Since all three of these fossil fuels used to be alive, they are all made up of forms of carbon. Thus, burning fossil fuels produces carbon dioxide. 

There's an important point to make here about the natural balance of carbon dioxide. Burning formerly living things isn't the only way that carbon dioxide can appear in the air. When we and most other living things breathe, we are "burning" our food to produce energy (which is one reason we talk about burning calories). And because our food used to be alive, the by-product is carbon dioxide. The carbon dioxide that we animals breathe out is taken up by plants, which use it to make their bodies, providing us with the food that completes the cycle. Vast quantities of CO2 pass through the atmosphere perfectly naturally in this way every day; What's more, burning wood, crops, and anything else that used to be alive will also put carbon dioxide into the air. So why the focus on fossil fuels?

The reason fossil fuels are so important to the climate change story is that they involve burning carbon that had been buried for hundreds of millions of years. By contrast, the carbon inside wood was in the air fairly recently, probably just a few decades ago, before the tree soaked it up and converted it into trunk and branches. When you burn the wood, you're putting that same carbon dioxide back. In the long term, nothing changes.

Similarly, when you breathe, you release carbon dioxide that was probably taken up in the past year or two to make your food. Again, zero sum.18

But when you burn something that has been buried, and hence kept out of the air, for hundreds of millions of years, there's an important difference. By burning fossil fuels we are tapping into an old, deep reservoir that has long been locked away, and thus we are drastically changing the balance of the air.

Does that really matter? After all, as we hinted in the preface, there have been times in the past when carbon dioxide levels have been much, much higher than they are today. The trouble is that these times were unimaginably long ago, before humans were even a glint in nature's eye. 

We know this because, thanks to a miraculous application of science and ingenuity, we actually have pieces of ancient air to study. These come from Antarctica, where the year-round freezing temperatures mean that snow that fell hundreds of thousands of years ago is still there today. It has been buried by subsequent layers, so you have to dig deep to find the really old snow (which has since been squashed down into ice). Researchers at Russia's Vostok station have done just that, drilling a core whose ice stretches back some 400,000 years. A subsequent core drilled at a joint French-Italian base at Dome C produced ice that is even older, at some 800,000 years.19 Inside this ancient ice are tiny bubbles of air that were trapped when the snow first fell.

Scientists have analyzed these bubbles to check how much carbon dioxide and methane they contain. The results show that over long time periods, carbon dioxide levels naturally rise and fall. During ice ages, carbon dioxide tends to be quite low. During warmer times the carbon dioxide rises. However, there is not a single moment in the past 650,000 years when the amount of carbon dioxide has been anywhere near as high as it is today.20

We know that carbon dioxide levels have recently taken an ugly turn, thanks to an extremely persistent American researcher named Charles David Keeling. Back in the 1950s, Keeling decided to find out how carbon dioxide in the atmosphere was changing. He chose a site in Hawaii, far away from industrial sources that might bias his results, and then started measuring. In those early years he had constant trouble persuading funders that the study was worth doing, and, more important, worth continuing. But he succeeded, and his "Keeling curve" has become an icon of the global warming story.21

That's because the curve shows a never-ending rise. As the century has progressed, and we have burned ever more fossil fuels, Reeling's carbon dioxide curve has reared up like a malevolent serpent. 

Once again, let's talk numbers. Because there's so little carbon dioxide in the atmosphere to start with, it's messy to use percentages. Instead, for carbon dioxide and other gases that are scarce in the air, scientists use "parts per million," or ppm. One ppm is 0.0001 percent.

During ice ages, carbon dioxide reaches a low of about 180 to 190 ppm. For the warmer periods in between (of which our current climate is one), carbon dioxide typically rises to a high of about 290. From the coldest point of the last ice age, about twenty thousand years ago, until 1900, the levels lay in a healthy range of 260 to 290 ppm.22

But over the time of the Keeling curve, the level has skyrocketed to about 383 ppm in 2007. The planetary atmosphere now contains a level of carbon dioxide that is nearly 40 percent higher than its "natural" preindustrial values, and it is still rising at between 2 and 3 ppm per year.

What's more, the levels of other greenhouse gases like methane have been rising, too. In the case of methane the reasons for the rise are more complicated—it comes from increasing the area of rice paddy fields, from gas that escapes when you're drilling for oil and even from belching cows.23 In addition, there are the artificial chemicals, chlorofluorocarbons (CFCs), which nearly destroyed the ozone layer and happen to be excellent greenhouse gases in their own right. Putting all these together and calculating how much they add to the carbon dioxide effect, we now have a "carbon dioxide equivalent" (CO2eq) level of about 430 ppm. In other words, we have effectively added about 60 percent to the greenhouse gases that were there before. And counting.

In summary, we know the world is warming. The physics first discovered by John Tyndall tells us that carbon dioxide is a greenhouse gas that heats Earth. The ice cores also show that when carbon dioxide goes up, temperature goes up. And carbon dioxide is higher now than it has been for hundreds of thousands of years. When you're looking for an explanation for the recent heating up of the planet, carbon dioxide and its sister greenhouse gases are clearly the likeliest culprits. 

But did they really do it?




2. WHODUNNIT?

For the reasons already given in chapter 1, the prime suspect for the warming of our climate is, of course, the greenhouse effect. But there are still other, perfectly natural ways to change the climate. How do we know that this recent warming isn't just part of a normal cycle? 

The best way to tell is to look at the characteristics of the heating, a fingerprint that identifies which mechanism is responsible. For instance, some warming mechanisms work geographically very widely, whereas others are more regionally focused. And some cause the atmosphere to heat through at every level, while others heat only closer to the ground. It's by looking at which possible mechanisms have changed in the "right" direction, and then using these sorts of arguments to choose between them, that scientists have reliably identified the culprit.

As we mentioned in chapter 1, Earth's temperature is set by the balance between the sunlight it receives and the infrared "heat glow" that it radiates back to space. So, in principle, there are four possible ways to turn up the heat:


Increase the Amount of Sunlight

Sunlight does indeed vary. Roughly every eleven years our parent star experiences bursts of energy followed by periods of sloth, and the strength and length of this cycle also change. For instance, during the so-called Maunder Minimum, between about 1645 and 1715, there were many fewer sunspots than usual, and this coincided with the coldest part of the Little Ice Age. Also, the sun was a little more active during the early parts of the twentieth century, and this probably contributed to that first burst of warming. 

However, the sun has not been getting brighter in the past several decades. In fact, since 1970 the sun has actually experienced a slight cooling.1

Some researchers have suggested that the mechanism might be more subtle than this. Tiny, high-energy particles called cosmic rays constantly rain down on the earth from outer space. It's possible that when some of these particles hit the air, they encourage the formation of a cloud droplet. Thus fewer cosmic rays might equal fewer clouds, which—depending on the height of the clouds—might in turn mean that less sunlight is blocked.

The sun itself could conceivably help to bring this situation about. When the sun becomes more active, its magnetic field strengthens. This field stretches throughout the solar system and acts like a giant force field, blocking cosmic rays from entering our airspace. Thus, a more active sun would mean fewer cosmic rays, which might mean fewer clouds and a warmer climate.

This idea is intriguing, but it contains a lot of "mights," which troubles many researchers. A worse problem for its proponents is that recent evidence shows that numbers of cosmic rays haven't been falling lately, even though the temperature has certainly risen. In fact, like the sun's total output, cosmic rays have gone in exactly the wrong direction. If anything, they should have caused cooling.2

In other words, by whatever mechanism you choose, solar changes cannot explain the dramatic rise in temperature over the past few decades.




Reflect Less Sunlight Directly Back Again

The way to do this would be to change the planet's shininess. Some of the sunlight that arrives on Earth reflects straight back into space before it can do any warming. For instance, it can bounce back off the top side of clouds, which is why it feels cooler when a cloud passes between you and the sun.3 

There's no obvious reason why clouds should have naturally changed in number during the last century. But sunlight can also bounce back if it encounters a haze of tiny particles, known collectively as aerosols because they float in the air.4 If these have decreased in number in recent years, that could explain why the planet started to warm.

Natural versions of aerosols include bits of dirt, sand, or dust, volcanic ash, soot, or liquid droplets of sea salt, and even the largest particles are still smaller than the period at the end of this sentence. Most of these are whipped up briefly by the wind and last only a short time in the air before falling back to Earth. But the ash and droplets of sulfate put out by volcanoes are thrown up higher into the air, and can sometimes live long enough to cause significant cooling.

In 1991 Mount Pinatubo in the Philippines erupted to dramatic effect. As well as the vast quantities of ash that it rained down on the land around, it spurted a huge mass of aerosols twenty miles up into the air. This was so high that the aerosols lingered far above the weather systems that could otherwise have rained them back down to Earth. Over the next eighteen months they spread around the world, and global temperatures cooled by about 0.9°F. Dramatic eruptions like these cause aerosols to go high enough, and live long enough, to affect the climate. If such eruptions temporarily waned, that could cause the world to heat up.

It's a nice idea, but unfortunately it turns out to be wrong. There was a temporary lull in volcanic activity between about 1915 and 1956, but since then the world's volcanoes have been enthusiastically blowing their tops. In fact, they resumed their activity just before the warming took off. 5 If anything, volcanic aerosols have been keeping a slight check on the temperatures in recent years. To find the reason for the warming itself, we have to look elsewhere.



Spread the Sunlight Around Differently As Part of a Short-Term Natural Cycle

It's possible that we're just going through a warm phase of some perfectly normal cycle that spreads the heat out differently, sometimes warming, sometimes cooling Earth. We know that our planet has several of these cycles, most of which are not fully understood. Perhaps the most famous are the Milankovitch cycles. These are slight wobbles in the orbit of Earth around the sun, which affect how much sunlight arrives in the northern hemisphere in summertime on a timescale of 100,000 years or so.

Scientists believe that this is what triggers the planet to cycle in and out of ice ages. It works because the northern hemisphere contains most of Earth's land, and you need land to make glaciers. Slightly cooler northern hemisphere summers mean that snow from the previous winter can stay around on the ground. Gradually, the snow turns to ice and giant glaciers begin to form.

The change in the amount of sunlight in itself isn't large enough to explain the ice age. But other feedbacks quickly start to kick in. White ice reflects more sunlight than dark land, so Earth itself begins to cool. Then, as the planet cools, various other mechanisms start to suck carbon dioxide out of the air, which makes for even more cooling. The upshot is that a small shift in the amount of energy falling on one part of the planet causes a massive change in climate all over the world.


(Incidentally, this is why the temperature starts to drop a little in the ice core records before carbon dioxide levels change. Many skeptics argue that this time lag means that carbon dioxide can't ever be responsible for temperature changes. In fact, they're misreading the record. In ice ages, what happens first comes from outside. But it's only when this triggers changes in carbon dioxide that the real temperature rises and falls start to kick in. After that, the ice core record shows remarkably well how tightly changing carbon dioxide is coupled to changing temperature. Once the change in CO2 has been triggered, the two march in impressive lockstep.) 

The likeliest candidate for warming on the timescale of years, rather than millennia, would be the so-called El Niño/ Southern Oscillation. Roughly speaking, El Niño occurs when a warm pool of water that usually resides in Indonesia heads east toward the west coast of South America. Through a complex series of atmospheric connections, this process tends to warm the world a little. When the pool moves back west, the world correspondingly cools.

However, the warming effect of changing El Niño lasts only a few years. It also tends to have a very specific spatial effect; though the globe as a whole warms, the North and South Pacific tend to cool down. Our recent warming, by contrast, has been felt everywhere.

In fact, the same sorts of arguments apply to any form of internal cycle you can think of. As the IPCC report put it: "No known mode of internal variability leads to such widespread, near universal warming as has been observed in the past few decades."6 Moreover, as we discussed in chapter 1, nature's temperature records show that we haven't seen warming like this for at least one thousand years, which makes it even less likely that we are on the up phase of some natural cycle.

Which leaves us with...




Trapping More Infrared Radiation As It Tries to Leave, Otherwise Known As the Greenhouse Effect

Chapter 1 describes the evidence that greenhouse gases affect temperature, and also the evidence that their concentrations have been rising. But there are additional reasons to believe that greenhouse gases are indeed the cause of the recent warming. 

For one thing, unlike aerosols, which are rained out of the atmosphere relatively quickly, greenhouse gases are long-lived. Methane stays in the atmosphere some twelve years. Carbon dioxide remains in place for more than a century. Since both of these gases have plenty of time to spread right around the globe, their effect should be felt everywhere. And it is. The warming we have experienced since 1970 has shown up clearly on every inhabited continent.

Also, the heating effect from carbon dioxide tends to hug the ground. Normally, upper parts of the atmosphere soak up some of the outgoing heat and get a little warmer. But when carbon dioxide traps the heat below, like a blanket, the lowest part of the next layer up, the stratosphere, should begin to cool. This is one of the characteristic signatures of the greenhouse effect in action, and it's exactly what has been happening. Satellites and balloon-borne measurements show that the lower stratosphere has cooled by between 0.5°F and 1°F per decade since 1979, which is just what you'd expect if greenhouse gases were trapping radiation.7

The final proof that greenhouse gases really are the problem comes from atmospheric models of how the air works. Models have come a long way in the past few decades. The most sophisticated ones, called Global Climate Models,8 or GCMs, use large, fast (and expensive) computers to calculate the behavior of the air. They envisage the atmosphere as adjoining towers of boxes, all of which obey the basic laws of physics. Air, heat, and moisture pass between the boxes, and radiation goes in and comes out. The air can also interact with the ocean, and in many cases with vegetation on Earth's surface. 

GCMs have been criticized because it's not always easy to tell how realistic they are. Even if they do an excellent job of simulating the world we see, that could be because their operators have tweaked them to make sure they fit. Fortunately, though, we have plenty of information about how climate has changed in the past, often from the same sort of proxy measurements that we described earlier in chapter 1, such as ice cores, tree rings, and corals. So it's possible to test how good GCMs are by looking at how well they can reproduce the past. And, generally, the best ones do pretty well.

The models are not perfect. For instance, they still can't get down to the sort of regional detail we need to predict the events that will affect individual communities, such as storms and local shifts in rainfall patterns; they're not yet very good at simulating clouds; aerosols provide a particular challenge, and for this and other reasons different models still give a spread of answers about exactly how much temperature rise will come from a given rise in carbon dioxide. We address this further in chapter 6.

But there is one thing that models can do that nothing else can manage, and that's experiments involving the entire planet, Normally, if scientists want to establish the cause of a particular effect, they try an experiment in different ways. What happens if I add this? Let's try again taking away that. But with the climate problem they are stymied—there is, after all, only one Earth.

Models can help to fill this gap. You can let a model run with different inputs—only solar activity, say, and volcanoes, or only greenhouse gases—and then see what the results look like. Comparing that to the real world gives us clues about what was really to blame.

And when the GCMs do that, they all come to the same conclusion. There is no way to explain the warming of the past few decades unless you include the rise in greenhouse gases. But when you do add the gases, you see exactly what happened in the real world. The same story applies individually to every inhabited continent on Earth. Each one has seen dramatic warming in the past few decades, and in every case the models can account for the warming only if greenhouse gases are added to the mix. 

In fact, the models generally do a good job of explaining all the changes that have taken place in the twentieth century, including the fact that temperatures apparently dropped a little during the middle part of it—something of which climate change skeptics like to make great play. It turns out that the cooling came from something we've already discussed in this chapter: aerosols. They did in fact have a marked effect on the temperature of the twentieth century. It was anything but natural, however. Burning dirty coal produces plenty of sulfur-containing aerosols, and researchers now think that these were responsible for the slight cooling that took place between about 1940 and the late 1960s.

Some darker forms of aerosols formed from burning can have the opposite effect. Black or brown soot particles cause warming because their dark color means that they soak up sunlight, and thus heat the air around them. For instance, the brown clouds of smog that hover over parts of the Indian subcontinent help to explain why parts of this region are heating up much faster than the global average, which could in turn explain why the Tibetan glaciers are receding at such an alarming rate.9 But sulfate aerosols have a cooling effect, and they dominated during the middle of the twentieth century.

The early part of that century was hit by the cooperative effects of increased sunlight, reduced volcanic activity, and increased greenhouse gases, counterbalanced a little by the aerosols from dirty coal. The overall effect was one of warming. But as the sun's
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Temperature changes over the past 150 years in °C compared to the 1961–90 average. The models cannot reproduce this unless they incorporate both natural and human influences. (Source: IPCC)
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The temperature is rising on every inhabited continent. Model simulations cannot explain this rise unless they incorporate the effects of human-induced changes in greenhouse gases. (Source: IPCC)






activity waned, aerosols began to win this tug-of-war, and for a few years Earth cooled slightly.10 

One major clue that this is correct comes from the fact that the cooling was seen only in the northern hemisphere. The aerosols from fires and factory chimneys are not thrown high into the atmosphere like the ones from Mount Pinatubo, and so they tend to be rained back out again after a week or so. Thus they don't have time to spread, and they have to linger where they were formed. Because the northern hemisphere has most of the world's land, and most of the world's industrialized countries, that's where the aerosols were. And that's why only the northern hemisphere witnessed this midcentury cooling.

But then many industrialized nations cleaned up their act. Nobody wanted to live in choking, filthy cities, and a series of Clean Air Acts were passed. Ironically, in cleaning away the obvious signs of pollution in our air, we lost some of the cooling effects that these particles were giving us. And we left the invisible and much more deadly pollutants, greenhouse gases, free to do their worst.

The models show this beautifully. When they put together solar warming and greenhouse gases, the early part of the century in the model warms exactly as it did in the real world. The aerosols gradually take over in the middle of the century, and then the greenhouse gases win out in the end.11

A few other apparent holes in the greenhouse gas argument were eagerly seized on by skeptics. But in the last few years they have all been resolved.

For instance, though ground-based measurements showed clearly that Earth was warming, satellites seemed to suggest that just a little higher up, in the mid- to upper troposphere, temperatures were not moving. But this turned out to be because of straightforward errors in how the satellite data were analyzed. Proper analysis reveals that upper parts of the troposphere are indeed warming at a very similar rate to the ground.


Also, some people suggested that carbon dioxide would not increase the amount of water vapor in the air, because the upper part of the troposphere would dry out as the lower part moistened. Without the power of the extra water vapor to boost the carbon dioxide's greenhouse effect, they suggested, it wouldn't cause enough warming to matter. However, satellite measurements now show that the upper troposphere is indeed getting wetter, exactly as predicted.12 

All of this evidence points to the same thing. The recent heating up of planet Earth has carbon dioxide's fingerprints all over it. Or, to put it more succinctly, and to answer the question posed in the title of this chapter: Wedunnit. Human activity is to blame for the rise in temperature over recent decades, and will be responsible for more changes in the future. There are plenty of areas for debate in the global warming story, but this is not one of them. Anybody tells you differently either has a vested interest in ignoring the scientific arguments or is a fool.

Until now, we have focused on the changes in temperature that planet Earth has experienced in the past few decades. But these changes have also affected many other aspects of the climate, with corresponding trouble for its inhabitants. We'll talk about this in the next chapter.
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