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Q. Please state your name and business address. 1 

A. My name is James E. Hansen.  My business address is 2880 Broadway, New York, New 2 

York 10025. 3 

Q. By whom are you presently employed and in what capacity? 4 

A. I am employed by the National Aeronautics and Space Administration (NASA) Goddard 5 

Space Flight Center (GSFC), which has its home base in Greenbelt, Maryland.  I am the 6 

director of the Goddard Institute for Space Studies (GISS), which is a division of GSFC 7 

located in New York City.  I am also a senior scientist in the Columbia University Earth 8 

Institute and an Adjunct Professor of Earth and Environmental Sciences at Columbia.  I 9 

am responsible for defining the research direction of the Goddard Institute, obtaining 10 

research support for the Institute, carrying out original scientific research directed 11 

principally toward understanding global change, and providing relevant information to 12 

the public.  I am testifying here as a private citizen, a resident of Kintnersville, 13 

Pennsylvania on behalf of the planet, of life on Earth, including all species. 14 

Q. What is your educational background? 15 

A. I was trained in physics and astronomy at the University of Iowa in the space science 16 

program of Professor James Van Allen.  I have a bachelorôs degree in physics and 17 
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mathematics, a masterôs degree in astronomy, and a Ph.D. in physics, all from the 18 

University of Iowa.  I also did research as a graduate student at the Universities of Kyoto 19 

and Tokyo, and I was a post-doctoral fellow of the United States National Science 20 

Foundation studying at the Sterrewacht, Leiden University, Netherlands, under Prof. 21 

Henk van de Hulst. 22 

Q. Please describe your professional experience. 23 

A. Upon graduating from the University of Iowa in February 1967 I joined the Goddard 24 

Institute for Space Studies, where I have worked ever since, except for 1969 when I was a 25 

post-doctoral fellow in the Netherlands.  In my first ten years at the Goddard Institute I 26 

focused on planetary research.  I was Principal Investigator for an experiment on the 27 

Pioneer Venus spacecraft to study the clouds of Venus and I was involved in other 28 

planetary missions.  In the mid-1970s, as evidence of human-made effects on Earthôs 29 

atmosphere and climate became apparent, I began to spend most of my time in research 30 

on the Earthôs climate.  I became director of the Goddard Institute in 1981, focusing the 31 

Instituteôs program on global change, while maintaining a broad perspective from 32 

planetary studies and the Earthôs history. 33 

Q: Are you sponsoring any exhibits as part of your testimony? 34 

A: Yes.  All the figures referenced in my testimony are included as Exhibit ___ (JEH-1) 35 

Schedule A.  A 2007 article authored by myself and five colleagues, entitled ñClimate 36 

change and trace gasesò, is included as Exhibit ___ (JEH-1) Schedule B.  37 

Q. What is the purpose of your testimony? 38 

A. My aim is to present clear scientific evidence describing the impact that coal-fired power 39 

plants (without carbon capture and storage) will have on the Earthôs climate, and thus on 40 
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the well-being of todayôs and future generations of people and on all creatures and species 41 

of creation. 42 

 Burning of fossil fuels, primarily coal, oil and gas, increases the amount of carbon 43 

dioxide (CO2) and other gases and particles in the air.  These gases and particles affect 44 

the Earthôs energy balance, changing both the amount of sunlight absorbed by the planet 45 

and the emission of heat (long wave or thermal radiation) to space.  The net effect is a 46 

global warming that has become substantial during the past three decades. 47 

 Global warming from continued burning of more and more fossil fuels poses clear 48 

dangers for the planet and for the planetôs present and future inhabitants.  Coal is the 49 

largest contributor to the human-made increase of CO2 in the air.  Saving the planet and 50 

creation surely requires phase-out of coal use except where the CO2 is captured and 51 

sequestered (stored in one of several possible ways). 52 

Q. Coal is only one of the fossil fuels.  Can such a strong statement specifically against 53 

coal be justified, given still-developing understanding of climate change? 54 

A. Yes.  Coal reserves contain much more carbon than do oil and natural gas reserves, and it 55 

is impractical to capture CO2 emissions from the tailpipes of vehicles.  Nor is there any 56 

prospect that Saudi Arabia, Russia, the United States and other major oil-producers will 57 

decide to leave their oil in the ground.  Thus unavoidable CO2 emissions from oil and gas 58 

in the next few decades will take atmospheric CO2 amounts close to, if not beyond, the 59 

level needed to cause dangerous climate change.  The only practical way to prevent CO2 60 

levels from going far into the dangerous range, with disastrous effects for humanity and 61 

other inhabitants of the planet, is to phase out use of coal except at power plants where 62 

the CO2 is captured and sequestered. 63 
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Q. But why focus on a coal plant in Iowa?  Coal-fired power plants are being built at a 64 

much faster rate in China. 65 

A. The United States is responsible for more than three times as much of the excess CO2 in 66 

the air than any other country.  The United States and Europe together are responsible for 67 

well over half of the increase from the pre-industrial CO2 amount (280 ppm, ppm = parts 68 

per million) to the present-day CO2 amount (about 385 ppm).  The United States will 69 

continue to be most responsible for the human-made CO2 increase for the next few 70 

decades, even though Chinaôs ongoing emissions will exceed those of the United States.  71 

Although a portion of human-made CO2 emissions is taken up by the ocean, there it 72 

exerts a óback pressureô on the atmosphere, so that, in effect, a substantial fraction of past 73 

emissions remains in the air for many centuries, until it is incorporated into ocean 74 

sediments.  Furthermore, even as Chinaôs emissions today approximately equal those of 75 

the United States, Chinaôs per capita CO2 emissions are only about 20% of those in the 76 

United States. 77 

 China, India and other developing countries must be part of the solution to global 78 

warming, and surely they will be, if developed countries take the appropriate first steps.  79 

China and India have the most to lose from uncontrolled climate change, as they have 80 

huge populations living near sea level, and they have the most to gain from reduced local 81 

air pollution.  Analogous to the approach of the Montreal Protocol, developing countries, 82 

with technical assistance, will need to reduce their emissions soon after the developed 83 

world reduces its emissions. 84 

 Furthermore, it makes economic sense for the United States to begin strong actions now 85 

to reduce emissions.  Required technology developments in efficiency, renewable 86 
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energies, truly clean coal, biofuels, and advanced nuclear power will produce good high-87 

tech jobs and provide a basis for international trade that allows recovery of some of the 88 

wealth that the country has been hemorrhaging to China. 89 

Q. How can one power plant in Iowa be of any significance in comparison with many 90 

power-plants in China? 91 

A. The Iowa power plant can make an important difference because of tipping points in the 92 

climate system, tipping points in life systems, and tipping points in social behavior.  A 93 

tipping point occurs in a system with positive feedbacks.  When forcing toward a change, 94 

and change itself, become large enough, positive feedbacks can cause a sudden 95 

acceleration of change with very little, if any, additional forcing. 96 

 Arctic sea ice is an example of a tipping point in the climate system.  As the warming 97 

global ocean transports more heat into the Arctic, sea ice cover recedes and the darker 98 

open ocean surface absorbs more sunlight.  The ocean stores the added heat, winter sea 99 

ice is thinner, and thus increased melting can occur in following summers, even though 100 

year-to-year variations in sea ice area will occur with fluctuations of weather patterns and 101 

ocean heat transport. 102 

 Arctic sea ice loss can pass a tipping point and proceed rapidly.  Indeed, the Arctic sea 103 

ice tipping point has been reached.  However, the feedbacks driving further change are 104 

not órunawayô feedbacks that proceed to loss of all sea ice without continued forcing.  105 

Furthermore, sea ice loss is reversible.  If human-made forcing of the climate system is 106 

reduced, such that the planetary energy imbalance becomes negative, positive feedbacks 107 

will work in the opposite sense and sea ice can increase rapidly, just as sea ice decreased 108 

rapidly when the planetary energy imbalance was positive. 109 
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 Planetary energy imbalance can be discussed quantitatively later, including all of the 110 

factors that contribute to it.  However, it is worth noting here that the single most 111 

important action needed to decrease the present large planetary imbalance driving climate 112 

change is curtailment of CO2 emissions from coal burning.  Unless emissions from coal 113 

burning are reduced, actions to reduce other climate forcings cannot stabilize climate. 114 

 The most threatening tipping point in the climate system is the potential instability of 115 

large ice sheets, especially West Antarctica and Greenland.  If disintegration of these ice 116 

sheets passes their tipping points, dynamical collapse of the West Antarctic ice sheet and 117 

part of the Greenland ice sheet could proceed out of our control.  The ice sheet tipping 118 

point is especially dangerous because West Antarctica alone contains enough water to 119 

cause about 20 feet (6 meters) of sea level rise. 120 

 Hundreds of millions of people live less than 20 feet above sea level.  Thus the number of 121 

people affected would be 1000 times greater than in the New Orleans Katrina disaster.  122 

Although Iowa would not be directly affected by sea level rise, repercussions would be 123 

worldwide. 124 

 Ice sheet tipping points and disintegration necessarily unfold more slowly than tipping 125 

points for sea ice, on time scales of decades to centuries, because of the greater inertia of 126 

thick ice sheets.  But that inertia is not our friend, as it also makes ice sheet disintegration 127 

more difficult to halt once it gets rolling.  Moreover, unlike sea ice cover, ice sheet 128 

disintegration is practically irreversible.  Nature requires thousands of years to rebuild an 129 

ice sheet.  Even a single millennium, about 30 generations for humans, is beyond the time 130 

scale of interest or comprehension to most people. 131 
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 Because of the danger of passing the ice sheet tipping point, even the emissions from one 132 

Iowa coal plant, with emissions of 5,900,000 tons of CO2 per year and 297,000,000 over 133 

50 years could be important as ñthe straw on the camelôs backò.  The Iowa power plant 134 

also contributes to tipping points in life systems and human behavior. 135 

Q. How can Iowa contribute to tipping points in life systems and human behavior? 136 

 There are millions of species of plants and animals on Earth.  These species depend upon 137 

each other in a tangled web of interactions that humans are only beginning to fathom.  138 

Each species lives, and can survive, only within a specific climatic zone.  When climate 139 

changes, species migrate in an attempt to stay within their climatic niche.  However, 140 

large rapid climate change can drive most of the species on the planet to extinction.  141 

Geologic records indicate that mass extinctions, with loss of more than half of existing 142 

species, occurred several times in the Earthôs history.  New species developed, but that 143 

process required hundreds of thousands, even millions, of years.  If we destroy a large 144 

portion of the species of creation, those that have existed on Earth in recent millennia, the 145 

Earth will be a far more desolate planet for as many generations of humanity as we can 146 

imagine. 147 

 Today, as global temperature is increasing at a rate of about 0.2°C (0.36°F) per decade, 148 

isotherms (a line of a given average temperature) are moving poleward at a rate of about 149 

50-60 km (35 miles) per decade.  Some species are moving, but many can move only 150 

slowly, pathways may be blocked as humans have taken over much of the planet, and 151 

species must deal with other stresses that humans are causing.  If the rate of warming 152 

continues to accelerate, the cumulative effect this century may result in the loss of a 153 

majority of existing species. 154 
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  The biologist E.O. Wilson explains that the 21
st
 century is a ñbottleneckò for species, 155 

because of extreme stresses they will experience, most of all because of climate change.  156 

He foresees a brighter future beyond the fossil fuel era, beyond the human population 157 

peak that will occur if developing countries follow the path of developed countries and 158 

China to lower fertility rates.  Air and water can be clean and we can learn to live with 159 

other species of creation in a sustainable way, using renewable energy.  The question is: 160 

how many species will survive the pressures of the 21
st
 century bottleneck?  161 

Interdependencies among species, some less mobile than others, can lead to collapse of 162 

ecosystems and rapid nonlinear loss of species, if climate change continues to increase. 163 

 Coal will determine whether we continue to increase climate change or slow the human 164 

impact.  Increased fossil fuel CO2 in the air today, compared to the pre-industrial 165 

atmosphere, is due 50% to coal, 35% to oil and 15% to gas.  As oil resources peak, coal 166 

will determine future CO2 levels.  Recently, after giving a high school commencement 167 

talk in my hometown, Denison, Iowa, I drove from Denison to Dunlap, where my parents 168 

are buried.  For most of 20 miles there were trains parked, engine to caboose, half of the 169 

cars being filled with coal.  If we cannot stop the building of more coal-fired power 170 

plants, those coal trains will be death trains ï no less gruesome than if they were boxcars 171 

headed to crematoria, loaded with uncountable irreplaceable species. 172 

 So, how many of the exterminated species should be blamed on the 297,000,000 tons of 173 

CO2 that will be produced in 50 years by the proposed Sutherland Generating Station 174 

Unit 4 power plant?  If the United States and the rest of the world continue with 175 

ñbusiness-as-usualò increases in CO2 emissions, a large fraction of the millions of species 176 

on Earth will be lost and it will be fair to assign a handful of those to Sutherland 177 
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Generating Station Unit 4, even though we cannot assign responsibility for specific 178 

species.  Moreover, the effect of halting construction of this power plant potentially could 179 

be much greater, because of the possibility of positive feedbacks among people. 180 

Q. What tipping points in human behavior are you referring to? 181 

A. As the reality of climate change becomes more apparent, as the long-term consequences 182 

of further climate change are realized, and as the central role of coal in determining future 183 

atmospheric CO2 is understood, the pressures to use coal only at power plants where the 184 

CO2 is captured and sequestered will increase.  If the public begins to stand up in a few 185 

places and successfully opposes the construction of power plants that burn coal without 186 

capturing the CO2, this may begin to have a snowball effect, helping utilities and 187 

politicians to realize that the public prefers a different path, one that respects all life on 188 

the planet. 189 

 The changes in behavior will need to run much broader and deeper than simply blocking 190 

new dirty coal plants.  Energy is essential to our way of life.  We will have to find ways 191 

to use energy more efficiently and develop renewable and other forms of energy that 192 

produce little if any greenhouse gases.  The reward structure for utilities needs to be 193 

changed such that their profits increase not in proportion to the amount of energy sold, 194 

but rather as they help us achieve greater energy and carbon efficiency.  As people begin 195 

to realize that life beyond the fossil fuel era promises to be very attractive, with a clean 196 

atmosphere and water, and as we encourage the development of the technologies needed 197 

to get us there, we should be able to move rapidly toward that goal.  But we need tipping 198 

points to get us rolling in that direction. 199 
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 Iowa, and this specific case, can be a tipping point, leading to a new direction.  A 200 

message that óold-fashionedô power plants, i.e., those without carbon capture and 201 

sequestration, are no longer acceptable, would be a message of leadership, one that would 202 

be heard across Iowa and beyond the stateôs borders. 203 

Q. Alleged implications of continued coal burning without carbon capture are 204 

profound and thus require proof of a causal relationship between climate change 205 

and CO2 emissions.  What is the nature of recent global temperature change? 206 

A. Figure 1(a) shows global mean surface temperature change over the period during which 207 

instrumental measurements are available for most regions of the globe.  The warming 208 

since the beginning of the 20
th
 century has been about 0.8°C (1.4°F), with three-quarters 209 

of that warming occurring in the past 30 years. 210 

Q. Warming of 0.8°C (1.4°F) does not seem very large.  It is much smaller than day to 211 

day weather fluctuations.  Is such a small warming significant? 212 

A. Yes, and it is important.  Chaotic weather fluctuations make it difficult for people to 213 

notice changes of underlying climate (the average weather, including statistics of extreme 214 

fluctuations), but it does not diminish the impact of long-term climate change. 215 

 First, we must recognize that global mean temperature changes of even a few degrees or 216 

less can cause large climate impacts.  Some of these impacts are associated with climate 217 

tipping points, in which large regional climate response happens rapidly as warming 218 

reaches critical levels.  Already todayôs global temperature is near the level that will 219 

cause loss of all Arctic sea ice.  Evidence suggests that we are also nearing the global 220 

temperature level that will cause the West Antarctic ice sheet and portions of the 221 

Greenland ice sheet to become unstable, with potential for very large sea level rise. 222 
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 Second, we must recognize that there is more global warming ñin the pipelineò due to 223 

gases humans have already added to the air.  The climate system has large thermal 224 

inertia, mainly due to the ocean, which averages 4 km (about 2.5 miles) in depth.  225 

Because of the oceanôs inertia, the planet warms up slowly in response to gases that 226 

humans are adding to the atmosphere.  If atmospheric CO2 and other gases stabilized at 227 

present amounts, the planet would still warm about 0.5°C (about 1°F) over the next 228 

century or two.  In addition, there are more gases ñin the pipelineò due to existing 229 

infrastructure such as power plants and vehicles on the road.  Even as the world begins to 230 

address global warming with improved technologies, the old infrastructure will add more 231 

gases, with still further warming on the order of another 1°F. 232 

 Third, eventual temperature increases will be much larger in critical high latitude regions 233 

than they are on average for the planet.  High latitudes take longer to reach their 234 

equilibrium (long-term) response because the ocean mixes more deeply at high latitudes 235 

and because positive feedbacks increase the response time there.  Amplification of high 236 

latitude warming is already beginning to show up in the Northern Hemisphere.  Figure 237 

1(b) is the geographical pattern of mean temperature anomalies for the first six years of 238 

the 21
st
 century, relative to the 1951-1980 base period.  Note that warming over land 239 

areas is larger than global mean warming, an expected consequence of the large ocean 240 

thermal inertia.  Warming is larger at high latitudes than low latitudes, primarily because 241 

of the ice/snow albedo feedback.  Warming is larger in the Northern Hemisphere than in 242 

the Southern Hemisphere, primarily because of greater ocean area in the Southern 243 

Hemisphere, and the fact that the entire Southern Ocean surface around Antarctica is 244 

cooled by deep mixing.  Also human-caused depletion of stratospheric ozone, a 245 
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greenhouse gas, has reduced warming over most of Antarctica.  This ozone depletion and 246 

CO2 increase have cooled the stratosphere, increased zonal winds around Antarctica, and 247 

thus warmed the Antarctic Peninsula while limiting warming of most of the Antarctic 248 

continent. 249 

 Until the past several years, warming has also been limited in Southern Greenland and 250 

the North Atlantic Ocean just southeast of Greenland, an expected effect of deep ocean 251 

mixing in that vicinity.  However, recent warming on Greenland is approaching that of 252 

other landmasses at similar latitudes in the Northern Hemisphere.  On the long run, 253 

warming on the ice sheets is expected to be at least twice as large as global warming.  254 

Amplification of warming at high latitudes has practical consequences for the entire 255 

globe, especially via effects on ice sheets and sea level.  High latitude amplification of 256 

warming is expected on theoretical grounds, it is found in climate models, and it is 257 

confirmed in paleoclimate (ancient climate) records. 258 

Q. But those paleoclimate records show that the Earthôs climate has changed by very 259 

large amounts many times in the past.  For that reason, the NASA Administrator 260 

has suggested that we may not need to ñwrestleò with human-made climate change.  261 

How do you reach a contrary conclusion? 262 

A. Paleoclimate data, indeed, reveal large climate changes.  But that history of ancient 263 

climate changes shows that modest forcing factors can produce large climate change.  In 264 

fact, paleoclimate data provide our most accurate and certain measure of how sensitive 265 

global climate is to climate forcings, including human-made climate forcings. 266 

Q. What is a climate forcing? 267 
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A. A climate forcing is an imposed perturbation to the Earthôs energy balance, which would 268 

tend to alter the planetôs temperature.  For example, if the sun were to become 1% 269 

brighter, that would be a forcing somewhat more than +2 W/m
2
, because the Earth 270 

absorbs about 238 W/m
2
 of energy from the sun.  An increase of greenhouse gases, which 271 

absorb terrestrial heat radiation and thus warm the Earthôs surface, is also a positive 272 

forcing.  Doubling the amount of atmospheric CO2 is a forcing of about +4 W/m
2
. 273 

Q. How large are natural climate variations? 274 

A. That depends on the time scale.  A useful time scale to examine is the past several 275 

hundred thousand years.  There is good data for the temperature, changes of atmospheric 276 

composition, and the most important changes on the Earthôs surface.  Specifically, we 277 

know the amount of long-lived greenhouse gases, CO2, CH4 and N2O, as a function of 278 

time from air bubbles in the ice sheets.  Ice sheets are formed by snowfall that piles up 279 

year by year and compresses into ice as the weight of snow above increases.  The date 280 

when the snow fell is known accurately for about the past 15,000 years from counting 281 

annual layers marked by summer crusting.  Annual layers can be clearly distinguished in 282 

the upper part of the ice sheet.  Less precise ways of dating ice layers are available for the 283 

entire depth of the ice sheets.  The temperature when the snowflakes fell is inferred from 284 

the isotopic composition of the ice. 285 

 Figure 2 shows the temperature on the Antarctic ice sheet for the past 425,000 years.  286 

Similar curves are found from Greenland and from alpine ice cores, as well as from ocean 287 

sediment cores.  Layered ocean sediments contain the shells of microscopic animals that 288 

lived in the ocean, the proportion of elements in these microscopic shells providing a 289 

measure of the ocean temperature at the time the animals lived.  Swings of temperature 290 
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from warm interglacial periods to ice ages occur worldwide, with the glacial-interglacial 291 

temperature range being typically 3-4°C in the tropics, about 10°C at the poles, and about 292 

5°C on global average. 293 

 We live today in a warm interglacial period, the Holocene, now almost 12,000 years in 294 

duration.  The last ice age peaked about 20,000 years ago.  Global mean temperature was 295 

about 5°C colder than today, with an ice sheet more than a mile thick covering Canada 296 

and reaching into the United States, covering the present sites of Seattle, Minneapolis, 297 

and New York.  So much water was locked in this ice sheet, and other smaller ice sheets, 298 

that sea level was 110-130 meters (about 350-400 feet) lower during the ice age, thus 299 

exposing large areas of continental shelves. 300 

 Figure 3 shows that large changes of sea level are the norm as climate changes.  Global 301 

sea level, global temperature, and atmospheric greenhouse gas amounts are obviously 302 

very highly correlated. 303 

Q. The sea level changes are enormous.  Is sea level always changing?  What have the 304 

consequences been? 305 

A. On millennial time scales resolvable in this graph, sea level, CO2 and global temperature 306 

change together.  However, close examination shows that sea level has been stable for 307 

about the past 7000 years.  In that period the planet has been warm enough to prevent an 308 

ice sheet from forming on North America, but cool enough for the Greenland and 309 

Antarctic ice sheets to be stable.  The fact that the Earth cooled slightly over the past 310 

8000 years probably helped to stop further sea level rise. 311 

 Sea level stability played a role in the emergence of complex societies.  When sea level 312 

was rising at the rate of 1 meter per century or faster biological productivity of coastal 313 
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waters was limited.  Thus it is not surprising that when the worldôs human population 314 

abandoned mobile hunting and gathering in the Neolithic (12,000-7000 years ago) they 315 

gathered in small villages in foothills and mountains.  Day et al. note that within 1000 316 

years of sea level stabilization, urban (>2500 people) societies developed at many places 317 

around the world (Figure 4).  With the exception of Jericho, on the Jordan River, all of 318 

these first urban sites were coastal, where high protein food sources aided development of 319 

complex civilizations with class distinctions. 320 

 Modern societies have constructed enormous infrastructure on todayôs coastlines.  More 321 

than a billion people live within 25 meter elevation of sea level.  This includes practically 322 

the entire nation of Bangladesh, almost 300 million Chinese, and large populations in 323 

India and Egypt, as well as many historical cities in the developed world, including major 324 

European cities, many cities in the Far East, all major East Coast cities in the United 325 

States, among hundreds of other cities in the world. 326 

Q. How much will  sea level rise if global temperature increases several degrees? 327 

A. Our best guide for the eventual long-term sea level change is the Earthôs history.  The last 328 

time the Earth was 2-3°C warmer than today, about 3 million years ago, sea level was 329 

about 25 meters higher.  The last time the planet was 5°C warmer, just prior to the 330 

glaciation of Antarctica about 35 million years ago, there were no large ice sheets on the 331 

planet.  Given todayôs ocean basins, if the ice sheets melt entirely, sea level will rise 332 

about 70 meters (about 230 feet).   333 

 The main uncertainty about future sea level is the rate at which ice sheets melt.  This is a 334 

ñnonlinearò problem in which positive feedbacks allow the possibility of sudden ice sheet 335 

collapse and rapid sea level rise.  Initial ice sheet response to global warming is 336 
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necessarily slow, and it is inherently difficult to predict when rapid change would begin.  337 

I have argued that a ñbusiness-as-usualò growth of greenhouse gases would yield a sea 338 

level rise this century of more than a meter, probably several meters, because practically 339 

the entire West Antarctic and Greenland ice sheets would be bathed in meltwater during 340 

an extended summer melt season. 341 

 The Intergovernmental Panel on Climate Change calculated a sea level rise of only 21-51 342 

cm by 2095 for ñbusiness-as-usualò scenarios A2 and A1B, but their calculation included 343 

only thermal expansion of the ocean and melting of alpine glaciers, thus omitting the 344 

most critical component of sea level change, that from ice sheets.  IPCC noted the 345 

omission of this component in its sea level projections, because it was unable to reach a 346 

consensus on the magnitude of likely ice sheet disintegration.  However, much of the 347 

media failed to note this caveat in the IPCC report. 348 

 Earthôs history reveals many cases when sea level rose several meters per century, in 349 

response to forcings much weaker than present human-made climate forcings.  Iceberg 350 

discharge from Greenland and West Antarctica has recently accelerated.  It is difficult to 351 

say how fast ice sheet disintegration will proceed, but this issue provides strong incentive 352 

for policy makers to slow down the human-made experiment with our planet. 353 

 Knowledge of climate sensitivity has improved markedly based on improving 354 

paleoclimate data.  The information on climate sensitivity, combined with knowledge of 355 

how sea level responded to past global warming, has increased concern that we could will 356 

to our children a situation in which future sea level change is out of their control.     357 

Q. How can the paleoclimate data reveal the climate sensitivity to forcings? 358 
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A. We compare different climate states in the Earthôs history, thus obtaining a measure of 359 

how much climate responded to climate forcings in the past.  In doing this, we must 360 

define climate forcings and climate feedbacks clearly.  Alternative choices for forcings 361 

and feedbacks are appropriate, depending on the time scale of interest. 362 

 A famous definition of climate sensitivity is from the óCharneyô problem, in which it is 363 

assumed that the distributions of ice sheets and vegetation on the Earthôs surface are fixed 364 

and the question is asked: how much will global temperature increase if the amount of 365 

CO2 in the air is doubled?  The Charney climate sensitivity is most relevant to climate 366 

change on the decadal time scale, because ice sheets and forest cover would not be 367 

expected to change much in a few decades or less.  However, the Charney climate 368 

sensitivity must be recognized as a theoretical construct.  Because of the large thermal 369 

inertia of the ocean, it would require several centuries for the Earth to achieve its 370 

equilibrium response to doubled CO2, and during that time changes of ice sheets and 371 

vegetation could occur as ófeedbacksô, i.e., as responses of the climate system that 372 

engender further climate change.  Feedbacks can either magnify or diminish climate 373 

changes, these effects being defined as positive and negative feedbacks, respectively. 374 

 Climate feedbacks include changes of atmospheric gases and aerosols (fine particles in 375 

the air).  Gases that change in response to climate change include water vapor, but also 376 

the long-lived greenhouse gases, CO2, CH4 and N2O. 377 

Q. Is water vapor not a stronger greenhouse gas than these others? 378 

A. Yes, and that is sometimes a source of confusion.  Water vapor readily evaporates into 379 

and condenses out of the atmosphere.  The amount of H2O in the air is a function of the 380 

climate, primarily a function of temperature.  The air holds more water vapor in the 381 
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summer than in winter, for example.  Water vapor is a prime example of what we call 382 

ófastô feedbacks, those feedbacks that respond promptly to changes of climate.  Because 383 

H2O causes a strong greenhouse effect, and tropospheric H2O increases with temperature, 384 

it provides a positive feedback. 385 

 The Charney climate sensitivity includes the effects of fast feedbacks such as changes of 386 

water vapor and clouds, but it excludes slow feedbacks such as ice sheets.  We obtain an 387 

empirical measure of the equilibrium Charney climate sensitivity by comparing 388 

conditions on Earth during the last ice age, about 20,000 years ago with the conditions in 389 

the present interglacial period prior to major human-made effects.  Averaged over a 390 

period of say 1000 years, the planet in each of these two states, glacial and interglacial, 391 

had to be in energy balance with space within a small fraction of 1 W/m
2
.  Because the 392 

amount of incoming sunlight was practically the same in both periods, the 5°C difference 393 

in global temperature between the ice age and the interglacial period had to be maintained 394 

by changes of atmospheric composition and changes of surface conditions.  Both of these 395 

are well known. 396 

 Figure 5 shows that there was a lesser amount of long-lived greenhouse gases in the air 397 

during the last ice age.  These gases affect the amount of thermal radiation to space, and 398 

they have a small impact on the amount of absorbed solar energy.  We can compute the 399 

climate forcing due to the glacial-interglacial change of CO2, CH4, and N2O with high 400 

accuracy.  The effective climate forcing, including the indirect effect of CH4 on other 401 

gases, is 3 ± 0.5 W/m
2
. 402 

 Changes on the Earthôs surface also alter the energy balance with space.  The greatest 403 

change is due to the large ice sheets during the last ice age, whose high albedo 404 
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(ówhitenessô or reflectivity) caused the planet to absorb less solar radiation.  Smaller 405 

effects were caused by the altered vegetation distribution and altered shorelines due to 406 

lower sea level during the ice age.  The climate forcing due to all these surface changes is 407 

3.5 ± 1 W/m
2
. 408 

 Thus the glacial-interglacial climate change of 5°C was maintained by a forcing of about 409 

6.5 W/m
2
, implying a climate sensitivity of about ¾°C per W/m

2
.  This empirical climate 410 

sensitivity includes all fast feedbacks that exist in the real world, including changes of 411 

water vapor, clouds, aerosols, and sea ice.  Doubled CO2 is a forcing of 4 W/m
2
, so the 412 

Charney climate sensitivity is 3 ± 1°C for doubled CO2.  Climate models yield a similar 413 

value for climate sensitivity, but the empirical result is more precise and it surely includes 414 

all real world processes with ócorrectô physics. 415 

Q. This climate sensitivity was derived from two specific points in time.  How general is 416 

the conclusion? 417 

A. We can check climate sensitivity for the entire past 425,000 years.  Ice cores (Figure 5) 418 

provide a detailed record of long-lived greenhouse gases.  A measure of surface 419 

conditions is provided by sediment cores from the Red Sea and other places, which yield 420 

a record of sea level change (Figure 6a).  Sea level tells us how large the ice sheets were, 421 

because water that was not in the ocean was locked in the ice sheets.  Greenhouse gas and 422 

sea level records allow us to compute the climate forcings due to both atmospheric and 423 

surface changes for the entire 425,000 years. 424 

 When the sum of greenhouse gas and surface albedo forcings (Figure 6b) is multiplied 425 

by the presumed climate sensitivity of ¾°C per W/m
2
 the result is in remarkably good 426 

agreement with óobservedô global temperature change (Figure 6c) implied by Antarctic 427 
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temperature change.  Therefore this climate sensitivity has general validity for this long 428 

period.  This is the Charney climate sensitivity, which includes fast feedback processes 429 

but specifies changes of greenhouse gases and surface conditions. 430 

 It is important to note that these changing boundary conditions (the long-lived 431 

greenhouse gases and surface albedo) are themselves feedbacks on long time scales.  The 432 

cyclical climate changes from glacial to interglacial times are driven by very small 433 

forcings, primarily by minor perturbations of the Earthôs orbit about the sun and by the 434 

tilt of the Earthôs spin axis relative to the plane of the orbit. 435 

Q. Can you clarify cause and effect for  these natural climate changes? 436 

A. Figure 7 is useful for that purpose.  It compares temperature change in Antarctica with 437 

the greenhouse gas forcing.  Temperature and greenhouse gas amounts are obtained from 438 

the same ice core, which reduces uncertainty in their sequencing despite substantial 439 

uncertainty in absolute dating.  There is still error in dating temperature change relative to 440 

greenhouse gas change, because of the time needed for ice core bubble closure.  441 

However, that error is small enough that we can infer, as shown in Figure 7b, that the 442 

temperature change tends to slightly precede (by several hundred years) the greenhouse 443 

gas changes.  Similarly, although the relative dating of sea level and temperature changes 444 

are less accurate, it is clear that warming usually precedes ice melt and sea level rise. 445 

 These sequencings are not surprising.  They show that greenhouse gas changes and ice 446 

sheet area changes act as feedbacks that amplify the very weak forcings due to Earth 447 

orbital changes.  The climate changes are practically coincident with the induced changes 448 

of the feedbacks (Figure 7).  The important point is that the mechanisms for the climate 449 

changes, the mechanisms substantially affecting the planetôs radiation balance and thus 450 
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the temperature, are the atmospheric greenhouse gases and the surface albedo.  Earth 451 

orbital changes induce these mechanisms to change, for example, as the tilt of the spin 452 

axis increases both poles are exposed to increased sunlight.  Changed insolation affects 453 

the melting of ice and, directly and indirectly, the uptake and release of greenhouse gases. 454 

Q. What is the implication for the present era and the role of humans in climate? 455 

A. The chief implication is that humans have taken control of global climate.  This follows 456 

from Figure 8, which extends records of the principal greenhouse gases to the present.  457 

CO2, CH4 and N2O (not shown) are far outside their range of the past 800,000 years for 458 

which ice core records of atmospheric composition are available. 459 

Q. Yet the global warming also shown in Figure 8 does not seem to be commensurate 460 

with the greenhouse gas increases, if we were to use the paleoclimate as a guide.  461 

Can you explain that? 462 

A. Yes.  Observed warming is in excellent agreement with climate model calculations for 463 

observed greenhouse gas changes.  Two factors must be recognized. 464 

 First, the climate system has not had enough time to fully respond to the human-made 465 

climate forcings.  The time scale after 1850 is greatly expanded in Figure 8.  The 466 

paleoclimate portion of the graph shows the near-equilibrium (~1000 year) response to 467 

slowly changing forcings.  In the modern era, most of the net human-made forcing was 468 

added in the past 30 years, so the ocean has not had time to fully respond and the ice 469 

sheets are just beginning to respond to the present forcing. 470 

 Second, the climate system responds to the net forcing, which is only about half as large 471 

as the greenhouse gas forcing.  The net forcing is reduced by negative forcings, especially 472 

human-made aerosols (fine particles). 473 
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Q. But is not the natural system driving the Earth toward colder climates? 474 

A. If there were no humans on the planet, the long term trend would be toward colder 475 

climate.  However, the two principal mechanisms for attaining colder climate would be 476 

reduced greenhouse gas amounts and increased ice cover.  The feeble natural processes 477 

that would push these mechanisms in that direction (toward less greenhouse gases and 478 

larger ice cover) are totally overwhelmed by human forcings.  Greenhouse gas amounts 479 

are skyrocketing out of the normal range and ice is melting all over the planet.  Humans 480 

now control global climate, for better or worse. 481 

 Another ice age cannot occur unless humans go extinct, or unless humans decide that 482 

they want an ice age.  However, óachievingô an ice age would be a huge task.  In contrast, 483 

prevention of an ice age is a trivial task for humans, requiring only a óthimblefulô of 484 

CFCs (chlorofluorocarbons), for example.  The problem is rather the opposite, humans 485 

have already added enough greenhouse gases to the atmosphere to drive global 486 

temperature well above any level in the Holocene. 487 

Q. How much warmer will the Earth become for the present level of greenhouse gases? 488 

A. That depends on how long we wait.  The Charney climate sensitivity (3°C global 489 

warming for doubled CO2) does not include slow feedbacks, principally disintegration of 490 

ice sheets and poleward movement of vegetation as the planet warms.  When the long-491 

lived greenhouse gases are changed arbitrarily, as humans are now doing, this change 492 

becomes the predominant forcing, and ice sheet and vegetation changes must be included 493 

as part of the response in determining long-term climate sensitivity. 494 

 It follows from Figure 7 that equilibrium climate sensitivity is 6°C for doubled CO2 495 

(forcing of 4 W/m
2
) when greenhouse gases are the forcing, not 3°C.  (Note: the 496 
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Antarctic temperature change, shown in Figure 7, is about twice the global mean 497 

change.)  To achieve this full response we must wait until ice sheets have had time to 498 

melt and forests have had time to migrate.  This may require hundreds of years, perhaps 499 

thousands of years.  However, elsewhere we have discussed evidence that forests are 500 

already moving and ice sheet albedos are already responding to global warming, so 501 

climate sensitivity is already partially affected by these processes. 502 

 Thus the relevant equilibrium climate sensitivity on the century time scale falls 503 

somewhere between 3°C and 6°C for doubled CO2.  The expected temperature change in 504 

the 21
st
 century cannot be obtained by simply multiplying the forcing by the sensitivity, 505 

as we could in the paleoclimate case, because a century is not long enough to achieve the 506 

equilibrium response.  Instead we must make computations with a model that includes the 507 

ocean thermal inertia, as is done in climate model simulations.  However, these models 508 

do not include realistically all of the slow feedbacks, such as ice sheet and forest 509 

dynamics. 510 

Q. The huge climate changes over the past few hundred thousand years show the 511 

dramatic effects accompanying global temperature change of only a few degrees.  512 

And you infer climate sensitivity from the documented climate variations.  Yet the 513 

climate changes and mechanisms are intricate, and it is difficult for the lay person to 514 

grasp the details of these analyses.  Is there other evidence supporting the conclusion 515 

that burning of the fossil fuels will have dramatic effects upon life on Earth? 516 

A. Yes.  Climate fluctuations in the Pleistocene (past 1.8 million years) are intricate, as 517 

small forcings are amplified by feedbacks, including ócarbon cycleô feedbacks.  518 

Atmospheric CO2 varies a lot because carbon is exchanged among its surface reservoirs: 519 
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the atmosphere, ocean, soil, and biosphere.  For example, the solubility of CO2 in the 520 

ocean decreases as the ocean warms, a positive feedback causing much of the 521 

atmospheric CO2 increase with global warming.  That feedback is simple, but the full 522 

story of how weak forcings create large climate change is indeed complex. 523 

 A useful complement to Pleistocene climate fluctuations is provided by longer time 524 

scales with larger CO2 changes than those caused by orbital oscillations.  Larger CO2 525 

changes occur on long time scales because of transfer of carbon between the solid earth 526 

and the surface reservoirs.  The large CO2 changes on these long time scales allow the 527 

Earth orbital climate oscillations to be viewed as ónoiseô.  Thus long time scales help 528 

provide a broader overview of the effect of changing atmospheric composition on 529 

climate. 530 

 A difficult y with long time scales is that knowledge of atmospheric composition changes 531 

is not as good.  Samples of ancient air preserved in ice cores exist for only about one 532 

million years.  But there are indirect ways of measuring ancient CO2 levels to better than 533 

a factor of two beyond one million years ago.  Atmospheric composition and other 534 

climate forcings are known well enough for the combination of Pleistocene climate 535 

variations and longer-term climate change to provide an informative overview of climate 536 

sensitivity and a powerful way to assess the role of humans in altering global climate. 537 

Q. What determines the amount of CO2 in the air on long time scales? 538 

 On long (geologic) time scales CO2 is exchanged between the surface reservoirs 539 

(atmosphere, ocean, soil and biosphere) and the solid Earth.  Two processes take CO2 out 540 

of the surface reservoirs: (1) chemical weathering of silicate rocks, which results in the 541 

deposition of (calcium and magnesium) carbonates on the ocean floor, and (2) burial of 542 



25 
 

organic matter, some of which eventually forms fossil fuels.  Weathering is the more 543 

dominant process, accounting for ~80% of carbon removal from surface reservoirs. 544 

 CO2 is returned to the atmosphere principally via subduction of oceanic crustal plates 545 

beneath continents.  When a continental plate overrides carbonate-rich ocean crust, the 546 

subducted ocean crust experiences high temperatures and pressures.  Resulting 547 

metamorphism of the subducted crust into various rock types releases CO2, which makes 548 

its way to the atmosphere via volcanic eruptions or related phenomena such as óseltzerô 549 

spring water.  This return of CO2 to the atmosphere is called óoutgassingô. 550 

 Outgassing and burial of CO2, via weathering and organic deposits, are not in general 551 

balanced at any given time.  Depending on the movement of continental plates, the 552 

locations of carbonate-rich ocean crust, rates of mountain-building (orogeny), and other 553 

factors, at any given time there can be substantial imbalance between outgassing and 554 

burial.  As a result, atmospheric CO2 changes by large amounts on geologic time scales. 555 

Q. How much do these geologic processes change atmospheric CO2? 556 

A. Rates of outgassing and burial of CO2 are each typically 2-4 x 10**12 mol C/year.  An 557 

imbalance between outgassing and burial of say 2 x 10**12 mol C/year, if confined 558 

entirely to the atmosphere, would correspond to ~0.01 ppm CO2 per year.  However, the 559 

atmosphere contains only of order 10**(-2), i.e., about 1%, of the total CO2 in the surface 560 

carbon reservoirs (atmosphere, ocean, soil, biosphere), so the rate of geologic changes to 561 

atmospheric CO2 is only about 0.0001 ppm CO2 per year.  This compares to the present 562 

human-made atmospheric CO2 increase of ~2 ppm per year.  Fossil fuels burned now by 563 

humans in one year contain the amount of carbon buried in organic sediments in 564 

approximately 100,000 years. 565 
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 The contribution of geologic processes to atmospheric CO2 change is negligible 566 

compared to measured human-made changes today.  However, in one million years a 567 

geologic imbalance of 0.0001 ppm CO2 per year yields a CO2 change of 100 ppm.  Thus 568 

geologic changes over tens of millions of years can include huge changes of atmospheric 569 

CO2, of the order of 1000 ppm of CO2.  As a result, examination of climate changes on 570 

the time scale of tens of millions of years has the potential to yield a valuable perspective 571 

on how climate changes with atmospheric composition. 572 

Q. What is the most useful geologic era to consider for that purpose? 573 

A. The Cenozoic era, the past 65 million years, is particularly valuable for several reasons.  574 

First, we have the most complete and most accurate climate data for the most recent era.  575 

Second, climate changes in that era are large enough to include ice-free conditions.  576 

Third, we know that atmospheric greenhouse gases were the principal global forcing 577 

driving climate change in that era. 578 

Q. How do you know that greenhouse climate forcing was dominant in the Cenozoic? 579 

A. Climate forcings, perturbations of the planetôs energy balance, must arise from either 580 

changes in the incoming energy, changes that alter the planetary surface, or changes 581 

within the atmosphere.  Let us examine these three in turn. 582 

 Solar luminosity is growing on long time scales, at a rate such that the sun was ~0.5% 583 

dimmer than today in the early Cenozoic.  Because the Earth absorbs about 240 W/m
2
 of 584 

solar energy, the solar climate forcing at the beginning of the Cenozoic was about -1 585 

W/m
2
 relative to today.  This small growth of solar forcing through the Cenozoic era, as 586 

we will see, is practically negligible. 587 
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 Changing size and location of continents can be an important climate forcing, as the 588 

albedo of the Earthôs surface depends on whether the surface is land or water and on the 589 

angle at which the sunôs rays strike the surface.  A quarter of a billion years ago the major 590 

continents were clumped together (Figure 9) in the super-continent Pangea centered on 591 

the equator.  However, by the beginning of the Cenozoic (65 million years before present, 592 

65 My BP, the same as the end of the Cretaceous) the continents were close to their 593 

present latitudes.  The direct (radiative) climate forcing due to this continental drift is no 594 

more than ~ 1 W/m
2
. 595 

 In contrast, atmospheric CO2 reached levels of 1000-2000 ppm in the early Cenozoic, 596 

compared with values as low as ~180 ppm during recent ice ages.  This range of CO2 597 

encompasses about three CO2 doublings and thus a climate forcing more than 10 W/m
2
.  598 

So it is clear that changing greenhouse gases provided the dominant global climate 599 

forcing through the Cenozoic era. 600 

 We are not neglecting the fact that dynamical changes of ocean and atmospheric currents 601 

can affect global mean climate.  Climate variations in the Cenozoic are too large to be 602 

accounted for by such dynamical hypotheses. 603 

Q. What caused atmospheric CO2 amount to change? 604 

A. At the beginning of the Cenozoic era, 65 My BP, India was just south of the Equator 605 

(Figure 9), but moving north rapidly, at about 15 cm/year.  The Tethys Ocean, separating 606 

Eurasia from India and Africa, was closing rapidly.  The Tethys Ocean had long been a 607 

depocenter for carbonate sediments.  Thus prior to the collision of the Indian and African 608 

plates with the Eurasian plate, subduction of carbonate-rich oceanic crust caused 609 

outgassing to exceed weathering, and atmospheric CO2 increased. 610 
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 The Indo-Asian collision at ~50 My BP initiated massive uplift of the Himalayas and the 611 

Tibetan Plateau, and subsequently drawdown of atmospheric CO2 by weathering has 612 

generally exceeded CO2 outgassing.  Although less important, the Alps were formed in 613 

the same time frame, as the African continental plate pushed against Eurasia.  With the 614 

closing of the Tethys Ocean, the major depocenters for carbonate sediments became the 615 

Indian and Atlantic oceans, because the major rivers of the world empty into those basins. 616 

 For the past 50 million years and continuing today, regions of subduction of carbonate 617 

rich ocean crust have been limited.  Thus, while the oceans have been a strong sink for 618 

carbonate sediments, little carbonate is being subducted and returned to the atmosphere 619 

as CO2.  As a result, over the past 50 million years there has been a long-term decline of 620 

greenhouse gases and global temperature. 621 

Q. Can you illustrate this long-term cooling trend? 622 

A. Yes.  Figure 10a shows a quantity, ŭ
18

O, that provides an indirect measure of global 623 

temperature over the Cenozoic era, with a caveat defined below.  ŭ
18

O defines the amount 624 

of the heavy oxygen isotope 
18

O found in the shells of microscopic animals 625 

(foramininfera) that lived in the ocean and were deposited in ocean sediments.  By taking 626 

ocean cores of the sediments we can sample shells deposited over time far into the past.  627 

Figure 10a shows the average result from many ocean cores around the world obtained 628 

in deep sea drill ing programs.   629 

 The proportion of ŭ
18

O in the foraminifera shell depends on the ocean water temperature 630 

at the time the shell was formed, and thus ŭ
18

O provides a proxy measure of temperature.  631 

However, an ice sheet forming on the Earthôs surface has an excess of 
16

O in its H2O 632 

molecules, because 
16

O evaporates from the ocean more readily than 
18

O, leaving behind 633 
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a relative excess of 
18

O in the ocean.  As long as the Earth was so warm that little ice 634 

existed on the planet, as was the case between 65 My BP and 35 My BP, 
18

O yields a 635 

direct measure of temperature, as indicated by the red curve and the temperature scale on 636 

the left side of Figure 10a. 637 

 The sharp change of ŭ
18

O at about 34 My BP was due to rapid glaciation of the Antarctic 638 

continent.  From 34 My BP to the present, ŭ
18

O changes reflect both ice volume and 639 

ocean temperature changes.  We cannot separate the contributions of these two processes, 640 

but both increasing ice volume and decreasing temperature change ŭ
18

O in the same 641 

sense, so the ŭ
18

O curve continues to be a qualitative measure of changing global 642 

temperature, chronicling the continuing long-term cooling trend of the planet over the 643 

past 50 million years. 644 

 The black curve in Figure 10a shows the rapid glacial-interglacial temperature 645 

oscillations, which are smoothed out in the mean (red and blue) curves.  Figure 10b 646 

expands the time scale for the most recent 3.5 million years, so that the glacial-647 

interglacial fluctuations are clearer.  Figure 10c further expands the most recent 425,000 648 

years, showing the familiar Pleistocene ice ages punctuated by brief interglacial periods.  649 

Note that the period of civilization within the Holocene is invisibly brief with the 650 

resolution in Figure 10a.  Homo sapiens have been present for about 200,000 years, and 651 

the predecessor species, Homo erectus, for about 2 million years, still rather brief on the 652 

time scale of Figure 10a. 653 

Q. Can you explain the nature of the global climate change illustrated in Figure 10? 654 

A. The long-term cooling from 50 My BP to the present must be due primarily to decreasing 655 

greenhouse gases, primarily CO2, which fell from 1000-2000 ppm 50 My BP to 180-280 656 
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ppm in recent glacial-interglacial periods.  Full glaciation of Antarctica, at about 34 My 657 

BP, occurred when CO2 fell to 500 ±150 ppm. 658 

 Between 34 and 15 My BP global temperature fluctuated, with Antarctica losing most of 659 

its ice at about 27 My BP.  Antarctica did not become fully glaciated again until about 15 660 

My BP.  Deglaciation of Antarctica was associated with increased atmospheric CO2, 661 

perhaps due to the negative feedback caused by reduction of weathering as ice and snow 662 

covered Antarctica as well as the higher reaches of the Himalayas and the Alps. 663 

 Cooling and ice growth resumed at about 15 My BP continuing up to the current 664 

Pleistocene ice age.  During the past 15 My CO2 was at a low level, about 200-400 ppm 665 

and its proxy measures are too crude to determine whether it had a long-term trend.  Thus 666 

it has been suggested that the cooling trend may have been due to a reduction of poleward 667 

ocean heat transports, perhaps caused by the closing of the Isthmus of Panama at about 668 

12 My BP or the steady widening of the oceanic passageway between South America and 669 

Antarctica. 670 

 We suggest that the global cooling trend after 15 My BP may due to continued drawdown 671 

of atmospheric CO2 of a degree beneath the detection limit of proxy measures.  Little 672 

additional drawdown would be needed, because the increasing ice cover on the planet 673 

makes climate sensitivity extremely high, and the logarithmic nature of CO2 forcing 674 

makes a small CO2 change very effective at low CO2 amounts.  There are reasons to 675 

expect CO2 drawdown in this period: the Andes were rising rapidly in this period, at a 676 

rate of about 1 mm per year (1 km per My).  The mass of the Andes increased so much as 677 

to slow down the convergence of the Nazca and South American plates by 30% in the 678 

past 3.2 My.  Increased weathering and reduced subduction both contribute to drawdown 679 
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of atmospheric CO2.  Finally, a suggestion that CO2 has been declining over the relevant 680 

period is provided by the increase of C4 plants relative to C3 plants that occurred 681 

between 8 and 5 My BP; C4 plants are more resilient to low atmospheric CO2 levels (C4 682 

and C3 photosynthesis are alternative biochemical pathways for fixing carbon, the C4 683 

path requiring more energy but being more tolerant of low CO2 and drought conditions).  684 

However, given the high climate sensitivity  with large ice cover, other small forcings 685 

could have been responsible for the cooling trend without additional CO2 decline. 686 

 In summary, there are many uncertainties about details of climate change during the 687 

Cenozoic era.  Yet important conclusions emerge, as summarized in Figure 11.  The 688 

dominant forcing that caused global cooling, from an ice free planet to the present world 689 

with large ice sheets on two continents, was a decrease in atmospheric CO2.  Human-690 

made rates of change of climate forcings, including CO2, now dwarf the natural rates. 691 

Q. Is this relevant to the question of whether we need to ñwrestleò with climate change? 692 

A. Yes, it may help resolve the conundrum sensed by some lay persons based on realization 693 

that the natural world has undergone huge climate variations in the past.  That is true, but 694 

those climate variations produced a different planet.  If we follow ñbusiness as usualò 695 

greenhouse gas emissions, putting back into the air a large fraction of the carbon that was 696 

stored in the ground over millions of years, we surely will set in motion large climate 697 

changes with dramatic consequences for humans and other species. 698 

Q. Why are climate fluctuations in the past few million years (Figure 10b) so regular? 699 

A. The instigator is the distribution of sunlight on the Earth, which continuously changes by 700 

a small amount because of the gravitational pull of other planets, especially Jupiter and 701 

Saturn, because they are heavy, and Venus, because it comes close.  The most important 702 
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effect is on the tilt of the Earthôs spin axis relative to the plane of the Earthôs orbit 703 

(Figure 12).  The tilt varies by about 2° with a regular periodicity of about 41 Ky (41,000 704 

years).  When the tilt is larger it exposes both polar regions to increased sunlight at 6-705 

month intervals.  The increased heating of the polar regions melts ice in both 706 

hemispheres. 707 

 The 41 Ky climate variability is apparent in Figure 10b and is present in almost all 708 

climate records.  However, glacial-interglacial climate variations became more complex 709 

in the most recent 1.2 My, with large variations at ~100 Ky periodicity, as well as ~41 Ky 710 

and ~23 Ky periods.  As the planet became steadily colder over the past several million 711 

years, the amplitude of glacial-interglacial climate swings increased (Figure 10b) as ice 712 

sheet area increased.  Ice sheets on Northern Hemisphere continents, especially North 713 

America, extended as far south as 45N latitude.  Similar ice sheets were not possible in 714 

the Southern Hemisphere, which lacked land at relevant latitudes. 715 

 Hemispheric asymmetry in ice sheet area allows two additional Earth orbital parameters, 716 

which work in concert, to come into play.  Gravitational tugs of the planets cause the 717 

eccentricity of the Earthôs orbit about the sun to vary from near zero (circular) to an 718 

eccentricity of about 0.06.  When the orbit is significantly non-circular, this allows 719 

another orbital parameter, axial precession, to become important.   Precession, which 720 

determines the date in the year at which the Earth in its elliptical orbit is closest to the 721 

sun, varies with a periodicity of ca. 23 Ky.  When the Earth is closest to the sun in 722 

Northern Hemisphere winter, thus furthest from the sun in summer, ice sheet growth in 723 

the Northern Hemisphere is encouraged by increased winter snowfall and cool summers.  724 

The effect of eccentricity + precession on ice sheet growth is opposite in the two 725 
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hemispheres, so the effect is important only when the area of high albedo ice and snow is 726 

much different in the two hemispheres, as it has been in the past million years.  Climate 727 

variations then include all three periodicities, ~23 Ky precession, ~41 Ky tilt, and ~100 728 

Ky eccentricity, as has been demonstrated for the recent ice age cycles. 729 

Q. What are the current Earth orbital parameters? 730 

A. Precession has the Earth closest to the sun in January, furthest in July, which would favor 731 

growth of Northern Hemisphere ice.  But eccentricity is small, about 0.016, so the 732 

precession effect is not large.  Tilt is about midway between its extremes headed toward 733 

smaller tilt, the next minimum tilt occurring in ~10 Ky.  Smaller tilt favors ice sheet 734 

growth, so, if it were not for humans, we might expect a trend toward the next ice age.  735 

But the trend may have been weak, because, by the time tilt reaches its minimum, the sun 736 

will be closest to the sun in Northern Hemisphere summer.  Thus in this particular cycle 737 

the two mechanisms, tilt and eccentricity + precession, will be working against each 738 

other, rather than reinforcing each other.  In any event, this natural tendency has become 739 

practically irrelevant in the age of fossil-fuel-burning humans. 740 

Q. Why is the natural glacial-interglacial cycle irrelevant? 741 

A. Earth orbital changes were only pacemakers for glacial-interglacial climate change, 742 

inducing changes of ice area and greenhouse gases.  Changes of surface albedo and 743 

greenhouse gases were the mechanisms for climate change, providing the immediate 744 

causes of the climate changes.  We showed in Figure 6 that these two mechanisms 745 

account for the glacial-interglacial climate variations. 746 

 Now humans are responsible for  changes of these climate mechanisms.  Greenhouse 747 

gases are increasing far outside the range of natural glacial-interglacial variations (Figure 748 
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8) and ice is melting all over the planet.  The weak effect of slow orbital changes is 749 

overwhelmed by the far larger and faster human-made changes. 750 

 Humans are now entirely responsible for long-term climate change (Figure 13).  751 

However, it would be misleading to say that humans are ñin controlò.  Indeed, there is 752 

great danger that humans could set in motion future changes that are impossible to 753 

control, because of climate system inertia, positive feedback, and tipping points.  754 

Q. Can we finally finish with this paleoclimate discussion? 755 

A. Please allow one final comment.  For the record, since I could only estimate broad ranges 756 

for CO2 in the Cenozoic era, I should show at least one estimate from the proxy CO2 data.  757 

Figure 14A shows estimated CO2 for the entire Phanerozoic eon, the past 540 million 758 

years.  I show this longer time interval, because it includes CO2 changes so large as to 759 

make the errors in the proxies less in a relative sense. 760 

 Geologic evidence for ice ages and cool periods on this long time frame (Figure 14B) 761 

shows a strong correlation of climate with CO2.  Climate variations were huge, ranging 762 

from ice ages with ice sheets as far equatorward as 30 degrees latitude to a much warmer 763 

planet without ice.  Although other factors were also involved in these climate changes, 764 

greenhouse gases were a major factor. 765 

Q. Are climate models consistent with paleoclimate estimates of high climate sensitivity 766 

and with observed global warming in the past century? 767 

A. Yes.  Climate models yield equilibrium sensitivity (the response after several centuries) 768 

of typically about 3°C for doubled CO2.  Figure 15B shows the resulting global warming 769 

when such a climate model (one with ~3°C sensitivity for doubled CO2) is driven by 770 

climate forcings measured or estimated for the period 1880-2003 (Figure 15A).  The 771 
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calculated and observed warmings are similar.  Good agreement might also be obtained 772 

using a model with higher sensitivity and a smaller forcing or using a model with lower 773 

sensitivity and a larger forcing.  But the sensitivity of this model agrees well with the 774 

empirical sensitivity defined by paleoclimate data. 775 

Q. I am confused.  Did you not say earlier that climate sensitivity is about 6°C for 776 

doubled CO2? 777 

A. Yes.  That is an important point that needs to be recognized.  We showed that the real 778 

world climate sensitivity is 6°C for doubled CO2, when both fast and slow feedback 779 

processes are included, based on data that covered climate states ranging from 780 

interglacial periods 1°C warmer than today to ice ages 5°C cooler than today.  That 6°C 781 

sensitivity is also the appropriate estimate for the range of warmer climates up to the 782 

point at which all ice sheets are melted and high latitudes are fully vegetated. 783 

 This higher climate sensitivity, 6°C for doubled CO2, is the appropriate sensitivity for 784 

long time scales, when greenhouse gases are the specified forcing mechanism and all 785 

other slow feedbacks are allowed to fully respond to the climate change.  The substantial 786 

relevant slow feedbacks are changes of ice sheets and surface vegetation. 787 

Q. Yet you employed a climate model with 3°C sensitivity, a model excluding these slow 788 

feedbacks.  Does this cause a significant error? 789 

A. No, not in simulations of the 20
th
 century climate change as in Figure 15.  Feedbacks 790 

come into play not in response to climate forcing but in response to climate change.  791 

Ocean thermal inertia introduces a lag, shown by the climate response function in Figure 792 

15c.  The response function is the fraction of the equilibrium surface response that is 793 

achieved at a given time subsequent to introduction of the forcing.  About half of the 794 




