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BEFORE THE IOWA UTILITIES BOARD
DEPARTMENT OF COMMERCE
STATE OF IOWA

IN RE:

INTERSTATE DOCKET NO. GCU07-01
POWER AND LIGHT
COMPANY

DIRECT TESTIMONY OF DR. JAMES E. HANSEN

Please state your name and business address.

My name is James E. Hsen. My business address is 2880 Broadway, New York, New
York 10025.

By whom are you presently employed and in what capacity?

| am employed by the National Aeronautics and Space Administration (NASA) Goddard
Space Flight Center (GSFC), which hashitsne base in Greenbellaryland. | am the
director of the Goddard Institute for Space Studies (GISS), which is a division of GSFC
located in New York City. | am also a senior scientist in the Columbia University Earth
Institute and an Adjunct Professoir Earth and Environmental Sciences at Columbia. |
am responsible for defining the research direction of the Goddard Institute, obtaining
research support for the Institute, carrying out original scientific research directed
principally toward understaimt global change, and providing relevant information to
the public. | am testifying here as a private citizen, a resident of Kintneyrsville
Pennsylvania on behalf of the planet, of life on Earth, including all species.

What is your educational backgraind?

| was trained in physics and astronomy at the University of lowa in the space science
program of Professor James Van Allen. | have a badsettggree in physics and
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mathematics, a master degree in astronomy, and a Ph.D. in physics, all from the
University of lowa. | also did research as a graduate student at the Universities of Kyoto

and Tokyo, and | was a pedbctoral fellow of the United States National Science
Foundation studying at the Sterrewacht, Leiden University, Netherlands, under Pro
Henk van de Hulst.

Please describe your professional experience.

Upon graduating from the University of lowa in February 1967 | joined the Goddard
Institute for Space Studies, where | hawakedever since, except for 1969 when | was a
postdoctaal fellow in the Netherlands. In my first ten years at the Goddard Institute |
focused on planetary research. | was Principal Investigator for an experiment on the
Pioneer Venus spacecraft to study the clouds of Venus and | was involved in other
planetay missions. In the mid970s, as evidence of humamade ef fects on
atmosphere and climate became apparerggab to spend most of my timernesearch

ont he Earthdés climate. I became director ¢
Inst t ut ed s pr ogr amwhienmaigdinmdg a broad peespegtiee, from

pl anetary studies and the Earthds history.
Are you sponsoring any exhibits as part of your testimony?

Yes. All the figures referenced in my testimony are included as Exhibi (JEH1)
Schedul e A. A 2007 article authored by m
change and trace gaseso-l)ScheduleBicl uded as EX
What is the purpose of your testimony?

My aim is to present clear scientividence describing the impact that ebadd power

pl ants (without carbon capture and storage
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thewellbei ng of todayds and fandlereaturegamdseaciest i on s
of creation.

Burning of fossil fuels, primarily coal, oil and gas, increases the amount of carbon
dioxide (CQ) and other gases and particles in the air. These gases and particles affect
the Earthds energy bal ance, changing both
and the emission of heat (long wave or thermal radiation) to space. The net effect is a
global warming that has become substantial during the past three decades.

Global warming from continued burning of more and more fossil fuels poses clear
dangers fot he pl anet and for the planetods pres
largest contributor to the humamade increase of GOn the air. Saving the planet and
creation surely requires phasat of coal use except where the £i® captured and
sequetered (stored in one of several possible ways).

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

coal be justified, given stilldeveloping understanding of climate change?

Yes. Coal reserves contain much maagbon than do oil and natural gaservesand it

is impractical to capture Gmissions from the tailpipes of vehicles. Nor is there any
prospect that Saudi Arabia, Rusdia United Stateand other major oiproducers will

decide to leave their aih the ground. Thus unavoidable €émnissionsrom oil and gas

in the next few decades will take atmospheric;@®ounts close to, if not beyond, the

level needed to cause dangerous climate change. The only practical way to prevent CO
levels from goingar into the dangerous range, with disastrous effects for humanity and
other inhabitants of the planet, is to phase out use of coal except at power plants where

the CQ is captured and sequestered.
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But why focus on a coal plant in lowa? Coafired power plants are being built at a

much faster rate in China.

The United States is responsible for more than three times as much of the exgess CO

the air than any other country. The United States and Europe together are responsible for
well over half ofthe increase from the pradustrial CQ amount (280 ppm, ppm = parts

per million) to the preserday CQ amount (about 385 ppm). The United States will
continue to be most responsible for the humede CQ increase for the next few
decades, even thoughhi nadés ongoing emissions wil/ e X
Although a portion of humamade CQ emissions is taken up by the ocean, there it
exerts a Oback pr e thatrinefect,asubstantial fractiomaf papth e r e
emissions emains in the air for many centuries, until it is incorporated into ocean
sedi ment s. Furthermor e, even as Chinads e
the United St at e s;emisSibns ara @aly abput 20% ofdhpse inaghe C O
United Sates.

China, India and other developing countries must be part of the solution to global
warming, and surely they will be, if developed countries take the appropriate first steps.
China and India have the most to lose from uncontrolled climate chantgesyakave

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

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

with technical assistance, will need to reduce their emissioms after the developed

world reduces its emissions.

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

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

tech jobs and provide a basis for international trade that allows recovery of some of the
wealth that the country has been hemorrhaging to China.

How can one power plant in lowa be of any significancen comparison with many
power-plants in China?

The lowa power plant can make an important difference because of tipping points in the
climate system, tipping points in life systems, and tipping points in social behavior. A
tipping point occurs in a stam with positive feedbacks. When forcing toward a change,
and change itself, become large enough, positive feedbacks can cause a sudden
acceleration of change with very little, if any, additional forcing.

Arctic sea ice is an example of a tipping pamthe climate system. As the warming
global ocean transports more heat into the Arctic, sea ice cover recedes and the darker
open ocean surface absorbs more sunlight. The ocean stores the added heat, winter sea
ice is thinner, and thus increased meltaay occur in following summers, even though
yearto-year variations in sea ice area will occur with fluctuations of weather patterns and
ocean heat transport.

Arctic sea ice loss can pass a tipping point and proceed rapidly. Indeed, the Arctic sea
ice tpping point has been reached. However, the feedbacks driving further change are
not 6runaway6 feedbacks that proceed to
Furthermore, sea ice loss is reversible. If huimaade forcing of the climate systdm
reduced, such that the planetary energy imbalance becomes negative, positive feedbacks
will work in the opposite sense and sea ice can increase rapidly, gesh &sdecreasd

rapidly whenthe planetary energy imbalane@s positive
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Planetary enesgimbalance can be discussed quantitatively later, including all of the
factors that contribute to it. However, it is worth noting here that the single most
important action needed to decrease the present large planetary imbalance driving climate
change s curtailment of C@emissions from coal burning. Unless emissions from coal
burning are reduced, actions to reduce other climate forcings cannot stabilize climate.

The most threatening tipping point in the climate sysienme potential instability of

large ice sheets, especially West Antarctica and Greenland. If disintegration of these ice
sheets passes their tipping points, dynamical collapse of the West Antarctic ice sheet and
part of the Greenland ice sheet could proceed out of our control. @tsheet tipping

point is especially dangerous because West Antarctica alone coataingh water to
causeabout 20 feet (6 meters) of sea level rise.

Hundreds of millions of people livess tharR0 fed abovesea level. Thus the number of
people affecd would be 1000 times greater tharthe New Orlean¥atrina disaster.
Although lowa would not be directly affected by sea level rise, repercussions would be
worldwide.

Ice sheet tipping points and disintegration necessarily unfold more slowlytipipéamy
pointsfor sea ice, on time scales of decades to centuries, because of the greater inertia of
thick ice sheets. But that inertia is not our friend, as it also makes ice sheet disintegration
more difficult to halt once it gets rolling. Moreover, Welisea ice cover, ice sheet
disintegration is practically irreversible. Nature requires thousands of years to rebuild an
ice sheet. Even a single millennium, about 30 generations for humans, is beyond the time

scale of interest or comprehension to mesipe.
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Because of the danger of passing the ice sheet tipping point, even the emissions from one
lowa coal plant, with emissions 6f900,000 tons of CQ per year an@97,000,00@ver

50 years could be important asvapotdrplantst r aw
also contributes to tipping points in life systems and human behavior.

How can lowa contribute to tipping points in life systems and human behavior?

There are millions of species of plants and animals on Earth. These species depend upon
each other in a tangled web of interactions that humans are only beginrfatham

Each species lives, and can survive, only withispecific climdic zone. When climate
changesspecies migrate in an attempt to stay within tleéimatic niche However,

large rapid climate change can drive most of the species on the planet to extinction.
Geologic records indicate that mass extinctions, with loss of more than half of existing
speci es, occurred sever al t i meleped, butthath e Ear
processrequired hundreds of thousands, even millions, of years. If we destroy a large
portion of the species of creation, those that have existed on Earth in recent millennia, the
Earth will be a far more desolate planet for as many génaes of humanity as we can
imagine.

Today, as global temperature is increasing at a rate of about 0.2°C (0.36°F) per decade,
isotherms (a line of a given average temperature) are moving poleward at a rate of about
50-60 km (35 miles) per decadeSome species are moving, but many can move only
slowly, pathways may be blocked as humans have taken over much of the planet, and
species must deal with other stresses that humans are causing. If the rate of warming
continues to acceleratéhe cumulative effect this century may result in the loss of a

majority of existing species.
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The biologist E.O. Wilsorexplains that the 2icent ury neclad fAfbot t $ pe
because oéxtreme stresses they will experience, most of alhliee of climate change.

He foresees a brighter future beyond the fossil fuel era, beyond the human population
peakthat will occur if developing countries follow the path of developedntries and
Chinato lower fertility rates. Air and water can beaeand wecanlearn to live with

other species of creation in a sustainable way, using renewable endrgyjudstion is:

how many species will survive the pressures of the® 2dentury bottleneck?
Interdependencies among species, some less mobile tiiiens,ccan lead to collapse of
ecosystems and rapid nonlinear loss of species, if climate change continues to increase.
Coal will determine whether we continue to increase climate change or slow the human
impact. Increased fossil fuel GOn the air todg, compared to the pii@edustrial
atmosphere, is due 50% to coal, 35% to oil and 15% to gas. As oil resources peak, coal
will determine future C@levels. Recently, after giving a high school commencement
talk in my hometown, Denison, lowa, | drove fr@enison to Dunlap, where my parents

are buried. For most of 20 miles there were trains parked, engine to caboose, half of the
cars being filled with coal. If we cannot stop the building of more-ficad power

plants, those coal trains will be deathirisd no less gruesome than if they were boxcars
headed to crematoria, loaded with uncountable irreplaceable species.

So, low many of the exterminated species should be blamed d&29#600,00Gons of

CO, that will be produced in 50 years by the propbSeitherland Generating Station

Unit 4 power plar? If the United States and the rest of the world continue with
Abusdasuesusal 0 i n ¢emssidE &large fract®of the millions of species

on Earth will be lost and it will be fair to assiga handful of those t&utherland
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Generating Station Unit 4, even though we cannot assign responsibility for specific
species Moreover the effect of halting construction of this power plant potentially could

be much greater, because of the possilmlityositive feedbacks among people.

What tipping points in human behavior are you referring to?

As the reality of climate change becomes more apparent, as thtetangonsequences

of further climate change are realized, and as the central rot&lhodetermining future
atmospheric C®is understood, the pressures to use coal only at power plants where the
CO, is captured and sequestered will increase. If the public begins to stand up in a few
places and successfully oppsshe construction opower plants that burn coal without
capturing the Cg@ this may begin to have a snowball effect, helping utilities and
politicians to realize that the public prefers a different path, one that respects all life on
the planet.

The changes in behavior wileed to run much broader and deeper than simply blocking
new dirty coal plants. Energy is essential to our way of life. We will have to find ways
to use energy more efficiently and develop renewable and other forms of energy that
produce little if any ggenhouse gases. The reward structure for utilities needs to be
changed such that their profits increase not in proportion to the amount of energy sold,
but rather as they help us achieve greater energy and carbon efficienpgopies begin

to realizethat life beyond the fossil fuel era promises to be very attractive, with a clean
atmosphere and water, and as we encourage the development of the technologies needed
to get us there, we should be able to move rapidly toward that goal. But we need tipping

points to get us rolling in that direction.
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lowa, and this specific case, cée a tipping point, leading to a new directiorA
message -ftauahti oheldd power pl ant s, . e. t
sequestratiomare no longer acceptablepuld be a message of leadership, one that would

be heardhcrosslowaandeyond t he stateds borders.
Alleged implications of continued coal burning without carbon capture are
profound and thus require proof of a causal relationship betweerclimate change

and CO; emissions. What is the nature of recent global temperature change?

Figure 1(a) shows global mean surface temperature change over the period during which
instrumental measurements are available for most regions of the globe. The warming
since tle beginning of the Dcentury has been about 88(1.4°F), with threequarters

of that warming occurring in the past 30 years.

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

day weather fluctuations. Is such a smawarming significant?

Yes, and it is important. Chaotic weather fluctuations make it difficult for people to
notice changes of underlying climate (the average weather, including statistics of extreme
fluctuations), but it does not diminish the impattongterm climate change.

First, we must recognize that global mean temperature changes of even a few degrees or
less can cause large climate impacts. Some of these impacts are associated with climate
tipping points, in which large regional climatesponse happens rapidly as warming
reaches critical l evel s. Al ready todayods
cause loss of all Arctic sea ice. Evidence suggests that we are also nearing the global
temperature level that will cause the Wesitarctic ice sheet and portions of the

Greenland ice sheet to become unstable, with potential for very large sea level rise.

10
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Second, we must recognize that there i s m
gases humans have already added to the @&lre climate system has large thermal

inertia, mainly due to the ocean, which averages 4 km (about 2.5 miles) in depth.
Because of the oceandés inertia, the plane
humans are adding to the atmosphere. If atmogp@€), and other gases stabilized at

present amounts, the planet would still warm about@.@bout TF) over the next
century or t wo. I n addition, there are 1
infrastructure such as power plants and vehiclethemoad. Even as the world begins to

address global warming with improved technologies, the old infrastructure will add more
gases, with still further warming on the order of anotliét 1

Third, eventual temperature increases will be much largertinadrhigh latitude regions

than they are on average for the planet. High latitudes take longer to reach their
equilibrium (longterm) response because the ocean mixes more deeply at high latitudes

and because positive feedbacks increase the responsthgirae Amplification of high

latitude warming is already beginning to show up in the Northern Hemispkegare

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

the 2F' century, relatived the 19511980 base period. Note that warming over land

areas is larger than global mean warming, an expected consequence of the large ocean
thermal inertia. Warming is larger at high latitudes than low latitudes, primarily because

of the ice/snow albexlfeedback. Warming is larger in the Northern Hemisphere than in

the Southern Hemisphere, primarily because of greater ocean area in the Southern
Hemisphere, and the fact that the entire Southern Ocean surface around Antarctica is

cooled by deep mixing. Also humanrcaused depletion of stratospheric ozone, a

11
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greenhouse gas, has reduced warming over most of Antarctica. This ozone depletion and

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

thus warmed the AntarcticeRinsula while limiting warming of most of the Antarctic

continent

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

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

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

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

warming on the ice sheets is expected tabéeast twice as large as global warming.

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

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

warming is expected on theoretiogdounds, it is found in climate models, and it is

confirmed in paleoclimate (ancient climate) records.

But those paleocli mate

large amounts many times in the past.

has suggested

How do you reach a contrary conclusion?

t hat

records show that t

For that reason, the NASA Admistrator

we

may

Anmade clmate changeo A wr e

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

climate changes shows that modestifoy factors can produce large climate change. In

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

global climate is to climate forcings, including hurrraade climate forcings.

What is a climate forcing?

12
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Aclimat e forcing is an I mposed perturbation
tend to alter the planetdos temperature.
brighter, that would be a forcing somewhat more thanW#t?, because the Earth
absorbs ahat 238W/m? of energy from the sun. An increase of greenhouse gases, which
absorb terrestrial heat radiation and thu
forcing. Doubling the amount of atmospheEi©; is a forcing of about +¥V/m?.

How large are natural climate variations?

That depends on the time scale. A useful time scale to examine is the past several
hundred thousand years. There is good data for the temperature, changes of atmospheric
composition, and the most important changestoet Eart hds sur f ace.
know the amount of lonfived greenhouse gasesQ,, CH; and NO, as a function of

time from air bubbles in the ice sheets. Ice sheets are formed by snowfall that piles up
year by year and compresses into ice as thigiw of snow above increases. The date
when the snow fell is known accurately for about the past 15,000 years from counting
annual layers marked by summer crusting. Annual layers can be clearly distinguished in
the upper part of the ice sheet. Lesgigeways of dating ice layers are available for the
entire depth of the ice sheets. The temperature whesntveflakedell is inferred from

the isotopic composition of the ice.

Figure 2 shows the temperature on the Antarctic ice sheet for the pagi0@2years.

Similar curves are found from Greenland and from alpine ice cores, as well as from ocean
sediment cores. Layered ocean sediments contain the shells of microscopic animals that
lived in the ocean, the proportion of elements in these micrazssbhells providing a

measure of the ocean temperature at the time the animals lived. Swings of temperature

13
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from warm interglacial periods to ice ages occur worldwide, with the glextelglacial
temperature range being typical43C in the tropics, bout 10C at the poles, and about

5°C on global average.

We live today in a warm interglacial period, the Holocene, now almost 12,000 years in
duration. The last ice age peaked about 20,000 years ago. Global mean temperature was
about 8C colder than tday, with an ice sheet more than a mile thick covering Canada
and reaching into the United States, covering the present sites of Seattle, Minneapolis,
and New York. So much water was locked in this ice sheet, and other smaller ice sheets,
that sea level as 110130 meters (about 35000 feet) lower during the ice age, thus
exposing large areas of continental shelves.

Figure 3 shows that large changes of sea level are the norm as climate changes. Global
sea level, global temperature, and atmospheric goeese gas amounts are obviously
very highly correlated.

The sea level changes are enormous. Is sea level always changiWgf?at have the
consequences been?

On millennial time scales resolvable in this graph, sea I&@J),and global temperature
change together. However, close examination shows that sea level has been stable for
about the past 7000 years. In that period the planet has been warm enough to prevent an
ice sheet from forming on North America, but cool enough for the Greenland and
Antarctic ice sheets to be stable. The fact that the Earth cooled slightly over the past
8000 years probably helped to stop further sea level rise.

Sea level stability played a role in the emergence of cotrgaeieties. Whensea level

was rising at the rate of 1 meter per century or faster biological productivity of coastal

14



314 waters was | imited. Thus it iI's not surpr

315 abandoned mobile hunting and gathering in the Neolithic (127000 years ago) they

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

317 years of sea level stabilization, urban (>2500 people) societies developed at many places
318 around the worldKigure 4). With the exception of Jerichon the Jordan River, all of

319 these first urban sites were coastal, where high protein food sources aided development of
320 complex civilizations with class distinctions.

321 Modern societies have constructed enor mous
322 than a billion people live within 25 meter elevation of sea level. This includes practically

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

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

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

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

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

328 A Our best guide fothe eventual long er m sea | evel change is thi
329 time the Earth was-3°C warmer than today, about 3 million years ago, sea level was

330 about 25 meters higher. The last time the planet W&swarmer, just prior to the

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

332 pl anet. Given todaydés ocean basins, i f t
333 about 70 meters (about 230 feet).

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

335 Anonlinear o problem in which positive feed
336 collapse and rapid sea level rise. |Initial ice sheet response to global warming is

15
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necessarily slow, and it is inherendifficult to predict when rapid change would begin.

| have argued hat a -asbsisaln@sgrowth of greenhouse
level rise this century of more than a meter, probably several meters, because practically
the entire West Antarctic and Greenland ice sheets would be bathed in meltwater during
an extended summer melt season.

The Intergovernmental Panel on Climate Chargeulated a sea level rise of only-21

cm by 2095 -awg u 4 aiios A2rewdsA$B, but their calculation included
only thermal expansion of the ocean and melting of alpine glaciers, thus omitting the
most critical component of sea level change, that from ice sheets. IPCC noted the
omission of this component in its skeael projections, because it was unable to reach a
consensus on the magnitude of likely ice sheet disintegration. However, much of the
media failed to note this caveat in the IPCC report.

Earthos history reveal s man gtercperscensury,vinh e n
response to forcings much weaker than present humaale climate forcings. Iceberg
discharge from Greenland and West Antarctica has recently accelerated. It is difficult to
say how fast ice sheet disintegration will proceed, bstiisiue provides strong incentive

for policy makers to slow down the humarade experiment with our planet.

Knowledge of climate sensitivity has improved markedly based on improving
paleoclimate data. The information on climate sensitivity, combinedknitvledge of

how sea level responded to past global warming, has increased concern that we could will
to our children a situation in which future sea level change is out of their control.

How can the paleoclimate data reveal thelimate sensitivity to forcings?
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359 A We compare different climate states in the

360 how much climate responded to climate forcings in the past. In doing this, we must
361 define climate forcings and climate feedbacks clearly. Alternativeces for forcings

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

363 A famous definition of <climate sensitivity
364 assumed that the distributions of ice sheets and vegetation on th@ Eartls ur f ace ar e
365 and the question is asked: how much will global temperature increase if the amount of
366 CQO; in the air is doubled? The Charnelymate sensitivity is most relevant to climate

367 change on the decadal time scale, because ice shektorast cover would not be

368 expected to change much in a few decades or less. However, the Charney climate
369 sensitivity must be recognized as a theoretical construct. Because of the large thermal
370 inertia of the ocean, it would require several centur@stifie Earth to achieve its

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

372 vegetation could occur as Ofeedbacksd, [
373 engender further climate change. Feedbacks can eitherifjnagndiminish climate

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

375 Climate feedbacks include changes of atmospheric gases and aerosols (fine particles in
376 the air). Gases that change in response to climate ehacdgde water vapor, but also

377 the longlived greenhouse gas&30,, CH; and NO.

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

379 A Yes, and that is sometimes a source of confusion. Water vapor readily evaporates into
380 and condenses bof the atmosphere. The amouwfitH,O in the air is a function of the

381 climate, primarily a function of temperature. The air holds nwager vapor in the

17
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summer than in winter, for example. Water vapor is a prime example of what we call
60f ast 6 s,these ddulaack& that respond promptly to changes of climate. Because
H,O causes a strong greenhouse effect, and troposph€¥itkereasesvith temperature,

it provides a positive feedback.

The Charney climate sensitivity includes the effects offessdibacks such as changes of
water vapor and clouds, but it excludes slow feedbacks such as ice sheets. We obtain an
empirical measure of the equilibrium Charney climate sensitivity by comparing
conditions on Earth during the last ice age, about 20,086 yeo with the conditions in

the present interglacial period prior to major humaade effects. Averaged over a
period of say 1000 years, the planet in each of these two states, glacial and interglacial,
had to be in energy balance with space withimalkfraction of IW/m®. Because the
amount of incoming sunlight was practically the same in both periods; @heifference

in global temperature between the ice age and the interglacial period had to be maintained
by changes of atmospheric compositaord changes of surface conditions. Both of these

are well known.

Figure 5 shows that there was a lesser amount of-loregl greenhouse gases in the air
during the last ice age. These gases affect the amount of thermal radiation to space, and
they havea small impact on the amount of absorbed solar energy. We can compute the
climate forcing due to the glaciaiterglacial changef CO,, CH;, and NO with high
accuracy. The effective climate forcingcluding the indireceffect d CH4 on aher

gases, is 3 + 0.8/m?.

Changes on the Earthodos surface also alter

change is due to the large ice sheets during the last ice age, whose high albedo
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405 (6whitenessd or r e f ltoeabsbrb less tsolay radeaton. s @ndhllert h e

406 effects were caused by the altered vegetation distribution and altered shorelines due to
407 lower sea level during the ice age. The climate forcing due to all these surface changes is
408 3.5 £ 1W/m”.

409 Thus the glaciainterglacial climate change of6 was maintained by a forcing of about

410 6.5W/m?, implying a climate sensitivity of about®@ perW/m?. This empirical climate

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

412 water vapor, clouds, aerosols, and sea ice. Doub@gis a forcing of 4W/m? so the

413 Charney climate sensitivity is 3 £Q for doubledCO,. Climate models yield a similar

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

415 all real world processes with 6correctd ph

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

418 A. We can check climate sensitivity for the entire past 425,000 yéagscores Figure 5)

419 provide a detailed record of lodiged greenhouse gases. A measure of surface

420 conditions is provided by sediment cores frdra Red Seand other places, which yield

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

422 because water that was not in the ocean was locked in the ice sheets. Greenhouse gas and
423 sea level records allow us to compute the climate forcings due to both atmospheric and

424 surface changes for the ent25000 years

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

426 by the presumed climate sensitivity of@per W/m? the result is in remarkably good

427 agreement with O0o0bs e angefore 6ylinpled by Antaectitcp e r at u
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428 temperature change. Therefore this climate sensitivity has general validity for this long

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

430 but specifies changes of greenhoussegaand surface conditions.

431 It is important to note that these changing boundary conditions (thelileag

432 greenhouse gases and surface albedo) are themselves feedbacks on long time scales. The
433 cyclical climate changes from glacial to interglacial tinege driven by very small

434 forcings, primarily by minor perturbations
435 tilt of the Eartho6és spin axis relative to

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

437 A Figure 7 is useful for that purpose. It compares temperature change in Antarctica with
438 the greenhouse gas forcing. Temperature and greenhouse gas amounts are obtained from
439 the same ice core, which reduces uncertainty in their sequencing despite suibstantia
440 uncertainty in absolute dating. There is still error in dating temperature change relative to
441 greenhouse gas change, because of the time needed for ice core bubble closure.
442 However, that error is small enough that we can infer, as showigume 7b, that the

443 temperature change tends to slightly precede (by several hundred years) the greenhouse
444 gas changes. Similarly, although the relative dating of sea level and temperature changes
445 are less accurate, it is clear that warming usually precedes icandedea level rise.

446 These sequencings are not surprising. They show that greenhouse gas changes and ice
447 sheet area changes act as feedbacks that amplify the very weak forcings due to Earth
448 orbital changes. The climate changes are practically coinartdnthe induced changes

449 of the feedbacksHigure 7). The important point is that theechanismsor the climate

450 changes, the mechani sms substantially affe
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the temperature, are the atmospheric greenhouse gadethe surface albedo. Earth
orbital changes induce these mechanisms to change, for example, as the tilt of the spin
axis increases both poles are exposed to increased sunlight. Changed insolation affects
the melting of ice and, directly and indirectllge uptake and release of greenhouse gases.
What is the implication for the present eraand the role of humans in climat@

The chief implication is that humans have taken control of global climate. This follows
from Figure 8, which extends records the principal greenhouse gases to the present.
CO,, CH; and NO (not shown)re far outside their range of the past 800,000 years for
which ice core records of atmospheric composition are available.

Yet the global warming also shown inFigure 8 doesnot seem to be commensurate

with the greenhouse gas increases, if we were to use the paleoclimate as a guide.
Can you explain that?

Yes. Observed warming is in excellent agreement with climate model calculations for
observed greenhouse gas changaso factors must be recognized.

First, the climate system has not had enough time to fully respond to the-madan
climate forcings. The time scale after 1850 is greatly expanddedgure 8. The
paleoclimate portion of the graph shows the +esaiilibrium (~1000 year) response to
slowly changing forcings. In the modern era, most of the net hunaale forcing was

added in the past 30 years, so the ocean has not had time to fully respond and the ice
sheets are just beginning to respond to the presaming.

Second, the climate system responds to the net forcing, which is only about half as large
as the greenhouse gas forcing. The net forcing is reduced by negative forcings, especially

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

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

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

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

478 that would push these mechanisms in that direction (toward less greenhouse gases and
479 larger ice cover) are totally overwhelmed by human forcings. Greenhouse gas amounts
480 are skyrocketing out of the normahge and ice is melting all over the planet. Humans

481 now control global climate, for better or worse.

482 Another ice age cannot occur unless humans go extinct, or unless humans decide that
483 they want an ice age. Ho we v e task. |6 eootrast,e vi ng
484 prevention of an ice age 1s a trivial t as
485 CFCs (chlorofluorocarbons), for example. The problem is rather the opposite, humans

486 have already added enough greenhouse gases to the atmosphéreet global

487 temperature well above any level in the Holocene.

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

489 A That depends on how long we wait. The Charney climate sensitiviy ¢Bbal

490 warming for doubledCO;,) does not include slow feedbacks, principally disintegration of

491 ice sheets and poleward movement of vegetation as the planet warms. When-the long
492 lived greenhouse gases are changed arbitrarily, as humans are now doing, this change
493 becomes the predominamir€ing, and ice sheet and vegetation changes must be included
494 as part of the response in determining lbegn climate sensitivity.

495 It follows from Figure 7 that equilibrium climate sensitivity is°6@ for doubledCGO;,

496 (forcing of 4 W/m? when greenhouse s@s are the forcing, not’@. (Note: the
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Antarctic temperature change, shown Rigure 7, is about twice the global mean
change.) To achieve this full response we must wait until ice sheets have had time to
melt and forests have had time to migrate. sThay require hundreds of years, perhaps
thousands of years. Howevealsewherewe have discussed evidence that forests are
already moving and ice sheet albedos are already responding to global warming, so
climate sensitivity is aledy partially affected by these processes.

Thus the relevant equilibrium climate sensitivity on the century time scale falls
somewhere betweerf@G and 6C for doubledCO,. The expected temperature change in

the 2£' century cannot be obtained by simplyltiplying the forcing by the sensitivity,

as we could in the paleoclimate case, because a century is not long enough to achieve the
equilibrium response. Instead we must make computations with a model that includes the
ocean thermal inertia, as is domedlimate model simulationsHowever, these models

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

The huge climate changes over the past few hundred thousand yeaskow the
dramatic effects accompanyng global temperature change of oly a few degrees.

And you infer climate sensitivity from the documented climate variations. Yet the
climate changes and mechanisms are intricate, andig difficult for the lay person to

grasp the details of these analyses. Is there other evidence supporting the conclusion
that burning of the fossil fuels will have dramatic effects upon life on Earth?

Yes. Climate fluctuations in the Pleistocene (past 1.8 million years) are intricate, as
smal | forcings ar e amplified by feedback

AtmosphericCO, varies a lot because carbon is exchanged among its surface reservoirs:
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the atmosphere, ocean, soil, and biosphere. For example, the solub{i, af the

ocean decreases as the ocean warms, a positive feedback causing much of the
atmosphericCO, increase with global warming. That feedback is simple, but the full
story of how weak forcings create large climate change is indeed complex.

A useful complementot Pleistocene climate fluctuations is provided by longer time
scales with large€€O, changes than those caused by orbital oscillations. L&@er
changes occur on long time scales because of transfer of carbon between the solid earth
and the surface resmirs. The largeCO, changes on these long time scales allow the
Earth orbital climate oscillations to be
provide a broader overview of the effect of changing atmospheric composition on
climate.

A difficulty with long time scales is that knowledge of atmospheric composition changes

is not as good. Samples of ancient air preserved in ice cores exist for only about one
million years. But there are indirect ways of measuring an€iéntlevels to better than

a factor of two beyond one million years ago. Atmospheric composition and other
climate forcings are known well enough for the combination of Pleistocene climate
variations and longeterm climate change to provide an informative overview of climate
sensiivity and a powerful way to assess the role of humans in altering global climate.

What determines the amount of CQ in the air on long time scales?

On long (geologic) time scale€0O, is exchanged between the surface reservoirs
(atmosphere, ocean, saihd biosphere) and the solid Earth. Two processei@keut

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

deposition of (calcium and magnesium) carbonates on the ocean floor, and (2) burial of
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organic matte some of which eventually forms fossil fuels. Weathering is the more
dominant process, accounting for ~80% of carbon removal $tofaice resrvoirs

CO, is returned to the atmosphere principally via subduction of oceanic crustal plates
beneath continents. When a continental plate overrides carbuctatecean crust, the
subducted ocean crust experiences high temperatures and pressures. Resulting

metamorphism of the subducted crust into various rock types relé@sewhich makes

tsway to the atmosphere via volcanic erupti

spring water. Thisreturn @0,t o t he at mosphere is called
Outgassing and burial @20, via weathering and organic deposits, are not in general
balanced tany given time Depending on the movement of continental plates, the
locations of carbonatech ocean crust, rates of mountdnilding (orogeny), and other
factors, at any given time there can be substantial imbalance betwemssiug and

burial. As a result, atmosphef@O, changes by large amounts on geologic time scales.

How much do these geologic processes change atmospheric,€O

Rates of outgassing and burial @O, are each typicall-4 x 10**12 molC/year An
imbalance between outgassing and burial of say 2 x 10**12 mol Clyear, if confined
entirely to the atmosphere, would correspond to ~0.01 @@mper year. However, the
atmosphere contains only of order 162, i.e., about 1%, of the tot&@lO, in the surface

carbon reservoirs (atmosphere, ocean, soil, biosphere), so the rate of geologic changes to
atmosphericCO, is only about 0.0001 ppr@O, per year. This compares to the present
humanmade atmospheriCO, increag of ~2 ppm per year. Fossil fuels burned now by
humans in one year contain the amount of carbon buried in organic sediments in

approximately 100,000 years.
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The contribution of geologic processes to atmosph&@@, change is negligible
compared to measenl humarmmade changes today. However, in one million years a
geologic imbalance of 0.0001 pp@0;, per year yields £0, change of 100 ppm. Thus
geologic changes over tens of millions of years can include huge changes of atmospheric
CO,, of the order of @00 ppm ofCO,. As a result, examination of climate changes on

the time scale of tens of millions of years has the potential to yield a valuable perspective
on how climate changes with atmospheric composition.

What is the most useful geologic era to csider for that purpose?

The Cenozoic era, the past 65 million years, is particularly valuable for several reasons.
First, we have the most complete and most accurate climate data for the most recent era.
Second, climate changes in that era are lamgeugh to include ic&ee conditions.

Third, we know that atmospheric greenhouse gases were the principal global forcing
driving climate change in that era.

How do you know that greenhouse climate forcing was dominarm the Cenozoi®

Climate forch g s , perturbations of the planet os
changes in the incoming energy, changes that alter the planetary surface, or changes
within the atmosphere. Let us examine these three in turn.

Solar luminosity is growing on longme scalesat arate such thathe sunwas ~0.5%
dimmer than today in the early CenozoiBecause the Earth absorbs about 240 ¥@éfm

solar energy, theolar climate forcing at the beginning of the Cenozoic was abbut
W/m? relaive to today. Tks small growth of solar forcing through the Cenozoic era, as

we will see,is practicallynegligible
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588 Changing size and location of contineasn bean important climate forcing, as the

589 albedoof the Eartho6s sur £sudaee igllang @ wates andban thevh e t h
590 angle at which the sunds rays strike the s
591 continents were clumped togeth&igure 9) in the supercontinent Pangea centered on

592 theequator However, by théeginning of the&Cenozoid65 million years before present,

593 65 My BP, the same as the end of the Cretaceihgsyontinents were close to their

594 present latitudes Thedirect (radiative) climate forcing due this continental drift is no

595 more than ~ W/m?.

596 In contrast, atmospheriCO, reached levels of 1062000 ppm in the early Cenozpic

597 compared with values as low as ~180 ppm during recent ice ages. This rad@e of

598 encompasses about thrée, doublings and thus a climate forcing more thanV¥om?.

599 So it is clear that changing greenhouse gases provided the dominant global climate
600 forcing through the Cenozoic era.

601 We are not neglecting the fact that dynamical changes of ocean and atmospheric currents
602 can affect global meadlimate Climate variations in the Cenozoic are too large to be

603 accounted for by such dynamical hypotheses.

604 Q. What caused atmospheric C@amount to change?

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

606 (Figure 9), but moving north rapidly, at about 15 cm/year. The Tethys Ocean, separating
607 Eurasia from India and Africa, was closing rapidly. The Tethys Ocean had long been a
608 depocenter for carbonate sediments. Thig po the collision of the Indian and African

609 plates with the Eurasian plate, subduction of carbermeitie oceanic crust caused

610 outgassing to exceed weathering, and atmosp@€ddncreased.
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611 The IndeAsian collision at ~50 My BP initiated massive upbftthe Himalayas and the

612 Tibetan Plateau, and subsequently drawdown of atmosp@€icby weathering has

613 generally exceede@0O, outgassing Although less important, the Alps were formed in

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

615 closing of the Tethys Ocean, the major depocenters for carbonate sediments became the
616 Indian and Atlantic oceans, because the major rivers of the world empty into those basins.

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

618 rich ocean crust have been limited. Thus, while the oceans have been a strong sink for
619 carbonate sediments, little carbonate is being subducted and returned to the atmosphere
620 asCO,. As a result, over the past 50 million years there has been -éelonglecline of

621 greenhouse gases and global temperature.

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

623 A. Yes. Figure 10as hows a YQ that providgs,an ifidirect measure of global

624 temperature over the CenozofCdefieestheamauntt h a
625 of the heavy oxygen isotopé’0 found in the shells of microscopic animals

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

627 ocean cores of the sediments we can sample shells deposited over time far into the past.
628 Figure 10ashows the average result from many ocean cores around the world obtained

629 in deep sea dting programs

630 The pr op B0 intheoforamimifera shell depends on the ocean water temperature

631 at the time the s h%®lplovidesaproxy measne of temgerattire.t h u s
632 However, an ice sheet forming ®0misHh® Eart
633 molecules, becaus€O evaporates from the ocean more readily thén leaving behind
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a relative excess dfO in the ocean. As long as the Earth was so warm that little ice
existed on the planet, as was the case between 65 My BP and 35 N{DBRelds a

direct measure of temperature, as indicated by the red curve and the temperature scale on
the left side ofigure 10a

The sharp change &t®0 at about 34 My BP was due to rapid glaciatibthe Antarctic
continent From 34 My BY chaumgestrdilest bgth ieesvelume and U
ocean temperature changes. We cannot separate the contribittesedwo processes,
but both increasing ice vol um®inahedamdecr ea
sense, ' aurve hoatinuds to be a qualitative measure of changing global
temperature, chronicling the continuing letegm cooling trend of # planet over the

past 50 million years.

The black curve inFigure 10a shows the rapid glackhterglacial temperature
oscillations, which are smoothed out in the mean (red and blue) cuRigare 10b
expands the time scale for the most recent 3.5iamiljears, so that the glacial
interglacial fluctuations are cleareFigure 10cfurther expands the most recent 425,000
years, showing the familiar Pleistocene ice ages punctuated by brief interglacial periods.
Note that the period of civilization withi the Holocene is invisibly brief with the
resolution inFigure 10a Homo sapienfiave been present for about 200,000 years, and
the predecessor speciégymo erectusfor about 2 million years, still rather brief on the
time scale ofFigure 10a

Can you explain the nature of theglobal climate change illustrated in Figure 107?

The longterm cooling from 50 My BP to the present must be due primarily to decreasing

greenhouse gases, primar@0D,, which fell from 10062000 ppm 50 My BP to 18280
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ppm inrecent glacialnterglacial periods. Full glaciatiorf dntarctica, at about 34 My

BP, occurred whe€O; fell to 500+150 ppm

Between 34 and 15 My BP global temperature fluctuated, withrétida losing most of

its ice at about 27 My BP. Antarctica did not become fully glaciated again until about 15
My BP. Deglaciation of Antarctica was associated with increased atmos@@yic
perhaps due to the negative feedbaclsedlby reductiof weatheing as ice and snow
covered Antarctica as well as the higher reaches of the Himalayas and the Alps.

Cooling and ice growth resumed at about 15 My BP continuing up to the current
Pleistocene ice age. Duringetpast 15 MyCO, was at a low leel, abotw 200-400 ppm

and its proxy measures are too crude to determine whether it hadtedongend. Thus

it has been suggested that the cooling trend may have been duduoteneof poleward

ocean heat transports, perhaps caused by the closing of the Isthmus of Panama at about
12 My BP or the steady widening of the oceanic passageway between South America and
Antarctica.

We suggest that the global cooling trend after 15B®ymay due to continued drawdown

of atmosphericCO, of a degree beneath the detection limit of proxy measures. Little
additional drawdown would be needed, because the increasing ice cover on the planet
makes climate sensitivity extremely high, and thgalithmic nature ofCO, forcing

makes a smalCO, change very effective at lo®O, amounts. There are reasons to
expectCO, drawdown in this period: the Andes were rising rapidly iis fefod, at a

rate of about 1 mm per year (1 km per My). The mass of the Andes increased so much as
to slow down the convergence of the Nazca and South American plates by 30% in the

past3.2My. Increased weathering and reduced subdutimdin contribute to drawdown
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680 of atmospheric€0O,. Finally, a suggestion th&O, has been declining over the relevant

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

682 between 8 ad 5 My BR, C4 plantsare more resilient to low atmosphe@©, levels (C4

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

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

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

686 could have been responsible for the cooling trend without addit@@atlecline.

687 In summary, there are many uncertainties about details of climate change during the
688 Cenozoic era. Yet importanbiclusions emerge, as summarizedrigure 11 The

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

690 with large ice sheets on two continents, was a decrease in atmosp@egricHuman

691 made rates of change of climdtecings, includingCO,, now dwarf the natural rates.

692 Q. Il s this relevant to the question of whethe
693 A. Yes, it may help resolve the conundrum sensed by some lay persons based on realization
694 that the natural worltlas undergone huge climate variations in the past. That is true, but

695 those climate variations produced a differ
696 greenhouse gas emissions, putting back into the air a large fraction of the carbon that was
697 storal in the ground over millions of years, we surely will set in motion large climate

698 changes with dramatic consequences for humans and other species.

699 Q. Why are climate fluctuations in the past few million years (Figure 10b) so regular?
700 A. The instigator ighe distribution of sunlight on the Earth, which continuously changes by
701 a small amount because of the gravitational pull of other planets, especially Jupiter and

702 Saturn, because they are heavy, and Venus, because it comes close. The most important
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effecti s on the tilt of the Earthodés spin axi
(Figure 12). The tilt varies by about’2with a regular periodicity of about 41 Ky (41,000
years). When the tilt is larger it exposes both polar regions to increasgghsanlé

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

The 41 Ky climate variability is apparent Figure 10b and is present in almost all
climate records. However, glaciaterglacial climate variationsdgame more complex

in the most recent 1.2 My, with large variations at ~100 Ky periodicity, as well as ~41 Ky
and ~23 Ky periods. As the planet became steadily colder over the past several million
years, the amplitude of glacisiterglacial climate swirgjincreasedRigure 10b) as ice

sheet area increased. Ice sheets on Northern Hemisphere continents, especially North
America, extended as far south as 45N latitude. Similar ice sheets were not possible in
the Southern Hemisphere, which lacked land atvesit latitudes.

Hemispheric asymmetry in ice sheet area allows two additional Earth orbital parameters,
which work in concert, to come into play. Gravitational tugs of the planets cause the
eccentricity of t he Eart hoar zeoor(dreular) ta &éo u t t
eccentricity of about 0.06. When the orbit is significantly -owoular, this allows
another orbital parameter, axial precession, to become important. Precession, which
determines the date in the year at which the Earth iellifgical orbit is closest to the

sun, varies with a periodicity of ca. 23 Ky. When the Earth is closest to the sun in
Northern Hemisphere winter, thus furthest from the sun in summer, ice sheet growth in
the Northern Hemisphere is encouraged by incceaseter snowfall and cool summers.

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

727 much different in the two hemispheres, asais bbeen in the past million years. Climate
728 variations then include all three periodicities, ~23 Ky precession, ~41 Ky tilt, and ~100
729 Ky eccentricity, as has been demonstrated for the rez@age cycles

730 Q. What are the current Earth orbital parameters?

731 A Precession has the Earth closest to the sun in January, furthest in July, which would favor
732 growth of Northern Hemisphere ice. But eccentricity is small, about 0.016, so the
733 precession effect is not large. Tilt is about midway betwiés extremes headed toward

734 smaller tilt, the next minimum tilt occurring in ~10 Ky. Smaller tilt favors ice sheet
735 growth, so, if it were not for humans, we might expect a trend toward the next ice age.
736 But the trend may have been weak, because, byniestilt reaches its minimum, the sun

737 will be closest to the sun in Northern Hemisphere summer. Thus in this particular cycle
738 the two mechanisms, tilt and eccentricity + precession, will be working against each
739 other, rather than reinforcing each othér.any event, this natural tendency has become
740 practically irrelevant in the age of fossilel-burning humans.

741 Q. Why is the natural glaciatinterglacial cycle irrelevant?

742 A Earth orbital changes were only pacemakers for gkaaieiglacial climate chnge,

743 inducing changes of ice area and greenhouse gases. Changes of surface albedo and
744 greenhouse gases were the mechanisms for climate change, providing the immediate
745 causes of the climate changes. We showe#igure 6 that these two mechanisms

746 accounfor the glacialinterglacial climate variations.

747 Now humans are responsible for changes of these climate mechanisms. Greenhouse
748 gases are increasing far outside the range of natural glageglacial variationsKigure
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8) and ice is melting all ovethe planet. The weak effect of slow orbital changes is
overwhelmed by the far larger and faster humaatde changes.

Humans are now entirely responsible for lgagn climate changeF{gure 13).
However, it would be misleadtngl do shgwdeae
great danger that humans could set in motion future changes that are impossible to
control, because of climate system inertia, positive feedback, and tipping points.

Can we finally finish with this paleoclimate discussion?

Please allow one final comment. For the record, since | could only estimate broad ranges
for CO, in the Cenozoic era, | should show at least one estimate from the@@p>data.

Figure 14A shows estimate@€O, for the entire Phanerozoic eon, the pa4d million

years. | show this longer time interval, because it incl@®schanges so large as to
make the errors in the proxies less in a relative sense.

Geologic evidence for ice ages and cool periods on this long time ffegeg 14B)

shows a stnog correlation of climate witlcO,. Climate variations were huge, ranging
from ice ages with ice sheets as far equatorward as 30 degrees latitude to a much warmer
planet without ice. Although other factors were also involved in these climate changes,
greenhouse gases were a major factor.

Are climate models consistent withpaleoclimate estimates of high climate sensitivity

and with observed global warming in the past century

Yes. Climate models yield equilibrium sensitivity (the response afteradesenturies)

of typically about 3C for doubledCO,. Figure 15B shows the resulting global waimg

when such a climate modedrie with ~3C sensitivity for doubledC0O,) is driven by

climate forcings measured or estimated for the period -288@ Figure 15A). The
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calculated and observed warmings are similar. Good agreement might also be obtained
using a model with higher sensitivity and a smaller forcing or using a model with lower
sensitivity and a larger forcing. Bthe sensitivity of this modedgrees well with the
empirical sensitivity defined by paleoclimate data.

| am confused. Did you not say earlier that climate sensitivity is about°€ for
doubled CO,?

Yes. That is an important point that needs to be recogni¥éel.showed that the real

world climate sensitivity is B for doubledCO,, when both fast and slow feedback
processes are included, based on data that covered climate states ranging from
interglacial periods °C warmer than today to ice age¥Cscooler tlan today. That &
sensitivity is also the appropriate estimate for the range of warmer climates up to the
point at which all ice sheets are melted and high latitudes are fully vegetated.

This higher climate sensitivity,°€ for doubledCOQO,, is the apprpriate sensitivity for

long time scales, when greenhouse gases are the specified forcing mechanism and all
other slow feedbacks are allowed to fully respond to the climate change. The substantial
relevant slow feedbacks are changes of ice sheets andesuefgetation.

Yet you employed a climate model with 3°C sensitivity, a model excluding these slow
feedbacks. Does this cause a significant error?

No, not in simulations of the #0century climate change as Figure 15. Feedbacks

come into play at in response to climate forcing but in response to climate change.
Ocean thermal inertia introduces a lag, shown by the climate response funétigare

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

achievedat a given time subsequent to introduction of the forcing. About half of the
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