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Notes

PREFACE: POP QUIZ

Page ix—Two quick questions: Princeton’s Robert Socolow has started 
many a presentation with a version of this quiz, asking audiences 
whether they consider climate change “an urgent matter” and fos-
sil fuels “hard to displace.” He groups the resulting views into four 
broad buckets, reproduced here with permission, and with slight 
modifications:

	 Is getting the world off fossil fuels difficult?

		  No	 Yes

	 No	 A low-carbon world 	 Perhaps most of the 
		  unmotivated by 	 general public, and 

Is climate		  climate 	 parts of the energy 

change an		  considerations.	 industry.

urgent problem?	 Yes	 Many  
		  environmentalists, 	 Our working 
		  including nuclear 	 assumption. 
		  advocates.

Socolow, “Truths,” searches for solutions firmly grounded in this 
“working assumption.” Oliver Morton, editor at the Economist, in-
troduced an August 2013 debate on geoengineering at the Massa-
chusetts Institute of Technology with these two questions. Morton 
echoed Socolow’s conclusion that, to avoid cognitive dissonance, 
most people answer “Yes” to either one or the other question, but not 
both. In the packed lecture hall that evening at MIT, most answered 
“Yes” to both, a clear indication of the type of people currently at-
tracted to geoengineering conversations.

Page x—Standard economic treatments: For a popular, standard per-
spective on the science and economics of climate change, see Nord-
haus, Climate Casino. For more, see the “DICE” entry on page 36 in 
chapter 2.
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156  •  Notes to Chapter 1

CHAPTER 1. 911

Page 1—exploded in the sky: See Artemieva, “Solar System: Russian 
Skyfall.”

Page 1—$2 or 3 billion: Section 321 of the NASA Authorization Act 
of 2005 directs NASA both to “detect, track, catalog and characterize 
certain near-earth asteroids and comets” and to write a report in-
cluding “analysis of possible alternatives that NASA could employ to 
divert an object on a likely collision course with Earth.” The options 
range from “non-nuclear kinetic impactors,” described as the most 
mature technology, to a “nuclear standoff explosion,” possibly the 
most effective (“Near-Earth Object Survey”). See “Defending Planet 
Earth” about the inadequacy of current funding. The report con-
cludes that $250 million per year for ten years would allow NASA to 
launch an actual test of deflecting an asteroid.

The United Nations recognizes asteroid deflection as a global 
issue and recently voted to create the “International Asteroid Warn-
ing Group,” where members will share information about poten-
tially dangerous approaching asteroids, and work with the UN 
Committee on the Peaceful Uses of Outer Space to launch a de-
fense. The UN began discussing the creation of such an interna-
tional warning group after a meteor exploded over Russia in Febru-
ary 2013, without the world’s space agencies knowing beforehand 
(“Threat of Space Objects Demands International Coordination, 
UN Team Says”).

Page 1—1-in-1,000-year event: An asteroid impact of the size that 
may warrant a full-on defense may be a one-in-1,000-year event. 
The probability of an asteroid impact the size of the one that ex-
ploded above Chelyabinsk Oblastin February 2013 is commonly 
seen to be around one in 100 years (Artemieva, “Solar System: Rus-
sian Skyfall”). However, the latest research puts the probability of a 
Chelyabinsk-sized asteroid at ten times that estimate (Brown et al., 
“500-Kiloton Airburst”).

Page 2—major extinction event: Kolbert, Sixth Extinction, looks at 
prior extinction events and then mainly focuses on the current, 
human-caused one. For a summary of Kolbert’s arguments, see: Drei-
fus, “Chasing the Biggest Story on Earth.”

Page 2—past 65 million years: Diffenbaugh and Field, “Changes in 
Ecologically Critical Terrestrial Climate Conditions.” This even in-
cludes the Palaeocene–Eocene Thermal Maximum (PETM) around 
56 million years ago, when the globe warmed by at least 5°C (9°F) in 
less than 10,000 years, a rate of change still ten times slower than the 
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projected rate of global average surface temperature increase in the 
IPCC’s RCP2.6 scenario.

Page 2—100-year flood: Lovett, “Gov. Cuomo.”
Page 2—Irene killed 49: Avila and Cangialosi, Tropical Cyclone Report. 

“Irene by the Numbers” estimates that 2.3 million people were 
under evacuation orders in the United States.

Page 2—Sandy killed 147: Blake et al., Tropical Cyclone Report.
Page 2—Typhoon Haiyan: As of January 28, 2014, Haiyan was esti-

mated to have displaced 4.1 million, and killed over 6,000 people 
(“Philippines: Typhoon Haiyan Situation Report No. 34”). In the 
Philippines, Haiyan was named “Typhoon Yolanda.”

Any of these figures are likely significant underestimates, as they 
exclude estimates of the negative impact storms have on a family’s 
ability to properly care for themselves and their children. Antilla-
Hughes and Hsiang, “Destruction, Disinvestment, and Death,” shows 
that “unearned income and excess infant mortality in the year after 
typhoon exposure outnumber immediate damages and death tolls 
roughly 15-to-1.”

Page 2—Typhoon Bopha: According to “Report: The After Action 
Review / Lessons Learned Workshops for Typhoon Bopha Response,” 
Typhoon Bopha affected 6.2 million people, destroyed 230,000 
homes, and killed 1,146 people, with another 834 still missing. The 
latest situation report published on the effects of Bopha counts over 
700,000 who have sought shelter in evacuation centers plus 1.06 mil-
lion outside evacuation centers during the peak of displacement, for 
a total of 1.76 million displaced (National Disaster Risk Reduction 
and Management Council), rounded to 1.8 million in the text. Also 
see Antilla-Hughes and Hsiang, “Destruction, Disinvestment, and 
Death,” for why these numbers are likely significant underestimates 
of full costs and deaths.

Page 3—European summer heat wave: Robine et al., “Death Toll.”
Page 3—equipped to cope: Deschênes and Moretti, “Extreme Weather 

Events,” estimate that Americans’ mobility from the Northeast to the 
warmer Southwest climate has significantly increased average life ex-
pectancy since 1980. Barreca et al., “Adapting to Climate Change,” 
highlights the importance of residential air-conditioning in the dras-
tically declining temperature-mortality relationship in the United 
States.

Page 3—waters off the coast: Tollefson, “Hurricane Sandy,” discusses the 
link between climate change and hurricanes. It also notes that “the 
expected increase due to global warming is just 0.6°C,” concluding 
that “while the changing climate certainly plays a part  .  .  . there is 
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plenty of space for natural variability.” Pun, Lin, and Lo, “Tropical 
Cyclone Heat Potential,” discusses the recent warming trends in the 
water east of the Philippines, which most likely contributed to the 
severity of Typhoon Haiyan. Normile, “Supertyphoon’s Ferocity,” 
draws this link.

By comparison, global average sea surface warming has been 
around 0.1°C (0.2°F) per decade in the past four decades (Summary 
for Policymakers of Working Group I of the IPCC Fifth Assessment 
Report).

Page 3—more and bigger storms: Emanuel, “Increasing Destructive-
ness,” published in 2005, showed that hurricanes had intensified over 
the preceding three decades. The ensuing scientific debate seems to 
have settled with the conclusion that climate change does indeed lead 
to more intense hurricanes but that their frequency may not change 
(or may even go down slightly). Some of the latest research, Emanuel, 
“Downscaling CMIP5,” finds that climate change will likely lead to 
both more intense and more frequent storms. That scientific debate 
isn’t settled, yet the physical signs are sadly clear. Projected economic 
impacts are similarly striking: Mendelsohn et al., “Impact of Climate 
Change,” finds that “global hurricane damage will about double 
owing to demographic trends, and double again because of climate 
change” through 2100 (Emanuel, “MIT Climate Scientist Responds”).

That said, hurricanes are still among the most difficult weather 
events to link to climate change, largely because of their rarity. As 
our ability to forecast hurricanes improves, it will become increas-
ingly easier to conduct event studies around hurricanes of the type 
already conducted for other extreme events. (See the following note 
on “attribution science.”)

Page 4—attribution science: A good starting point is the IPCC’s 2012 
Special Report: Managing the Risks of Extreme Events and Disasters to 
Advance Climate Change Adaptation. The study reports mixed evi-
dence around today’s extreme events but increasingly certain evi-
dence going forward. There are also increasingly detailed studies of 
single events, perhaps most prominently by Peter Stott, who leads 
the Climate Monitoring and Attribution team at the UK Met Office. 
Stott, Stone, and Allen, “Human Contribution,” draw the conclu-
sions mentioned in the text, a doubling of the risk of a heat wave of 
the magnitude observed in Europe in 2003. Stott et al., “Attribution 
of Weather,” surveys the recent literature and points to a way forward 
for attribution science.

A slew of other papers, many from the Met Office’s Climate 
Monitoring and Attribution team, highlight the contributions of 
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the rapidly developing field of “attribution science”: Christidis et al., 
“HadGEM3-A Based System for Attribution,” finds that the 2010 heat 
wave in Moscow can be attributed, at least in part, to human-caused 
climate change. The study compares a model run with observational 
data with estimates of what those data would be without anthro-
pogenic forcings. Rahmstorf and Coumou, “Increase of Extreme 
Events,” develop a method to determine the effect long-term trends 
have on the number of climate extremes. They use their approach 
to estimate that there is an 80 percent chance that the 2010 Moscow 
heat record would not have occurred without climate change. Otto 
et al., “Reconciling Two Approaches,” contrasts these findings around 
increased odds with another study that finds no human fingerprint 
on the magnitude of the Moscow heat wave. Lott, Christidis, and 
Scott, “East African Drought,” find that anthropogenic forcings in-
creased the probability of the 2011 East African drought. Pall et al., 
“Flood Risk,” uses a “probabilistic event attribution framework” to 
find that human emissions increased the likelihood of the 2000 
floods in England and Wales by anywhere from 20 percent to over 
90 percent. Peterson, Stott, and Herring, “Explaining Extreme Events 
of 2011,” use the Central England Temperature dataset and global 
climate models to look at the effect of anthropogenic forcings on the 
chances of six extreme events in the UK that year. Li et al., “Urban-
ization Signals,” attributes differences in minimum winter tempera-
tures in Northern China cities to urbanization effects.

Some others look at the global links between warming and 
extreme events. Coumou, Robinson, and Rahmstorf, “Global In-
crease,” look at the rising likelihood of record-breaking monthly-
mean temperatures due to climate change. Their verdict: “Under a 
medium global warming scenario, by the 2040s we predict the num-
ber of monthly heat records globally to be more than 12 times as 
high as in a climate with no long-term warming.” Also see Coumou 
and Robinson, “Historic and Future Increase,” which estimates the 
percent of global land area that can expect to experience extreme 
summer heat.

Page 5—three to twenty years: See Rosenzweig and Solecki, “Climate 
Risk Information,” and Fischetti, “Drastic Action.” Lin et al., “Physi-
cally Based Assessment,” uses a combination of climate and hydro-
dynamic models to show that what are now 100-year floods may hit 
every three to 20 years by the end of the century.

Talke, Orton, and Jay, “Increasing Storm Tides,” estimates the 
increased chance of annual seawall breaches today compared to 
the mid-1800s. Also see Kemp and Horton, “Historical Hurricane 

Wagner_ClimateShock_FINAL.indd   159 12/30/14   8:32 AM



160  •  Notes to Chapter 1

Flooding,” who look at the direct contribution of sea-level rise to 
hurricane flooding.

Page 5—0.3 to 1 meters: The range comes from Working Group I’s 
Summary for Policymakers in the IPCC Fifth Assessment Report. It 
compares average global sea levels for 2081–2100 to 1986–2005. 
That number is significantly above the earlier estimates from the 
IPCC Fourth Assessment Report. (See “left it out” on page 11.) It also 
updates (and lowers) earlier high estimates by the U.S. Army Corps 
of Engineers, which operates with a high scenario of 1.5 meters 
(5 feet) (“Incorporating Sea-Level Change Considerations in Civil 
Works Programs”), and by the National Oceanic and Atmospheric 
Administration (NOAA), which uses 2 meters (6.6 feet) as its high 
scenario for 2100 (Parris et al., “Global Sea Level Rise Scenarios”).

Page 5—no replacement: Gillett et al., “Ongoing Climate Change,” ar-
gues that if “rapid melting of the West Antarctic ice sheet . . . were 
driven by ocean warming at intermediate depths, as is thought likely, 
a geoengineering response would be ineffective for several centuries 
owing to the long delay associated with subsurface ocean warming.” 
A full melting of the West Antarctic ice sheet would lead to about 
3.3 meters (11 feet) of sea-level rise. (See “Melting of Greenland” on 
page 56 in chapter 3.)

Page 6—catastrophe: Kolbert, Field Notes from a Catastrophe, is among 
the most eloquent accounts. For a seminal study on the definitions 
of “dangerous anthropogenic interference,” see Ramanathan and 
Feng, “Avoiding Dangerous Anthropogenic Interference.” For a semi-
nal classification of “tipping elements in the earth’s climate system,” 
not all of them necessarily “catastrophic,” see Lenton et al.’s epony-
mous study. The list includes the melting of Arctic summer sea ice, 
the melting of the Greenland ice sheet, the melting of the West Ant-
arctic ice sheet, the shutoff of the Atlantic thermohaline circulation, 
increasingly intense El Niño / Southern Oscillation, changes to the 
Indian summer monsoon, and dieback of the Amazon rainforest. As-
sessments differ for many of these potential tipping elements, which 
makes their potential impacts all the more significant. (See our exten-
sive discussion of uncertainty in chapter 3.)

Page 8—“free-driver” effect: See the “Free Drivers” entry on page 38 
in chapter 2 for a more comprehensive definition. See the corre-
sponding note for alternative uses in the academic literature on 
energy efficiency economics, where it describes a type of network 
effect.

Page 8—Chinese soot: Bradsher and Barboza, “Pollution from Chinese 
Coal”; Yienger et al., “Episodic Nature.”
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Page 9—warmest in human history: Despite these clear overall trends, 
some have invariably pointed to a so-called warming pause or hia-
tus this past decade, which has found resonance in the press. See, for 
example: Ogburn, “What’s in a Name?,” Ogburn, “Climate Change 
‘Pause’ into Mainstream,” and Voosen, “Provoked Scientists.” For a 
comprehensive analysis of media coverage, see Greenberg, Robbins, 
and Theel, “Media Sowed Doubt.” The latest research points to the 
fact that the drop in the rate of warming wasn’t there in the first place, 
providing a number of insights that, put together, may even over-
explain the drop (“Global Warming: Who Pressed the Pause Button”).

Page 9—National Climate Assessment: See Melillo, Richmond, and 
Yohe, “Climate Change Impacts in the United States.”

Page 9—“The Coming Arctic Boom”: Borgerson, “The Coming Arctic 
Boom.”

Page 9—decades of warming: If greenhouse gas concentrations already 
in the atmosphere had been held at 2000 levels, we would still have 
been committed to a likely temperature rise of 0.3–0.9°C (0.6–1.6°F) 
by 2100 relative to 2000, with a best estimate of 0.6°C (1.1°F). That 
number comes from the IPCC Fourth Assessment Report, also cited in 
chapter 12 of the IPCC Fifth Assessment Report.

A complete halt in emissions would only very slowly decrease 
global temperature. Ramanathan and Feng, “Avoiding Dangerous 
Anthropogenic Interference,” reviews work that shows how only 
about a quarter of the already baked-in global average warming has 
been realized so far. Coumou and Robinson, “Historic and Future 
Increase,” finds that if we stopped emitting today, we would still be 
locked into a doubling of land area experiencing extreme summer 
heat by 2020, and a quadrupling of that area by 2040. Only after 2040 
will the frequency and severity of heat waves depend greatly on our 
level of mitigation today.

Even “air capture” of carbon dioxide—taking carbon dioxide out 
of the atmosphere directly—has a considerable lag. Air capture, once 
implemented at scale, can slow the rate of further changes, but many 
of the intervening climatic changes will indeed be irreversible. (See 
“comes under various guises” on page 107 in chapter 5 as well as the 
“Bathtub” entry on page 30 in chapter 2.)

Page 9—centuries of sea-level rise: Meehl et al., “Relative Outcomes,” 
finds that even under aggressive mitigation scenarios that stabilize 
temperatures, “sea-level rise cannot be stopped for at least the next 
several hundred years.”

Two independent studies point to the eventual collapse of large 
parts of the West Antarctic ice sheet (Joughin, Smith, and Medley, 
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“Marine Ice Sheet Collapse,” and Rignot et al., “Widespread, Rapid 
Grounding Line Retreat”). It has already been clear that the West 
Antarctic ice sheet has been melting at an ever increasing rate. Shep-
herd et al., “A Reconciled Estimate,” estimate the average yearly loss 
of mass in the West Antarctic ice sheet to be 38 billion tons from 
1992 to 2000, 49 billion tons from 1993 to 2003, 85 billion tons from 
2000 to 2011, and 102 billion tons from 2005 to 2010.

Also see “Melting of Greenland” on page 56 in chapter 3.)
Page 10—excess carbon dioxide in the atmosphere: Solomon et al., 

“Irreversible Climate Change.” Results differ across scenarios, but a 
rough rule of thumb suggests that approximately 70 percent of the 
“peak enhancement level” over the preindustrial level of 280 ppm 
perseveres after 100 years of zero emissions, while approximately 40 
percent of the peak increase over the preindustrial level of 280 ppm 
persevered after 1,000 years of zero emissions. Note that this refers 
to the net increase in carbon dioxide in the atmosphere, not the 
exact molecule. Archer et al., “Atmospheric Lifetime,” discusses the 
two often confused definitions for carbon’s “lifetime,” and con-
cludes that 20–40 percent of excess carbon levels remain hundreds 
to thousands of years (“2–20 centuries”) after it is emitted. The oft-
cited Bern Model calculates that 20 percent of carbon dioxide re-
mains after 1,000 years (Joos and Bruno, “Short Description”). The 
latest IPCC consensus says that roughly 15 to 40 percent of excess 
carbon dioxide remains in the atmosphere for over 1,000 years (see 
the IPCC Fifth Assessment Report Working Group I’s Summary for 
Policymakers). Each carbon dioxide molecule has a lifetime of any-
where between 50 to 200 years, according to the U.S. Environmental 
Protection Agency’s “Overview of Greenhouse Gases: Carbon Diox-
ide Emissions.” The precise number is under considerable scientific 
dispute and is surprisingly poorly understood (Inman, “Carbon Is 
Forever”).

Page 10—400 parts per million: 400 ppm is the concentration of car-
bon dioxide. Concentrations of other greenhouse gases—including 
methane, nitrous oxide, and industrial gases—are well known, 
too, but converting them into carbon dioxide–equivalent terms is 
fraught with uncertainties, as it relies on a number of assumptions 
of relative radiative efficiency compared to carbon dioxide and the 
atmospheric lifetimes of the gases over time. Estimates of carbon 
dioxide–equivalent concentrations range from around 440 to as high 
as 480 ppm (“World Energy Outlook 2013,” citing a 2010 estimate, 
and Butler and Montzka, “NOAA Annual Greenhouse Gas Index,” 
citing a 2013 estimate, respectively). See also Monastersky, “Global 

Wagner_ClimateShock_FINAL.indd   162 12/30/14   8:32 AM



Notes to Chapter 1  •  163

Carbon Dioxide Levels,” for a more detailed account of reaching the 
400 ppm milestone.

Adding in the relative cooling effects of various tiny human-
made particles (aerosols), brings total global warming effects of all 
human-caused emissions down to closer to around 400 ppm. Hence 
the best proxy for the full effect of all human-caused emissions today 
is still around 400 ppm, though if and when the masking effect of 
cooling aerosols disappears, the impact is bound to rise—and per-
haps dramatically so.

The difficulties around converting everything into carbon 
dioxide–equivalent metrics is one reason why the IPCC primarily 
presents the warming impacts of human-caused emissions in terms 
of radiative forcing. The IPCC Fifth Assessment Report Working Group 
I’s Summary for Policymakers puts total human-caused radiative 
forcing relative to 1750 at about 2.29 W m−2, a level that includes the 
negative 0.9 W m−2 forcing from aerosols.

Page 10—Global average temperatures: Chapter 5, “Information from 
Paleoclimate Archives,” of the IPCC Fifth Assessment Report lays out 
these facts about the Pliocene environment. Temperatures were 2–
3.5°C (3.6–6.3°F) above preindustrial levels.

Page 10—camels lived in Canada: Rybczynski et al., “Mid-Pliocene” 
reports evidence showing the existence of giant camels living in the 
Canadian High Arctic in the Pliocene era.

Page 10—decades to centuries: The technical distinction is between a 
so-called fast equilibrium and so-called earth system sensitivity. Al-
though time here is relative: “Fast” applies in geological terms, over 
the course of decades and even a century or two. Over the course of 
centuries, other factors that influence the earth’s reaction to higher 
atmospheric concentrations of carbon dioxide begin to play a role. 
Examples include albedo changes, changes in biological sinks such 
as oceans and terrestrial ecosystems, and temperature-induced re-
leases of carbon and methane. See, for example: Hansen et al., “Target 
Atmospheric CO2,” and Hansen and Sato, “Climate Sensitivity.” Pre-
vidi et al., “Climate Sensitivity in the Anthropocene,” incorporates 
these long-term feedbacks into an estimate of earth system sensitivity 
and finds that it could be twice as high as estimates for climate sensi-
tivity, at 6–8°C (11–14°F) per doubling of carbon dioxide. Although 
this extra warming would be on a much larger timescale, perhaps 
multiple millennia, the effects of some of the feedbacks could start 
to hit home within this century.

Page 11—third of sea-level rise: The observed sea-level rise from 
thermal expansion since 1993 has been about 1.1 mm per year, or 

Wagner_ClimateShock_FINAL.indd   163 12/30/14   8:32 AM



164  •  Notes to Chapter 1

34 percent of the total observed rise of approximately 3.2 mm per 
year. The modeled contribution of thermal expansion is higher, at 
1.49 mm per year since 1993. Chapter 13, “Sea Level Change,” of the 
IPCC Fifth Assessment Report.

Page 11—left it out: The 2007 IPCC report included the effects only 
from thermal expansion in its projections for sea-level rise, not the 
effects of melting polar ice caps (Projections of Future Changes in 
Climate in Working Group I of the IPCC Fourth Assessment Report), 
an omission since corrected. The Summary for Policymakers in 
Working Group I of the 2013 IPCC Fifth Assessment Report has several 
scenarios for sea levels, all incorporating the melting ice caps that 
were left out in the 2007 estimates, and projects sea-level rise as high 
as 1 meter (3 feet) by 2100 without significant climate action. For a 
good account of the debate surrounding the latest IPCC report and 
this particular issue, see Clark, “What Climate Scientists Talk about 
Now.” See also “0.3 to 1 meters” on page 5.

Page 11—perhaps even pleasant: Moderate warming may indeed come 
with real, monetizable benefits. Virtually alone among climate-
economic models, Richard Tol’s FUND model estimates positive 
global benefits for slow, moderate warming up to about 2°C (3.6°F). 
For much of the 20th century, Tol estimates, the benefits of global 
warming may have outweighed the costs (Tol, “Economic Impact of 
Climate Change”). For another take around the opportunities pro-
vided by a changing climate, see Kahn, Climatopolis.

The broader question around the economic costs and ben-
efits of global warming engenders considerable—often extremely 
contentious—debate. Tol, “Correction and Update,” surveys 21 esti-
mates of the welfare impacts of various degrees of average global 
warming. Three of these estimates, most notably Tol’s own (“Esti-
mates of the Damage Costs”), show zero or positive economic impact 
of climate change. (Tol, “Estimates of the Damage Costs,” estimates 
a significant positive welfare impact of 1°C (1.8°F) of global average 
warming to the tune of 2.3 percent of global welfare. Mendelsohn 
et al., “Country-Specific Market Impacts,” presents two central wel-
fare estimates for 2.5°C (4.5°F) of global average warming, with both 
showing close to zero impact.) One further estimate, with a nega-
tive central value, spans zero as part of its confidence interval. The 
other 17 estimates surveyed show economic costs, some of them sig-
nificant, at various global average temperatures. Tol then proceeds to 
plot all 21 economic impacts and presents the central “least squares” 
curve, including 95 percent confidence intervals (“Correction and 
Update,” figure 2). Revising his own earlier estimates (reproduced 
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in “Correction and Update,” figure 1), Tol estimates that the central 
curve showing global welfare impacts is negative for any amount of 
global average warming. Even the upper 95 percent confidence inter-
val barely goes above zero, a clear departure from Tol’s own earlier 
survey updated and corrected here.

We would also hasten to add that most every one of the 21 es-
timates presented in Tol, “Correction and Update,” can represent 
only a lower bound for the true economic costs. See “possibly much 
more” on page 23 in chapter 1 and our extensive discussion through-
out chapter 3, in particular around “$2 per ton” and “Nordhaus’s 
preferred “optimal” estimate” on page 57 as well as “damages affect 
output growth rates” on page 63.

Significant negative effects on human society and ecosystems 
notwithstanding, adapting to low levels of global average warming 
is a broad phenomenon. That may even include coral reefs, often 
viewed as a poster child of negative impacts: many fish will migrate; 
corals, by and large, can’t. The newest evidence instead points to cop-
ing mechanisms for some corals (Palumbi et al., “Reef Coral Resis-
tance”). Even while coping with warmer temperatures, however, ma-
rine environments still have to deal with the detrimental effects from 
increased acidity. See “Ocean acidification” on page 42 in chapter 2.

Page 12—increasing rate: Chapter 2 in Working Group I of the IPCC 
Fifth Assessment Report finds that global mean surface temperature 
has increased by approximately 0.86°C (1.5°F) since 1901, with 
0.72°C (1.3°F) or 81 percent of that warming occurring since 1951. 
The reported average from 1951 to 2012 is 0.106 to 0.124°C (0.19 to 
0.22°F) per decade, while the 100-year average, from 1901 to 2012, 
is only 0.075 to 0.083°C (0.14 to 0.15°F) per decade, depending on 
the dataset used. The U.S. Environmental Protection Agency, “Cli-
mate Change Indicators in the United States: U.S. and Global Tem-
perature,” shows that since the 1970s, the rate of increase has been 
0.17–0.25°C (0.31–0.45°F) per decade in the United States, versus 
0.072°C (0.13°F) per decade since 1901.

Something similar holds for sea-level rise. Sea levels have risen 
by around 0.2 meters (0.7 feet) over the past century. And the trend 
has been accelerating: over the past hundred years, the average sea-
level rise was at around 1.7 centimeters (0.7 inches) per decade; over 
the past forty years, it was around 2.0 centimeters (0.8 inches) per 
decade; over the past twenty years, it was about 3.2 centimeters (1.3 
inches) per decade. That trend is likely only going to accelerate fur-
ther for the foreseeable future. The IPCC estimate for 2100 ranges 
from 0.3 to 1 meters (1 to 3 feet) in average global sea-level rise is 
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relative to today’s levels, on top of the 0.2 meters (0.7 feet) already 
observed. See “0.3 to 1 meters” on page 5.

Page 12—decade without warming: See “warmest in human history” 
on page 9.

Page 12—increase over land: From 2000 to 2009, temperature change 
in the US has been 50 percent greater over land than over ocean 
(Carlowicz, “World of Change”). Globally, surface air temperatures 
over land are thought to have risen 0.25 to 0.27°C per decade since 
1979, depending on the dataset used, versus only 0.12°C per decade 
over oceans (chapter 2 in Working Group I of the IPCC Fifth Assess-
ment Report).

Page 12—twice the global average: Average warming over the Arctic is 
projected to be 2.2 to 2.4 times the global average through the end 
of the century (chapter 12 in Working Group I of the IPCC Fifth As-
sessment Report).

Page 13—warmed by 0.8°C (1.4°F): The IPCC Fifth Assessment Report 
Working Group I’s Summary for Policymakers states two central 
numbers: 0.85°C of global average surface temperature warming be-
tween 1880 and 2012, and 0.78°C between the averages from 1850 to 
1900 and 2003 to 2012. The 90 percent confidence intervals around 
each are 0.65 to 1.06°C and 0.72 to 0.85°C, respectively.

Page 14—700 ppm: The IEA’s “World Energy Outlook 2014” calls this 
scenario the “New Policies Scenario.” If we follow this trajectory, 
where all current emissions reductions commitments are met, sup-
port for renewables deployment and energy efficiency measures 
continues at or near current levels, and the world phases out at 
least parts of its fossil fuel subsidies, we can expect that carbon 
dioxide–equivalent concentrations reach 700 ppm by 2100. The 
IEA translates that level to a total temperature increase from prein-
dustrial levels of 3.6°C (6.5°F), a bit more than our median increase 
of 3.4°C (6.1°F).

The IPCC is much less committal as to where concentrations will 
go. IPCC Special Report on Emissions Scenarios creates four families of 
scenarios, for a total of 40 cases, based on different sets of assump-
tions about the way the future world will work. It does not assign a 
probability to any of the scenarios and makes no claims about their 
relative likelihood. In later Assessment Reports, the IPCC uses these 
scenarios to determine ranges of possible future greenhouse gas con-
centrations. Frighteningly, the scenarios lead to estimates up to 1,550 
ppm of carbon dioxide–equivalent concentrations. The latest IPCC 
report isn’t any more reassuring. Its modeled scenarios range from 
a peak at 500 ppm to 1,500 ppm, with likely associated temperature 
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increases this century of between 0.3 and 4.8°C (IPCC Fifth Assess-
ment Report Working Group I’s Summary for Policymakers).

Page 14—Mark Lynas: Lynas, Six Degrees. He describes in frightening 
detail what kind of changes we can expect with temperature in-
creases of 1–6°C, starting with the loss of coral reefs and ending with 
extreme resource shortages and mass migration.

Page 14—HELIX: Short for: High-End cLimate Impacts and eXtremes. 
The project began in November 2013. For more, see www.HELIX 
climate.eu. The project description aims to provide “a set of credible, 
coherent, global and regional views of different worlds at 4, 6 and 2 
degrees celsius.”

Page 14—around 10 percent: See our discussion in chapter 3, in par-
ticular “clearly more room” on page 51 and “scientific papers” on 
page 53.

Page 14—cognitive dissonance: For the earliest work on cognitive dis-
sonance and related phenomena, see Kahneman and Tversky, “Sub-
jective Probability,” Kahneman and Tversky, “Prospect Theory,” and 
Kahneman, Knetsch, and Thaler, “Experimental Tests.” Kahneman, 
Thinking, Fast and Slow, provides a comprehensive, accessible version, 
including its implications. For more on the psychology of climate 
change, see, among many others: Wagner and Zeckhauser, “Climate 
Policy.”

Page 15—giant bathtub: Guy et al., “Comparing the Atmosphere to a 
Bathtub,” conducted a study of the effectiveness of the bathtub anal-
ogy on increased understanding of carbon dioxide stabilization and 
one’s preferred level of climate change mitigation. They found that 
the analogy can be effective in improving nonexperts’ understanding 
of climate change. (They tested both undergraduate students and the 
Australian public.) The study also showed that using the analogy 
to explain carbon dioxide accumulation could lead to stronger sup-
port for climate action (in their test among undergraduate students). 
There is plenty of nuance, though. Words seem to help; graphs don’t: 
“Our results show that analogy can improve non-experts’ under-
standing of CO2 accumulation but that using graphs to convey emis-
sions rate information is detrimental to such improvements.” For 
more on the bathtub analogy, see the “Bathtub” entry on page 30 in 
chapter 2.

Page 15—More specifically: Sterman, “Risk Communication.” The 
specific question involved two graphs: One graph was given to test 
subjects and included a flat line for concentrations: “Consider a sce-
nario in which the concentration of CO2 in the atmosphere gradu-
ally rises to 400 ppm, about 8 percent higher than the level in 2000, 
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then stabilizes by the year 2100.” The second graph showed a rising 
trend line for emissions, asking students to fill in the future path of 
emissions to achieve stable concentrations. A surprising number of 
test subjects answered by stabilizing emissions instead of bringing 
them down to stabilize concentrations.

Page 15—that won’t happen: Overall, net global uptake has doubled 
from about 8.8 to 18 billion tons of carbon dioxide per year be-
tween 1960 and 2010 (Ballantyne et al., “Increase in Observed Net 
Carbon Dioxide Uptake”). That comes out to about 50 percent of 
carbon dioxide emitted each year. In other words, the drain has in-
creased because of the higher water pressure, even though the water 
is still rising. More recently, however, the rate of increase of uptake 
by oceans seems to have decreased, possibly hinting at a saturation 
point (Khatiwala, Primeau, and Hall, “Reconstruction of the His-
tory”). The same seems to hold for European forests (Nabuurs et al., 
“First Signs”). Reichstein et al., “Climate Extremes,” points to signifi-
cant caveats going forward.

Page 16—latest IPCC report at the time: See the Executive Summary 
of Working Group I in the IPCC Fourth Assessment Report.

Page 17—declined by 80 percent: Liebreich, “Global Trends.” Lower 
manufacturing costs, rather than shorter-term stock liquidation, has 
caused much of the recent photovoltaic price reductions (Bazilian et 
al., “Re-considering the Economics of Photovoltaic Power”).

Page 18—50 percent of its electricity: Kirschbaum, “Germany Sets 
New Solar Power Record.”

Page 18—5 percent of its electricity: Photovoltaics accounted for 5 
percent of total power consumption in Germany in 2013 (Franke, 
“Analysis”). It similarly accounted for 4.7 percent of total power 
consumption in 2013 (“Statistic Data on the German Solar Power 
[Photovoltaic] Industry”).

Page 18—looking up globally: “China’s 12GW Solar Market Out-
stripped All Expectations in 2013,” and “Global Market Outlook 
for Photovoltaics 2013–2017.” An important caveat here is that the 
impressive solar capacity growth masks relatively small capacity fac-
tors compared to traditional energy sources like fossil, nuclear, and 
hydro. Still—in keeping with the “optimism track”—increased gen-
eration follows a similar trend as increased capacity, and capacity fac-
tors are only going to improve going forward.

Page 19—majority of the electorate: It’s true that the polls show gen-
eral skepticism about the existence of climate change (see Marlon, 
Leiserowitz, and Feinberg, “Perspectives on Climate Change,” where 
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97 percent of climate scientists versus 41 percent of the American 
public believe climate change is happening and caused by humans). 
Not surprisingly, Americans seem to be against many potential 
governmental actions to mitigate global warming, like a carbon 
tax (Survey Findings on Energy and the Economy). However, there are 
many pro-environment actions that a large majority (as high as 75 
to 85 percent) of Americans polled would like to see. See Krosnick, 
“The Climate Majority,” where data from the Political Psychology 
Research Group’s poll of 2010 shows that Americans overwhelm-
ingly support limitations on businesses’ air pollution (86 percent), 
incentives or regulations to increase manufacturing of cars that use 
less gas (81 percent), appliances that use less electricity (80 percent), 
and buildings requiring less energy to heat and cool (80 percent). 
Moreover, young people overwhelmingly support climate legisla-
tion, according to a recent poll by the League of Conservation Voters 
(Benenson Strategy Group and GS Strategy Group). Eighty percent 
of voters under 35 support the president taking action on climate 
change. Over half of under-35 Republican voters would be less likely 
to vote for someone who opposed the President’s Climate Action 
Plan. Finally, according to a Pew Research Center / USA Today sur-
vey, 62 percent of Americans are in favor of stricter emission limits 
on power plants. Americans on the whole are, however, less con-
cerned about climate change than other countries surveyed by the 
Pew Research Center in the Pew Global Attitudes Project. Only 40 
percent of Americans see global climate change as a major threat to 
their country. The global average for the 39 countries surveyed was 
54 percent, the same as the percentage of Europeans who see climate 
change as a threat.

Page 19—Technology is good: Technological advances may accumu-
late at ever increasing rates for good reason. This may even provide a 
good explanation for the kind of idea-based growth that could allow 
for a more dematerialized future and sets growth the way econo-
mists typically describe it apart from material growth that ought to 
hit planetary limits. See Weitzman, “Recombinant Growth.”

Page 19—horse manure crisis: The horse manure story has been told 
many times, perhaps most comprehensively by Eric Morris under 
the heading “From Horse Power to Horsepower,” most prominently 
by Steven Levitt and Stephen Dubner in SuperFreakonomics, and 
most convincingly by Elizabeth Kolbert in a New Yorker review of 
the book’s climate section (“Hosed”). Kolbert thankfully also clears 
up some of the misconceptions propagated by SuperFreakonomics. 
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This endnote thus far is fully taken from Wagner, But Will the Planet 
Notice? (which provides a further summary).

Page 20—Nixon went on to sign: Richard Nixon signed the National 
Environmental Policy Act of 1969 on January 1, 1970. It was the 
federal “Reorganization Plan No. 3” in July 1970 that led to the cre-
ation of the Environmental Protection Agency in December that 
year. Besides the acts listed, Nixon also signed the Federal Insec-
ticide, Fungicide, and Rodenticide Act (1972), heavily amending 
the 1947 version that hadn’t been very concerned with regulat-
ing pesticide use, the Noise Control Act (1972), and the Coastal 
Zone Management Act (1972). The official name of the “Clean 
Water Act” is the “Federal Water Pollution Control Act,” which was 
amended in 1972.

Page 20—local pollutants: Axelrad et al., “Dose-Response Relation-
ship,” among many other studies, finds prenatal exposure to mer-
cury correlates to loss of IQ (around .18 decrease in IQ per 1ppm 
increase in maternal hair mercury) by surveying the data from three 
previous studies. Brauer et al., “Air Pollution” finds a positive associa-
tion between a child’s exposure to soot, among other traffic-related 
air pollutants, and that child’s risk of developing asthmatic and al-
lergic symptoms as well as respiratory infections. Many early stud-
ies looked at what ingredients in smog are most inductive of eye 
irritation. See Altshuller, “Contribution of Chemical Species,” and 
Haagen-Smit, “Los Angeles Smog.” Long-term exposure to ozone in 
the troposphere, an essential ingredient of smog, has been linked to 
increased mortality rates. (Jerrett et al., “Ozone Exposure and Mor-
tality”). The U.S. Safe Drinking Water Act authorizes the EPA to set 
standards for contaminants found in drinking water for good reason. 
See the U.S. EPA site for Drinking Water Contaminants (http://water 
.epa.gov/drink/contaminants/) for updated maximum permissible 
levels of contaminants, and more information of the health effects 
of different contaminants.

Page 20—Niccolò Machiavelli: The quote comes from Chapter VI of 
Machiavelli, The Prince, first distributed around 1515 and then pub-
lished posthumously in 1532.

Page 21—death: Miller, Coal Energy Systems, and Rottenberg, In the 
Kingdom of Coal.

Page 21—how people behave: Refer back to “cognitive dissonance” 
on page 14. Moreover, collective action is particular difficult in 
the presence of persistent uncertainties. See Barrett, “Climate Trea-
ties,” which shows this point theoretically. Barrett and Dannenberg, 
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“Climate Negotiations,” and Barrett and Dannenberg, “Sensitivity of 
Collective Action,” confirm it experimentally.

Page 22—greenhouse effect: See the “Climate Science” entry on page 
35 in chapter 2.

Page 22—around 940 billion tons: See “tons of carbon dioxide” on page 
93 in chapter 5.

Page 22—2 ppm: Rate of increase from CO2Now (http://co2now.org 
/Current-CO2/CO2-Trend/acceleration-of-atmospheric-co2.html), 
calculated using source data from Keeling et al., Exchanges of at-
mospheric CO2. In the past decade (2000 to 2010), greenhouse gas 
emissions have increased, on average, 2.2 percent a year, faster than 
during the three decades before 2000 (Summary for Policymakers 
of Working Group III of the IPCC Fifth Assessment Report). Carbon 
dioxide emissions from fossil fuel combustion and cement produc-
tion alone have increased by 2.5 percent a year on average in the past 
decade (Friedlingstein et al., “Persistent Growth of CO2 Emissions.”)

Decadal averages may mask more recent changes in the trend. 
In 2012, for example, global carbon dioxide emissions rose by less 
than they had in an average year during the previous decade (and 
that despite the global recession of the late 2000s). Put differently, 
the increase in the increase in concentrations decreased in 2012. 
However, emissions still rose by around 1.4 percent (Olivier et al., 
“Trends in Global CO2 Emissions”). Moreover, the hopeful trend did 
not continue in 2013, where emissions are projected to have risen 2.1 
percent from 2012 (Le Quéré et al., “Global Carbon Budget 2013.”)

Even if we slow the increase, stabilizing emissions (the inflow) 
will be far from enough. We need to stabilize (and eventually de-
crease) concentrations, the levels. Refer back to the earlier section 
on “The Bathtub Problem,” beginning on page 15, and the “Bathtub” 
entry on page 30 in chapter 2.

Page 22—billion or so high-emitters: Chakravarty et al., “Sharing 
Global CO2 Emission Reductions.”

Page 22—$500 billion per year: See “World Energy Outlook 2014” 
for the latest country-specific numbers. The latest report puts the 
total at $548 billion in 2013, a $25 billion cut from the prior year. 
It also mentions that many countries are making moves to decrease 
their subsidies. Still, fossil fuel subsidies are over four times as high 
as subsidies for renewables. Meanwhile, global carbon dioxide emis-
sions are at over 30 billion tons (World Resource Institute’s Climate 
Analysis Indicators Tool). That averages out to subsidies of over $15 
per ton of carbon dioxide. See Clements et al., Energy Subsidy Reform, 
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for further estimates ($480 billion in 2011 for total energy subsidies) 
as well as “lessons and implications.”

Contrast those subsidies with implicit carbon dioxide prices in 
certain countries due to other forms of regulation. Vivid Econom-
ics, “Implicit Price of Carbon,” calculates the implicit carbon dioxide 
price in the electricity sectors in Australia, South Korea, China, Japan, 
the UK, and the United States. The price ranges from $0.50 per ton 
in South Korea, to $28.46 in the UK. The price in the United States is 
estimated to be around $5 per ton of carbon dioxide, roughly equal 
to total direct and indirect U.S. fossil fuel subsidies of around $3 per 
ton of carbon dioxide (OECD, “Fossil Fuel Subsidies,” estimates that 
U.S. fossil fuel subsidies add up to around $16.3 billion in 2010).

Table 3 in Aldy and Pizer, “Comparability of Effort in Interna-
tional Climate Policy Architecture,” presents carbon dioxide prices 
under various countries’ energy and climate policies, ranging from 
the cap-and-trade program under the U.S. Regional Greenhouse Gas 
Initiative (RGGI) with a price of below $3 to German solar feed-in-
tariffs estimated to be over $750 per ton of carbon dioxide abated.

Page 23—stopped fuel subsidies: “Nigeria Restores Fuel Subsidy to 
Quell Nationwide Protests.”

Page 23—Pigouvian taxes: Pigou himself, it turns out, wrote about rab-
bits, not pollution: “incidental uncharged disservices are rendered to 
third parties when the game-preserving activities of one occupier in-
volve the overrunning of a neighbouring occupier’s land by rabbits—
unless, indeed, the two occupiers stand in the relation of landlord and 
tenant, so that compensation is given in an adjustment of the rent.” 
(Pigou, The Economics of Welfare.) But the principle is the same.

While Pigouvian taxes are, in fact, the efficient policy instrument, 
they also open up questions of redistribution. See, for example, 
Sterner, Fuel Taxes, which addresses questions of redistribution in the 
context of gasoline taxes.

Page 23—possibly much more: The precise numbers presented in the 
first table of the “Technical Update of the Social Cost of Carbon for 
Regulatory Impact Analysis under Executive Order 12866” for a ton 
of carbon dioxide emitted in 2015, using a 3 percent social discount 
rate, is $37. For 2020, the number is $43; for 2030, the number in-
creases to $52. All figures are in inflation-adjusted 2007 dollars. The 
$37 figure would be much closer to $40 in today’s dollars. The in-
crease from $37 to $43 and $52 emphasizes the point that the dam-
age caused by carbon dioxide is because of the concentration already 
in the atmosphere. The more is already there, the more marginal 
damage each additional unit causes.
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This document referenced here represents the most recent up-
date by the U.S. government, published November 1, 2013, and it 
marks a significant increase from figures published only three years 
prior. Back then, the central estimate of the social cost of carbon was 
$24 for a ton of carbon dioxide emitted in 2015. Table 1 of “Techni-
cal Update” summarizes the key factors that have led to the increase 
of the social cost between the 2010 and 2013 iterations. For DICE, 
those were “updated calibration of the carbon cycle model and ex-
plicit representation of sea level rise (SLR) and associated damages.”

Also see Greenstone, Kopits, and Wolverton, “Developing a So-
cial Cost of Carbon,” for a detailed description of the original Inter-
agency Working Group process that arrived at the 2010 estimate. In 
short, the U.S. government’s social cost of carbon calculations are 
the result of a multiyear, multiagency review process, based on three 
well-established economic models. Among the most prominent 
such models is DICE, from Bill Nordhaus at Yale. For more on Nord
haus’s model, see the “DICE” entry on page 36 in chapter 2 and the 
discussion around “$2 per ton” and “Nordhaus’s preferred “optimal” 
estimate” on page 57 in chapter 3.

For a detailed analysis of specific model shortcomings, see Kopp 
and Mignone, “Social Cost of Carbon Estimates.” Van den Bergh 
and Botzen, “Lower Bound,” argue for a social cost of at least $125 
per ton of carbon dioxide. For a critique of integrated assessment 
models in general, see two prominent examples: Pindyck, “Climate 
Change Policy: What Do the Models Tell Us?” and Stern, “Structure 
of Economic Modeling.” Pindyck’s answer to the question posed in 
his title: “very little.” Stern is similarly cautious about saying that 
economic models can tell us the full story. Both Pindyck and Stern, 
though, conclude that the Interagency Working Group’s U.S. So-
cial Cost of Carbon of around $40 per ton of carbon dioxide would 
be a good starting point. Stern declares it “far better than zero.” 
Finally, for an argument tying social cost calculations to fat tails, 
the subject of chapter 3, see Weitzman, “Fat Tails and the Social 
Cost of Carbon.”

Page 23—35 cents per gallon: The EPA estimates that each gallon of 
gasoline combusted produces on average 0.00892 metric tons of car-
bon dioxide. At $40 per ton, that is 35.68 cents per gallon. “Clean 
Energy: Calculations and References.”

Page 24—cap and trade: Cap and trade was first introduced by Dales, 
Pollution, Property, and Prices. The United States used cap and trade 
to help remove chlorofluorocarbons in compliance with the Mon-
treal Protocol, for getting lead out of gasoline, and, perhaps most 
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prominently, for cutting sulfur dioxide from U.S. smokestacks in an 
effort to combat acid rain.

Page 24—exact same result: See Weitzman, “Prices vs. Quantities,” for 
a theoretical argument around minimizing welfare losses under un-
certainty. Newell and Pizer, “Regulating Stock Externalities under 
Uncertainty,” extends the result by considering the case of a stock 
pollutant like carbon dioxide.

Page 24—epic debates: For a recent academic debate on taxes versus 
caps, see Keohane, “Cap and Trade, Rehabilitated” for the pro-cap 
argument, and Metcalf, “Designing a Carbon Tax,” for the pro-tax ar-
gument. For a review of the debate, see Goulder and Schein, “Carbon 
Taxes vs. Cap and Trade.”

Page 24—cap and trade limits emissions: See Keohane and Wagner, 
“Judge a Carbon Market.”

Page 25—lower compliance costs: See, among others, Meng, “Estimat-
ing Cost of Climate Policy.”

Page 25—countervailing the force: See Weitzman, “Negotiating a Uni-
form Carbon Price.”

Page 27—Electricity grid reform: Harvard’s Bill Hogan is a pioneer 
of this work. See, for example, Hogan, “Scarcity Pricing.” For a good 
survey of grid reform more broadly, see Fox-Penner, Smart Power.

Page 27—how cost-effective: Karplus et al., “Vehicle Fuel Economy 
Standard,” looks at fuel economy standards in comparison to and 
combination with emissions constraints. They estimate that the new 
U.S. CAFE standards will cost 6–14 times more than the fuel tax 
that would reach the same reduction in gas use. See also Fischer, 
Harrington, and Parry, “Automobile Fuel Economy Standards,” for 
a good survey. See Jacobsen, “Evaluating U.S. Fuel Economy Stan-
dards,” and Klier and Linn, “New-Vehicle Characteristics,” for recent 
cost estimates of meeting CAFE targets. For a review of the effect of 
gasoline taxes, see Sterner, Fuel Taxes.

CHAPTER 2. 411

Page 31—5 parts per million (ppm): For the original data, see the 
Mauna Loa Observatory’s data at http://www.esrl.noaa.gov/gmd/obop 
/mlo/. Also see “2 ppm” on page 22 in chapter 1.

Page 31—700 ppm: see “700 ppm” on page 14 in chapter 1.
Page 31—400 ppm: See “400 parts per million” on page 10 in chapter 1.
Page 32—Some companies: See Gunther, Suck It Up.
Page 32—more expensive: One flavor of this technology may have 

the potential to reverse the equation, at least in the narrow sense 
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of those removing carbon: captured carbon dioxide could be piped 
underground to aid in pumping more oil. That comes under the 
term “enhanced oil recovery,” and it turns captured carbon dioxide 
into a potentially valuable commodity. The irony—if that’s the right 
term—is that it also leads to even more emissions.

Page 32—Or maybe not: The planet is experiencing unprecedented lev-
els of technological progress, and for good reason (see, for example, 
Weitzman, “Recombinant Growth”). Morris, Why the West Rules—for 
Now, uses this fact to end his book on a debate that steers clear from 
his title question of whether the West, or China, will rule the future. 
Instead, Morris talks about the choice between “Singularity” and 
“Nightfall”: how to avoid existential risks like climate change and 
navigate away from “Nightfall” and toward “Singularity.”

Page 33—linked to carbon dioxide: See, for example, Shoemaker and 
Schrag, “Overvaluing Methane’s Influence,” and Solomon et al., “At-
mospheric Composition.” See also “decades of warming” and “excess 
carbon dioxide in the atmosphere” on pages 9 and 10, respectively, 
in chapter 1.

Page 34—capping or taxing: For the intricate yet often important dif-
ferences between the two, see the debate on cap and trade versus 
taxation beginning on page 24 in chapter 1.

Page 34—hit the mark: See van Benthem, Gillingham, and Sweeney, 
“Learning-by-Doing.”

Page 34—fossil fuel subsidies: See “$500 billion per year” on page 22 
in chapter 1.

Page 35—means subsidies: For one of the best and most comprehen-
sive arguments for a dual price-subsidy approach, see Acemoglu et 
al., “The Environment and Directed Technical Change.”

Page 35—discovered: 1824: In the 1820s, Joseph Fourier calculated 
that, considering its distance from the sun, the earth should be 
much cooler than it is. Among other possible reasons for the extra 
heat, Fourier suggested that the atmosphere might somehow act 
as an insulator. (Fourier, “Remarques generals.” The paper was re-
published three years later, with slight modifications: Fourier, “Les 
Temperatures.”)

Page 35—shown in a lab: 1859: John Tyndall took Fourier’s work a step 
further, when he began his lab experiments in January 1859 (“John 
Tyndall”). The seminal paper showing that gasses, including water 
vapor and carbon dioxide, could trap heat in the atmosphere was pub-
lished in 1861 (Tyndall, “On the Absorption and Radiation of Heat”).

Page 35—quantified: 1896: Svante Arrhenius first demonstrated the 
greenhouse effect and calculated climate sensitivity—what happens 
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to temperatures as concentrations of carbon dioxide double—in 
1896 (Arrhenius, “On the Influence of Carbonic Acid”). Arrhenius 
calculated climate sensitivity to be 5–6°C (9–11°F), larger than cur-
rent consensus estimates of between 1.5 and 4.5°C (2.7 and 8.1°F), 
established in the 1970s (Charney et al., “Carbon Dioxide and Cli-
mate”). See the extensive discussion on climate sensitivity in chapter 
3 for more.

Page 35—Climate Sensitivity: “Climate sensitivity” or “equilibrium cli-
mate sensitivity” is widely defined as the global average surface equi-
librium temperature warming from a doubling of atmospheric car-
bon dioxide concentrations. It is inherently a long-run estimate, how 
temperatures will react over many decades or centuries, in “equilib-
rium.” In geological times, this still counts as “fast.” See “decades to 
centuries” on page 10 in chapter 1 on the distinction between “fast 
equilibrium”—what is captured by most commonly used climate 
sensitivity parameters—and so-called earth system sensitivity, which 
could be over double the prevailing climate sensitivity estimate. Cli-
mate sensitivity ranges are typically pieced together from various 
estimates: actual temperatures measured by instruments over the 
past 150 or so years; paleoclimatic evidence from glacial and other 
developments over the past millions of years; carefully calibrated 
climate models; and a host of other means like evidence from volca-
nic eruptions or simple expert elicitation (asking climate scientists 
about their best guesses). For a comprehensive review, see Knutti and 
Hegerl, “Equilibrium Sensitivity.”

See chapter 3 on “Fat Tails” for the history of climate sensitivity 
calculations and the profound implications.

Page 36—DICE: Bill Nordhaus first introduced DICE in 1991. A later 
derivation, RICE, includes regional differences. See, for example, 
Nordhaus, “To Slow or Not to Slow,” and, most prominently, Nord
haus, “Optimal Transition Path.” For the most comprehensive de-
scription at the time, see Nordhaus, “Optimal Greenhouse Gas 
Reductions.” The latest and most comprehensive description of his 
work is in Nordhaus, Climate Casino. For a later update, see Nord
haus, “Estimates of the Social Cost of Carbon,” which arrives at a 
price of $18.6 per ton of carbon dioxide emitted in 2015 (in 2005 
dollars). For further in-depth discussion see “possibly much more” 
on page 23 in chapter 1 and the discussion on page 57 in chapter 3, 
around “$2 per ton” and “Nordhaus’s preferred ‘optimal’ estimate.”

Page 35—Free Drivers: Our definition and subsequent use of the term 
solely focuses on the context of geoengineering. Others have used 
the term in the context of energy-efficiency improvements, referring 
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to a type of network effect, and a highly positive one at that: those 
outside a particular energy-efficiency program may adopt the more 
efficient technology because they feel compelled to do so by par-
ticipants in the program. See, for example, Gillingham, Newell, and 
Palmer, “Energy Efficiency Economics.”

Page 38—Mount Tambora: Stothers, “The Great Tambora Eruption,” 
estimates a mean temperature decrease in the Northern Hemisphere 
of 0.4–0.7°C (0.7–1.3°F). For a more detailed description of the erup-
tion and its diverse range of consequences, see Klingman and Kling-
man, The Year without a Summer, and Stommel, Volcano Weather.

Page 39—heart of the global problem: For one of the first and the 
most widely cited explorations of the subject, see Hardin, “Tragedy 
of the Commons.”

Page 40—centuries and millennia: See “excess carbon dioxide in the 
atmosphere” on page 10 in chapter 1.

Page 41—over 10 meters: See “Melting of Greenland” on page 56 in 
chapter 3.

Page 41—10 percent: See, for example, McGranahan, Balk, and Ander-
son, “The Rising Tide”; Anthoff et al., “Global and Regional Expo-
sure”; Rowley et al., “Risk of Rising Sea Level.”

Page 41—one seeming exception: Jensen and Miller, “Giffen Behavior 
and Subsistence Consumption.”

Page 42—Ocean Acidification: The report “Economics of Ocean Acidi-
fication,” from an International Atomic Energy Agency international 
workshop in 2012, provides an overview of the economic impacts of 
ocean acidification, while IGBP, IOC, SCOR, “Ocean Acidification 
Summary for Policymakers,” discusses the science of the phenom-
enon. For a good summary of both, see “Acid Test.” For more on the 
marine die-off 56 million years ago, see Thomas, “Biogeography of 
the Late Paleocene.” There was no associated mass die-off in the ter-
restrial biosphere. Cui et al., “Slow Release of Fossil Carbon,” shows 
how the peak rate of carbon dioxide release into the atmosphere 
around 56 million years ago was much lower than today.

Page 42—alkalinity addition: See Harvey, “Mitigating the Atmospheric 
CO2 Increase,” for a comprehensive discussion of directly adding 
limestone powder to oceans. See Rau, “CO2 Mitigation,” for a dif-
ferent method that involves first capturing carbon dioxide on land 
before releasing the alkaline solution into the ocean. Royal Society, 
“Geoengineering the Climate,” includes a brief discussion and puts 
it in the larger context.

Page 44—60 percent of global emissions: Calculated for 2010, using 
the World Resource Institute’s Climate Analysis Indicators Tool.

Wagner_ClimateShock_FINAL.indd   177 12/30/14   8:32 AM



178  •  Notes to Chapter 3

Page 44—Books: Sunstein’s “Of Montreal and Kyoto,” and the later ad-
aptation in Sunstein, Worst-Case Scenarios, provide a comparative his-
tory and analysis of the Montreal and Kyoto Protocols. He suggests 
a few reasons for why the former worked so well while the latter has 
at best led to small steps in the right direction. In particular, Sun-
stein makes a strong case that success of the one, and the failure of 
the other, had a lot to do with domestic benefit-cost analysis in the 
United States. For a terrific insider’s view on the making of the Mon-
treal Protocol, see Benedick, Ozone Diplomacy. Barrett, Environment 
and Statecraft, uses, in part, the success of the Montreal Protocol to 
develop a theory on international environmental treaties, and what 
makes them work, or, in most cases, fail.

CHAPTER 3. FAT TAILS

Page 48—more likely than not: The IPCC attempts to assign plain-
English terms to its consensus assessments: “more likely than not” 
corresponds to a likelihood of greater than 50 percent; “likely” cor-
responds to greater than 66 percent (not two-thirds; i.e. 67 percent); 
“very likely” corresponds to greater than 90 percent; “extremely 
likely” corresponds to greater than 95 percent. These terms were 
used to describe the likelihood of man-made global warming in, re-
spectively, the IPCC’s Second, Third, Fourth, and Fifth Assessment 
Reports. According to Engber, “You’re Getting Warmer,” an early 
draft of the Fourth Assessment Report called for the highest category, 
“virtually certain,” which corresponds to greater than 99 percent 
probability, before settling at “very likely.” Engber discusses the his-
tory and implications of the IPCC’s probability assessments. For the 
latest formal guidance document, see Mastrandrea et al., “IPCC AR5 
Guidance Note.” For more on the history and the scientific underpin-
nings, see Giles, “Scientific Uncertainty.” For a survey of how these 
probabilistic statements are perceived (and often misconstrued), see 
Budescu et al., “Interpretation of IPCC.”

Page 48—decade ‘without warming’: For more on the warming 
“pause” or “hiatus” of recent years, see “warmest in human history” 
on page 9 in chapter 1.

Page 48—back to the 1800s: See “Climate Science” on page 35 in 
chapter 2. For more on the history, and the future, see Roston, The 
Carbon Age.

Page 49—Wally Broecker: Broecker, “Climatic Change.”
Page 49—climate sensitivity: See “Climate Sensitivity” on page 35 in 

chapter 2.
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Page 49—well-established facts: Stocker, “Closing Door,” and Mat-
thews et al., “Proportionality of Global Warming,” are among the lat-
est to discuss the proportional relationship between total warming 
and cumulative emissions.

Page 50—400 ppm: This is the concentration of carbon dioxide. Count-
ing other greenhouse gases (without aerosols), concentrations are be-
tween 440 and 480 ppm of carbon dioxide–equivalent greenhouse 
gases, depending on the source. See “400 parts per million” on page 
10 and also “2 ppm” on page 22 in chapter 1.

Page 50—700 ppm: See “700 ppm” on page 14 in chapter 1.
Page 50—Ad Hoc Study Group: Charney et al., “Carbon Dioxide and 

Climate.”
Page 50—academic genius: Gavin Schmidt tells the story on Real 

Climate.org, an excellent repository of the latest on climate change 
science (Schmidt and Rahmstorf, “11°C Warming”).

Page 50—the “likely” range: By 1990 the IPCC range was still 1.5–4.5°C 
(2.7–8.1°F). Ditto by 1995 and 2001. By 2007, the range narrowed 
somewhat, though in the wrong direction. It seemed that 1.5°C (2.7°F) 
was no longer in the cards. The new “likely” range was 2–4.5°C (3.6–
8.1°F). By 2013, the most recent IPCC Assessment report, the range 
widened again right back to where it’s been all along: 1.5–4.5°C (2.7–
8.1°F). For the relevant sections of the reports, see Working Group 1, 
chapter 5, of the IPCC First Assessment Report, Section B: Climate Mod-
elling, Climate Prediction and Model Validation, of the IPCC Climate 
Change 1992 Supplementary Report, Working Group I of the IPCC 
Second Assessment Report, Working Group I of the IPCC Third Assess-
ment Report, Working Group I of the IPCC Fourth Assessment Report, 
and Working Group I of the IPCC Fifth Assessment Report.

It is true that the confidence in the range has increased markedly 
over time. Specifically, “confidence today is much higher as a result 
of high quality and longer observational records with a clearer an-
thropogenic signal, better process understanding, more and better 
understood evidence from paleoclimate reconstructions, and bet-
ter climate models with higher resolution that capture many more 
processes more realistically” (Working Group I of the IPCC Fifth As-
sessment Report, TFE.6; also see Box 12.2). Still, the IPCC chose to 
call the range “likely” (>66 percent confidence) rather than opt for a 
more certain assessment such as “very likely” (>90 percent).

Things may even be worse than before for another reason. In 
1990, the IPCC ventured a “best guess” of 2.5°C (4.5°F) within the 
wider range. By 2007, the “most likely” quantity was 3°C (5.4°F). Not 
certainty, not even an actual “mean” or “median” in statistical terms, 
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but at least a single number—albeit a high one—around which to 
rally. By 2013, the IPCC issued no verdict as to which quantity would 
be most likely. That’s a step back in sureness. The IPCC did add other 
caveats, notably a less than 5 percent probability of climate sensitiv-
ity being below 1°C and a less than 10 percent probability of above 
6°C. See “clearly more room” on page 51 as well as “more likely than 
not” on page 48 for a definition of the “likely” range itself.

Page 51—defines “likely”: See “more likely than not” on page 48 as well 
as prior note.

Page 51—clearly more room: The IPCC’s latest assessment report goes 
into a bit more detail: it describes anything below 1°C as “extremely 
unlikely” (0–5 percent) and anything above 6°C as “very unlikely” 
(0–10 percent) (Summary for Policymakers of Working Group I in 
the IPCC Fifth Assessment Report). The second row of this table trans-
lates the IPCC’s statements into actual probabilities for different cli-
mate sensitivities:

Climate  
sensitivity	 <0°C	 <1°C	 <1.5°C	 < >2.6°C	 >3°C	 >4.5°C	 >6°C

IPCC	 No	 0–5%	 (“likely” between 1.5–4.5°C)	 0–10% 
(2013)	 data
Our	 0%	 1.7%	 11%	 50%	 37%	 11%	 3.1%
calibration	 (78% probability of between 
	 1.5–4.5°C)

We calibrated a log-normal distribution by calculating an 11 
percent probability of being greater than 4.5°C and an 11 percent 
probability of being below 1.5°C. Doing so interprets the IPCC’s 
numbers as conservatively as possible. The IPCC, for example, states 
that any figure above 6°C would be “very unlikely.” That implies a 
0–10 percent range—5 percent, if we take a point estimate. However, 
if the IPCC authors wanted to say that it was, in fact, only 5 percent, 
they could have chosen to say “extremely unlikely.” By saying “very 
unlikely,” they, in effect, may have intended to ascribe a probability of 
between 5 and 10 percent—7.5 percent as the point estimate. Either 
way, our calibration arrives at a probability estimate of slightly over 3 
percent for the chance of climate sensitivity being greater than 6°C, a 
“conservative” estimate for the purposes of our exercise that remains 
much below 7.5 percent.

Our interpretation of the “likely” range uses a similar logic: The 
IPCC definition of “likely” is between 66 and 100 percent. How-
ever, if the authors wanted to convey that the probability of being 
in the 1.5–4.5°C range was higher than 90 percent, they could have 
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chosen to call the range “very likely.” (In fact, “very likely” does have 
a firm definition in the guidance document for IPCC authors, 
while “extremely likely” is an additional term added by the authors 
involved in Working Group I of the IPCC Fifth Assessment Report 
(see Working Group I’s Summary for Policymakers). For compari-
son, see Mastrandrea et al., “IPCC AR5 Guidance Note.” Instead, 
the IPCC authors opted for the looser interpretation of “likely,” 
which leads us to believe that the true likelihood may not be be-
tween 66 and 100 percent but between 66 and 90 percent. We split 
the difference and use 78 percent with 11 percent probability of 
being below the likely range and 11 percent probability of being 
above the likely range.

Our median estimate is 2.6°C (3.9°F). The most commonly cited 
mean climate sensitivity, 3°C (5.8°F), is therefore closer to the two-
thirds mark in our calibration: we assume a 63 percent probability 
of climate sensitivity being below 3°C (5.8°F) and, conversely, a 37 
percent probability of climate sensitivity being above 3°C (5.8°F). 
The latter is the probability mentioned in the table. The remaining 
estimates are in the bottom row of the table above.

Recent papers in Science and Nature have made the argument 
that climate sensitivity is much more likely above 3°C than below 
it. Fasullo and Trenberth, “A Less Cloudy Future,” finds that models 
with lower climate sensitivities do not fully take into account albedo 
from changing cloud cover. Sherwood, Bony, and Dufresne, “Spread 
in Model,” takes this idea further, and posits that accurate accounting 
of the cloud mixing processes suggests a climate sensitivity greater 
than 3°C (5.8°F).

Page 51—bottle of Champagne: A lot of analysis has gone into dis-
covering the delicate science behind a good bottle of champagne. 
The average 750 ml bottle contains 9 grams of carbon dioxide, and 
emits about five liters once opened (Liger-Belair, Polidori, and Jean-
det, “Science of Champagne Bubbles”). Not to mention the 200,000 
metric tons released each year transporting the bubbly around the 
world (Alderman, “A Greener Champagne Bottle”). One way to 
minimize the loss of dissolved carbon dioxide in your champagne 
is to pour it like you would a beer—down the side of the glass in-
stead of right to the bottom. It may not be quite as sophisticated, 
but scientists assure it will make for a better taste (Liger-Belair et al., 
“Losses of Dissolved CO2”). Ironically, the celebratory champagne 
might not taste as nicely as it would if we had no cause for celebra-
tion at all. Wine quality in the Champagne region of France is, in 
fact, expected to increase based on projected climate change (Jones 
et al., “Global Wine Quality”).
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Page 52—fat tail: The technical definition of a “fat tail” is a distribution 
that approaches zero polynomially or slower. Conversely, the techni-
cal definition of a “thin tail” is a distribution that approaches zero 
exponentially or faster. A log-normal distribution, which we use, is 
in between thin and fat tailed. Some definitions call it “heavy tailed”: 
no longer thin, but not yet fat either. Log-normal distributions ap-
proach zero faster than polynomially but slower than exponentially. 
All that means that our calibration is more conservative than the 
IPCC’s own numbers, as it points to a chance of slightly above 3 
percent of climate sensitivity being above 6°C. That compares to the 
IPCC’s stated “very unlikely” range of anywhere between 0 and 10 
percent. See “clearly more room” on page 51.

Page 53—scientific papers: The conceptual starting point for calcula-
tions leading up to this table is Weitzman, “Modeling and Interpret-
ing the Economics.” A further elaboration is found in Weitzman, 
“Fat-Tailed Uncertainty.” A version resembling this table, with calcu-
lations for three different probability distributions but based on the 
IPCC Fourth Assessment Report, appeared in Weitzman, “GHG Tar-
gets as Insurance.” The version here is based on fitting a log-normal 
probability distribution to climate sensitivity, as described in “clearly 
more room” on page 51:

CO2e  
concentration  
(ppm)	 400	 450	 500	 550	 600	 650	 700	 750	 800

Temperature	 1.5°C	 2.1°C	 2.5°C	 2.9°C	 3.3°C	 3.6°C	 4.0°C	 4.3°C	 4.5°C 
increase for  
mean climate  
sensitivity  
(=3°C)

Temperature	 1.3°C	 1.8°C	 2.2°C	 2.5°C	 2.7°C	 3.2°C	 3.4°C	 3.7°C	 3.9°C 
increase for  
median  
climate  
sensitivity  
(=2.6°C)

Chance of 	 0.03%	 0.3%	 1.3%	 3.3%	 6.3%	 10.2%	 14.4%	 19.2%	 23.9% 
>6°C, given  
2–4.5°C  
“likely” range  
(with 70%  
probability)
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CO2e  
concentration  
(ppm)	 400	 450	 500	 550	 600	 650	 700	 750	 800

Chance of 	 0.2%	 1.1%	 2.8%	 5.2%	 8.1%	 11.3%	 14.6%	 18.0%	 21.3% 
>6°C, given  
1.5–4.5°C  
“likely” range  
(with 70%  
probability)

Chance of 	 0.04%	 0.3%	 1.2%	 2.7%	 4.9%	 7.6%	 10.6%	 13.9%	 17.3% 
>6°C, given  
1.5–4.5°C  
“likely” range  
(with 78%  
probability)

Row 1 has concentrations of ultimate carbon dioxide–equivalent 
(CO2e) concentrations. Row 2 shows final temperature increases 
based on these concentrations and an assumed climate sensitivity of 
3°C, the median figure found from a calibration to the 2007 IPCC 
Fourth Assessment Report “likely” range of 2–4.5°C. Row 3 shows the 
temperature increase for an assumed climate sensitivity of 2.6°C, the 
median figure found for our “best” log-normal calibration to the 2013 
IPCC Fifth Assessment Report “likely” range of 1.5–4.5°C. The latter is 
also what we present in the main text. Note that this single “most 
likely” temperature increase is below the average or expected figure. 
That’s because the distribution fitted around the IPCC “likely” range 
for climate sensitivity is assumed to be an asymmetric log-normal 
distribution, which cuts off at zero but has a long upward tail. De-
spite the uncertainties, no one would seriously argue that climate 
sensitivity should have a negative realization. The next three rows 
present various assumptions around the IPCC “likely” range: Row 4 
assumes the old climate sensitivity range of 2–4.5°C, the recent con-
sensus before the release of the IPCC Fifth Assessment Report in 2013. 
Row 5 widens the “likely” range to extend to 1.5°C on the lower end. 
Both rows assume a 70 percent probability that climate sensitivity is 
within the “likely” range, rounding up the IPCC’s 66 percent num-
ber for its definition of “likely.” The final row then splits the differ-
ence between 66 percent (“likely”) and 90 percent (“very likely”) to 
put a probability of 78 percent of being between 1.5 and 4.5°C and 
a probability of 11 percent of climate sensitivity being above 4.5°C. 
This works out to a probability of 3 percent that climate sensitivity is 
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above 6°C, which is conservatively low by almost any standards. The 
final row is what we present in the main text, with numbers further 
rounded for simplicity.

Page 55—heavy: See “fat tail” on page 52.
Page 55—the median: Note that we are using the median climate sen-

sitivity of 2.6°C here to calculate temperature increase. Using the 
more conventional mean climate sensitivity of 3°C would translate 
into a (mean) temperature increase of 4.0°C based on concentrations 
reaching 700 ppm (rather than the median figure of 3.4°C presented 
in the main text).

Page 55—Black Swan: Taleb, Black Swan.
Page 55—unknown unknowns: Donald Rumsfeld popularized the 

term in the context of the U.S. invasion of Iraq, drawing the anal-
ogy at more than one occasion. The first mention was at a Penta-
gon news conference on February 12, 2002: “Reports that say that 
something hasn’t happened are always interesting to me, because as 
we know, there are known knowns; there are things we know we 
know. We also know there are known unknowns; that is to say we 
know there are some things we do not know. But there are also un-
known unknowns—the ones we don’t know we don’t know. And 
if one looks throughout the history of our country and other free 
countries, it is the latter category that tend to be the difficult ones” 
(Morris, “Certainty of Donald Rumsfeld”). Rumsfeld later echoed 
the sentiment at least once more, at a NATO press conference on 
June 6, 2002 (Rumsfeld, “Press Conference”).

Economists typically credit Chicago economist Frank Knight for 
coming up with the idea (Knight, “Risk, Uncertainty, and Profit”). 
He made the technical distinction between “risk” and “uncertainty.” 
(Note that Knightian “risk” is different from what the average 
person—including the average scientist—calls “risk.” Any layman’s 
“existential risk,” including the way we use it in the text, is much 
closer to Knightian “uncertainty” than Knightian “risk.”) Richard 
Zeckhauser has added a third category: “ignorance.” Risk deals with 
known distributions. Uncertainty is not knowing which distribution 
to pick. Ignorance is when it’s unclear there even is a distribution. 
See Zeckhauser, “Unknown and Unknowable,” and a subsequent re-
action: Summers, “Comments.”

Page 56—bad global warming feedbacks: Walter et al., “Methane Bub-
bling,” attempts to measure methane emissions from thaw lakes in 
Siberia, estimating that methane emissions from northern wetlands 
is 10–60 percent higher than previously thought. They find that the 
largest portion of the methane released comes from the thawing 
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permafrost around lake edges. This process is thought to be a criti-
cal one in previous times of climatic change. “Climate Science: Vast 
Costs of Arctic Change” estimates the total cost to society of meth-
ane released from thawing Siberian permafrost to be on the scale of 
$60 trillion.

Page 56—Melting of Greenland: The Greenland ice sheet has a sea 
level equivalence of 7.36 m (24 feet), and full melting of the Antarc-
tic ice sheet would mean a 58.3 m (191 feet) sea-level rise (see chapter 
4, “Observations: Cryosphere,” in Working Group I of the IPCC Fifth 
Assessment Report). Full melting of the West Antarctic ice sheet by 
itself would lead to about 3.3 meters (11 feet) of sea-level rise (Bam-
ber et al., “Potential Sea-Level Rise”). See “centuries of sea-level rise” 
on page 9 in chapter 1 for more on the irreversibility of it melting.

The IPCC Fifth Assessment Report found that the Greenland ice 
sheet has contributed on average 0.59 mm per year to sea-level rise 
from 2002 to 2011, while the Antarctica contribution is likely 0.4 
mm per year for the same period. Both of these contribution rates 
have more than quadrupled from the average for 1992 to 2001. The 
observed global mean sea-level rise for the 1993 to 2010 period was 
3.2 mm per year. The IPCC’s estimate for total sea-level rise under 
the worst-case scenario is 0.53 to 0.97 m (1.7 to 3.2 feet). The only 
situation they believe could increase sea level by 2100 significantly 
above this likely range would be if marine-based sections of the 
Antarctic ice sheet collapsed (see chapter 13, “Sea Level Change” in 
Working Group I of the IPCC Fifth Assessment Report).

Page 57—DICE model: See the “DICE” entry on page 36 in chapter 2.
Page 57—$2 per ton: Nordhaus derives a number of $5 per ton of 

carbon for 1990 to 1999 (Nordhaus, “Optimal Transition Path”). We 
convert this figure to dollars per ton of carbon dioxide and into 2014 
dollars using the GDP deflator to arrive at $2 per ton of carbon 
dioxide.

Page 57—Nordhaus’s preferred “optimal” estimate: Nordhaus, “Esti-
mates of the Social Cost of Carbon,” presents a price of $18.6 per ton 
of carbon dioxide emitted in 2015 (in 2005 dollars). Converted into 
2014 dollars, the figure is around $20 per ton. The paper presents 
both what Nordhaus considers the “optimal” path and various other 
scenarios, including one to keep global average temperature in-
creases below 2°C. Note that this $20 estimate is significantly higher 
than his “optimal” path derived only four years prior. Then the opti-
mal figure for 2015 was $12 (Nordhaus, “Economic Aspects”). Note 
also that the $20 is lower than both Nordhaus’s set of “illustrative 
carbon prices needed for a 2½°C temperature limit” (figure 33 in 
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Nordhaus, Climate Casino) and the “central” estimate presented in 
the first table of the “Technical Update of the Social Cost of Carbon 
for Regulatory Impact Analysis under Executive Order 12866” for a 
ton of carbon dioxide emitted in 2015. The former is $25 for a ton 
emitted in 2015. The latter is close to $40 per ton, using an average 
of three models and a discount rate of 3 percent. Nordhaus’s own 
preferred discount rate is around 4.2 percent. He shows how the dif-
ference in discount rates explains most of the difference between the 
$40 and his own $20 estimate.

Page 58—around $40: See “possibly much more” on page 23 in 
chapter 1.

Page 59—more equable and better climates: The full quote: “By the 
increasing percentage of [carbon dioxide] in the atmosphere, we 
may hope to enjoy ages with more equable and better climates, espe-
cially with regards to the colder regions of the earth, ages when the 
earth will bring forth much more abundant crops than at present, 
for the benefit of rapidly propagating mankind” (Arrhenius, Worlds 
in the Making, 63).

The general spirit of the importance of and opportunities in 
adapting to warmer climates is best represented in Kahn’s Clima-
topolis. There are surely costs, Kahn argues, but coping mechanisms 
create their own opportunities, especially for highly efficient cities.

Page 59—playing catch-up: See “$2 per ton” and “Nordhaus’s preferred 
“optimal” estimate” on page 57 for a discussion of the evolution of 
Nordhaus’s DICE estimates. See “possibly much more” on page 23 in 
chapter 1 for a discussion of the U.S. government’s figures.

Page 60—started by one person: Bill Nordhaus created DICE. Richard 
Tol developed FUND, which is now largely maintained by David 
Anthoff: http://www.fund-model.org/. Chris Hope was the driving 
force behind PAGE: http://climatecolab.org/resources/-/wiki/Main 
/PAGE.

Page 60—massive data operations: The underlying global circulation 
models used by climate scientists and feeding into the IPCC reports 
are indeed computationally complex. However, integrated assess-
ment models then rely on much-simplified output, in DICE’s case 
on the Model for the Assessment of Greenhouse Gas Induced Cli-
mate Change (MAGICC), which in turn is a much-simplified version 
of underlying climate models. DICE itself is freely available on Bill 
Nordhaus’s website and even runs in Excel: http://www.econ.yale 
.edu/~nordhaus/.

Page 61—Lots are missing: See, for example, Howard, “Omitted Dam-
ages.” Van den Bergh and Botzen, “Lower Bound,” similarly present 
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climate change effects that are inadequately captured by models like 
DICE. Most of these effects would increase estimates of the social 
cost of carbon. Some may also decrease it. (See “possibly much more” 
on page 23 in chapter 1.)

Page 61—quadratic extrapolations: DICE uses an inverse quadratic 
loss function linked to temperature (T), where loss is defined as 
equal to 1 / [1 + a T + b T2].

Page 62—as far out as 6°C: In fact, Nordhaus, Climate Casino, cuts off 
the graph at 5°C (9°F), implying that any damages due to tempera-
ture changes beyond that level are much too uncertain (or perhaps 
rare) to contemplate.

Page 63—damages affect output growth rates: See Pindyck, “Cli-
mate Change Policy,” and Heal and Park, “Feeling the Heat,” who 
link temperature to labor productivity via human physiology. They 
find high temperatures decrease productivity in already hot—and 
often poor—countries, while higher-than-average temperatures 
increase productivity by similar amounts in cool—and typically 
rich—countries.

Moyer et al., “Climate Impacts on Economic Growth,” similarly 
show large impacts on the Social Cost of Carbon estimate of chang-
ing the climate impact from output levels to productivity: “even a 
modest impact of this type increases SCC estimates by many orders 
of magnitude.”

Page 65—damages are additive: See Weitzman, “Damages Func-
tion.” For a complementary take—focusing on the idea of “relative 
prices”—see Sterner and Persson, “Even Sterner Review.” The fun-
damental distinction between multiplicative versus additive dam-
age functions rests on questions of substitutability. The (implicit) 
assumption for multiplicative damages is unit substitutability be-
tween economic sectors and environmental amenities within the 
utility function. Additive damages assume less (to no) substitutabil-
ity across these sectors in the utility function.

Page 68—likely underestimate: See “possibly much more” on page 23 
in chapter 1.

Page 68—discount whichever number: Many a book and article has 
been written on the topic. Gollier, Pricing the Planet’s Future, ranks 
among the best general introductions.

Page 68—is worth more: In fact, having one dollar today is typically 
worth a lot more than having it tomorrow. Whereas the same one-
day difference a hundred years from now is barely noticeable. From 
today’s perspective, a hundred years plus one day is pretty much the 
same as a hundred years. Quite naturally, humans tend to discount 
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the first day more heavily than that one day a hundred years from 
now. The technical term for this particular phenomenon is “hyper-
bolic discounting,” most prominently introduced to economics in 
Laibson, “Golden Eggs.”

Page 69—2 percent a year: “10-Year Treasury Inflation-Indexed Security, 
Constant Maturity.”

Page 69—criticized for that low choice: Weitzman, “A Review,” argues 
that “the Stern Review may well be right for the wrong reasons,” the 
low discount rate being one of the wrong reasons.

Page 69—decline over time: See Weitzman, “Gamma Discounting,” 
for the declining discount rate numbers mentioned in the text. For 
a later consensus view around the logic behind declining discount 
rates, not necessarily the specific numbers, see Arrow et al., “Deter-
mining Benefits and Costs,” and Cropper et al., “Declining Discount 
Rates.” France and the United Kingdom, for example, use declining 
discount rates, but they do not agree on the exact rate: France’s starts 
at 4 percent and declines to a bit over 2 percent for numbers 300 
years in the future; the UK’s starts at 3.5 percent and declines to 1 
percent after 300 years.

For an application that reconciles some important technical 
differences in the application of the basic logic, see Gollier and 
Weitzman, “Distant Future.” It concludes that “The long run dis-
count rate declines over time toward its lowest possible value.”

To see the reason behind this declining rate, consider the follow-
ing thought experiment: Assume we don’t know whether the true 
discount rate for damages a hundred years from now should be 1 
percent or 7 percent. The former is on the lower end of rates for U.S. 
Treasury bills, which come as close to a risk-free investment as pos-
sible. The latter comes from the obscure but all-important “Circular 
A-94,” which the powerful U.S. government’s Office of Management 
and Budget suggests as the base-case analysis for all government 
investment and regulatory decisions (OMB, “Circular No. A-94 Re-
vised”). Note that the 7 percent rate is not a risk-free rate in any sense 
of that word. In fact, it deliberately deals with risky investment deci-
sions. The big question there is whether the rate for riskier invest-
ments ought to go up or down, something discussed in more detail 
in the text itself.

OMB’s other, and more appropriate, rate for something as far 
out as a hundred years is 3 percent. That’s also the government’s 
base case for the $40 social cost of carbon. But for argument’s sake, 
let’s use the 7 percent figure for now. It’s certainly an upper bound 
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of sorts. Hardly anyone would sensibly argue for a higher discount 
rate. There’s a good reason why: $100 a hundred years from now, 
discounted at 7 percent is worth 9 cents today. Invest less than a dime 
today at a rate of return of 7 percent, and expect to get $100 a cen-
tury hence. For an investor, that’s not bad. For discounting climate 
damages a hundred years out, it makes them almost worthless today. 
That, of course, is the exact line of reasoning some use to argue why 
climate damages don’t matter all that much. Why worry about costs 
of global warming in a century, if all it takes is setting aside relatively 
little money today to cover the damages? All that holds true at 7 per-
cent. But $100 a hundred years from now, discounted at 1 percent, is 
worth $37 today. That’s quite a bit more.

Let’s split the difference and use a 4 percent discount rate, half-
way between 1 and 7 percent: now $100 a hundred years from now is 
worth $1.8 today. That’s much, much closer to 9 cents from the 7 per-
cent discount rate than the $37 from a 1 percent rate. But that’s only 
one way of “splitting the difference.” What if we just didn’t know 
whether the rate should be 1 percent or 7 percent?

Put the chance of either rate at 50–50. That’s a 50 percent prob-
ability that the correct number should be 9 cents, and a 50 percent 
probability that it should be $37. On average, that’s roughly $18. 
That average of the discounted numbers is much higher than the 
number using the average discount rate of 4 percent = (7 percent + 
1 percent) / 2. In fact, in our example, the difference is a factor of ten: 
$18 versus $1.80. And the difference increases the further out you go.

Lastly, for a different argument for declining discount rates, see 
Heal and Millner, “Agreeing to Disagree.” They suggest that the 
choice of discount rate is an “ethical primitive” to arrive at the same 
conclusion of declining discount rates.

Page 70—Black-Litterman Global Asset Allocation Model: Black and 
Litterman, “Global Portfolio Optimization.”

Page 71—stark implications: “If climate risk dominates economic 
growth risk because there are enough potential scenarios with cata-
strophic damages, then the appropriate discount rate for emissions 
investments is lower tha[n] the risk-free rate and the current price of 
carbon dioxide emissions should be higher. In those scenarios, the 
‘beta’ of climate risk is a large negative number and emissions miti-
gation investments provide insurance benefits. If, on the other hand, 
growth risk is always dominant because catastrophic damages are 
essentially impossible and minor climate damages are more likely 
to occur when growth is strong, times are good, and marginal utility 
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is low, then the ‘beta’ of climate risk is positive, the discount rate 
should be higher than the risk-free rate, and the price of carbon diox-
ide emissions should be lower” (Litterman, “Right Price”). For earlier 
use of “beta” in the climate context, see Sandsmark and Vennemo, 
“Portfolio Approach,” for an argument for a negative beta of mitiga-
tion investments. Gollier, “Evaluation of Long-Dated Investments,” 
makes the case for a positive beta.

Page 72—equity premium puzzle: For an overview, see Mehra, “Equity 
Premium Puzzle.”

Page 72—reverses the equity premium puzzle: For a technical explo-
ration of this argument, see Weitzman, “Subjective Expectations,” or 
Barro, “Rare Disasters.” See Mehra, “Equity Premium Puzzle,” for al-
ternative explanations of the equity premium puzzle and a survey of 
the ongoing debate.

Page 72—“black” days: Black Monday on October 19, 1987, saw the 
Dow drop 22 percent; Black Tuesday on October 29, 1929, marked 
the beginning of the Great Depression; Black Wednesday on Septem-
ber 16, 1992, earned George Soros a billion pounds betting against 
the Bank of England; Black Thursday on October 24, 1929, saw Wall 
Street lose over 10 percent almost at the opening bell (recall Black 
Tuesday just above for what happened next); Black Friday on Sep-
tember 24, 1869, saw markets crash after a failed attempt to cor-
ner the gold market. None of it should be confused with the Black 
Week beginning Monday, October 6, 2008, when the Dow fell 18 
percent by Friday. The front-page articles of the Wall Street Journal 
after each of these events make for interesting, contemporaneous 
reading: For the reaction to what we now know as “Black Monday,” 
see Metz et al., “Crash of ’87.” After Black Tuesday and Thursday, 
the two days that are seen as the beginning of the Great Depres-
sion, the WSJ seems surprisingly nonchalant. “Pressure Continues: 
Stocks Sink Lower under Record Volume of Liquidation,” (pub-
lished October 30, 1929) recognizes the huge drop in stock prices 
from the day before, but also states that “industrial activity is on a 
large scale and sound basis with no real indications of a depression 
in prospect,” and projects that “after the initial shock has worn off 
the decline will prove beneficial in many ways by releasing funds 
from market to industry.” “Demoralized Trading: Stocks Break on 
Record Volume—Banking Support Starts Rally” (published Octo-
ber 25, 1929), somewhat more awed by the situation, opens with 
the statement, “Yesterday’s market was in many respects the most 
extraordinary in the history of the Stock Exchange.” However, the ar-
ticle also ends with a projection that the market would turn around 
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soon. Zweig, “What History Tells Us,” looks at the preceding “Black 
Week” in comparison to and in the context of the “Great Crash.” For 
the front-page article of London’s Financial Times on the day after 
Black Wednesday, see Stephens, “Major Puts ERM Membership on 
Indefinite Hold.”

Page 73—drawing the link: Litterman, “Right Price.”
Page 74—won’t happen tomorrow: We have a much better idea of 

warming in the short and medium term: For the next two decades 
(2016 to 2035), the Summary for Policymakers in Working Group I 
of the IPCC Fifth Assessment Report finds, with “medium confidence,” 
a “likely” additional warming of between 0.3 and 0.7°C  (0.5 and 
1.3°F) relative to the past two decades (1986–2005).

For the final two decades of this century, the predictions diverge 
dramatically. Depending on which scenario one chooses, average 
global warming relative to the past two decades could be anywhere 
from 0.3–1.7°C,  to 2.6–4.8°C (0.5–3.1°F, to 4.7–8.6°F), an enormous 
range with dramatically different consequences. And those are just 
the likely ranges. See, for example, “0.3 to 1 meters” on page 5 of 
chapter 1 for the implications for sea-level rise.

Note that all these estimates, including for sea-level rise, are rela-
tive to the two decades ending in 2005. 4.8°C (8.6°F) of additional 
warming relative to “today” would mean total warming of 5.5°C 
(9.9°F) from preindustrial levels.

Page 74—the longer it will take: See Roe and Bauman, “Climate Sen-
sitivity,” for this point. They employ a standard willingness-to-pay 
framework to conclude that fat tails may not be that costly. (For a 
contrasting conclusion by the same [lead] author, see Roe, “Costing 
the Earth.”)

Page 77—European Union: See Ellerman, Convery, and de Perthuis’s 
Pricing Carbon for an early yet comprehensive survey of the EU’s 
emissions trading system.

Page 77—sole exception is Sweden: See Hammar, Sterner, and Åker-
feldt, “Sweden’s CO2 Tax,” and Johansson, “Economic Instruments in 
Practice.”

Page 77—decision criterion: For a recent elaboration on the point 
around alternative decision criteria, see Heal and Millner, “Uncer-
tainty and Decision.” Also see Millner, Dietz, and Heal, “Scientific 
Ambiguity and Climate Policy.”

Page 78—ethical component: For a climate scientist making the strong 
moral case, see Roe, “Costing the Earth.” For a moral philosopher 
making the strong case for economists to engage on the moral di-
mension, see Sandel, “Market Reasoning as Moral Reasoning.”

Wagner_ClimateShock_FINAL.indd   191 12/30/14   8:32 AM



192  •  Notes to Chapter 4

CHAPTER 4. WILLFUL BLINDNESS

Page 80—U.S. Supreme Court: Global-Tech Appliances, Inc., et al. v. 
SEB S.A.

Page 81—colloquial interpretation: For a popular take on “willful 
blindness”—with some brief cameos by climate change—see Hef-
fernan, Willful Blindness.

Page 81—tax or cap carbon: See our discussion of taxes versus cap and 
trade in chapter 1.

Page 81—close to zero: See “$500 billion per year” on page 22 in 
chapter 1.

Page 81—around $40: See “possibly much more” on page 23 in 
chapter 1.

Page 83—value of a statistical life: For two good recent surveys, see 
Ashenfelter, “Measuring the Value of a Statistical Life,” and Viscusi 
and Aldy, “Value of a Statistical Life.”

Page 83—one percent chance: For the full quotation and the argument 
for why this is a false equivalency, see Sunstein, Worst-Case Scenarios. 
Whatever damage the certain event would cause, having it occur 
with a probability of 1 percent would imply that its damage esti-
mates need to be divided by a hundred to have a sensible metric of 
comparison.

Page 84—Worst-Case Scenarios: For a discussion of worst-case sce-
narios, start with Sunstein, Worst-Case Scenarios. Another oft-cited 
treatise on the subject is Posner, Catastrophe: Risk and Response. See 
Parson, “The Big One,” for a comprehensive summary and critique, 
as well as further important elaborations. For an attempt at a com-
prehensive classification that goes beyond our list of eight potential 
existential risks, see Bostrom and Ćirković, Global Catastrophic Risks. 
For a more technical discussion, with a “can-do” attitude, see Garrick, 
Quantifying and Controlling Catastrophic Risks.

Page 85—Their verdict: For a summary, see Parson, “The Big One.”
Page 86—underestimating the likelihood: See “1-in-1,000-year event” 

on page 1 in chapter 1.
Page 86—$2 to 3 billion: See “$2 or 3 billion” on page 1 in chapter 1.
Page 87—guiding principle: See, among many others, Revesz and 

Livermore, Retaking Rationality.
Page 88—nuclear terrorism is worse: Bostrom and Ćirković, Global 

Catastrophic Risks, puts the probability of catastrophic nuclear terror-
ism at 1 to 5 percent. By contrast—and on the extreme end of edu-
cated guesses—Allison, Nuclear Terrorism, p. 15, states that “a nuclear 

Wagner_ClimateShock_FINAL.indd   192 12/30/14   8:32 AM



Notes to Chapter 5  •  193

terrorist attack on America in the decade ahead is more likely than 
not.” Silver, “Crunching the Risk Numbers,” converts this to a 5 
percent chance per year of such a catastrophe striking this coming 
decade.

Page 90—Contrast the historical precedent: This logic and some lan-
guage in this paragraph is taken from Weitzman, “Modeling and In-
terpreting the Economics.”

CHAPTER 5. BAILING OUT THE PLANET

Page 92—Bailing Out the Planet: The technical term for the type of 
geoengineering we discuss here is “solar-radiation” or “shortwave ra-
diation management,” both abbreviated by “SRM.” That stands in con-
trast to “direct carbon removal” (DCR) or “carbon dioxide removal” 
(CDR). (For the latter, see “comes under various guises” on page 107 
in chapter 5 as well as the “Bathtub” entry on page 30 in chapter 2.)

Despite the science still being in its infancy, geoengineering is 
slowly but surely entering public conversations. For one of the best 
such public documents, see Keith, A Case for Climate Engineering. For 
one of the most accessible, see Goodell, How to Cool the Planet. For one 
of the strongest, well-argued rejoinders, see Hamilton, Earthmasters. 
For our own earlier take, see Wagner and Weitzman, “Playing God.”

Page 92—make development sustainable: United Nations, Our Com-
mon Future, commonly known as the “Brundtland Report.”

Page 92—the Earth’s atmosphere: Global average temperatures in-
creased 0.45°C from the average measured between 1861 and 1880 to 
the average measured between 1980 and 1989 (chapter 7, “Observed 
Climate Variations and Change,” of the IPCC First Assessment Report).

Page 93—displaced over 200,000: McCormick, Thomason, and Trepte, 
“Atmospheric Effects.”

Page 93—tons of sulfur dioxide: Estimates range from 17 million tons 
of sulfur dioxide (Self et al., “Atmospheric Impact”) to above 20 mil-
lion (Bluth et al., “Global Tracking”). Note that the metric here is 
sulfur dioxide. For the weight of sulfur alone, divide these estimates 
by two.

Page 93—tons of carbon dioxide: We calculated these numbers using 
parts per million (ppm) levels from Keeling et al., Exchanges of Atmo-
spheric CO2, and used the conversion rate of 2.13 billion tons of car-
bon per ppm from the Carbon Dioxide Information Analysis Center. 
(“Conversion Tables”). The generally accepted preindustrial level of 
carbon dioxide in the atmosphere is 280 ppm, or 2.19 trillion tons of 
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carbon dioxide. In 1990, the measured carbon dioxide concentration 
was 355 ppm, equivalent to 2.77 trillion tons. That is 585 billion tons 
above the preindustrial level. By now, average carbon dioxide levels 
are 400 ppm, or around 3.1 trillion tons carbon dioxide. Subtracting, 
we get 940 billion tons above preindustrial levels.

Page 93—still pointing up: See “2 ppm” on page 22 in chapter 1.
Page 94—5,000 times: Little Boy was about 20,000 as powerful as tradi-

tional bombs at the time (White House Press Release on August 6, 
1945). The power-to-mass ratio of Little Boy compared to one ton 
of conventional explosives averages out to about 4,500. The bomb 
killed over 80,000 people, even though only 1.38 percent of the 
bomb’s nuclear core fissioned during the explosion (Schlosser, Com-
mand and Control). The most powerful atomic bomb deployed was 
Ivy King, with a power-to-mass ratio of roughly 128,000—a TNT-
equivalent power of 500,000 tons, and weighing 3.9 tons (“Opera-
tion Ivy”).

Page 94—Titan II missile: Eric Schlosser’s Command and Control pro-
vides a terrific journalistic account of the evolution of the nuclear 
bomb and the ways the world has tried—and in some cases, almost 
failed—to control it.

Page 94—a million to one: Keith, A Case for Climate Engineering, p. 67, 
compares total tons of carbon dioxide to the effect of pumping one 
million tons of sulfur into the stratosphere every year. The resulting 
leverage ratio is near a million to one.

Page 95—2 to 3 percent: Mount Pinatubo was the best-studied volca-
nic eruption, with dozens of papers estimating total solar radiation 
impacts alone. Most present the results in Watts per square meter. 
Direct solar radiation decreased by as much as 25–30 percent as 
a direct result of the volcanic eruption. Averaged over the first 10 
months, “monthly-mean clear-sky total solar irradiance at Mauna 
Loa, Hawaii, decreased by as much as 5 percent and averaged . . . 2.7 
percent” (Dutton and Christy, “Solar Radiative Forcing”). Models 
later found similar results (Stenchikov et al., “Radiative Forcing”). 
The NASA Earth Observatory confirms these numbers: “While over-
all solar radiation was reduced by less than five percent, data showed 
a reduction of direct radiation by as much as 30 percent.”

Page 95—more acidic: Caldeira and Wickett, “Oceanography.” See also 
“Ocean acidification” on page 42 in chapter 2.

Page 95—created more: Incidentally, making oceans (or other ecosys-
tems) even more acidic does not appear to be one of these problems. 
Carbon dioxide turns oceans more acidic. So does sulfur—in form 
of sulfuric acid—after it washes out of the atmosphere. However, 
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acidification from carbon dioxide in oceans is 100 times as strong as 
any effects of sulfur deposition from Mount Pinatubo–style geoen-
gineering, at least via the damage pathway of acid rain. Kravitz et al., 
“Sulfuric Acid Deposition,” argues that “the additional sulfate depo-
sition that would result from geoengineering will not be sufficient 
to negatively impact most ecosystems, even under the assumption 
that all deposited sulfate will be in the form of sulfuric acid.”

Page 95—low levels of stratospheric ozone: McCormick, Thoma-
son, and Trepte, “Atmospheric Effects,” estimate that the eruption 
of Mount Pinatubo could have been responsible for a decrease of 
columnar ozone above the equator by 6–8 percent. Self et al., “Atmo-
spheric Impact,” show how the depletion of ozone after the eruption 
was higher than ever before recorded. Heckendorn et al., “Impact of 
Geoengineering Aerosols,” use the ozone depletion associated with 
the Pinatubo eruption as a case study for their conclusion that geo-
engineering with tiny sulfur-based particles would result in a “sig-
nificant depletion of the ozone layer.”

The direct effects of Mount Pinatubo, however, should not be 
conflated with the overall effects of any future geoengineering ef-
forts, as global temperature increases themselves may accelerate 
ozone destruction, an effect possibly reversed or prevented by geo-
engineering. See, for example, Kirk-Davidoff et al., “Effect of Climate 
Change,” and Keith, “Photophoretic Levitation.”

Page 95—global dry spell: Trenberth and Dai, “Effects of Mount Pi-
natubo.” See also Jones, Sparks, and Valdes, “Supervolcanic Ash 
Blankets.”

Page 96—where should we stop: Alan Robock cites this question of 
who controls the thermostat, among 19 other practical problems, as 
a reason geoengineering might be more trouble than it’s worth. Ro-
bock, “20 Reasons.” Another set of questions with no easy answers 
concerns the morality of “hacking the planet.” Stephen Gardiner 
outlines a moral argument against geoengineering, and particularly 
against the idea that researching geoengineering is a “lesser evil” when 
compared to catastrophic climate change, in “Arming the Future.”

Page 97—subsidized worldwide: See “$500 billion per year” on page 
22 in chapter 1.

Page 98—roughly a ton: There are plenty of other direct and indirect 
effects of aviation. For comprehensive surveys, see Dorbian, Wolfe, 
and Waitz, “Climate and Air Quality Benefits,” and Barrett, Britter, 
and Waitz, “Global Mortality.”

Page 98—$40 worth of damages: See “possibly much more” on page 
23 in chapter 1.
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Page 98—transatlantic flights: A roundtrip flight from New York City 
to Europe has a carbon footprint of 2–3 tons per passenger. Rosen-
thal, “Biggest Carbon Sin.”

Page 98—30 million; three billion: Numbers for 2012 from Interna-
tional Civil Aviation Organization (ICAO)’s “The World of Civil 
Aviation: Facts and Figures.”

Page 99—Voluntary coordination: The late Ronald Coase, the origina-
tor of the idea that—under certain strong conditions—coordination 
among individuals (“Coasian bargaining”) can arrive at the socially 
optimal solution, would have agreed. See Glaeser, Johnson, and 
Shleifer, “Coase vs. the Coasians.” One major stumbling block is the 
presence of large transaction costs for a negotiation among so many 
actors. Coase is widely credited with introducing that very idea of 
transaction costs to economics, which he used to explain the role of 
firms (Coase, “The Nature of the Firm”). The seminal article that in-
troduced what would later be known as “Coasian bargaining” made 
it clear that well-defined property rights and low transaction costs 
were a precondition for its success (Coase, “The Problem of Social 
Cost”).

Page 100—too cheap to ignore: Royal Society, “Geoengineering the 
Climate,” estimates the cost of cooling the planet through tiny parti-
cles injected into the stratosphere to be $0.2 billion/year/W/m2. This 
is compared to an estimated $200 billion/year/W/m2 for reducing 
carbon dioxide in the first place. Schelling, “Economic Diplomacy of 
Geoengineering,” is among the first economists to make this point. 
Barrett, “Incredible Economics of Geoengineering,” may be the 
most prominent. Keith, “Geoengineering the Climate,” and Royal 
Society, “Geoengineering the Climate,” are the most authoritative. 
Goes, Tuana, and Keller, “Economics (or Lack Thereof),” and Klepper 
and Rickels, “Real Economics of Climate Engineering,” have since 
added important caveats. McClellan, Keith, and Apt, “Cost Analysis,” 
has recently added further perspectives. Finally, Bickel and Agrawal, 
“Reexamining the Economics,” extends the work of Goes et al. and 
changes some assumptions to find that geoengineering will pass a 
benefit-cost test under more scenarios.

Page 102—Asilomar Process: Berg, “Asilomar and Recombinant DNA.” 
For the original Asilomar statement, see Berg et al., “Summary 
Statement.”

Page 102—last of these headlines: Giles, “Hacking the Planet.”
Page 102—Asilomar 2.0.: Environmental Defense Fund was one of the 

cosponsors of the event.
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Page 103—firsthand account: Schneider, Science as a Contact Sport.
Page 103—The final statement: “Asilomar Conference Recommenda-

tions,” prepared by the Asilomar Scientific Organizing Committee.
Page 103—Mount Pinatubo–style remedies: Geoengineering has gar-

nered a significant amount of attention since the 2006 publication of 
Crutzen, “Albedo Enhancement,” which broke a long-standing taboo 
of sorts. An informal survey of the 77 articles on “geoengineering” 
in the journal Climatic Change shows that 19 had been published in 
the 18 years from 1977 to 2005. Between 2006 and 2013, the number 
was 58. The year 2013 alone saw the publication of 23 articles on 
geoengineering, and that’s just in this one journal.

Page 104—trade-off: Many economists call this “moral hazard,” which 
David Keith may have been the first to use in the geoengineering 
context (Keith, “Geoengineering the Climate”). The label has stuck, 
even though Scott Barrett has argued convincingly that it isn’t tech-
nically true. Moral hazard refers to incentive problems between two 
parties. Driving faster because of wearing a seat belt is simply lack 
of self-control. Similarly, Keith, A Case for Climate Engineering, p. 139, 
describes some of the ensuing debate as “moral confusion, not moral 
hazard.”

Page 105—vast majority of Americans: Tony Leiserowitz presented 
these results at the Asilomar Conference in March 2010. He has not 
asked the question since.

Page 105—Painting roofs white: See Menon et al., “Radiative Forcing.” 
The Royal Society’s “Geoengineering the Climate” describes roof 
whitening as one of the “least effective and most expensive methods 
considered.” The report estimates roof whitening to be 10,000 times 
more expensive per W/m2 reduction in radiative forcing than Mount 
Pinatubo–style geoengineering.

Page 105—vicious circles: Curry, Schramm, and Ebert, “Sea Ice-Albedo.”
Page 106—urban areas elsewhere: Oleson, Bonan, Feddema. “Effects of 

White Roofs,” finds that painting roofs white in urban setting could 
reduce the urban heat island effect by a third, reducing daily maxi-
mum temperature by 0.6°C (1.1°F).

Page 106—making things worse: Jacobson and Ten Hoeve, “Urban 
Surfaces and White Roofs.”

Page 106—a tenth of the impact: Menon et al., “Radiative Forcing,” es-
timates the carbon dioxide offset of painting all roofs and pavements 
in urban areas white to be around 57 billion tons. Mount Pinatubo’s 
eruption offset 585 billion tons of carbon dioxide.

Page 106—need for air-conditioning: “Cool Roof Fact Sheet.”
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Page 106—some serious proposals: Several recent studies look at the 
effects. See, for example, Latham et al., “Marine Cloud Brightening,” 
Jones, Haywood, and Boucher, “Geoengineering Marine Stratocu-
mulus Clouds,” Latham et al., “Global Temperature Stabilization,” 
Salter, Sortino, and Latham, “Sea-Going Hardware.”

Page 107—Indian monsoon: Keith, A Case for Climate Engineering, p. 
57–60, describes discussion of the Indian monsoon as among the 
most polarizing regional effects of geoengineering in the context of 
injecting sulfates into the stratosphere. Compare, for example, Ro-
bock, Oman, and Stenchikov, “Regional Climate Responses,” with 
Pongratz et al., “Crop Yields.” The former points to geoengineering 
as potentially “reducing precipitation to the food supply for billions 
of people.” The latter points to geoengineering as potentially increas-
ing crop yields in India.

Page 107—comes under various guises: See the Royal Society’s “Geo-
engineering the Climate” for a comprehensive overview of geoengi-
neering methods. All come with their own caveats and exceptions. 
The efficacy of some is under serious dispute. One recent study on 
biochar, for example, shows that it might not work as well as previ-
ously thought. Jaffé et al., “Global Charcoal Mobilization,” finds that 
the carbon is not all captured, but rather a large portion dissolves 
and is released into rivers and oceans. Multiple other studies show a 
range of estimates for the “mean residence time” of biochar, ranging 
from 8.3 years (Nguyen et al., “Long-term Black Carbon”), to 3,624 
years (Major et al., “Fate of Soil-Applied Black Carbon). Gurwick et 
al., “Systematic Review of Biochar Research,” reviewed over 300 peer-
reviewed articles on biochar and concluded that it’s impossible to 
conclude very much at all based on the limited and wide range of 
data currently available.

Page 108—Ocean fertilization: Many scientists think that ocean fertil-
ization is an inefficient route to carbon removal, and implementa-
tion on a large scale would likely be ineffective and disruptive to the 
marine ecosystem. Strong et al., “Ocean Fertilization.”

Page 110—0.8°C: See “warmed by 0.8°C (1.4°F)” on page 13 in 
chapter 1.

Page 110—By 2100: The Summary for Policymakers of the IPCC Fifth 
Assessment Report’s Working Group I gives 3–5°C as the approximate 
range of temperature change by 2100 for the RCP8.5 scenario. The 
U.S. EPA estimates temperature changes up to 11.5°F by 2100 (“Fu-
ture Climate Change”).

Page 110—serious problems: See “Mark Lynas” and “HELIX” on page 
14 in chapter 1.
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Page 110—A sudden jump: The technical term is the “termination 
effect.” Jones et al., “Impact of Abrupt Suspension,” used 11 differ-
ent climate models to examine this effect. They found substantial 
agreement among the models that sudden termination of long-term 
geoengineering would induce rapid increase in mean global tem-
perature and precipitation, as well as a rapid decrease in sea ice cover. 
Matthews and Caldeira, “Transient Climate–Carbon Simulations,” 
estimated that warming rates after a sudden termination of geoengi-
neering could be up to 20 times those today.

Page 110—national security threat: See Gwynne Dyer’s Climate Wars 
for one of the most vivid takes. The “Quadrennial Defense Review 
Report” from the U.S. Department of Defense declared, “climate 
change and energy are two key issues that will play a significant 
role in shaping the future security environment.” Hsiang, Meng, 
and Cane, “Civil Conflicts,” shows just that in the historical record, 
demonstrating that El Niño / Southern Oscillation may have played 
a role in a fifth of all civil conflicts since 1950. Hsiang, Burke, and 
Miguel, “Influence of Climate” reviews 60 studies on climate and 
human conflict and finds a substantial causal link between the two.

Page 111—means less rainfall: For a good survey of this phenomenon, 
see Ricke, Morgan, and Allen, “Regional Climate Response.” Self et 
al., “Atmospheric Impact,” note that the Mississippi floods could be 
attributable to the Mount Pinatubo eruption. See also Christensen 
and Christensen, “Climate Modelling.” For more on general attribu-
tion science around climate change rather than geoengineering, see 
“attribution science” on page 4 in chapter 1.

Page 111—attribution science: See “attribution science” on page 4 in 
chapter 1.

Page 112—Commission is worse: See Samuelson and Zeckhauser, 
“Status Quo Bias,” and Kahneman, Knetsch, and Thaler, “Anomalies.”

For a closely related concept, the “doctrine of double effect,” see 
Thomson, “The Trolley Problem.” Also see “errors of omission be-
come as bad” on page 125.

Page 112—best-studied: McCormick, Thomason, and Trepte, “Atmo-
spheric Effects.”

Page 112—experiment with the atmosphere: See Robock, “Is Geo
engineering Research Ethical?,” for an ethical argument against geo-
engineering research outside the lab. There is indeed a broader set of 
issues, sometimes referred to as the “Collingridge dilemma”: we can’t 
know about the impacts of a technology until we have it; and once 
we have it, basic forces push us toward using it (Collingridge, The 
Social Control of Technology).
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Page 113—since the 1800s: See the “Climate Science” entry on page 35 
in chapter 2.

Page 113—term “global warming”: See “Wally Broecker” on page 49 
in chapter 3.

Page 114—other similar efforts: Asilomar 2.0 is only one example. 
Another is the Solar Radiation Management Governance Initiative, 
convened by the British Royal Society, the Academy of Sciences for 
the Developing World, and the Environmental Defense Fund. By 
some assessments, Asilomar itself was only an extension of the “Ox-
ford Principles” on geoengineering. These principles were submit-
ted in 2009 to the UK House of Commons Science and Technology 
Select Committee’s report, “The Regulation of Geoengineering,” and 
subsequently endorsed by both the committee and the UK govern-
ment. The authors of the principles also wrote a paper explaining 
their function and proposing a method for their implementation. 
(See Rayner et al., “The Oxford Principles.”)

Page 114—End the Deadlock: Parson and Keith, “End the Deadlock.” 
This isn’t David Keith’s first foray into governance issues by far. See 
http://www.keith.seas.harvard.edu/geo-engineering/.

CHAPTER 6. 007

Page 120—possibility of a “Greenfinger”: Wood, “Re-engineering the 
Earth.” In fact, some might say it has already happened, at least on a 
tiny scale. In 2012, adversaries of geoengineering and scientists alike 
were incensed when they discovered that American businessman 
Russ George had conducted a rogue “experiment” of ocean fertiliza-
tion, dumping 100 tons of iron sulfate (five times more than any 
previous fertilization experiment) into the Pacific Ocean in order 
to spark an enormous plankton growth, which he thought would 
both suck carbon out of the atmosphere, and aid in the recovery 
of the local salmon fishery. George’s “experiment” was attacked as 
unscientific, illegitimate, and irresponsible, and George himself was 
dubbed “the first geo-vigilante” (Specter, “The First Geo-Vigilante”; 
Fountain, “Rogue Climate Experiment”). It turns out that the fish-
ing village Old Massett of Haida Nation had voted to lend money 
to the Haida Salmon Restoration Corporation for the project in the 
hopes of bringing the local salmon fishery back from the brink, and 
George was brought on as chief scientist only later. It is as of yet 
unclear if the experiment will help restore the salmon population 
(Tollefson, “Ocean-Fertilization”).
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Page 120—other question marks: For another take on a future sce-
nario of a geoengineered planet, see Weitzman, “The Geoengineered 
Planet.” For perhaps the most comprehensive take on the science, 
politics, and ethics—with a strong point of view—see (once again) 
Keith, A Case for Climate Engineering.

Page 120—Tens of millions more: From the major East Asian rivers, 
Brahmaputra and Indus are likely to be most affected by melting 
Himalayan glaciers, “threatening the food security of an estimated 
60 million people.” Immerzeel, van Beek, and Bierkens, “Asian Water 
Towers.”

Page 123—bad health effects: The potential health impacts of sulfur 
deposition from geoengineering is an area that has not yet been 
studied extensively. Initial results from a study conducted by David 
Keith at Harvard and Sebastian Eastham at MIT indicate that strato-
spheric injection of tiny particles could cause up to several thou-
sand deaths per year. Another issue, quite separate from the direct 
health effects of sulfur, is potential sulfur deposition in oceans and 
other ecosystems. See “created more” on page 95 in chapter 5 on 
this point.

Page 124—killing over 3.5 million: In “Ambient (Outdoor) Air Qual-
ity and Health,” the World Health Organization estimates that out-
door air pollution from human activities (e.g., transport and power 
generation) kills 3.7 million people annually. Indoor air pollution 
kills another 3.3 million for a total of seven million people (“7 Mil-
lion Premature Deaths Annually Linked to Air Pollution”).

Page 124—Avoiding blame: Weaver, Politics of Blame Avoidance.
Page 125—errors of omission become as bad: This thought experi-

ment has a well-grounded foundation in moral philosophy, with no 
good solution to speak of. It is a matter of degrees. See Parfit, “Five 
Mistakes in Moral Mathematics.” The same question is often pre-
sented in the so-called trolley problem. See Michael Sandel’s Justice, 
David Edmonds’s Would You Kill the Fat Man?, and Thomson, “The 
Trolley Problem.”

In Reasons and Persons Parfit also identifies another, oft-stated 
philosophical objection to worrying about the effects of climate 
change (as well as geoengineering) in the first place: the “non-
identity problem.” Climate change will alter the course of history 
as we know it, changing human settlement, migration, and, thus, 
mating patterns. As a result, future generations will be made up en-
tirely of people who would not have been born without the effects 
of climate change. How then can we say that future generations will 
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be harmed by climate change (or geoengineering), if the exact same 
people would not even be alive without climate change (or geoengi-
neering)? Parfit himself, quite rightfully, identifies the “non-identity 
problem” as something that merits an immediate workaround, and 
there are several. Perhaps the best for our purposes is that the act 
itself (climate change or geoengineering) is potentially bad for the 
future person without making him or her strictly worse off in the 
non-identity sense of the word of not having been born. Either way, 
the distinction around errors of commission and omission stands. 
And in some ways, the issue of errors of commission and omission 
by various degrees is significantly more difficult to resolve than the 
fundamental (non-) objection of the “non-identity problem.”

Page 126—The mathematical derivation: For the technical deriva-
tions, see Weitzman, “Voting Architecture.” The paper derives the 
ideal voting rule in terms of Type I and Type II errors. The tech-
nical definition of a Type I is the incorrect rejection of a particu-
lar hypothesis. Assume that climate change is so bad it requires a 
geoengineering intervention. Proceed accordingly, only to find out 
later that geoengineering does more harm than good: an error of 
commission. Type II errors correspond to errors of omission in this 
thought experiment: Assume that climate change does not warrant a 
geoengineering intervention, only to find out later that it was indeed 
necessary, but now it is too late.

For a critical discussion of this voting architecture and two fur-
ther analyses of geoengineering governance, see Barrett, “Solar Geo-
engineering’s Brave New World.”

CHAPTER 7. WHAT YOU CAN DO

Page 128—1 in 60 million: Gelman, Silver and Edlin, “What Is the 
Probability.”

Page 128—fraction of a penny: Brennan, Ethics of Voting, p. 19, calcu-
lates the precise number in this hypothetical example to be $4.77 × 
10 to the −2,650th power: approximately zero.

Page 129—folk theory of voting ethics: Brennan, Ethics of Voting.
Page 130—But Will the Planet Notice?: Wagner, But Will the Planet Notice? 

A version of the main arguments appeared as an op-ed in the New 
York Times: Wagner, “Going Green but Getting Nowhere.”

Page 131—if everyone does a little: Emphasis not needed. David 
MacKay has italicized these words for us in: MacKay, Sustainable 
Energy—without the Hot Air.
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Page 131—self-perception theory: Bem, “Self-Perception Theory.” Also 
see Thøgersen and Crompton, “Simple and Painless?” for a compre-
hensive survey that points to the theories for complementarity from 
individual to collective action, and then points to the limitations of 
such a spillover.

Page 132—bike to work: See, for example: “Bike City,” “Copenhagen: 
Bike City for More Than a Century,” and “Bicycling History,” Cycling 
Embassy of Denmark.

Page 132—environmental decade: See “Nixon went on to sign” on 
page 20 in chapter 1, as well as the text around it.

Page 133—the “crowding-out bias”: Another version of it is “single-
action bias.” Columbia’s Center for Research on Environmental De-
cisions’ CRED Guide provides an excellent resource on the psychol-
ogy of climate change (communication) in general, in addition to a 
good primer on the single-action bias.

Page 133—poorly studied: Some research is beginning to investi-
gate the link from individual to collective action and shows a self-
reinforcing link, but only in a stated-preference context (Willis and 
Schor, “Changing a Light Bulb”). This type of research makes econo-
mists inherently uncomfortable. Asking people how they will act is 
one thing. Observing them is quite another.

Page 133—crowds out virtuous behavior: Titmuss’s The Gift Rela-
tionship was among the first to hypothesize about this “crowding 
out” phenomenon from collective to individual action. Frey and 
Oberholzer-Gee, “Cost of Price Incentives,” have revived interest in 
this work by establishing the theoretical underpinnings. Others have 
demonstrated its partial empirical validity, most notably perhaps in 
the context of paying for blood donations (Mellström and Johannes-
son, “Crowding Out in Blood Donation”).

Page 133—increase their electricity consumption: The overall effect 
in terms of decreased emissions is still positive in this one example, 
as increased electricity use does not entirely offset the decreased pol-
lution from participating in the program in the first place. See Jacob-
sen, Kotchen, and Vandenbergh, “Behavioral Response.”

Page 136—Sir Richard Branson: Sir Richard Branson, chairman of Vir-
gin Airlines, speaking at a U.S. State Department Conference on the 
“Global Impact Economy,” on April 26, 2012 (“Interview of Virgin 
Group Ltd Chairman Sir Richard Branson by The Economist New 
York Bureau Chief Matthew Bishop”).

Page 139—two “100-year” storms: See “Irene killed 49” and “Sandy 
killed 147” on page 2 in chapter 1.
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Page 139—price on carbon: See “subsidized worldwide” on page 97 in 
chapter 5.

Page 140—insurers and re-insurers: Leurig and Dlugolecki, Insurer Cli-
mate Risk, offers a word of caution: Smaller insurers, in particular, may 
well need to be better prepared to weather their own climate risks.

Page 140—rebuilding properties: WNYC and ProPublica analyzed 
federal data and found that over 10,000 homes and business own-
ers will be receiving Small Business Administration disaster loans to 
rebuild in flood-prone areas (Lewis and Shaw, “After Sandy”). New 
York has allocated $171 million to the buyout program, out of a $51 
billion federal aid package. However, many homeowners are opting 
to rebuild in flood-prone zones rather than move to a new area (Ka-
plan, “Homeowners”).

Page 141—breaching typical New York seawalls: See “three to twenty 
years” on page 5 in chapter 1.

Page 141—hundreds of billions of dollars: The New York Department 
of Finance’s Fiscal Year 2014 Tentative Assessment Roll estimates the 
value of properties to be $873.7 billion.

Page 142—stated emissions reductions targets: See “700 ppm” on 
page 14 in chapter 1.

Page 142—global warming exceeding 6°C: See table 3.1 in chapter 3.
Page 143—carbon dioxide alone: See “400 parts per million” on page 

10 and “2 ppm” on page 22 in chapter 1.
Page 143—atmospheric tub: See “The Bathtub Problem” beginning on 

page 15 of chapter 1 and the “Bathtub” entry on page 30 in chapter 2.
Page 144—Bill McKibben: McKibben, “Global Warming’s Terrifying 

New Math.” For additional analysis, see Generation Foundation, 
“Stranded Carbon Assets.” For a good summary, see “A Green Light.”

Page 145—outperforming the market: Margolis, Elfenbein, and 
Walsh, “Does It Pay to Be Good,” find a small, positive effect. Eccles, 
Ioannou, and Serafeim, “Corporate Culture of Sustainability,” match 
up “high” with “low” sustainability companies to find a sizeable, 
positive effect. Conversely, fossil fuel companies seem to have un-
derperformed of late relative to broad market averages (Litterman, 
“The Other Reason for Divestment”). Investment under uncertainty 
is an important topic in and of itself. Option value theory applied to 
decreasing emissions and to coping with and profiting from climate 
change is clearly an important avenue for further research.

Page 145—tobacco stocks: The Australian High Court decision in 
favor of upholding the Tobacco Plain Packaging Act (2011) in British 
American Tobacco Australasia Limited and Ors v. The Commonwealth 
of Australia. See “Tobacco Shares Fall on Australian Packaging Rule.”
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EPILOGUE: A DIFFERENT KIND OF OPTIMISM

Page 148—What We Know: See whatweknow.aaas.org. The direct 
quote comes from the American Association for the Advancement 
of Science (AAAS) Climate Science Panel’s background document 
“What We Know.” Also see Melillo, Richmond, and Yohe, “Climate 
Change Impacts in the United States,” and Risky Business Project, 
Risky Business. The latter shows how dealing with climate change is 
largely a risk management problem.

Page 149—$40 per ton: See “possibly much more” on page 23 in 
chapter 1.

Page 149—negative $15: See “$500 billion per year” on page 22 in 
chapter 1.

Page 149—0.3 to 1 meters: See “0.3 to 1 meters” on page 5 in chapter 1.
Page 149—20 meters: See “Global average temperatures” on page 10 in 

chapter 1.
Page 149—1-in-10 chance: See Table 3.1 in chapter 3.
Page 150—cutting the flow: See “The Bathtub Problem” on page 15 of 

chapter 1 and the “Bathtub” entry on page 30 in chapter 2.
Page 150—baked in: See “decades of warming” and “centuries of sea-

level rise” on page 9 in chapter 1.
Page 151—independent goal: See Piketty, Capital, for perhaps the most 

comprehensive, contemporary argument.
Page 151—taxing the rich and filthy: See Klein, “Capitalism vs. the 

Climate,” for the original quote, as well as Wagner, “Naomi Klein,” 
for a response. Klein, This Changes Everything, emphasizes her earlier 
arguments. The book’s subtitle: “Capitalism vs. the Climate.”
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