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Praise for A Global Warming Primer

Bennett’s careful and question-by-question presentation will lead any fair-minded
person to see the warming issue more clearly and increase understanding of the need for
concern about current developments.

— Hon. George P. Shultz, Hoover Institution, Secretary of State under President
Ronald Reagan

Jeffrey Bennett has done what many others have been unable to do: He has made climate
science understandable. That is a considerable achievement given the complexity of the
topic and the need for all of us to grasp the basics of what is arguably the most important
topic of our time.

— Gov. Bill Ritter, Jr. (Colorado), author of Powering Forward

A Global Warming Primer delivers on its promise. In engaging, accessible, and accurate
prose, Jeffrey Bennett clearly explains the science of climate change, ending with a
thoughtful exploration of ways to solve the problems it poses for our future.

— Ann Reid, Executive Director, National Center for Science Education

This delightfully perceptive book is a must-read for everyone concerned about our
future. It covers climate’s complex topics in a clear, illuminating manner. The insightful
approach makes the subject accessible to newcomers and brings a fresh perspective that
should interest even climate experts.

— William Gail, President (2014), American Meteorological Society

This great book addresses common skeptical climate arguments in a way that sorts out
the science from the belief on both sides of the debate. It is also bang up to date, covering
the most recent analysis of the global slowdown in surface warming and changes in
climate policy. I also love its optimistic focus on climate solutions.

— Piers Forster, IPCC Lead Author and Director, Priestley International Centre for
Climate, University of Leeds, UK

A friendly yet authoritative look at how we know what we know about the climate, and
why we need to do something about it.
—Carl Zimmer, author of Evolution: Making Sense of Life

A Global Warming Primer is an exceptionally valuable resource for educators at all levels.
The scientific understanding of modern global warming as well as discussion of real-
world solutions are made readily accessible via the book’s conveniently indexed Question
and Answer format coupled with an optional, deeper tier of explanation and evidence.
— Dr. Cherilynn Morrow, Founder of ArtSciencEducation, recipient of the American
Geophysical Union SPARC Award for Education and Public Outreach



Condcise, crystal clear, packed with the best available information — this is the book to
grab if you want to be well informed about climate change. Carefully stepping around
controversial politics, this “primer” will give you in an afternoon everything you need
to know about the science and economics that will govern the future of our civilization.
— Spencer Weart, author of The Discovery of Global Warming

Those of us who are curious and concerned about climate change will not find a more
lucid explanation of climate science. With clear explanations and surprisingly simple
examples, Jeffrey Bennett takes the intimidation factor out of what the great majority of
climate scientists have been trying to explain to us for decades.

— William Becker, Executive Director, Presidential Climate Action Project

A remarkably clear explanation of the causes and effects of global warming and what we
can do to address it.
— David Bookbinder and David Bailey, Element VI Consulting

As an entrepreneur working to provide sustainable real food to communities around
the world, the dangers of climate change are never far from my thoughts. For anyone
who doubts the reality of the threat, this is the book to read to help you understand it.
Best of all, you’ll come away realizing that the problem is eminently solvable, and that
the solution will help create a stronger economy and better world for our children and
grandchildren.

— Kimbal Musk, Entrepreneur, Venture Capitalist, and Co-Founder of The Kitchen

From science to solutions, this clearly written and up-to-date survey of human-caused
climate change illuminates one of the great existential issues of our time.

— Prof. Richard C. J. Somerville, University of California, San Diego and author of
The Forgiving Air: Understanding Environmental Change

A creative and remarkably accessible summary of climate science and policy. Quick and
easy as 1-2-3!

— Yoram Bauman, PhD, the “Stand-up Economist” and co-author of The Cartoon
Introduction to Climate Change.

I recommend this book to business leaders not only to better understand the threats
posed to our economy by global warming, but also to appreciate the enormous business
opportunities inherent in the transition to clean energy.

— Nicole Lederer, Founder, Environmental Entrepreneurs (E2.org)

Author Jeffrey Bennett has an extraordinary ability to explain climate change and its
impact on our planet and its inhabitants in a clear and simple manner. This is the book
to read to get the true story.

— Ben Bressler, Founder, Natural Habitat Adventures



With clear and detailed explanations, scientist and educator Jeffrey Bennett carefully
dismantles the misconceptions that have clouded the debate on climate change, then
presents the solutions we must pursue to solve this critical challenge. This book is a must-
read for believers and skeptics alike.

— Andrew Chaikin, author of A Man on the Moon

Abook that everyone should read, whether a skeptic or a believer. Dr. Bennett clearly lays
out both the arguments and the explanations, using a perfect mix of answering tough
questions in a simple and straightforward way that everyone can understand, along with
further background for those wanting a more detailed scientific explanation. I applaud
him for taking on such a difficult but critically important topic in a way that will inspire
everyone to think more hopefully about the question: What can I do about it?

— Dr. Susan Lederer, NASA Space Scientist

A very readable and understandable presentation of the basic science of global warming.
This book could go a long ways in creating an informed electorate on one of the most
important issues of our day.

— Stephen Turcotte, Professor of Physics, BYU-Idaho

A must read for everyone on our planet. A Global Warming Primer presents the facts
while leaving the politics out in a way non-scientists can clearly understand. We hope
everyone will do what he suggests and write “A Letter to Our Grandchildren” about what
we as individuals will do based on the evidence.

— Mark Levy and Helen Zentner, Educational Consultants

A Global Warming Primer is what you get when a first-rate writer and educator brings his
cosmic perspective to the most pressing issue facing humanity. Bennett’s Q&A approach,
while easily digestible, is rooted in complex science that few can relate so simply, clearly,
and readably. Highly recommended.

— Todd Neff, Science Writer and author of From Jars to Stars

This book is just what I've been looking for as a teaching aid and primer on this subject.
It elegantly summarizes a huge amount of complex information and speaks with an
authoritative voice clearly based on years of experience of teaching and writing on
the subject. I especially like the well-chosen quotes from conservative politicians that
demonstrate that this is a challenge that overrides partisan views, and the section on
hopes for the future that gives an unashamedly personal opinion without concealing
the real extent of uncertainty about the options that we face. If only more commentators
could give such a balanced view, we’d all be better-placed to deal with this enormous
challenge.

— James McKay, editor of “Dreams of a Low Carbon Future” and manager of the
Centre for Doctoral Training in Low Carbon Technologies, University of Leeds, UK



Make no mistake; climate change will affect all of our lives. This is understandably
frightening, and we find ourselves in a time when many people prefer confusion and
false controversy to facing this fear head-on. This book offers us just what we need right
now: clarity. Step by step, question by question, the author states the facts, explains the
underlying concepts, and offers us the best comfort we can have: the power to honestly
face the facts of our changing planet.  wish everyone in the world would pause and read
this book.

— Dr. Michelle Thaller, Astronomer, TEDx speaker

A Global Warming Primer takes a complicated topic and breaks it down in a simple way
that anyone can understand while also bridging the partisan divide that sometimes gets
in the way of the science. There are multiple references throughout for those who want
to delve deeper into the topics, but the general format is focused and concise, making it
a quick and easy read. Everyone should read this important text — our future and our
children’s future depend on it.

— Gabe L. Finke, CEO, Ascentris

Who better to help us understand global warming than the astrophysicist and educator,
Jeftfrey Bennett! Love how this book walks us through the scientific facts and addresses
skeptic claims to provide us with intelligent talking points for discussions with families,
friends, and co-workers on this important world issue.

— Patricia Tribe, CEO, Story Time From Space, and former Director of Education for
Space Center Houston

Eschewing unnecessary and arcane details, Bennett cuts right through the noisy
arguments about climate change, and shows that global warming is an inevitable
consequence of simple physics and the fuels we burn. He then bears down on the
essential questions: are we the victims of environmental scare-mongering? And if
there’s a real and present danger, what should we do? In his marvelously accessible style,
Bennett tells it like it is. If you don’t know what to think about climate change — or even
if you do — this is the one book to read.

— Seth Shostak, SETI Institute and Host of Big Picture Science

I have read dozens and dozens of climate books and can say without equivocation that
A Global Warming Primer should be on your short list. From science to solutions, Jeffrey
Bennett provides comprehensive information in an easily understandable style.

— Scott Mandia, Professor of Physical Sciences, Suffolk Counting Community College

For reasons that are unreasonable to reasonable people, climate change science — and
science more broadly — has been argued in recent times as a partisan subject. But
this science is not blue or red; it’s simply science that is essential for humankind to
understand. This book admirably helps us do just that.

—Sven Lindblad, President & CEO of Lindblad Expeditions, Inc.



We collectively owe author Jeffrey Bennett a huge “Thank You” for this effort to
enlighten anyone with questions about global warming. He has a remarkable ability to
communicate complicated atmospheric and oceanic climate factors in a manner that
will permit nonscientist readers to comprehend and appreciate the critical importance of
this topic. Through his use of a Q&A format, he allows the reader to either dig deeply into
the scientific details or take a more casual contemplation. Don’t pass up the opportunity
to become informed about what may well be the most important threat to our planet,
both now and for the next several generations.

— Ron Alberty, former Chief of Meteorological Research, National Severe Storms
Laboratory

I’'m not a scientist, and I didn’t need to be to understand this book. By presenting the
evidence-based facts simply and clearly, this book will enable anyone to understand why
global warming is an issue that we can’t afford to ignore.

— RJ Harrington, Jr., President and CEO, Sustainable Action Consulting

By sticking to the facts in an easily accessible Q & A format, Bennett deftly explores a
complicated and most critical problem of our time.
— Susan Nedell, Rocky Mountains Advocate, Environmental Entrepreneurs (E2)

A Global Warming Primer fills a unique niche: providing a very clear and accessible
description of what we know about climate change, where there are uncertainties, and
the range of possible solutions. We live in a world where people’s understanding of
climate change is often correlated with their political beliefs — hopefully this primer
will help create a fact-based understanding of the underlying science and the choices
before us.

— Dr. Will Toor, Southwest Energy Efficiency Project, and former Mayor and County
Commissioner, Boulder, CO

In clean, clear, elegant, and engaging style, Dr. Bennett lays out what scientists know
about climate change and explains it in a way that will enable both young people
and adults to understand what we know and how we know it. This book is a major
contribution to climate literacy, taking just the right approach to engage the reader and
help us all become smarter inhabitants of home planet Earth.

— Dan Barstow, CASIS Education Manager and Founder, Climate Literacy Network

By illustrating the challenges as well as the solutions, Jeffrey Bennett’s reliance on a “big
picture” approach to climate change empowers his fellow citizens to embrace a fact over
fear approach to resolving our climate crisis.

— Christina Erickson, Attorney and Environmental Advocate
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The Skeptic Debate

| will simply try to clarify what the debate over climate change is really
about. It most certainly is not about whether climate is changing: it always
is. Itis not about whether CO, is increasing: it clearly is. It is not about
whether the increase in COZ, by itself, will lead to some warming: it should.
The debate is simply over the matter of how much warming the increase in
CO, can lead to, and the connection of such warming to the innumerable
claimed catastrophes.

— Richard Lindzen, Feb. 22, 2012 (speech to the British House of
Commons)

ichard Lindzen is arguably the most prominent “skeptic” dis-

puting the threat of global warming, primarily because he has

strong scientific credentials as a professor at MIT. He has been
called to testify before Congress many times, he has had numerous
articles published in media outlets that argue against global warming
concerns (such as the Wall Street Journal editorial pages), and he speaks
frequently to groups that oppose action on global warming. And yet,
as you can see from his quote above, even he does not dispute the basic
scientific case that we discussed in chapter 1. He disputes only the mag-
nitude of the threat.

In other words, while there is no doubt that global warming is real,
there is some legitimate debate about how serious a problem it is. This
is where you may have heard about the “scientific consensus” on global
warming — namely, that the vast majority of scientists who have stud-
ied the issue have concluded that it is a serious threat to our future that
therefore demands serious and immediate action. Still, it’s only fair to
acknowledge that it’s possible that Lindzen and other skeptics could be
right when they claim that the threat of global warming has been over-
blown. In this chapter, I'll explain the four major points of debate that
have been raised by the skeptics, and we’ll examine what the evidence
saysin each case.

25
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The Skeptic Debate

Skeptic Claim I: Earth Is Not Warming Up
as Expected

The first skeptic claim we sometimes hear about global warming is that
despite what I've told you about the simplicity of the 1-2-3 science,
Earth is not actually warming up the way that logic predicts. To test
this claim, we simply need to look at the evidence.

Is the world actually warming up?

To determine whether Earth is actually warming up, scientists need to
track changes in Earth’s global average temperature over time. Direct
measurements from which we can infer global temperature go back to
about 1880, though there are greater uncertainties for the earlier years.
Figure 2.1 shows the data. Notice the clear upward trend — for an over-
all gain of at least about 0.85°C, or 1.5°F, over the past century — which
confirms that our world is indeed warming, just as our 1-2-3 logic told
us to expect.

Are these temperature data reliable?

Yes, but only thanks to some very careful work. Measuring Earth’s global
average temperature essentially requires scientists to average local tempera-
ture measurements from many places around Earth, and this is not easy to
do. For example, three fairly obvious complexities are: (1) even today, there
are large regions of our planet (including the oceans and regions near the
poles) for which we have relatively few temperature measurements, making
it difficult to come up with a fully global average; (2) this problem becomes
worse as we look to the past, when there were fewer weather stations; and
(3) many measurements are made in or near urban areas, which tend to pro-
duce higher temperatures than they would if the same regions were rural
or unpopulated, because urban areas generate their own heat through such
means as the absorption of sunlight by pavement and the heat emitted from
cars and homes (the “urban heat island effect”).

Because of these and other difficulties, there’s always some uncertainty
in Earth’s precise global average temperature. In fact, the estimate of 15°C
that I gave earlier (see figure 1.3) could be off by as much as a degree or
two. That is why figure 2.1 shows only temperature differences (scientists
often call them “anomalies”) from year to year, rather than actual values.
To understand how this helps, imagine weighing yourself every day on
two different scales, one of which always gives you a lower weight than
the other. You may not have any way to know which scale is showing your
true weight, but if you actually lose five pounds in a week, both scales will
probably show the same five-pound loss. In much the same way, year-to-
year differences measured by weather stations are much more reliable than
their exact temperature readings. Therefore, by averaging year-to-year
differences measured at weather stations around the world, scientists can
get a reliable record of how Earth’s temperature is changing, even without
knowing the “true” average temperature. Moreover, for recent decades,
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Figure 2.1 This graph shows how global average temperature varied from 1880 through 2015. The
horizontal line (for 0°) represents the average temperature for the entire 20th century. Notice the clear
warming trend of recent decades. Source: National Climate Data Center (NOAA).

scientists also have data from satellites,! which in effect can take measure-
ments from all around the world, including the regions where no weather
stations are located.

That said, it’s still not easy. For example, the numbers and locations of
weather stations change over time, the heat in cities can change as they
grow, and different satellites collect data in different ways. Scientists must
be very careful to take these factors into account when computing the
change in temperature from one year to the next. Fortunately, several dif-
ferent scientific groups analyze both ground and satellite temperature data,
each using somewhat different techniques.? The results found by these dif-
ferent groups are all in close agreement, giving scientists great confidence
that the trend shown in figure 2.1 is real. Indeed, while there is some debate
over the size of the uncertainties in the data, there is no serious contro-
versy over the general trends, which show that the world has been getting
warmer over the past century.

Finally, it’s worth noting that the warming trend shown in figure 2.1
probably underestimates the true change. The reason is that polar regions
are underrepresented in the data (because they have relatively few weather
stations), and the available data show clearly that these regions are warm-
ing more than others. Therefore, if we had as many weather stations in
polar regions as we do in other places, the data would probably show even
greater warming.

1 However, satellites cannot directly measure temperature at the surface, and instead give readings for tem-
peratures at roughly the altitudes at which airplanes fly (8-15 kilometers), where warming is less pronounced
than at the surface. For this reason, satellite temperature measurements must be interpreted with great care.

2 If you want to learn more about these groups and how they measure the global average temperature, a good
starting point is this Web page: www.carbonbrief.org/blog/2015/01/explainer-how-do-scientists-measure

-global-temperature/.
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How much uncertainty is there in the data in figure 2.1?

Scientists generally state measurement uncertainty (often referred to as a
“margin of error”) in terms of some level of confidence, and the most com-
mon level used is “95% confidence” (which you may hear scientists refer to
as “two sigma”). For example, if a measurement is stated as “0.8°C with an
uncertainty of 0.1°C” (also written as 0.8°C + 0.1°C), it means that there is a
95% chance that the true value is between 0.7°C and 0.9°C. Note that these
uncertainty statements are not mere guesswork; they are based on careful
analysis of the data and the potential sources of error in the measurements.
Of course, careful analysis is hard, and for this reason different groups may
not always agree on either the “best value” of a measurement or the precise
uncertainty range. Still, as I've already noted, different groups analyzing
the temperature data have found results that are all in close agreement. As
you might expect, the uncertainties are greater for times further in the past
(when there were fewer weather stations and no satellite measurements).
Overall they are approximately as follows:?

For the early years in figure 2.1 (e.g., 1880-1900), the uncertainty in the
measurements (with 95% confidence) is about 0.1°C. For example, the
bar for 1885 shows -0.2°C, so the true value (with 95% confidence) was
likely between -0.3°C and -0.1°C.

The uncertainty becomes smaller as time goes on, and for recent decades
(since about 1980) is down to about 0.03°C. For example, the bar for 2015
shows a value of 0.90°C, so the true value (with 95% confidence) was
likely between 0.87°C and 0.93°C.

For the overall warming trend of 0.85°C since 1880, the uncertainty is
about 0.2°C, so the total warming (with 95% confidence) has probably
been between 0.65°C and 1.05°C.

Wait — I’ve heard that global warming has stopped
since the late 1990s. Is the world still warming up?

Perhaps the favorite claim of the skeptics in recent years has been that
global warming has “stopped” (or “paused”) since the late 1990s. But
this claim is demonstrably false. We expect temperatures and the cli-
mate system to have some natural variability, and this is apparent if
you look at the year-to-year changes. Therefore, if you want to under-
stand long-term trends, you have to look at averages over periods of
multiple years. In figure 2.2, I've replaced the year-by-year data from
figure 2.1 with the average (mean) for each five-year period. Notice that
while there has been some slowing of the upward trend since the late
1990s, the trend remains upward. Therefore, global warming has not
stopped. Indeed, as you can see, every five-year period since 1980 has
set a new record for the hottest (since 1880). The most recent five-year

3 In fact, most scientists find the uncertainties to be even smaller than those I have given here, but I prefer to
err on the side of being more conservative. You can find further discussion of the uncertainties at the Web site
for the GISS (Goddard Institute for Space Studies) Surface Temperature Analysis. And if you feel you understand
statistics well enough to read a detailed analysis of the measurements and uncertainties, see J. Hansen et al.,
“Global Surface Temperature Change,” Rev. Geophys. 48, RG4004 (2010).
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Global Surface Temperature in 5-year Averages
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Figure 2.2 This graph shows the temperature data from figure 2.1 grouped into five-year averages.
Notice that while there was some slowing of the rate of increase in the past |5 years, every five-year
period since 1980 has set a new record.

period (2011-2015) is no exception, and if you look back at figure 2.1,
you’ll also see that 2014 and 2015 set back-to-back one-year records,
with 2015 shattering the prior record by a large margin. We don’t
expect every coming year to set a new record, but the evidence clearly
shows an ongoing warming trend, and the basic science tells us to
expect this general trend to continue in the future.

Still, shouldn’t there be some explanation for the slowing?

Yes, there should be, and while scientists are still trying to understand the
details, the basic explanation almost certainly goes as follows. The addi-
tional heat and energy trapped in the atmosphere by the rising carbon diox-
ide concentration can manifest itself in several different ways, and the ris-
ing surface temperature shown in figures 2.1 and 2.2 is only one of those.
In fact, more than 90% of the added heat and energy is expected to warm
the water in the oceans (as opposed to warming the land and ocean surface),
and data indicate that the ocean waters have continued to warm without
any evidence of slowing (figure 2.3). Indeed, a recent study (P. J. Gleckler et
al., Nature Climate Change [Jan. 18, 2016]) indicates that the warming of the
ocean water accelerated during the same period in which the surface warm-
ing slowed. Another area where the additional heat and energy can show
up is in glacial melting, and there is similarly no sign of a slowdown in this
melting. In other words, the most likely explanation for the slowing of the
temperature increase since the late 1990s is simply that more of the added
heat was deposited to the oceans and glacial melting during this period
than during other periods.

If you are wondering why the heat would be deposited in different ways
at different times, this is actually expected as a result of natural factors in
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Figure 2.3 This graph shows how the measured heat content of the oceans has

ch

anged in recent decades; the data are plotted as five-year moving averages.

Notice that there has been no slowing of the rise in ocean heat content, and in
recent years more of the heat has been appearing in deeper waters. Source: NOAA,
www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT!/.

the climate. For example, you’'ve probably heard of the weather phenom-
enon known as “El Nifio,” which has numerous effects but is most notice-
able as a warming of the eastern Pacific Ocean. El Nifio events occur nat-
urally and typically last about a year, but their precise length can vary
significantly, and they recur at irregular intervals and at varying strengths.
Because El Nifio events affect the entire Earth, they can change the way heat
isdeposited.* The same is true of other natural processes in Earth’s climate.

It’s also worth noting that if you look carefully at figure 2.1, you’ll see
that 1998 was an exceptionally warm year compared to the years on
either side of it. Indeed, if you were to remove 1998 from the data set, the
“slowing” of the temperature rise since the 1990s would be much less pro-
nounced. Why was 1998 so warm? It was a strong El Nifio year; in fact, it
came during the strongest El Nifio in decades — though a similarly strong
one is under way as [ write in early 2016, and may explain why 2015 broke
the previous one-year temperature record by such a large margin.

Bottom line: Global warming has not stopped, and while the rate of
increase in the surface temperature has slowed since the late 1990s, this
is almost certainly a result of additional heat going into the oceans and
to glacial melting. We can therefore anticipate that the upward trend will
continue, and if the heat absorption by the oceans slows, then the surface
temperature increase will likely accelerate.

4 To learn more about El Niflo, I recommend the brief discussion at www.climate.gov/news-features/blogs/
enso/what-el-niflo-southern-oscillation-enso-nutshell and the more detailed analysis, including a graph

showing the strength of

different El Nifio events, at www.climate.gov/news-features/understanding-climate/

climate-variability-oceanic-nifio-index.
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Figure 2.4 This graph repeats the temperature data from figure 2.1, with an overlay showing the carbon
dioxide concentration (as an average for each year, so as to avoid seeing the seasonal wiggles shown in fig-
ure 1.8). The two are clearly moving in tandem for recent decades, lending support to the simplicity of our
I-2-3 logic for global warming.

| recently read of a data reanalysis suggesting that there was no
slowing. What’s up with that?

A 2015 paper published in Science magazine (T. R. Karl et al., Science 348, no.
6242 [June 26, 2015]: 1469-1472) has suggested that the actual rise in tem-
peratures has been greater for recent years than that shown in figure 2.1.
As I write this in early 2016, scientists are still debating whether this new
claim is correct. I cannot claim any particular expertise on this issue, but
based on discussions I've had with colleagues, I think that most scientists
still assume the slow down was real. Either way, note that this claim would
not in any way undercut the evidence of warming; if it is correct, it means
the warming has been even greater in recent years than what [ have shown
you already.

Does the warming match up with what we might
expect from the carbon dioxide rise?

Yes. Our 1-2-3 logic suggests that the observed warming and the rising
carbon dioxide concentration ought to be moving hand in hand, at
least in a general sense. Figure 2.4 shows that this is indeed the case.

So is there any way that Skeptic Claim | could be
correct?

A couple of decades ago, there were still enough uncertainties in the
temperature measurements that some scientists wondered if the
warming trend was real. For that reason, a great deal of effort was put
into understanding the uncertainties, and while some still exist (as
we’ve discussed), there is no longer any serious debate about the trend.
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In fact, the only people who still question the general warming are
those, including a few prominent media pundits and politicians, who
claim that the entire issue of global warming is some kind of hoax. But
the evidence we’ve discussed is the product of work by thousands of
scientists who have dedicated their lives to obtaining accurate and reli-
able data, and who have carefully examined both the strengths and
the weaknesses of the data. So unless you believe that these thousands
of scientists from around the world are all coordinating some great
conspiracy, there’s no reasonable doubt about the fact that our world
iswarming.

Skeptic Claim 2: It’s Warming Up,
but It’s Natural

As we've discussed, there is no longer any serious scientific debate
about the general warming trend. However, a few skeptics — includ-
ing some with scientific training — have suggested that the warming
may be occurring for natural reasons, rather than as a result of human
activity. So let’s look at the evidence to see whether there is any possi-
bility that natural factors rather than human activities are the cause of
the observed warming trend.

Could the Sun be the cause of the observed global
warming?

The Sun does indeed vary in its energy output from year to year,
though by a very small amount (much less than 1%), which means
small changes in the amount of sunlight reaching Earth over time.
Moreover, we know that even relatively small changes in the amount
of sunlight reaching Earth can affect the climate; as we’ll discuss
shortly, such changes have probably been the triggers for cycles of past
ice ages. But we can be very confident that changes in sunlight are not
the cause of recent global warming, because of the data shown in figure
2.5. This figure compares changes in Earth’s temperature since 1880
(red curve) to changes in the amount of sunlight reaching Earth (blue
curve). Notice that while the two trends matched up moderately well
until about 1950, they have since gone in opposite directions. Clearly,
we cannot blame an increase in temperature on a decrease in sunlight.

Q. Can you explain the curves in figure 2.5 more clearly, including
why they use an |l-year average?

Notice that each curve is actually two curves: a solid one showing the
11-year average and a ghosted one showing year-to-year data. Let’s start
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Figure 2.5 This graph compares changes in global average temperature since 1880
(essentially the same data shown in figure 2.1) to the amount of sunlight reaching
Earth over the same period of time. Notice that, for recent decades, the amount
of sunlight has moved in the opposite direction of the observed warming, which
means the Sun cannot be the cause of recent global warming. Note: As you can
see on the graph, the technical term for the amount of sunlight reaching Earth
is solar irradiance, and it is measured in units of watts per square meter. Source:
SkepticalScience.com.

with the red temperature curves. The ghosted red curve represents the
same data shown in figure 2.1, but as a line graph rather than a bar chart.
The solid curve is what we call a moving average (or “running mean”) drawn
through the first curve. That is, instead of showing temperatures for indi-
vidual years, which vary quite a bit, each value on the solid curve represents
the average for several years around it. This particular red curve shows each
value as the average over 11 years, which means five years before and five
years after each year for which it is plotted. (The solid curve stops before the
end of the data set because we don’t yet have a full five years of “after” data
for the most recent five years.)

The blue curves are similar. The ghosted curve shows actual year-to-year
data, while the solid curve shows an 11-year moving average. One subtlety:
For recent decades, the data on the amount of sunlight reaching Earth are
based on actual measurements made by orbiting satellites. Earlier data are
reconstructed based on historical observations of sunspots, which have
been reliably recorded since long before the satellite era. The sunspot obser-
vations can be translated into solar irradiance because sunspot numbers
correlate very well with the amount of sunlight.

That last subtlety explains why the graph uses 11-year averages: As you
can see if you look closely at the ghosted blue curve, the number of sunspots
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on the Sun varies in an approximately 11-year cycle. Therefore, an 11-year
moving average is the “fairest” way to show the data, because it effectively
removes the variations due to the sunspot cycle so that we can see the
underlying general trend.

That is already pretty definitive, but there’s also a second reason we
can rule out the Sun as the cause of the recent warming. If the Sun were
responsible for global warming, we would expect the extra sunlight
reaching Earth to warm the surface and the entire atmosphere more or
less uniformly. In contrast, while the greenhouse effect warms Earth’s
surface and lower atmosphere, it actually cools Earth’s upper atmo-
sphere (that is, in the stratosphere and above).> Observations show that
the upper atmosphere is cooling, just as expected with a strengthen-
ing greenhouse effect, and the opposite of what we’d expect if global
warming were being caused by the Sun.

In fact, several additional patterns of warming are also consis-
tent with a strengthening greenhouse effect but not consistent with
changes in the Sun.® For example, only greenhouse warming can
account for measurements showing that nights have warmed more
than days and winters (in both hemispheres) have warmed more
than summers. Moreover, satellite measurements show that the total
heat radiating into space from Earth has declined at the specific wave-
lengths radiated by carbon dioxide, which can only mean that this
heat is being trapped by carbon dioxide molecules through the green-
house effect.

Could it be other natural factors besides the Sun?

As we've just discussed, the pattern of warming is fully consistent with
its being due to the addition of greenhouse gases through human activ-
ity. Still, Earth’s climate is very complex and affected by many factors,
both human and natural, so it’s worth exploring whether there might
be any other natural process that can explain the observed warming.
The primary way that scientists investigate this possibility is by using
what we call models of the climate.

Scientific models differ from the models you may be familiar with
in everyday life, which are typically miniature representations of real
objects, such as model cars or airplanes. In contrast, a scientific model

5 The precise reasons why the greenhouse effect leads to upper atmospheric cooling are fairly complex and
beyond the scope of this book, but they are based on detailed calculations of how the greenhouse effect works.
If you want evidence that these calculations are valid, just look to Venus, where the extremely strong green-
house effect causes not only the very high surface temperature that we’ve already discussed, but also upper
atmospheric cooling that matches the predictions of greenhouse calculations.

6 For a more complete discussion of the “fingerprints” that indicate the warming is from the greenhouse effect
and not the Sun or other natural factors, see www.skepticalscience.com/its-not-us.htm.
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Figure 2.6 This illustration summarizes how a climate model works. A computer
program represents Earth’s climate in a series of cubes. In each cube, scientists input
data from some point in time to represent “initial conditions,” then “run” the model
by using equations that represent the physical processes that can change the initial
conditions. Source: NOAA.

is a conceptual representation, often developed with the help of com-
puters, that uses known scientific laws, logic, and mathematics in
an attempt to describe how some aspect of nature works. The model
can be tested by seeing how well it corresponds to reality. Models are
important in almost every field of science, but here we’ll focus specifi-
cally on models of Earth’s climate.

The principle behind a climate model is relatively simple. Scientists
create a computer program that represents the climate as a grid of cubes
like those shown in figure 2.6, so that each cube represents one small
part of our planet over one range of altitudes in the atmosphere. The
“initial conditions” for the model consist of a mathematical represen-
tation of the weather or climate within each cube at some moment in
time. This representation might incorporate data on such things as
the temperature, air pressure, wind speed and direction, and humid-
ity at the time the model begins. The model uses equations of physics
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(for example, equations that describe how heat flows from one cube
to neighboring cubes) to predict how the conditions in each cube will
change in some time period, such as the next hour. It then uses the new
conditions and the equations to predict the conditions after another
hour, and so on. In this way, the model can simulate climate changes
over any period of time.

Decades ago, climate models were fairly simple, using grids no more
complex than the one in figure 2.6. Over time, however, scientists have
in essence used trial and error to make the models better and better.
Again, the principle is easy to understand: If your model fails to repro-
duce the real climate in some important way, then you look to see what
might be going wrong. For example, you might have neglected some
important law of physics, or the cubes in your grid might need to be
smaller to give accurate results. Once you think you know what went
wrong, you revise the model, and see if it works better. If it does, then
you have at least some reason to think you are on the right track, and if
it doesn’t, you go back to the drawing board.

Today'’s climate models are fantastically detailed, and they repro-
duce the actual climate of the past century with remarkable accuracy.
Indeed, the modern models work so well that scientists can use them
to conduct “experiments” in which they ask what would happen if
this or that were different than it is. Figure 2.7 shows an example of the
power this approach provides. The red curve shows temperatures over
the past century and a half as predicted by the best available climate
models, which take into account both natural factors affecting cli-
mate, such as changes in the Sun’s output and volcanic eruptions, and
human factors, such as the increase in the carbon dioxide concentra-
tion from the burning of fossil fuels. Notice that these models provide
an excellent match to the general trends in the real data (black curve).
In contrast, models that leave out the human factors predict the blue
curve, and as you can see, this curve does not agree with the observed
warming of the past few decades. The fact that we get a close match
between the models and reality only when changes in both natural
and human factors are included gives us great confidence that human
factors are the cause of the recent warming.

Why are you saying “models” in plural?

It is not possible to create an exact representation of Earth’s climate
(because it is too complex), so approximations must inevitably be used.
Over the past few decades, numerous research groups around the world
have made decisions about these approximations and developed their
own climate models, each of them unique. While this might at first
sound like a mess, it actually makes our confidence in modeling stronger,
because despite their differences, all of these models now yield very simi-
lar results. We’d only expect this to be the case if all the models are success-
fully taking into account the most important climate factors. The model
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Figure 2.7 This graph shows the excellent agreement between today’s climate
models (red curve) and actual temperature changes (black curve), and the clear
failure of models (blue curve) that take into account only natural factors in the cli-
mate. Conclusion: Today’s climate models work extremely well and demonstrate
that global warming is caused by human factors such as the rising carbon diox-
ide concentration. Source: Intergovernmental Panel on Climate Change (IPCC). Note:
Bloomberg Business created an outstanding set of graphics to show how the natural factors
combine to make the blue curve, which you can see at www.bloomberg.com/graphics/
2015-whats-warming-the-world/.

curves in figure 2.7 represent averages of results from several different
individual models.

What'’s the bottom line for Skeptic Claim 2?

There are no known natural factors that could account for the substan-
tial warming of the past century. We've discussed two sets of obser-
vations that definitively rule out the Sun as the cause: (1) solar energy
input has been falling while the temperature has been rising; and
(2) the upper atmosphere has been cooling while the lower atmosphere
warms, which is consistent only with greenhouse warming, not warm-
ing due to the Sun. Scientists investigate other potential causes with
models, and today’s sophisticated models match up extremely well
with observations of the actual climate — but only when we include
the human contributions to global warming, not natural factors alone.
The match makes it highly likely that the models are on the right track,
giving us further confidence in the idea that human activity is the
cause of most or all recent global warming.
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Skeptic Claim 3: It’s Warming Up,
Humans Are Causing It, but It’s
Nothing to Worry About

The evidence for human causation of climate change is now so strong
that very few skeptics still dispute the idea of human-caused global
warming. Instead, as Lindzen’s quote at the beginning of this chapter
indicates, the more common skeptic claim is that the scientific consen-
sus overestimates the level of danger posed by the warming. This claim
tends to come in three major forms, each of which we’ll investigate here:

1. Skeptics point out that the climate has varied naturally in the past,
and we are still here.

2. Skeptics claim the future warming will be less than most models
predict.

3. A few skeptics suggest that warming may even be beneficial, rather
than something to concern us.

Skeptic Claim 3, Part I: Natural Climate Variability

There is no question that Earth’s climate varies naturally over time,
and skeptics have seized on this fact in two major ways. Some have
used it to argue that the current warming might simply be part of a
natural cycle, but we’ve already discussed the fact that natural factors
seem unable to explain this warming. A more legitimate debate is over
whether the current warming is a danger, given what we know about
past climate change. So let’s investigate.

Earth has had many ice ages that had nothing to do
with humans; how do those natural climate changes
compare to what we’re experiencing today?

Earth has indeed cycled in and out of ice ages in the past, and we obvi-
ously did not cause any of these changes. We can study changes in
Earth’s average temperature over the past 800,000 years with the very
same ice cores used to measure past carbon dioxide concentrations (see
figures 1.9 and 1.10). In brief, careful study of the layers in the ice cores
allows scientists to make fairly precise estimates of the temperatures at
the times the layers were laid down.’

7 More specifically, the temperature information is derived from careful measurements of isotope ratios
(particularly of oxygen-18 to oxygen-16 and deuterium to hydrogen), cross-checked against other avail-
able data. The details are beyond the scope of this book, but if you want to read about them, a good start-
ing point is this NASA Web page about ice core measurements: earthobservatory.nasa.gov/Features/
Paleoclimatology_IceCores/.
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Figure 2.8 This graph shows changes in the temperature and carbon dioxide con-
centration over the past 800,000 years. Notice the close correlation, just as we
expect from our basic |-2-3 science. Source: Data from the European Project for Ice
Coring in Antarctica.

Figure 2.8 shows the temperature record from the ice cores, along
with the carbon dioxide record that we saw previously in figure 1.10.
Notice that temperatures have fluctuated significantly over the past
800,000 years. The cool periods are ice ages, and the warm periods
(known as “interglacials”) come in between them. Moreover, just as we
expect from the basic science, the warm periods match up with higher
carbon dioxide concentrations and the cool periods with lower carbon
dioxide concentrations. This is further confirmation that our basic
1-2-3 science really is correct.

The skeptics point to these natural changes to suggest that the
changes we are causing today are nothing to worry about. But consider
these key points:

The current temperature is already approaching the highest it has
been in the past 800,000 years. Given that the current carbon diox-
ide concentration is some 40% higher than at any other time in that
period — and rising rapidly — it would seem that we should be very
concerned about how much higher the temperature will rise.
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Although the figure makes it look like the onset of warm and cool
periods occurred fairly rapidly, when you consider that it shows
800,000 years, you'll realize that “fairly rapidly” still means “over
centuries.” In contrast, the changes we are causing today are hap-
pening over decades. Again returning to the chapter 1 opening
quote by Margaret Thatcher, these changes are “new in the experi-
ence of the Earth.”

To summarize, while it’s true that the climate changes naturally,

today we are causing changes of an unnatural degree at an unnatural
rate. It’s hard to see how anyone could take any comfort from these facts.

What causes the natural cycles of ice ages and warm periods?

The observed pattern of ice ages and warm periods lines up very well with
a pattern of small, cyclical changes in Earth’s axis tilt and orbit that arise
from gravitational effects of the Sun, Moon, and planets on Earth. These
cyclical changes are called Milankovitch cycles, after a Serbian scientist who
investigated their role in climate change. (Search on the name to learn more
about these cycles.) But there’s a very important point that goes along with
this: By themselves, the changes that would occur as a result of the Milan-
kovitch cycles are not enough to explain the large temperature swings that
occur. Instead, these cycles are “triggers” that initiate feedback processes
that amplify the temperature changes.

Here’s how it is thought to work when a warm period begins: The
changes due to the Milankovitch cycles slightly increase the amount of
sunlight warming Earth and the oceans. This warming causes the oceans
to release some of their dissolved carbon dioxide into the atmosphere.® The
extra carbon dioxide in the atmosphere causes additional warming, which
in turn leads to more evaporation from the oceans. The added water vapor
further amplifies the warming, because water vapor is also a greenhouse
gas. To summarize, a small warming caused by the Milankovitch cycle ini-
tiates a chain of reinforcing feedbacks that lead to a much larger warming.

An opposite set of changes amplifies the cooling side of the Milankov-
itch cycles. When a cycle initiates a slight cooling, the cooling causes the
oceans to absorb carbon dioxide from the atmosphere. This weakens the
greenhouse effect, further cooling our planet and reducing evaporation
from the oceans. The reduced evaporation means less water vapor in the
atmosphere, amplifying the cooling until Earth plunges into an ice age.

| heard that the temperature changes in the ice core record
precede the carbon dioxide changes. Doesn’t this mean that you
have cause and effect backward?

It is true that in some cases, temperature changes measured in the ice core
record appear to have preceded a rise in carbon dioxide, but this does not

8 This release occurs because warmer water generally holds less dissolved gas, an effect you can confirm by
popping open a warm can of soda, which will release gas more quickly than a cold can. Additional note: This
fact may make you wonder why the oceans are currently absorbing carbon dioxide as our planet warms, and
the answer is that it’s a short-term gain arising from the great rate at which human activity is releasing carbon
dioxide into the atmosphere. Ultimately, we expect the oceans to release more carbon dioxide as Earth warms,
which will tend to exacerbate the problem of global warming over the long term.
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Figure 2.9 This graph shows a close examination of carbon dioxide concentration
(yellow dots), Antarctic temperature (red curve), and global average temperature
(blue curve) during the warming period that began about 20,000 years ago (“kyr”
means “thousands of years”). Notice that while the Antarctic temperature changes
come slightly ahead of the carbon dioxide changes, the global temperature changes
do not. Source: J. D. Shakun et al., Nature 484 (Apr. 5, 2012): 49-54.

in any way change our understanding of the cause and effect. In fact, it’s
completely consistent with the idea that, as discussed above, the Milankov-
itch cycles trigger small changes in climate that are then amplified by feed-
backs with carbon dioxide and water vapor. In other words, the feedback
processes mean that once the Milankovitch cycles initiate a temperature
change, both the temperature and the carbon dioxide concentration will
rise or fall together, and at any given moment or any given place on Earth,
one or the other may change first.

Further evidence that the cause and effect are well understood comes
from a closer look at data from the end of the last ice age. The details are
beyond our scope in this book, but the brief summary is as follows. The ice
cores that show a slight lead in temperature changes compared to the car-
bon dioxide changes come from Antarctica, which means they reflect the
temperature changes that occurred over the Antarctic ice sheet. However,
scientists have other ways to study past temperatures, such as by drilling
into sediments in lakes or the ocean floor, and these make it possible to mea-
sure past temperature changes in many places around the world. This work
is fairly difficult compared to ice core measurement, but figure 2.9 shows
what scientists found for the end of the last ice age. The yellow dots show the
carbon dioxide concentration, the red curve shows Antarctic temperatures,
and the blue curve shows global average temperatures from other measure-
ments. Notice that while the Antarctic temperature rise came very slightly
ahead of the carbon dioxide rise (which, as stated above, is unsurprising),
the global temperature rise came after the carbon dioxide rise — completely
undercutting any claim that cause and effect are backward.’

9 The delay between the carbon dioxide rise and the global temperature rise is thought to be due to complexi-
ties of ocean circulation; for details, see www.skepticalscience.com/skakun-co2-temp-lag.html.
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What about the Medieval Warm Period, when
Greenland was “green’’? Doesn’t that mean that
we’ve been through much warmer periods in the
recent past?

There are two questions here, so let’s start with the first: It’s true that
the Vikings built settlements on the coast of Greenland beginning
about a thousand years ago, during what is known as the Medieval
Warm Period (roughly 950 to 1250 AD), when reduced Arctic sea ice
made journeys to Greenland much easier than they were in the cen-
turies before and after. But even at that time, Greenland was hardly
“green”!® — the vast bulk of Greenland has been covered by an ice
sheet for at least several hundred thousand years. The Viking coloniza-
tion never occupied more than a few coastal regions.

Now we turn to the second and more important question, which
is whether the Medieval Warm Period is relevant to current global
warming. The answer is a strong and definitive “no.” The reason is
simple: Even though there was a Medieval Warm Period, the amount
of warming at the time pales in comparison to the warming going on
today. Figure 2.10 shows the data from numerous independent scien-
tific studies (each in a different color), along with recent temperature
data (red). Notice that while the different studies do not all agree per-
fectly for times further in the past, they do all agree that today’s tem-
peratures are significantly higher than those of the Medieval Warm
Period.

In fact, the evidence is even stronger than that shown in figure 2.10,
because that figure shows only Northern Hemisphere temperatures.
This is important because careful studies indicate that the Medieval
Warm Period was a regional phenomenon that affected the north-
ern Atlantic much more than other parts of the world; globally, there
was little if any overall warming during this period. In other words,
the Viking colonization of Greenland was made possible by regional,
not global, climate changes. Today’s warming, in contrast, is truly
global.

Wait — didn’t | hear that the hockey stick graph has been
discredited?

Well, you probably have heard this, since it is frequently repeated in places
like the Wall Street Journal’s op-ed pages, but it is not true. The original

10 According to histories written not long after the colonization, the name “Greenland” was primarily a mar-
keting ploy by the famed Viking Eric the Red, who believed it would encourage other people to make the jour-

ney there.
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Figure 2.10 This graph shows more than a dozen different independent data sets all pointing to the same
basic fact: Temperatures in recent years (solid red) have become significantly higher than they were during
the Medieval Warm Period or any other time in the past 1,000 years. This graph is nicknamed the “hockey
stick” because it looks kind of like a hockey stick lying on the ground with its tip pointing up at the right.
Source: M. E. Mann et al., PNAS 105, no. 36 (2008): 13252—-13257.

version of the “hockey stick” was published by climate scientist Michael
Mann in 1998, and he used only a single data set. Skeptics jumped on
it, claiming all kinds of reasons why the data should be doubted. Scien-
tists took the skeptic concerns seriously, and therefore did what scientists
do: They investigated in more detail. Indeed, the reason you see so many
data sets — from independent sources including tree rings, corals, sta-
lagmites, ice cores, and more — in figure 2.10 is that the scientific com-
munity went to great lengths in trying to either confirm or refute Mann’s
original “hockey stick.” Keep in mind that every curve you see in figure
2.10 represents many years of fieldwork and careful research by a substan-
tial group of scientists, who often put their lives on the line to collect the
data in remote and dangerous locations. As you can see, these additional
studies clearly confirm Mann’s original conclusions. Still not mollified,
the skeptics were so adamant in their objections that they convinced Con-
gress to ask the National Research Council (NRC) to investigate those con-
clusions. The NRC report, published in 2006, concluded that the graph
and the data were fully valid. Additional research since that time has only
further strengthened the case for the validity of the “hockey stick” and
what it tells us about changes in global temperatures over the past 1,000
years. If you want to learn more about this issue, two great sources are
the NRC report (which you can download free at www.nap.edu/catalog/
11676/surface-temperature-reconstructions-for-the-last-2000-years) and
Michael Mann’s book The Hockey Stick and the Climate Wars (Columbia Uni-
versity Press, 2012).
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You’ve looked back 800,000 years, but I’ve heard that
if you go back further, both carbon dioxide levels and
temperatures were significantly higher than they are
today. What do you say to that?

Although it’s more difficult to figure out what the climate was like for
times further in the past, evidence does indicate that there have been
times when Earth was much warmer (and times when it was much
colder) than anything we see in the 800,000-year record. For exam-
ple, during much of the dinosaur period, evidence indicates that the
global average temperature was significantly warmer than it is today,
and the carbon dioxide concentration may have been above 1,000
parts per million, or more than double today’s just-passed-400 parts
per million. But I do not find these facts the least bit comforting;
quite the opposite, as they seem to me to suggest that current warm-
ing could be even more devastating than most scientists generally
assume.

Let’s start by considering the implications of the warm tempera-
tures of the age of the dinosaurs. These temperatures were high
enough that there were no ice caps in either the Arctic or the Antarc-
tic (figure 2.11), suggesting that a warming that brings back the tem-
peratures of those times would cause the ice caps to melt completely.
If that happened (a possibility we’ll discuss in more detail later), sea
level would rise so much that every coastal city in the world — not to
mention most of Florida, Texas, and other low-lying coastal regions —
would be deep under water. (Indeed, sea level during portions of the
dinosaur period was more than 200 feet higher than it is today.)

As to the carbon dioxide concentration of the distant past, I'll
make two points. First, you may hear skeptics claim that the fact
that life thrived when the carbon dioxide concentration was much
higher than it is today is proof that life can thrive under such condi-
tions. Well, it is — but it’s only proof for the species that were living
at the time and therefore were adapted to those conditions. There
is no reason at all to think that today’s plants and animals would
thrive similarly, because today’s life is adapted to today’s much
lower carbon dioxide levels. It’s far more likely that such a high con-
centration of carbon dioxide would cause severe damage to today’s
ecosystems. Second, while a carbon dioxide concentration of 1,000
parts per million sounds very high compared to today’s 400, a
look back at figure 1.10 shows that at the current rate of increase,
we would surpass that level in just a few hundred years. Returning
again to the quote by Margaret Thatcher, what we are doing to our
planet today is unprecedented and “new in the experience of the
Earth.”
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Figure 2.11 This painting shows Antarctica as it may have looked about 70 million
years ago, when our planet was so warm that there were no polar caps and the car-
bon dioxide concentration was probably above [,000 ppm. Source: Artwork by James
McKay, University of Leeds, from V. Bowman et al., Palaeogeogr., Palaeoclimatol., Palaeoecol.
408 (Aug. 15, 2014): 26—47.

Skeptic Claim 3, Part 2: The Reliability of Models

A closely related claim holds that fears of global warming are over-
blown, because current models overestimate how the climate responds
(the “climate sensitivity”) to changes in the carbon dioxide concentra-
tion and therefore also overestimate the future warming. For example,
most models predict that under a “business as usual” scenario (mean-
ing no significant reductions in our current carbon dioxide emissions),
the temperature would rise by 4-5°C (7-9°F) by the end of this century
(figure 2.12), but some skeptics have claimed the rise won’t be more
than 2°C even in the worst case. In essence, they claim that the models
overestimate climate sensitivity because they are missing key factors
that might mitigate the future warming.

Could these skeptics be correct? The first thing that any scientist will
tell you about modeling is that it’s not easy. As an old saying goes, “Pre-
diction is hard, especially about the future.” But hard is not the same as
impossible, and as we’ve discussed, today’s sophisticated climate mod-
els do a good job of “predicting” the climate that exists today (mean-
ing that the models match reality quite well, as you saw in figure 2.7).
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How much warming by 2100? Estimated
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Figure 2.12 These three curves show three different possible scenarios for the rise
or fall in human-caused emissions of carbon dioxide through 2100, and the numbers
at the right show the temperature increase that models predict for each case. Notice
that the “business as usual” curve leads to a global average warming of 4.5°C (8°F)
by the end of this century. The middle curve shows what happens if emissions flatten
out at about their current levels. Perhaps the most sobering is the blue curve, which
shows that even if we reduce emissions to half of today’s amount by 2050 and much
less by 2100, we still end up with a temperature rise of 2°C, or about 4°F. Source:
www.climateinteractive.org/tools/scoreboard/.

We can therefore have some confidence that these models should be at
least modestly reliable in predicting what will happen in the future.

Notice my choice of words: “modestly reliable.” The skeptics like to
jump all over this type of honest assessment of the validity of models
and essentially claim that we therefore shouldn’t rely on the models at
all, particularly when they predict dire impacts from global warming.
But that’s like saying that hard is impossible — it’s just not true. It is
possible that the models will prove to be far off the mark, but we cer-
tainly wouldn'’t expect that, based on how well they work for the pres-
ent climate. So let’s look in a little more detail at the common skeptic
claims about modeling and see why the vast majority of scientists find
these claims unconvincing.

Today’s models can’t even predict the weather more
than a few days out, so how could they possibly predict
the effects of global warming many years from now?
This question comes up frequently in the media, but it’s based on a
misconception about the nature of weather and climate. The two terms
have very different meanings:
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Weather refers to the ever-varying combination of winds, clouds,
temperature, and pressure that makes some days hotter or cooler,
clearer or cloudier, or calmer or stormier than others.

Climate refers to the average of weather over many years. For exam-
ple, we say that a desert has a dry climate, even though it may some-
times rain or snow.

Itis always easier to make predictions about long-term averages than
about short-term variations. For example, when 10,000 people go to a
casino, we can’t predict the wins and losses for any single individual,
but we know that on average, the gamblers are going to lose more than
they win, which is how casinos make money. Similarly, we can’t say
whether or when a particular smoker will get lung cancer, but we know
that on average, lung cancer is much more common among smokers.
The situation with weather and climate is exactly the same: It’s much
more difficult to predict the short-term variability of weather than the
long-term average that represents climate.

In other words, the fact that it’s hard to predict the weather is com-
pletely meaningless in considering whether we can predict the climate.
The evidence that we can predict the climate comes from the fact that
today’s sophisticated climate models do an excellent job of matching
up with the present climate reality, giving us confidence that they
should be similarly good at predicting the future climate.

It’s also worth noting that when I say that today’s models do an
excellent job of matching reality, I mean much more than just the
global average temperature. Today’s models make regional predic-
tions, and these regional predictions also match up to reality quite
well. For example, as we’ll discuss more in the next chapter, models
have predicted numerous regional changes that appear to be occur-
ring as expected, such as increases in drought in California, in storms
along the East Coast, in flooding in regions of Asia, and much more.
To ignore the insight provided to us by climate models simply does not
make any sense.

OK, but maybe the models are missing an important
mitigating factor. For example, aren’t there
uncertainties about the effects of clouds?

It’s true that clouds are very complex and their effects are still not fully
understood. This fact opens the way for a skeptic argument that basi-
cally goes like this: Global warming means the world starts getting
warmer, and this increases evaporation from the oceans, which in turn
means more clouds, which in turn reflect more sunlight, thereby stop-
ping further warming. In other words, the claim is that clouds repre-
sent a negative feedback that acts to prevent global warming from get-
ting too bad.
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The problem with this argument is that it ignores two other effects.
First, the additional evaporation that leads to the additional clouds
also means there is more water vapor in the atmosphere, and recall that
water vapor tends to amplify the effects of changes in the carbon diox-
ide concentration. While there is some legitimate debate over which
effect — the extra heating from water vapor or the extra cooling from
clouds — is stronger on relatively short time scales, there is little doubt
about water vapor’s amplifying role over periods of decades or longer.
Moreover, even for short time scales (years), current understanding
of cloud physics has led most scientists to conclude that the heating
effects are stronger than the cooling ones.

Second, clouds are not the only thing that matters here. What really
counts is the total reflectivity of Earth: If the reflectivity increases, that
tends to cool the planet, and if it decreases, it tends to warm it. And
while clouds contribute to the total reflectivity, the surface also plays
an important role, and global warming is causing the surface reflectiv-
ity to decrease, which tends to make the warming worse. The major rea-
son for this decrease is the melting of ice, which is much more reflective
than the water or ground cover that replaces it after it melts. For exam-
ple, the fact that much of the Arctic ocean is now ice-free for much lon-
ger times each year than in the past means that this ocean reflects less
sunlight (and therefore absorbs more), which leads to more heating.

Most climate scientists suspect that, together, the warming effects of
added water vapor and reduced ice cover should overwhelm the cool-
ing effects of additional clouds. So while you may still hear this argu-
ment raised on occasion, you should recognize that any claims that
clouds will mitigate our problems are on very weak ground.

Still, given the complexity of the climate and the
uncertainties of the models, isn’t it reasonable to think
that other feedbacks may mitigate the threat?

It’s certainly conceivable that the models could still be missing other
factors that might mitigate future warming (and also possible that they
are missing factors that might amplify it). However, if any such mitigat-
ing factors exist, they would have to have some rather strange proper-
ties. In particular, because they would by definition be factors that are
not considered by current models, they would have to be both unim-
portant enough that they haven’t caused major failures in the model
results through the present time and important enough to make a major
impact on the model results for the future. We cannot completely rule
out the possibility that such factors exist, but these odd properties make
it seem rather unlikely. This is a major reason why the vast majority of
scientists reject the skeptic claims and instead conclude that the threat
of global warming is every bit as bad as the models suggest it to be.
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What if | still don’t trust the models?

OK, let’s say you want to ignore all the evidence from the models that I
cited above and stick to the skeptic claim that, because the models can
never be perfect, we shouldn’t trust them at all. Well, that’s not very
scientific of you, but let’s go with it for the moment. ..

Whether or not you believe the models, you still have to make deci-
sions about what, if anything, we should do about global warming for
the future. If you don’t want to consider the models, then the only via-
ble alternative is to base your decisions on the actual data. So let’s see
what the data tell us. Look back at figure 2.8, where you can see how
temperature and carbon dioxide have changed together in the past.
Notice that:

Over the past 800,000 years, the largest upward swings in carbon
dioxide concentration have been from about 180 to 290 parts per
million, which is an increase of about 60%.

These 60% increases in carbon dioxide concentration have been
accompanied by temperature increases of about 8°C to 10°C (14°F to
18°F).

Putting these two facts together, the past data seem to suggest that a
60% increase in the carbon dioxide concentration will cause warming
of 8°C or more. This is substantially greater warming than any of the
models suggest for the rest of this century, even though current trends
mean we will have reached a doubling (100% increase) of the carbon
dioxide concentration well before the century ends. In other words,
the projection you would make from actual past data is worse than
what the models are suggesting.

What'’s the bottom line on the possibility that
temperatures won’t rise as much as the basic science
might make us expect?

As we’ve seen, if you are looking for a mitigating factor that might
“save” us from the otherwise scary predictions about global warming,
no such factor has been found, and the success of models to date makes
it unlikely that any such factor exists. We cannot be certain that the
model predictions are accurate, but we ignore them at our peril.

Skeptic Claim 3, Part 3: Benefits May Outweigh the Risks

Because there seems little way to deny the reality of global warming,
some skeptics instead try to claim that this warming will be good for
us and therefore that we do not need to do anything about it. This is
a rather remarkable assertion, because these skeptics are essentially
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advocating that we continue doing an “experiment” on our planet
without being sure of the consequences. It is especially surprising
when you realize that many of the people taking this position claim
to be great admirers of conservatives like Ronald Reagan and Margaret
Thatcher, yet they are clearly violating Reagan’s dictate about the com-
mon sense of preserving (not dramatically changing) the environment
(see quote that opens the introduction) and ignoring Thatcher’s warn-
ing that we are “changing the environment of our planet in damaging
and dangerous ways.” Nevertheless, let’s take a brief look at a few of
these recent claims that global warming will be beneficial.

Could the added carbon dioxide help plant growth and
agriculture?

One of the key “benefits” claimed for global warming is that the
increased carbon dioxide concentration will increase plant growth,
thereby helping agriculture. As I noted earlier, the skeptics making
this claim often point to the thriving plants of dinosaur times, when
carbon dioxide concentrations were far higher than they are today.
But we’ve already seen how this argument falls apart. Plant and ani-
mal species adapt over time to the environments in which they live.
The species that thrived in dinosaur times had millions of years
to adapt to those conditions, while today’s plants and animals are
adapted to today’s conditions.

Skeptics also point to small-scale experiments that have shown lim-
ited benefits for crops such as soybeans and rice with higher carbon
dioxide concentrations. But they ignore the overall ecological effects
that may be far more important. Remember that plants and animals
are adapted to local climates. If the climate changes slowly, then species
can adapt or migrate to survive. But if the climate changes faster than
they can adapt or migrate, then they will die out or be replaced by other
species. The rapid rate of climate change today therefore makes it likely
that there will be great changes in the distribution of the plant and ani-
mal species living around the world, which means great changes to the
entire ecosystem upon which our modern economy depends. While
there may be a small chance that all these changes could actually prove
beneficial, the vast majority of scientists suspect that the changes will
be detrimental. You'd have to be an audacious gambler to be willing to
continue on the path we are on in the small hope that it will turn out to
be beneficial in the end.

Won'’t the melting of Arctic ice be good for us in
opening up the Arctic sea?

The melting of Arctic sea ice is already causing a rush for Arctic riches,
such as faster shipping routes among northern countries and access to
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minerals, oil, and other resources of the Arctic Ocean. By themselves,
these things would seem to be beneficial to the global economy. But
the key words are “by themselves,” because they don’t occur in isola-
tion. Instead, they are consequences of having less sea ice, and that
appears to be a very detrimental development on at least two levels.

First, as I've already noted, the fact that water is less reflective than
ice means that Earth absorbs more heat from the Sun when Arctic ice
melts, and this will only exacerbate the effects of global warming. Sec-
ond, the distribution of ice in the Arctic has very significant effects on
regional and global weather patterns, so we can expect major changes
in atmospheric circulation and local weather as the Arctic melts.
Already some scientists suspect that, through a complex set of interac-
tions, the reduced amount of summer ice in the Arctic may be linked
to the extreme winter weather that has affected the United States and
Europe in recent years. While there’s great debate among scientists
about whether this particular linkage is real, we should expect at least
some significant weather consequences from changes in the amount of
seaice.

The bottom line is that the melting of Arctic ice essentially is yet
another unprecedented “experiment” on our planet. While there’s
always a small chance that this experiment will result in more pros
than cons, it seems a highly dangerous experiment to conduct.

So how much credence should | give to the skeptic
arguments overall?

A few decades ago, some skeptics tried to claim global warming wasn’t
real at all. As the evidence accumulated, they tried to claim it was a
natural change rather than human caused. Now, recognizing that
they can no longer legitimately dispute the human causation, they’ve
turned to claims that global warming might not prove to be so terri-
ble, or might even be beneficial to us. In every case, they’ve laid out
arguments that other scientists have shot holes through, and in careful
consideration of all the evidence, the vast majority of scientists have
rejected the skeptic claims. Indeed, as has been widely reported, sur-
veys have found that more than 97% of scientists who have spent their
lives studying the climate accept the “consensus” view and reject the
skeptic claims.!!

In response to this last fact, the skeptics like to point out that science
is not a democracy, and scientific facts can’t be changed by a vote. But if
you're not a scientist, you still have to decide who to trust. Imagine that

11 Multiple surveys have found this approximately 97% value, as summarized at www.skepticalscience.com/
global-warming-scientific-consensus-advanced.htm and published in J. Cook et al., Environ. Res. Lett. 11, no. 4
(April 13, 2016).
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you visited 100 doctors, and 97 of them told you, “You need to eat less
sugar,” while three said, “More sugar is good for you.” Which would
you believe? I'll let you answer that question for yourself, but note that
you should give exactly the same answer to the question of who you
should believe about the potential dangers of global warming.

Skeptic Claim 4: It’s Warming Up, Humans Are Causing It,
It’s Harmful, But It’s Not Cost-Effective to Solve It

We've now addressed all the major skeptic claims that relate directly to
the science. However, another group of skeptics takes a different tack.
This group accepts that global warming is real, human caused, and
serious — but argues that the costs of dealing with it are high enough
that more good could be done by applying our efforts in other areas.
The best-known advocate of this idea is the Danish writer Bjgrn Lom-
borg, but similar ideas have been advanced by many others.

Because this claim is based more on economics than on science, it’s
less of a clear-cut call. For example, as those behind these claims fre-
quently remind us, the low-cost energy of fossil fuels has been a key to
strengthening our modern economy and raising millions of people out
of poverty. If we are going to move away from fuel sources that have
had so many clear benefits in the past, we ought to have a really good
reason. I think we do . . . but in order to make that decision, we need a
clear understanding of the risks posed by global warming and the costs
of alleviating those risks. We’ll turn to these issues in the next two
chapters.





