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Introduction

I write these words in May of 2011, the week after a huge outbreak of tornadoes killed hundreds across the American South; it was the second recent wave of twisters of unprecedented size and intensity. In Texas, a drought worse than the Dust Bowl has set huge parts of the state ablaze. Meanwhile, the Army Corps of Engineers is moving explosives into place to blow up a levee along the Mississippi River, swollen by the the third “100-year-flood” in the last twenty years—though as the director of the Federal Emergency Management Administration noted at the end of 2010, “the term ‘100-year event’ really lost its meaning this year.” That’s because 2010 was the warmest year recorded, a year when 19 nations set new all-time high temperature records. The Arctic melted apace; Russia suffered a heat wave so epic that the Kremlin stopped all grain exports to the rest of the world; and nations from Australia to Pakistan suffered flooding so astonishing that by year’s end the world’s biggest insurance company, Munich Re, issued this statement: “The only plausible explanation for the rise in weather-related catastrophes is climate change. The view that weather extremes are more frequent and intense due to global warming coincides with the current state of scientific knowledge.”

And that’s not the bad news. The bad news is that on April 6, the U.S. House of Representatives was presented with the following resolution:


“Congress accepts the scientific findings of the Environmental Protection Agency that climate change is occurring, is caused largely by human activities, and poses significant risks for public health and welfare.”



The final vote on the resolution? 184 in favor, 240 against. When some future Gibbon limns the decline and fall of our particular civilization, this may be one of the moments he cites.

In some sense, this anthology is an attempt to deal with the paradox that, though everyone (scientists, the insurance industry) we depend upon to analyze risk tells us we are facing the gravest crisis in human history, our political system here and around the world is doing nothing. The Democratic-controlled Senate last summer refused even to take a vote on the mild, modest, even tepid climate change bill that came before it; President Obama has wasted no political capital pushing for such legislation. There are many obstacles to change, of course: the inertia that comes with our dependence on fossil fuels; the powerful vested interests of the most profitable industry the world has ever seen. But there’s also a fundamental lack of understanding about how high the stakes are, about what we can do, and most of all about what it means to be watching the only world humans have ever known change in deep and dramatic ways. We can’t just be stunned—that seems to lead to denial, to inaction. We need to feel what’s happening, not just in our overheating bodies but in our minds and spirits too.

Perhaps the first thing to realize about global warming is what a new idea it is. The first few papers in the Science section of this anthology may belie that notion, but it is important— while giving great honor to Arrhenius and the few others who first conceived the idea—to realize that not even other scientists were paying attention until very recently. It was not until the late 1980s that climate change broke into the open: if you had to assign a date, it would be the June afternoon when NASA’s James Hansen testified before a House committee, a story that ran above the fold in the New York Times the next day and signaled the start of a pervasive new worry for human beings.

For some while, the scale of that worry was not clear. Those of us who thought it was likely to be catastrophic (I wrote the first book for a general audience about this topic, in 1989, and it bore the fairly definitive title The End of Nature) had to wait a few years for science to conclusively confirm those fears. The world’s climatologists cobbled together what may turn out to be one of the most important organizations in the planet’s history: the Intergovernmental Panel on Climate Change (IPCC), which by 1995 had concluded that humans were warming the planet and that it was likely to be serious.

In the fifteen years since, it’s as if the planet itself has been conducting a rigorous peer review of that science, just to make sure it was right. We’ve had a succession of incredibly warm years—already, in fact, the planet has warmed on average about one degree Celsius. And it turns out that’s enough to cause huge physical changes, which are occurring faster than (habitually conservative) scientists would have predicted even a few years ago. For instance:

•  The Arctic has lost twenty-five percent of its summer ice cover, and the melt on Greenland is proceeding with unnerving speed.

•  The hydrological cycle is fundamentally disrupted, with both more droughts and far more extreme rainfall events.

•  The oceans have become steadily more acidic as seawater absorbs carbon dioxide, changing its chemistry.

•  Forest fires are raging with newfound intensity, and forests in the boreal regions are dying from onslaughts of insects once kept in check by cold winter temperatures.

In other words, virtually every major physical system on the planet is now in a state of remarkable flux. In the geological blink of a blink of a blink of an eye, we’ve managed to bring the epoch that scientists call the Holocene to an end. Since that 10,000-year period of climatic stability marked the rise of human civilization, its conclusion should worry us. And, indeed, around the world we can already see the widespread effects of this warmer, wilder weather on human life:

•  Crop yields have become erratic, with serious busts as heat waves wipe out whole growing regions.

•  Mosquito-borne diseases, for example dengue fever, have spread rapidly, and have now reappeared even in North America.

•  Political tensions have begun to flare over water shortages and refugee fears: India, for instance, has constructed a long wall on its boundary with Bangladesh, a country exquisitely vulnerable to global warming.

•  Small, low-lying islands have been evacuated as rising seas have made habitation impossible.

In the Science section of this book, I’ve included some of the basic documents that allow us to understand just what’s going on. Some of them are historic—it’s important that we remember how we learned of this problem and how our understanding has evolved. Some are current. But all should be, at some deep level, unsettling. If they have a basic message, it’s this: we’ve taken the stability of our planet entirely for granted. That stability has let us largely ignore the physical world—it’s been the backdrop for our political and economic lives. But as it happens, that stability was precarious, and it has now been upset. We were born on one world (a world we could count on to support us) and now we live on a new world, without any such assurance.

But the science of global warming is, in some sense, the easy part (though the difficulty of modeling the impacts of carbon, and of measuring its many effects, should never be underestimated—these researchers are real heroes). What’s been harder, almost from the start, is the politics. To do anything about global warming would require doing something about fossil fuel—in particular, it would require us to stop burning it. Which is only about the hardest task you can imagine.

For one thing, fossil fuel is what we do. If an alien landed here, he could be forgiven for describing us as flesh-colored appliances for combusting coal, gas, and oil. So getting off it is not like the other environmental challenges we’ve faced; it doesn’t require a small technical fix à la catalytic converters on exhaust pipes. It’s not so much that some mistake is being made that needs fixing; it’s not like when BP manages to stab a hole in the bottom of the ocean that they can’t patch. It’s what happens all day every day. A coal-fired power plant doesn’t need an accident to wreck the planet; it performs that task constantly. And of course, on some smaller level, each of us does the same.

It’s also worth remembering just how much profit the fossil fuel system represents. ExxonMobil made more money in each of the last three years than any company in the history of … money. In our political system, that extraordinary profitability allows it and other energy companies an almost infinite ability to wield influence, especially when all they must do to win is delay action. Delay is simple to arrange—this past summer, for the twenty-first straight year of the global warming era, the U.S. Congress decided not to do anything about the problem. “I hate to tell you, I just don’t wake up thinking about it,” said Tennessee Republican Bob Corker, who promised to vote against the bill.

It’s true that this partisan craziness is strongest in the United States. But it’s also true that there’s another challenge, at least as big, to political progress on climate. That’s the position of the developing nations, who look around and notice that the nations that have already developed did so by burning big piles of coal and big pools of oil. For China and India, and then for everyone else lined up behind them, that’s the easiest way to proceed as well, and so it’s the path down which they’ve rushed in the last decades: by now China has passed the U.S. as the largest emitter of CO2, almost entirely due to coal-fired power. (Of course, it’s always worth bearing in mind the country’s giant population—in per capita terms they’re still pikers compared to Americans.) The West has no moral right to tell China to choose some other path—but there’s no practical alternative. And so the Chinese are caught: full steam ahead and lose the Himalayan ice, or slow down and lose the record economic growth that keeps their society stable.

The only way out of that box is if the West can figure out how to share some of the wealth it’s built up in two centuries of carbon-burning with the rest of the planet, preferably in the form of renewable energy technology. It would take a full-on commitment—it would take a lot of money. A hundred billion dollars annually is the figure diplomats have been tossing around, but earlier this year America’s climate negotiators said the money would have to come from “private sources,” not taxes. Because they’re scared of the politics. The politics are, probably, impossible— unless somehow we can build a movement that can really push.

That movement can only come when we feel, deep down, the impact of what’s happening around us. The third section of this book may be the most important, the place where writers have the most to add. So far, the literature of global warming remains fairly thin—and the reason, I think, is that the magnitude of what we’re doing is so hard to take in. For all of our civilization, we’ve thought mostly about the relationship between human beings and human beings. That’s where the conflict and the action have been. But that’s now changing, and changing fast. The planet itself is becoming a key character.

If we could feel in our bones just exactly what it is that’s happening—if we really understood that the decisions we make in the next Congress or Parliament or Politburo will determine what happens for essentially the entire human future—we could maybe spur ourselves to action. That’s a difficult conceptual leap; our genes haven’t really equipped us for thinking on this scale. So this will be like an exam, and maybe a final exam, for how well our culture has readied us to see beyond those instincts. Yes, we need new wind turbines and solar panels. But really, most of all, we need new metaphors. And we have very little time to find them.

— Bill McKibben

Middlebury, Vermont

May 2011


PART I
SCIENCE

 

Svante Arrhenius was one of those polymaths rarely encountered in the modern, specialized era. A Swede who showed a prodigious early talent for math, he won the Nobel Prize in Chemistry in 1903 for his work on the conductivity of electrolytes, an important contribution to an emerging science. But it’s likely that history will remember him most for being the first to propose that burning fossil fuels would eventually hike the planet’s temperature. Using early calculations of the rate at which carbon dioxide traps heat in the earth’s atmosphere, he concluded that “evaporating our coal mines into the air” would eventually raise the earth’s temperature by five or six degrees Celsius, a prediction remarkably close to that now yielded by the most powerful supercomputers on the planet. But Arrhenius, looking at contemporary consumption of coal, thought that doubling the atmospheric concentration of CO2 would take three thousand years; he didn’t understand that the century then dawning would see such remarkable economic growth, almost all of it underwritten by fossil fuel.


On the Influence of Carbonic Acid in the Air upon the Temperature of the Ground

Svante Arrhenius

1896

Geological Consequences

I should certainly not have undertaken these tedious calculations if an extraordinary interest had not been connected with them. In the Physical Society of Stockholm there have been occasionally very lively discussions on the probable causes of the Ice Age; and these discussions have, in my opinion, led to the conclusion that there exists as yet no satisfactory hypothesis that could explain how the climatic conditions for an ice age could be realized in so short a time as that which has elapsed from the days of the glacial epoch. The common view hitherto has been that the earth has cooled in the lapse of time; and if one did not know that the reverse has been the case, one would certainly assert that this cooling must go on continuously. Conversations with my friend and colleague Professor Högbom, together with the discussions above referred to, led me to make a preliminary estimate of the probable effect of a variation of the atmospheric carbonic acid on the temperature of the earth. As this estimation led to the belief that one might in this way probably find an explanation for temperature variations of five to ten degrees Celsius, I worked out the calculation more in detail, and lay it now before the public and the critics.

From geological researches the fact is well established that in Tertiary times there existed a vegetation and an animal life in the temperate and arctic zones that must have been conditioned by a much higher temperature than the present in the same regions.1 The temperature in the arctic zones appears to have exceeded the present temperature by about eight or nine degrees. To this genial time the ice age succeeded, and this was one or more times interrupted by interglacial periods with a climate of about the same character as the present, sometimes even milder. When the ice age had its greatest extent, the countries that now enjoy the highest civilization were covered with ice. This was the case with Ireland, Britain (except a small part in the south), Holland, Denmark, Sweden and Norway, Russia (to Kiev, Orel, and Nijni Novgorod), Germany and Austria (to the Harz, Erz-Gebirge, Dresden, and Cracow). At the same time an ice-cap from the Alps covered Switzerland, parts of France, Bavaria south of the Danube, the Tyrol, Styria, and other Austrian countries, and descended into the northern part of Italy. Simultaneously, too, North America was covered with ice on the west coast to the forty-seventh parallel, on the east coast to the fortieth, and in the central part to the thirty-seventh (the confluence of the Mississippi and Ohio rivers). In the most different parts of the world, too, we have found traces of a great ice age, as in the Caucasus, Asia Minor, Syria, the Himalayas, India, Thian Shan, Altai, Atlas, on Mount Kenia and Kilimandjaro (both very near to the equator), in South Africa, Australia, New Zealand, Kerguelen, Falkland Islands, Patagonia and other parts of South America. The geologists in general are inclined to think that these glaciations were simultaneous on the whole earth;2 and this most natural view would probably have been generally accepted, if the theory of Croll, which demands a genial age on the Southern hemisphere at the same time as an ice age on the Northern and vice versa, had not influenced opinion. By measurements of the displacement of the snow-line we arrive at the result—and this is very concordant for different places—that the temperature at that time must have been four to five degrees Celsius lower than at present. The last glaciation must have taken place in rather recent times, geologically speaking, so that the human race certainly had appeared at that period. Certain American geologists hold the opinion that since the close of the ice age only some 7,000 to 10,000 years have elapsed, but this most probably is greatly underestimated.

One may now ask, How much must the carbonic acid vary according to our figures, in order that the temperature should attain the same values as in the Tertiary and Ice ages respectively? A simple calculation shows that the temperature in the arctic regions would rise about eight to nine degrees Celsius, if the carbonic acid increased to two and a half or three times its present value. In order to get the temperature of the ice age between the fortieth and fiftieth parallels, the carbonic acid in the air should sink to 0.62-0.55 of its present value (lowering of temperature four to five degrees Celsius). The demands of the geologists, that at the genial epochs the climate should be more uniform than now, accords very well with our theory. The geographical annual and diurnal ranges of temperature would be partly smoothed away, if the quantity of carbonic acid was augmented. The reverse would be the case (at least to a latitude of fifty degrees from the equator), if the carbonic acid diminished in amount. But in both these cases I incline to think that the secondary action due to the regress or the progress of the snow-covering would play the most important role. The theory demands also that, roughly speaking, the whole earth should have undergone about the same variations of temperature, so that according to it genial or glacial epochs must have occurred simultaneously on the whole earth. Because of the greater nebulosity of the Southern hemisphere, the variations must there have been a little less (about fifteen percent) than in the Northern hemisphere. The ocean currents, too, must there, as at the present time, have effaced the differences in temperature at different latitudes to a greater extent than in the Northern hemisphere. This effect also results from the greater nebulosity in the arctic zones than in the neighbourhood of the equator.

There is now an important question which should be answered, namely: Is it probable that such great variations in the quantity of carbonic acid as our theory requires have occurred in relatively short geological times? The answer to this question is given by Professor Högbom. As his memoir on this question may not be accessible to most readers of these pages, I have summed up and translated his utterances which are of most importance to our subject:3

Although it is not possible to obtain exact quantitative expressions for the reactions in nature by which carbonic acid is developed or consumed, nevertheless there are some factors, of which one may get an approximately true estimate, and from which certain conclusions that throw light on the question may be drawn. In the first place, it seems to be of importance to compare the quantity of carbonic acid now present in the air with the quantities that are being transformed. If the former is insignificant in comparison with the latter, then the probability for variations is wholly other than in the opposite case.

On the supposition that the mean quantity of carbonic acid in the air reaches 0.03 volume percent, this number represents 0.045 percent, by weight, or 0.342 millimeter partial pressure, or 0.466 grams of carbonic acid for every square centimeter of the earth’s surface. Reduced to carbon, this quantity would give a layer of about one millimeter thickness over the earth’s surface. The quantity of carbon that is fixed in the living organic world can certainly not be estimated with the same degree of exactness; but it is evident that the numbers that might express this quantity ought to be of the same order of magnitude, so that the carbon in the air can neither be conceived of as very great nor as very little, in comparison with the quantity of carbon occurring in organisms. With regard to the great rapidity with which the transformation in organic nature proceeds, the disposable quantity of carbonic acid is not so excessive that changes caused by climatological or other reasons in the velocity and value of that transformation might be not able to cause displacements of the equilibrium.

The following calculation is also very instructive for the appreciation of the relation between the quantity of carbonic acid in the air and the quantities that are transformed. The world’s present production of coal reaches in round numbers 500 millions of tons* per annum, or 1 ton per square kilometer of the earth’s surface. Transformed into carbonic acid, this quantity would correspond to about a thousandth part of the carbonic acid in the atmosphere. It represents a layer of limestone of 0.003 millimeter thickness over the whole globe, or 1.5 cubic kilometers in cubic measure. This quantity of carbonic acid, which is supplied to the atmosphere chiefly by modern industry, may be regarded as completely compensating the quantity of carbonic acid that is consumed in the formation of limestone (or other mineral carbonates) by the weathering or decomposition of silicates. From the determination of the amounts of dissolved substances, especially carbonates, in a number of rivers in different countries and climates, and of the quantity of water flowing in these rivers and of their drainage-surface compared with the land-surface of the globe, it is estimated that the quantities of dissolved carbonates that are supplied to the ocean in the course of a year reach at most the bulk of 3 cubic kilometers. As it is also proved that the rivers the drainage regions of which consist of silicates convey very unimportant quantities of carbonates compared with those that flow through limestone regions, it is permissible to draw the conclusion, which is also strengthened by other reasons, that only an insignificant part of these 3 cubic kilometers of carbonates is formed directly by decomposition of silicates. In other words, only an unimportant part of this quantity of carbonate of lime can be derived from the process of weathering in a year. Even though the number given were on account of inexact or uncertain assumptions erroneous to the extent of fifty percent, or more, the comparison instituted is of very great interest, as it proves that the most important of all the processes by means of which carbonic acid has been removed from the atmosphere in all times, namely the chemical weathering of siliceous minerals, is of the same order of magnitude as a process of contrary effect, which is caused by the industrial development of our time, and which must be conceived of as being of a temporary nature.

In comparison with the quantity of carbonic acid which is fixed in limestone (and other carbonates), the carbonic acid of the air vanishes. With regard to the thickness of sedimentary formations and the great part of them that is formed by limestone and other carbonates, it seems not improbable that the total quantity of carbonates would cover the whole earth’s surface to a height of hundreds of meters. If we assume 100 meters—a number that may be inexact in a high degree, but probably is underestimated —we find that about 25,000 times as much carbonic acid is fixed to lime in the sedimentary formations as exists free in the air. Every molecule of carbonic acid in this mass of limestone has, however, existed in and passed through the atmosphere in the course of time. Although we neglect all other factors which may have influenced the quantity of carbonic acid in the air, this number lends but very slight probability to the hypothesis, that this quantity should in former geological epochs have changed within limits which do not differ much from the present amount. As the process of weathering has consumed quantities of carbonic acid many thousand times greater than the amount now disposable in the air, and as this process from different geographical, climatological and other causes has in all likelihood proceeded with very different intensity at different epochs, the probability of important variations in the quantity of carbonic acid seems to be very great, even if we take into account the compensating processes which, as we shall see in what follows, are called forth as soon as, for one reason or another, the production or consumption of carbonic acid tends to displace the equilibrium to any considerable degree. One often hears the opinion expressed, that the quantity of carbonic acid in the air ought to have been very much greater formerly than now, and that the diminution should arise from the circumstance that carbonic acid has been taken from the air and stored in the earth’s crust in the form of coal and carbonates. In many cases this hypothetical diminution is ascribed only to the formation of coal, whilst the much more important formation of carbonates is wholly overlooked. This whole method of reasoning on a continuous diminution of the carbonic acid in the air loses all foundation in fact, notwithstanding that enormous quantities of carbonic acid in the course of time have been fixed in carbonates, if we consider more closely the processes by means of which carbonic acid has in all times been supplied to the atmosphere. From these we may well conclude that enormous variations have occurred, but not that the variation has always proceeded in the same direction.

Carbonic acid is supplied to the atmosphere by the following processes: (1) volcanic exhalations and geological phenomena connected therewith; (2) combustion of carbonaceous meteorites in the higher regions of the atmosphere; (3) combustion and decay of organic bodies; (4) decomposition of carbonates; (5) liberation of carbonic acid mechanically inclosed in minerals on their fracture or decomposition. The carbonic acid of the air is consumed chiefly by the following processes: (6) formation of carbonates from silicates on weathering; and (7) the consumption of carbonic acid by vegetative processes. The ocean, too, plays an important role as a regulator of the quantity of carbonic acid in the air by means of the absorptive power of its water, which gives off carbonic acid as its temperature rises, and absorbs it as it cools. The processes named under (4) and (5) are of little significance, so that they may be omitted. So too the processes (3) and (7), for the circulation of matter in the organic world goes on so rapidly that their variations cannot have any sensible influence. From this we must except periods in which great quantities of organisms were stored up in sedimentary formations and thus subtracted from the circulation, or in which such stored-up products were, as now, introduced anew into the circulation. The source of carbonic acid named in (2) is wholly incalculable.

Thus the processes (1), (2), and (6) chiefly remain as balancing each other. As the enormous quantities of carbonic acid (representing a pressure of many atmospheres) that are now fixed in the limestone of the earth’s crust cannot be conceived to have existed in the air but as an insignificant fraction of the whole at any one time since organic life appeared on the globe, and since therefore the consumption through weathering and formation of carbonates must have been compensated by means of continuous supply, we must regard volcanic exhalations as the chief source of carbonic acid for the atmosphere.

But this source has not flowed regularly and uniformly. Just as single volcanoes have their periods of variation with alternating relative rest and intense activity, in the same manner the globe as a whole seems in certain geological epochs to have exhibited a more violent and general volcanic activity, whilst other epochs have been marked by a comparative quiescence of the volcanic forces. It seems therefore probable that the quantity of carbonic acid in the air has undergone nearly simultaneous variations, or at least that this factor has had an important influence.

If we pass the above-mentioned processes for consuming and producing carbonic acid under review, we find that they evidently do not stand in such a relation to or dependence on one another that any probability exists for the permanence of an equilibrium of the carbonic acid in the atmosphere. An increase or decrease of the supply continued during geological periods must, although it may not be important, conduce to remarkable alterations of the quantity of carbonic acid in the air, and there is no conceivable hindrance to imagining that this might in a certain geological period have been several times greater, or on the other hand considerably less, than now.

As the question of the probability of quantitative variation of the carbonic acid in the atmosphere is in the most decided manner answered by Professor Högbom, there remains only one other point to which I wish to draw attention in a few words, namely: Has no one hitherto proposed any acceptable explanation for the occurrence of genial and glacial periods? Fortunately, during the progress of the foregoing calculations, a memoir was published by the distinguished Italian meteorologist L. De Marchi which relieves me from answering the last question.4 He examined in detail the different theories hitherto proposed—astronomical, physical, or geographical, and of these I here give a short resume. These theories assert that the occurrence of genial or glacial epochs should depend on one or other change in the following circumstances:


1. The temperature of the earth’s place in space.

2. The sun’s radiation to the earth (solar constant).

3. The obliquity of the earth’s axis to the ecliptic.

4. The position of the poles on the earth’s surface.

5. The form of the earth’s orbit, especially its eccentricity (Croll).

6. The shape and extension of continents and oceans.

7. The covering of the earth’s surface (vegetation).

8. The direction of the oceanic and aërial currents.

9. The position of the equinoxes.



De Marchi arrives at the conclusion that all these hypotheses must be rejected. On the other hand, he is of the opinion that a change in the transparency of the atmosphere would possibly give the desired effect. According to his calculations,


a lowering of this transparency would effect a lowering of the temperature on the whole earth, slight in the equatorial regions, and increasing with the latitude into the seventieth parallel, nearer the poles again a little less. Further, this lowering would, in non-tropical regions, be less on the continents than on the ocean and would diminish the annual variations of the temperature. This diminution of the air’s transparency ought chiefly to be attributed to a greater quantity of aqueous vapor in the air, which would cause not only a direct cooling but also copious precipitation of water and snow on the continents. The origin of this greater quantity of water-vapor is not easy to explain.



De Marchi has arrived at wholly other results than myself, because he has not sufficiently considered the important quality of selective absorption which is possessed by aqueous vapor. And, further, he has forgotten that if aqueous vapor is supplied to the atmosphere, it will be condensed till the former condition is reached, if no other change has taken place. As we have seen, the mean relative humidity between the fortieth and sixtieth parallels on the northern hemisphere is seventy-six percent. If, then, the mean temperature sank from its actual value +5.3 by four to five degrees Celsius, i.e. to +1.3 or +0.3, and the aqueous vapor remained in the air, the relative humidity would increase to 101 or 105 percent. This is of course impossible, for the relative humidity cannot exceed 100 percent in the free air. A fortiori it is impossible to assume that the absolute humidity could have been greater than now in the glacial epoch.

As the hypothesis of Croll still seems to enjoy a certain favor with English geologists, it may not be without interest to cite the utterance of De Marchi on this theory, which he, in accordance with its importance, has examined more in detail than the others. He says, and I entirely agree with him on this point: “Now I think I may conclude that from the point of view of climatology or meteorology, in the present state of these sciences, the hypothesis of Croll seems to be wholly untenable as well in its principles as in its consequences.”5

It seems that the great advantage which Croll’s hypothesis promised to geologists, viz. of giving them a natural chronology, predisposed them in favor of its acceptance. But this circum-stance, which at first appeared advantageous, seems with the advance of investigation rather to militate against the theory, because it becomes more and more impossible to reconcile the chronology demanded by Croll’s hypothesis with the facts of observation.

I trust that after what has been said the theory proposed in the foregoing pages will prove useful in explaining some points in geological climatology which have hitherto proved most difficult to interpret.



*Editor’s note: the “ton” referred to here is a metric ton, or 1,000 kg., not an American ton, or 2,000 lbs.

 

The fear that CO2 might warm the planet remained dormant for most of the first half of the twentieth century while the West was caught up in a pair of World Wars and the rapid spread of industrialization. But changing atmospheric conditions aroused the interest of G. S. Callendar, an English inventor and “steam technologist” for the British Electrical and Allied Industries Research Association, who was also an amateur meteorologist. He collected temperature records from spots around the world (not a simple task even today, but almost unimaginable in 1938) and concluded that the planet’s temperature was increasing; he also insisted that CO2 levels in the atmosphere were rising, and he correlated the two effects. Like Arrhenius, he was optimistic about the outcome, thinking that this warmer climate would hold at bay the “deadly glaciers” of another ice age. But his prescience in recognizing what we now call the greenhouse effect was noted by subsequent scientists: into the 1960s, it was often referred to as the Callendar Effect.


The Artificial Production of Carbon Dioxide and Its Influence on Temperature

G. S. Callendar

1938

Summary

By fuel combustion man has added about 150,000 million tons of carbon dioxide to the air during the past half century. The author estimates from the best available data that approximately three-quarters of this has remained in the atmosphere.

The radiation absorption coefficients of carbon dioxide and water vapor are used to show the effect of carbon dioxide on “sky radiation.” From this the increase in mean temperature, due to the artificial production of carbon dioxide, is estimated to be at the rate of 0.003 degrees Celsius per year at the present time.

The temperature observations at 200 meteorological stations are used to show that world temperatures have actually increased at an average rate of 0.005 degrees Celsius per year during the past half century.
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Few of those familiar with the natural heat exchanges of the atmosphere, which go into the making of our climates and weather, would be prepared to admit that the activities of man could have any influence upon phenomena of so vast a scale.

In the following paper I hope to show that such influence is not only possible, but is actually occurring at the present time.

It is well known that the gas carbon dioxide has certain strong absorption bands in the infra-red region of the spectrum, and when this fact was discovered some seventy years ago it soon led to speculation on the effect which changes in the amount of the gas in the air could have on the temperature of the earth’s surface. In view of the much larger quantities and absorbing power of atmospheric water vapor it was concluded that the effect of carbon dioxide was probably negligible, although certain experts, notably Svante Arrhenius and T. C. Chamberlin, dissented from this view.

Of recent years much new knowledge has been accumulated which has a direct bearing upon this problem, and it is now possible to make a reasonable estimate of the effect of carbon dioxide on temperatures, and also of the rate at which the gas accumulates in the atmosphere. Amongst important factors in such calculations may be mentioned the temperature-pres-sure-alkalinity-CO2 relation for sea water, determined by C. J. Fox (1909), the vapor pressure-atmospheric radiation relation, observed by A. Angstrom (1918) and others, the absorption spectrum of atmospheric water vapor, observed by Fowle (1918), and a full knowledge of the thermal structure of the atmosphere.

This new knowledge has been used in arriving at the conclusions stated in this paper, but for obvious reasons only those parts having a meteorological character will be referred to here.

The rate of accumulation of atmospheric carbon dioxide

I have examined a very accurate set of observations (Brown and Escombe, 1905), taken about the year 1900, on the amount of carbon dioxide in the free air, in relation to the weather maps of the period. From them I concluded that the amount of carbon dioxide in the free air of the North Atlantic region, at the beginning of this century, was 2.74 ± 0.05 parts in 10,000 by volume of dry air.

A great many factors which influence the carbon cycle in nature have been examined in order to determine the quantitative relation between the natural movements of this gas and the amounts produced by the combustion of fossil fuel. Such factors included the organic deposit of carbon in swamps, etc., the average rate of fixation of the gas by the carbonization of alkalies from igneous rocks, and so on. The general conclusion from a somewhat lengthy investigation on the natural movements of carbon dioxide was that there is no geological evidence to show that the net offtake of the gas is more than a small fraction of the quantity produced from fuel. (The artificial production at present is about 4,500 million tons per year.)

The effect of solution of the gas by the sea water was next considered, because the sea acts as a giant regulator of carbon dioxide and holds some sixty times as much as the atmosphere. The rate at which the sea water could correct an excess of atmospheric carbon dioxide depends mainly upon the fresh volume of water exposed to the air each year, because equilibrium with the atmospheric gases is only established to a depth of about 200 meters during such a period.

The vertical circulation of the oceans is not well understood, but several factors point to an equilibrium time, in which the whole sea volume is exposed to the atmosphere, of between two and five thousand years. Using Fox’s solution coefficients for sea water of known total alkalinity and average surface temperature, it is possible to calculate the change in atmospheric CO2 pressure over a given period, when the rate of addition of the gas is known and the equilibrium time for the sea water is assumed. A few such figures are given in Table I, and it will be seen that when periods of a few centuries are considered the sea equilibrium time is less important.

TABLE I. THE EFFECT OF THE ARTIFICIAL PRODUCTION OF CARBON DIOXIDE UPON ITS PRESSURE IN THE ATMOSPHERE.
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Since calculating the figures in Table I, I have seen a report of a great number of observations on atmospheric CO2, taken recently in the eastern U.S.A. The mean of 1,156 “free air” readings taken in the years 1930 to 1936 was 3.10 parts in 10,000 by volume. For the measurements at Kew in 1898 to 1901 the mean of ninety-two free air values was 2.92, including a number of rather high values effected by local combustion, etc., and assuming that a similar proportion of the American readings are affected in the same way, the difference is equal to an increase of six percent. Such close agreement with the calculated increase is, of course, partly accidental.

[…]

As regards the long period temperature variations represented by the Ice Ages of the geologically recent past, I have made many calculations to see if the natural movements of carbon dioxide could be rapid enough to account for the great changes of the amount in the atmosphere which would be necessary to give glacial periods with a duration of about 30,000 years. I find it almost impossible to account for movements of the gas of the required order because of the almost inexhaustible supply from the oceans, when its pressure in the air becomes low enough to give a fall of five to eight degrees Celsius in mean temperatures. Of course, if the effect of carbon dioxide on temperatures was considerably greater than supposed, glacial periods might well be accounted for in this way.

In conclusion it may be said that the combustion of fossil fuel, whether it be peat from the surface or oil from 10,000 feet below, is likely to prove beneficial to mankind in several ways, besides the provision of heat and power. For instance the above mentioned small increases of mean temperature would be important at the northern margin of cultivation, and the growth of favourably situated plants is directly proportional to the car-bon dioxide pressure (Brown and Escombe, 1905). In any case the return of the deadly glaciers should be delayed indefinitely.

As regards the reserves of fuel these would be sufficient to give at least ten times as much carbon dioxide as there is in the air at present.

 

If there’s a single paper that could be considered the opening volley of the climate wars, this is it. Until this moment, few scientists had taken seriously the work of Arrhenius and Callendar because of a widespread belief that the planet’s vast oceans could absorb however much CO2 humans produced. Roger Revelle and Hans Suess challenged that assumption. Revelle was one of the greatest oceanographers of his age, and a powerful force in postwar science; Suess was a chemist fascinated by the newly available tool of carbon dating, a technique that allows scientists to estimate the age of ancient organic material (including carbon in the oceans). Both worked out of the Scripps Institution of Oceanography in La Jolla, California. What their 1956 paper shows, essentially, is that seawater is already saturated with CO2, and consequently that the ocean’s particular chemistry would keep it from being an eternal sink for the vast quantities of the gas that humans were now producing. They speculated that CO2 must therefore be accumulating in the atmosphere, and hence that “human beings are now carrying out a large scale geophysical experiment of a kind that could not have happened in the past nor be reproduced in the future.” That’s one of the most quoted sentences in the history of climate change. Given what we now know, it carries a dire tone. But in the late 1950s “experiment” didn’t sound quite so sinister; Revelle and Suess were, above all, scientists.


Carbon Dioxide Exchange between Atmosphere and Ocean and the Question of an Increase of Atmospheric CO2 during the Past Decades

Roger Revelle and Hans E. Suess

1957

Abstract

From a comparison of C14/C12 and C13/C12 ratios in wood and in marine material and from a slight decrease of the C14 concentration in terrestrial plants over the past fifty years it can be concluded that the average lifetime of a CO2 molecule in the atmosphere before it is dissolved into the sea is of the order of ten years. This means that most of the CO2 released by artificial fuel combustion since the beginning of the industrial revolution must have been absorbed by the oceans. The increase of atmospheric CO2 from this cause is at present small but may become significant during future decades if industrial fuel combustion continues to rise exponentially.

Present data on the total amount of CO2 in the atmosphere, on the rates and mechanisms of exchange, and on possible fluctuations in terrestrial and marine organic carbon, are inadequate for accurate measurement of future changes in atmospheric CO2. An opportunity exists during the International Geophysical Year to obtain much of the necessary information.

Introduction

In the middle of the nineteenth century appreciable amounts of carbon dioxide began to be added to the atmosphere through the combustion of fossil fuels. The rate of combustion has continually increased so that at the present time the annual increment from this source is nearly 0.4 percent of the total atmospheric carbon dioxide. By 1960 the amount added during the past century will be more than fifteen percent.

Callendar (1938, 1940, 1949) believed that nearly all the car-bon dioxide produced by fossil fuel combustion has remained in the atmosphere, and he suggested that the increase in atmospheric carbon dioxide may account for the observed slight rise of average temperature in northern latitudes during recent decades. He thus revived the hypothesis of T.C. Chamberlin (1899) and S. Arrhenius (1903) that climatic changes may be related to fluctuations in the carbon dioxide content of the air. These authors supposed that an increase of carbon dioxide in the upper atmosphere would lower the mean level of back radiation in the infrared and thereby increase the average temperature near the earth’s surface.

Subsequently, other authors have questioned Callendar’s conclusions on two grounds. First, comparison of measurements made in the nineteenth century and in recent years do not demonstrate that there has been a significant increase in atmospheric CO2 (Slocum, 1955; Fonselius et. al., 1956). Most of the excess CO2 from fuel combustion may have been transferred to the ocean, a possibility suggested by S. Arrhenius (1903). Second, a few percent increase in the CO2 content of the air, even if it has occurred, might not produce an observable increase in average air temperature near the ground in the face of fluctuations due to other causes. So little is known about the thermodynamics of the atmosphere that it is not certain whether or how a change in infrared back radiation from the upper air would affect the temperature near the surface. Calculations by Plass (1956) indicate that a ten percent increase in atmospheric carbon dioxide would increase the average temperature by 0.36 degrees Celsius. But, amplifying or feed-back processes may exist such that a slight change in the character of the back radiation might have a more pronounced effect. Possible examples are a decrease in albedo of the earth due to melting of ice caps or a rise in water vapor con-tent of the atmosphere (with accompanying increased infrared absorption near the surface) due to increased evaporation with rising temperature.

During the next few decades the rate of combustion of fossil fuels will continue to increase, if the fuel and power requirements of our world-wide industrial civilization continue to rise exponentially, and if these needs are met only to a limited degree by development of atomic power. Estimates by the UN [United Nations] (1955) indicate that during the first decade of the twenty-first century fossil-fuel combustion could produce an amount of carbon dioxide equal to twenty percent of that now in the atmosphere […]. This is probably two orders of magnitude greater than the usual rate of carbon dioxide production from volcanoes, which on the average must be equal to the rate at which silicates are weathered to carbonates […]. Thus human beings are now carrying out a large scale geophysical experiment of a kind that could not have happened in the past nor be reproduced in the future. Within a few centuries we are returning to the atmosphere and oceans the concentrated organic carbon stored in sedimentary rocks over hundreds of millions of years. This experiment, if adequately documented, may yield a far-reaching insight into the processes determining weather and climate. It therefore becomes of prime importance to attempt to determine the way in which carbon dioxide is partitioned between the atmosphere, the oceans, the biosphere and the lithosphere.



Contribution from the Scripps Institution of Oceanography, New Series, No. 900. This paper represents in part results of research carried out by the University of California under contract with the Office of Naval Research.

 

This may be the most famous image of the climate change era. After Revelle and Suess calculated that CO2 must be accumulating in the atmosphere because it wasn’t building up in the oceans, the next logical question was, how fast? The approaching International Geophysical Year (IGY) in 1957 gave them a chance to find out. They directed money from the IGY budget toward a careful young scientist named Dave Keeling, who bought and modified infrared gas analyzers and placed them at several locations around the planet, most importantly the Hawaiian volcano Mauna Loa. There he observed for the first time the yearly fluctuation in CO2 levels that occurred as Northern Hemisphere vegetation absorbed CO2 while growing during the spring and then released it while dying in the fall—it was as if he could see the planet breathing. Even more importantly, within a very few years he could see that the annual maximum value for CO2 was steadily rising, a pattern that has now continued unabated for five decades. When Keeling turned on his machine in
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