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Preface

We have both been fascinated by models for our entire careers. Climate
models are especially interesting, because they are the largest and most
complex of models and also, in some sense, the most mysterious. The
systems are completely filled with nonlinear equations and unpredict-
ability, yet some climate models are valued for their predictive capacities.
Others are appreciated for their abilities to represent causal forces within
climate systems and their interactions, and yet others represent those sys-
tems simply, elegantly, and yet powerfully.

There are numerous philosophical questions involving representation,
grounding, and reality itself that arise when using climate models, as well
as conceptual issues concerning the models as tools themselves. Yet there
is no book or collection available that addresses these issues. We have
aimed to collect a set of essays here that discusses these and other philo-
sophical and conceptual questions about climate models. We asked some
of the best philosophers and some of the best modelers to contribute to
the book, and they agreed, to our delight.

Our book is intended to be enjoyed by policy-makers, climate scien-
tists, and philosophers alike, as well as the general public. Some essays,
such as those concerning policy and robustness, in parts 2 and 3 of the
book, are very accessible. There are sections of part 1 that are more tech-
nical, such as the Santer et al. paper, but that is explained in Lloyd’s essay
and in Santer et al.’s “Fact Sheet” in part 1.



Vi Preface

Sadly, there is rampant disinformation circulating about climate mod-
els today, despite concerted efforts by climate scientists to correct the
public record. The essays contributed to this book provide a foundation
for an informed discourse concerning climate models, one based on the-
ory, facts, and evidence.

We have both learned a great deal about climate modeling through
editing this collection, and our hope is that anyone dipping into the book
will experience the same benefit. Of course, modeling is an ongoing
activity, and many of the facets explored in this book will continue to
fascinate both modelers, philosophers, and policy analysts for some time
to come.

Bloomington, IN, USA Elisabeth A. Lloyd
Tampa, FL, USA Eric Winsberg
June 2017



Acknowledgments

As usual for a book of this size, many people were involved in the creation
of it, and we are able to thank just a fraction of those, here. We would
start by thanking Linda Mearns, Jeffrey Kiehl, and Doug Nychka for
making Lisa Lloyd’s (EALs) visits to the National Center for Atmospheric
Research (NCAR) possible over the years. They and many climate scien-
tists, including Caspar Amman, Melissa Bukovsky, Jim Hurrell, Brian
O’Neill, Claudia Tebaldi, Kevin Trenberth, Tom Wigley, and others too
numerous to name, introduced me (EAL) to the fundamentals of climate
science and climate modeling and also introduced me to many more sci-
entists who would help Lisa along my journey. Being an Affiliate Scientist
at NCAR has also helped me meet many scientists from around the world
who contributed enormously to her learning and to this book, such as
Reto Knutti, Ricky Rood, Jonathan Rougier, Gabriel Hegerl, and her
co-author Vanessa Schweizer, among many others. Her co-organization
of a running session at the American Geophysical Union (AGU) allowed
the opportunity to meet yet more climate scientists, such as Michael
Mann, a key figure in understanding climate. She would also like to
thank Ben Santer, to whom a debt is also owed for help, patience, and
heroism in the face of adversity.

During my many years of research into the philosophy and foundations
of climate modeling, Lisa was supported financially by two sources, my

endowed chair and the National Science Foundation (NSF). The Arnold

vii



viii Acknowledgments

and Maxine Tanis Chair of History and Philosophy of Science made my
annual trips to NCAR possible, as well as the annual trips to the AGU. Lisa
has had the privilege of knowing Bud and Maxine Tanis, and they are
some of the finest and most lovely people She has met in my entire life.
Lisa was also funded through two NSF Scholar Grants, “A case of objec-
tivity in science: Climate change” (2007, #0646253) and “What is “Value
Added’ in Regional Climate Modeling?” (20162017, #1632202). These
grants helped make it possible for me to visit NCAR in Boulder for longer
visits and to attend workshops and the AGU during those years. Lisa is
indebted to Fred Kronz and the NSF for their support.

Finally, Lisa would also like to thank her research assistants, Chris
ChoGlueck, Daniel Lindquist, and, most gratefully, Ryan Ketcham, for
their patience and help over the several years that it took to get this book
produced. She would also note that she owes much happiness and accom-
plishment to her beloved husband and partner, Teddy Alfrey. All of these
people aided in overcoming the delaying effects of a car accident and
spinal surgery on the production of this book. Lisa owes them a great deal
indeed.

Eric Winsberg would like to thank the Institute of Advanced Study at
Durham University, where he had the opportunity to learn about climate
science from many of the practitioners affiliated with the university and
to make climate science a focus of his philosophical study, and the
Institute of Advanced Study on the Media Cultures of Computer
Simulation at Leuphana University, which supported much of the work
on this book. He would like to thank Jessica Williams for the support she
gives him in all his endeavors.



Contents

1 Introduction
Elisabeth A. Lloyd and Eric Winsberg

PartI Confirmation and Evidence

2 The Scientific Consensus on Climate Change: How Do
We Know We’re Not Wrong?
Naomi Oreskes

3 Satellite Data and Climate Models
Elisabeth A. Lloyd

4 Fact Sheet for “Consistency of Modeled and Observed
Temperature Trends in the Tropical Troposphere”
Ben Santer, Peter Thorne, Leo Haimberger, Karl Taylor,
Tom Wigley, John Lanzante, Susan Solomon, Melissa Free,
Peter Gleckler, Phil Jones, Tom Karl, Steve Klein, Carl Mears,
Doug Nychka, Gavin Schmidt, Steve Sherwood, and
Frank Wentz

29

31

65

73


https://doi.org/10.1007/978-3-319-65058-6_1
https://doi.org/10.1007/978-3-319-65058-6_1
https://doi.org/10.1007/978-3-319-65058-6_2
https://doi.org/10.1007/978-3-319-65058-6_2
https://doi.org/10.1007/978-3-319-65058-6_2
https://doi.org/10.1007/978-3-319-65058-6_3
https://doi.org/10.1007/978-3-319-65058-6_3
https://doi.org/10.1007/978-3-319-65058-6_4
https://doi.org/10.1007/978-3-319-65058-6_4
https://doi.org/10.1007/978-3-319-65058-6_4

X Contents

5 Consistency of Modeled and Observed Temperature
Trends in the Tropical Troposphere 85
B.D. Santer, PW. Thorne, L. Haimberger, K.E. Taylor,
1I'M.L. Wigley, J.R. Lanzante, S.Solomon, M. Free,
L]. Gleckler, PD. Jones, T.R. Karl, S.A. Klein, C. Mears,
D. Nychka, G.A. Schmidt, S.C. Sherwood, and EJ. Wentz

6 The Role of “Complex” Empiricism in the Debates
About Satellite Data and Climate Models 137
Elisabeth A. Lloyd

7 Reconciling Climate Model/Data Discrepancies:
The Case of the “Trees That Didn’t Bark’ 175
Michael E. Mann

8 Downscaling of Climate Information 199
L.O. Mearns, M. Bukouvsky, S.C. Pryor, and V. Magana

Part I Uncertainties and Robustness 271

9 The Significance of Robust Climate Projections 273
Wendy S. Parker

10 Building Trust, Removing Doubt? Robustness Analysis
and Climate Modeling 297
Jay Odenbaugh


https://doi.org/10.1007/978-3-319-65058-6_5
https://doi.org/10.1007/978-3-319-65058-6_5
https://doi.org/10.1007/978-3-319-65058-6_5
https://doi.org/10.1007/978-3-319-65058-6_6
https://doi.org/10.1007/978-3-319-65058-6_6
https://doi.org/10.1007/978-3-319-65058-6_6
https://doi.org/10.1007/978-3-319-65058-6_7
https://doi.org/10.1007/978-3-319-65058-6_7
https://doi.org/10.1007/978-3-319-65058-6_7
https://doi.org/10.1007/978-3-319-65058-6_8
https://doi.org/10.1007/978-3-319-65058-6_8
https://doi.org/10.1007/978-3-319-65058-6_9
https://doi.org/10.1007/978-3-319-65058-6_9
https://doi.org/10.1007/978-3-319-65058-6_10
https://doi.org/10.1007/978-3-319-65058-6_10
https://doi.org/10.1007/978-3-319-65058-6_10

Contents

Part III Climate Models as Guides to Policy

11

12

13

14

15

Climate Model Confirmation: From Philosophy
to Predicting Climate in the Real World
Reto Knutti

Uncertainty in Climate Science and Climate Policy
Jonathan Rougier and Michel Crucifix

Communicating Uncertainty to Policymakers:
The Ineliminable Role of Values
Eric Winsberg

Modeling Climate Policies: The Social Cost of Carbon
and Uncertainties in Climate Predictions
Mathias Frisch

Modeling Mitigation and Adaptation Policies to
Predict Their Effectiveness: The Limits of Randomized
Controlled Trials

Alexandre Marcellesi and Nancy Cartwright

Index

Xi

323

325

361

381

413

449

481


https://doi.org/10.1007/978-3-319-65058-6_11
https://doi.org/10.1007/978-3-319-65058-6_11
https://doi.org/10.1007/978-3-319-65058-6_11
https://doi.org/10.1007/978-3-319-65058-6_12
https://doi.org/10.1007/978-3-319-65058-6_12
https://doi.org/10.1007/978-3-319-65058-6_13
https://doi.org/10.1007/978-3-319-65058-6_13
https://doi.org/10.1007/978-3-319-65058-6_13
https://doi.org/10.1007/978-3-319-65058-6_14
https://doi.org/10.1007/978-3-319-65058-6_14
https://doi.org/10.1007/978-3-319-65058-6_14
https://doi.org/10.1007/978-3-319-65058-6_15
https://doi.org/10.1007/978-3-319-65058-6_15
https://doi.org/10.1007/978-3-319-65058-6_15
https://doi.org/10.1007/978-3-319-65058-6_15

Notes on Contributors

Melissa S. Bukovsky is a Project Scientist at the National Center for
Atmospheric Research. Her cross-disciplinary work centers on regional climate
change in North America and includes both climate modeling and data analysis.
Her specialties include extreme weather and storms, climate changes and
impacts, mesoscale meteorology, and climate modeling. She works with people
outside the atmospheric sciences involved in studying the impacts of weather
and climate on society. She has been an integral part of the North American
Regional Climate Change Assessment Program (NARCCAP).

Nancy Cartwright is a Professor of Philosophy at the Department of
Philosophy, University of Durham and at the University of California, San
Diego (UCSD). She is past President of the Philosophy of Science Association
and was President of the American Philosophical Association (Pacific Division)
in 2008. Her research interests include philosophy and history of science (espe-
cially physics and economics), causal inference, causal powers, scientific emer-
gence and objectivity, evidence, especially for evidence-based policy [EBP] and
the philosophy of social technology. She has authored a number of books, the
most recent being Improving Child Safety: Deliberation, judgement and empirical
research, with Eileen Munro, Jeremy Hardie, and Eleonora Montuschi.

Michel Crucifix is a Professor at the Université de Louvain and Senior Research
Scientist at the Belgian National Fund of Scientific Research. His research group
focuses on the dynamics of current and past climates with a range of methods
including dynamical systems analysis, numerical simulation, and statistical

xiii



Xiv Notes on Contributors

inference. He is an Editor of the journal Earth System Dynamics and a member
of several European societies, including the Royal Academy of Sciences in
Belgium.

Melissa Free worked at the Air Resources Laboratory at the National
Oceanographic and Atmospheric Administration, Silver Spring, Maryland.

Mathias Frisch is a Professor for Philosophy at the Leibniz Universitit
Hannover, in Germany. He has held positions at both Northwestern University
and the University of Maryland, where he taught undl 2016. His research
focuses on general philosophy of science, philosophy of physics, and philosophy
and climate change. He has written two books: Inconsistency, Asymmetry, and
Non-Locality: A Philosophical Investigation of Classical Electrodynamics (Oxford
2005) and Causal Reasoning in Physics (Cambridge 2014).

Peter J. Gleckler is a Rescarch Scientist at the Program for Climate Model
Diagnosis and Intercomparison at Lawrence Livermore National Laboratory,
CA. His research involves the analysis, comparison, and evaluation of climate
models. Working with National Oceanic and Atmospheric Administration
(NOAA), he also applies climate models to study current problems in under-
standing the dynamics of climate, such as ocean warming and climate change.
He has contributed to several Assessment Reports of the Intergovernmental
Panel on Climate Change and continues to publish widely on model assessment
and evaluation.

Leopold Haimberger is an Associate Professor at the Institute for Meteorology
and Geophysics, University of Vienna. His research interests include diagnostics
of atmospheric general circulation, analysis of radiosonde data, and numerical
weather prediction. He served as a Contributing Author for the UN’s
Intergovernmental Panel on Climate Change 5th Assessment Report (2013),
and he is a regular contributor to the Bulletin of the American Meteorological
Society “State of the Climate” supplement.

Philip D. Jones is a Rescarch Professor (and up to 2016 was the Research
Director) of the Climatic Research Unit (CRU) and is now and a Professor in
the School of Environmental Sciences at the University of East Anglia in
Norwich. He is principally known for the time series of hemispheric and global
surface temperatures, which he updates on a monthly basis. His other fields
include climate change, detection and attribution of climate, proxy climate
reconstructions, and climate extremes and impacts. He has produced over 450
research papers over the course of his career and is one of the most widely cited



Notes on Contributors XV

climate scientists publishing today. He is a Fellow of the Royal Meteorological
Society and is an elected member of Academic Europaea, as well as being on the
editorial board of Climatic Change. He has won numerous awards and prizes
and is also a Fellow of the American Meteorological Society and the American
Geophysical Union (AGU).

ThomasR.Karl is the former director of the National Oceanic and Atmospheric
Administration’s National Centers for Environmental Information (NCEI),
retiring in August, 2016. He was the Lead Author on several Assessment Reports
for the USA, including the 2006 study on tropospheric temperatures (CCSP),
and the 2015 study published in the American Association for the Advancement
of Science’s Science journal, concerning the possible existence of a hiatus in
global warming, of which he found no evidence, a finding that was later inde-
pendently confirmed. He was the President and Fellow of the American
Meteorological Society, and Chair of the U.S. Global Change Research Program
(USGCRP) Subcommittee on Global Change Research. He has served as a Lead
Author on several Assessment Reports of the Intergovernmental Panel on
Climate Change, and is a fellow of the American Geophysical Union, and a
National Associate of the National Research Council.

Stephen A. Klein is a Research Scientist in the Cloud Processes Research
Group at the Department of Energy’s Lawrence Livermore National Laboratory
(DOE LLNL) in Livermore, California. His research interests include clouds,
their role in climate change, and the fidelity with which climate models simulate
clouds. He is a lead author or co-author on over 100 peer-reviewed publications.
Prior to arriving at LLNL in 2004, he was a research scientist at the National
Oceanic and Atmospheric Administration’s Geophysical Fluid Dynamics
Laboratory (NOAA GFDL), a leading climate modeling laboratory in Princeton,
New Jersey. While there, he was a leader in the creation of the atmospheric por-
tion of the GFDL CM2 climate model. Most recently, he has been leading a
multipronged effort to determine the response of clouds to climate change.

Reto Knutti is a Professor in the Department of Environmental Systems
Science at the Institute for Atmospheric and Climate Science at ETH Zurich,
Switzerland. He has been a leading researcher into climate models and their
foundations, publishing key papers concerning their structure, genealogy, and
limits. He has also been a pivotal member of the Intergovernmental Panel on
Climate Change for a number of years, leading Fifth Assessment WG1 Model
projections. His research topics currently span the following fields: long-term
projections, scenarios, climate targets, climate and carbon cycle feedbacks,



XVi Notes on Contributors

uncertainties, model evaluation, model weighting, natural climate variability,
detection and attribution, climate sensitivity, ocean heat uptake, extreme events,
regional projections, climate services, and more.

John R. Lanzante is a Rescarch Meteorologist at the Climate Impacts and
Extremes Group at the Geophysical Fluid Dynamics Laboratory (GFDL)/
NOAA, Princeton University Forrestal Campus, Princeton, NJ. His research
involves model-generated and observed data, focusing on large-scale climate
diagnostics, on time scales ranging from days to decades. He is an expert in
handling and analyzing weather balloon datasets and their preparation and
maintenance. Much of his work involves Empirical Statistical Downscaling of
climate model output and its critical evaluation. He is Associate Editor of Journal
of Climate and has served as Contributing Author to several Assessment Reports,
including the UN’s Intergovernmental Panel on Climate Change Fourth
Assessment.

Elisabeth A. Lloyd is a philosopher of climate science and evolutionary biol-
ogy, as well as a scientist studying women’s sexuality. She is Arnold and Maxine
Tanis Chair of History and Philosophy of Science; Adjunct Professor in the
Department of Biology; Adjunct Professor in the Department of Philosophy;
Afhliated Faculty Scholar at The Kinsey Institute for Research in Sex, Gender,
and Reproduction; Adjunct Faculty in the Center for the Integrative Study of
Animal Behavior; and Faculty in the Cognitive Science Program. She works in
the Department of History and Philosophy of Science and Medicine, Indiana
University (Bloomington). She was previously Professor of Philosophy at
University of California, Berkeley. She has published 7he Structure and
Confirmation of Evolutionary Theory (Princeton) and Science, Politics, and
Evolution (Cambridge). Her fourth book, 7he Case of the Female Orgasm
(Harvard), won awards in both philosophy and science.

Victor Magana is a Research Associate at the Institute of Geography at the
University of Mexico specializing in the investigation of climate dynamics in the
American Tropics, climate change, and the evaluation of the role governmental
policy has played in wetland management, drought, and urban development.

Michael Mann is a Distinguished Professor of Meteorology and Director of
the Earth System Science Center at The Pennsylvania State University, University
Park, PA. One of the most noted climate scientists in the world starting with his
creation with R.S. Bradley and M.K. Hughes of the so-called hockey-stick graph
of global warming, he is the author of 7he Hockey Stick and the Climate Wars:



Notes on Contributors XVii

Dispatches from the Front Lines, co-author (w/Lee Kump) of Dire Predictions:
Understanding Climate Change and The Madhouse Effect, with Tom Toles. He is
a Fellow of the American Meteorological Society and the recipient of numerous
prestigious national and international awards.

Alexandre Marcellesi studied philosophy of social science at UC San Diego
with Nancy Cartwright, receiving his PhD for a dissertation on causation and
evidence-based policy in 2016. He is currently enrolled in the NYU School of
Law.

Linda O. Mearns is Director of the Weather and Climate Impacts Assessment
Science Program (WCIASP) and Head of the Regional Integrated Sciences
Collective (RISC) within the Institute for Mathematics Applied to Geosciences
(IMAGe) and Senior Scientist at the National Center for Atmospheric Research,
Boulder, Colorado. She has performed research and published mainly in the
areas of climate change scenario formation, quantifying uncertainties, and cli-
mate change impacts on agro-ecosystems. She has particularly worked exten-
sively with regional climate models and co-Chairs the North American
CORDEX program (NA-CORDEX), which is providing multiple
high-resolution climate change scenarios for the North American climate sci-
ence and impacts community. She has been a Contributing or Lead Author in
the Intergovernmental Panel on Climate Change (IPCC) 1995, 2001, 2007,
and 2013 Assessment Reports.

Carl Mears is Vice President and Senior Research Scientist at Remote Sensing
Systems in Santa Rosa, CA. His research is focused on the construction and
maintenance of climate-quality data records, including those atmospheric tem-
peratures from satellite datasets, MSU and AMSU, and total column water
vapor from SSM/I, AMSRE, SSMIS, and WindSat. He has also studied the use
of these datasets for the detection and attribution of human-induced climate
change. He was a convening lead author for the US Climate Change Science
Program Synthesis and Assessment product 1.1, alead author for the US Climate
Science Special Report, and a contributing author to the Intergovernmental
Panel on Climate Change 4th and 5th Assessment Reports.

Doug Nychka is Director of the Institute for Mathematics Applied to
Geosciences (IMAGe) at the National Center for Atmospheric Research
(NCAR) in Boulder, CO. He has a wide array of interests in data science, includ-
ing nonparametric regression, detection and properties of nonlinear systems,
and spatial statistics applied to large datasets. He has used Bayesian hierarchical



Xviii Notes on Contributors

modeling for paleoclimate reconstructions and other applications of statistics to
climate observations and model experiments. He is a Fellow of the American
Statistical Association and wasawarded the Jerry Sacks Award for Multidisciplinary
Research.

Jay Odenbaugh is an Associate Professor and Department Chair at the
Department of Philosophy of Lewis and Clark College in Portland, Oregon. He
specializes in the history and philosophy of science, especially of climate science,
evolutionary biology, and ecology, as well as ethics and metaphysics. His work
on complex and simple models in ecology has been especially influential.

Naomi Oreskes is a Professor of the History of Science and Affiliated Professor
of Earth and Planetary Sciences at Harvard University. She previously served as
Professor of History and Science Studies at the University of California, San
Diego, and Adjunct Professor of Geosciences at the Scripps Institute of
Oceanography. She works on conceptual and historical issues in the Earth and
Environmental sciences, as well as science policy, philosophy of science, science
and religion, STS, technology and society, and women and gender studies. Her
book with Erik M. Conway, Merchants of Doubt: How a Handful of Scientists
Obscured the Truth on Issues from Tobacco to Global Warming, won the
Watson-Davis Prize from the History of Science Society. Her 2004 essay “The
Scientific Consensus on Climate Change” (Science) has been widely cited, both
in the United States and abroad.

Wendy Parker is an Associate Professor in Philosophy and Associate Director
of the Center for Humanities Engaging Science and Society at Durham
University, UK. Her research concerns the epistemology and methodology of
contemporary science, with a special focus on computer simulation models and
how they are evaluated and used. She has published numerous papers on issues
in climate science and climate modeling.

Sara C. Pryor is a Professor of Earth and Atmospheric Sciences at Cornell
University in Ithaca, NY. She previously held the position of Provost’s Professor
at Indiana University, Bloomington. Her climate science research encompasses
both numerical and statistical methods and focuses primarily on mitigation
options from, and adaptation for, the energy sector. She is a Fellow of the AAAS
and served as Convening Lead Author (Midwest Region) and a member of the
Advisory committee for the National Climate Assessment (2011); and as an
Editor of Journal of Geophysical Research-Atmospheres 2010—14.



Notes on Contributors Xix

Jonathan Rougier is a Professor of Statistical Science at University of Bristol,
UK. His research concerns uncertainty and risk assessment in complex systems,
particularly for natural hazards. He is co-editor and contributor of Risk and
Uncertainty Assessment for Natural Hazards (2013). He has published widely in a
range of fields including statistics and probability, and economics and finance,
as well as applications of statistics to problems and issues in climate science and
modeling.

Benjamin D. Santer is an atmospheric scientist at Lawrence Livermore
National Laboratory (LLNL), where he works in the Program for Climate
Model Diagnosis and Intercomparison. His research focuses on topics such as
climate model evaluation, the use of statistical methods in climate science, and
identification of natural and anthropogenic “fingerprints” in observed climate
records. His awards include a MacArthur Fellowship (1998), the US Department
of Energy’s E.O. Lawrence Award (2002), a Distinguished Scientist Fellowship
from the US Department of Energy (2005), a Fellowship of the American
Geophysical Union (2011), and membership in the US National Academy of

Sciences.

Gavin A. Schmidt is the Director of the Goddard Institute for Space Studies
(GISS) at the National Aeronautics and Space Administration (NASA), and the
Principal Investigator for the GISS ModelE Earth System Model. This model
was used for the GISS modeling contribution to the CMIP3 and CMIP5 data-
bases, which have been widely used by the IPCC 4th and 5th Assessment
Reports (AR4/ARS5). He is interested in ways in which model skill can be evalu-
ated over the instrumental period and in paleoclimate records, with a focus on
periods that might provide key constraints on the system and how measures of
skill in representing past climate changes can be directly used to inform future
projections. He recently gave the Steven Schneider Lecture at the American
Geophysical Union (AGU) and was awarded the Inaugural AGU Climate

Communication Prize.

Steven C. Sherwood is an ARC Laureate Professor in Physical Meteorology
and Atmospheric Climate Dynamics at the Climate Change Research Centre of
the University of New South Wales, Sydney, Australia, where he was Director
from 2012 to 2016. He formerly worked at Yale University and the Goddard
Space Flight Center in the US. He leads a research group that applies basic phys-
ics and mathematics to complex problems by a combination of simple theoreti-
cal ideas and hypotheses and directed analyses of observations. They use
advanced statistical techniques and climate models to study various processes in



XX Notes on Contributors

the climate. He is the recipient of the Clarence Leroy Meisinger award from the
American Meteorological Society (2005) and a CAREER award, National
Science Foundation. He is currently an Editor at Environmental Research Letters
and has served as a Contributing and Lead Author for the Fourth and Fifth
Assessments of the Intergovernmental Panel on Climate Change.

Susan Solomon is the Ellen Swallow Richards Professor of Atmospheric
Chemistry and Climate Science at Massachusetts Institute of Technology (MIT).
She formerly worked at the National Oceanic and Atmospheric Administration.
She was the first, with her colleagues, to propose the chlorofluorocarbon free
radical reaction mechanism that is the cause of the Antarctic ozone hole. She is
a member of the US National Academy of Sciences, the European Academy of
Sciences, and the French Academy of Sciences and holds numerous honorary
doctorates. She is the author of Aeronomy of the Middle Atmosphere: Chemistry
and Physics of the Stratosphere and Mesosphere, 3rd Ed. (2005). She served as
Contributing Author for the UN’s Intergovernmental Panel on Climate Change
and later was also co-chair of Working Group I of the Fourth Assessment Report.

Karl E. Taylor is a research scientist at the Program for Climate Model
Diagnosis and Intercomparison (PCMDI) at Lawrence Livermore Laboratory,
California. His focus is theoretical studies of climate and atmospheric circula-
tion including climate modeling, climate change, detection of climate change,
paleoclimate, climate sensitivity and processes, unintended consequences of
geoengineering, numerical methods, and metrics for gauging model perfor-
mance. He has contributed to several Assessment Reports for the UN’s
Intergovernmental Panel on Climate Change as Lead and Contributing Author,
as well as Review Editor. He has helped organize and coordinate a number of the
international research activities, including the Paleoclimate Modeling
Intercomparison Project (as a past co-chair), the CF Metadata conventions (as
chair of its Governance Panel), and the World Climate Research Programme-
Working Group on Coupled Model (WCRP-WGCM) Infrastructure Panel (as

co-chair).

Peter W. Thorne is a Professor of climatology and physical geography in the
Department of Geography at the National University of Ireland, Maynooth
(NUIM). He is the chair of the International Surface Temperature Initiative, an
interdisciplinary effort to create improved land surface air temperature products.
He is co-chair of the GCOS Working Group on the Global Climate Observing
System Reference Upper Air Network (GRUAN) and is also the project lead on
the Horizon 2020 GAIA-CLIM project which aims to use such measurements



Notes on Contributors XXi

to better characterize satellite measurements. He is a Lead Author of the UN’s
Intergovernmental Panel on Climate Change Fifth Assessment Report.

Frank J. Wentz is the President and CEO of Remote Sensing Systems, a
research company specializing in the production of measurement technologies
relating to satellite microwave remote sensing of the Earth. His research has
focused on radiative transfer models that relate satellite observations to geo-
physical parameters, with the objective of providing reliable geophysical datasets
to the Earth Science Community. Wentz has served on numerous NASA review
panels and is a fellow of the American Association for the Advancement of
Science, the American Meteorological Society, and the American Geophysical
Union. He has received numerous awards, including the Verner E Suomi Award
in 2015 for “pioneering, painstaking work to accurately retrieve geophysical
parameters from satellite microwave instruments and using these measurements
to elucidate climate trends.”

Tom M.L. Wigley is an Adjunct Professor in the School of Biological Sciences
at the University of Adelaide, Australia, and a former Director of the Climatic
Research Unit at the University of East Anglia, UK. He also remains affiliated
with the University Corporation for Atmospheric Research; he worked for many
years at the National Center for Atmospheric Research in Boulder, CO. He was
named a fellow of the American Association for the Advancement of Science
(AAAS) for his major contributions to climate and carbon cycle modeling and
to climate data analysis and remains one of the world’s experts on climate
change. He contributed to many of the reports of the UN’s Intergovernmental
Panel on Climate Change.

Eric Winsberg is a philosopher of science specializing in modeling and simula-
tion, climate science, and the philosophy of physics. He is a Professor at the
Department of Philosophy, University of South Florida. He is author of the
books Science in the Age of Computer Simulation and Philosophy and Climate
Science. He is also a co-editor of Times Arrows and the Probability Structure of the
World.



Fig. 2.1

Fig. 2.2

Fig. 4.1

List of Figures

A Web of Science analysis of 928 abstracts using the
keywords “global climate change.” No papers in the

sample provided scientific data or theoretical arguments

to refute the consensus position on the reality of global
climate change (It should be acknowledged that in any

area of human endeavor, leadership may diverge from

the views of the led. For example, many Catholic priests
endorse the idea that priests should be permitted to marry
(Watkin 2004)) 37
Changes in global mean surface temperature after

carbon dioxide values in the atmosphere are doubled.

The black lines show the results of 2579 fifteen-year
simulations by members of the general public using their
own personal computers. The gray lines show comparable
results from 127 thirty-year simulations completed by
Hadley Centre scientists on the Met Office’s supercomputer
(<www.metoffive.gov.uk>). Figure prepared by Ben
Sanderson with help from the <climateprediction.net>
project team (Source: Reproduced by permission from
heep://www.climateprediction.net/science/results_
cop10.phpi) 52
Estimates of observed temperature changes in the tropics
(30 °N-30 °S). Changes are expressed as departures from
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average conditions over 1979-2006. The top panel shows
results for the surface and lower troposphere. The

thin red and black lines in the top panel are 12-month
running averages of the temperature changes for
individual months. The zhick straight lines are trends

that have been fitted to the time series of surface and
tropospheric temperature changes. The warming trend

is larger in the tropospheric temperature data than in

the surface temperature record, in accord with computer
model results. The bortom panel shows a commonly used
index of El Nifio and La Nifa activity, consisting of sca
surface temperature changes averaged over the so-called
Nifo 3.4 region of the tropical Pacific. The bottom panel
shows that much of the year-to-year variability in surface
and lower tropospheric temperatures is related to changes
in El Ninos and La Nifas

Anomaly time series of monthly-mean 7%y, the spatial
average of lower tropospheric temperature over tropical
(20°N-20°S) land and ocean areas. Results are for five
different realizations of twentieth-century climate change
performed with a coupled A/OGCM (the MRI-
CGCM2.3.2). Each of the five realizations (panels A—E)
was generated with the same model and the same external
forcings, but with initialization from a different state

of the coupled atmosphere-ocean system. This yields

five different realizations of internally generated variability,
1,,(2), which are superimposed on the true response to

the applied external forcings. The ensemble-mean 751
change is shown in panel E Least-squares linear trends
were fitted to all time series; values of the trend and lag-1
autocorrelation of the regression residuals (7,) are given in
cach panel. Anomalies are defined relative to climatological
monthly means over January 1979 to December 1999, and
synthetic 75y temperatures were calculated as described in
Santer et al. (1999)

Calculation of unadjusted and adjusted standard errors

for least-squares linear trends. The standard error 5{4,} of
the least-squares linear trend 4, (see Sect. 5.4.1) is a measure

78

95
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of the uncertainty inherent in fitting a linear trend to

noisy data. Two examples are given here. Panel A shows
observed tropical 751 anomalies from the RSS group
(Mears and Wentz 2005). The regression residuals (shaded
blue) are highly autocorrelated (7, = 0.884). Accounting
for this temporal autocorrelation reduces the number of
effectively independent time samples from 252 to 16,

and inflates s{4,} by a factor of four (see “Results from

A” in panel C). The anomalies in panel B were generated
by adding Gaussian noise to the RSS tropical 75y trend,
yielding a trend and temporal standard deviation that are
very similar to those of the actual RSS data. For this
synthetic data series, the regression residuals (shaded red)
are uncorrelated and 7, is close to zero, so that the actual
number of time samples is similar to the effective sample
size, and the unadjusted and adjusted standard errors are
small and virtually identical (see “Results from B” in

panel C). All results in panel C are 26 confidence

intervals (C.1.). The analysis period is from January

1979 to December 1999 99
Comparisons of simulated and observed trends in

tropical 7y over January 1979 to December 1999.

Model results in panel A are from 49 individual realizations
of experiments with twentieth-century external forcings,
performed with 19 different A/OGCMs. Observational
estimates of 7, trends are from Mears and Wentz (2005)
and Christy et al. (2007) for RSS and UAH data, respectively.
The dark and light gray bands in panel A are the 1o and 26
confidence intervals for the RSS 71 trend, adjusted for
temporal autocorrelation effects. In the paired trends test
applied here, each individual model 75y trend is tested
against each observational 75y trend (Sect. 5.4.1). Panel

B shows the three elements of the DCPS07 “consistency
test”: the multi-model ensemble-mean 7, trend, << 6,,>>
(represented by the horizontal black line in panel B);

osg, DCPS07’s estimate of the uncertainty in << 4,,>>;

and &, the individual RSS and UAH 75t trends (with

and without their 26 confidence intervals from panel A).
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The 16 and 26 values of o are indicated by orange

and yellow bands, respectively. The colored dots in

panel B are either the ensemble-mean 75y trends for
individual models or the trend in an individual 20CEN
realization (for models that did not perform multiple
20CEN realizations). Statistical uncertainties in the
observed trends are neglected in the DCSP07 test. If

these uncertainties are accounted for, << 4,,>> is well
within the 2¢ confidence intervals on the RSS and UAH
Toir trends (Sect. 5.5.1.2) 105
As for Fig. 5.3, but for comparisons of simulated and
observed trends in the time series of differences between
tropical 7Tsgr and Typr. The observed Tsr data are from
NOAA ERSST-v3 (Smith et al. 2008). For trends and
confidence intervals from other observed pairs of surface
and 75 data, refer to Table 5.4 109
Performance of statistical tests with synthetic data. Results
in panel A are for the “paired trends” test [4; see Eq. (5.3)],
in which trends from “observed” temperature time series
are tested against trends from individual realizations of
“model” 20CEN runs. Two versions of the paired trends
test are evaluated, with and without adjustment of trend
standard errors for temporal autocorrelation effects.

Panel B shows results obtained with the DCPS07
“consistency test” [4*; see Eq. (5.11)] and a modified
version of the DCPS07 test [4;; see Eq. (5.12)] which
accounts for statistical uncertainties in the observed

trend. In the #* and 4; tests, the “model average” signal
trend is compared with the “observed” trend. Synthetic x(z)
time series were generated using the standard AR-1 model
in Eq. (5.14). Rejection rates for hypotheses H, (for the
“paired trends” test) and H, (for the & and df tests; see
Sect. 5.4) are given as a function of /V, the total number
of synthetic time series, for V=5, 6,...100. Each test is
performed for stipulated significance levels of 5%, 10%,
and 20% (denoted by dashed, thin, and bold lines,
respectively). For each value of 1V, rejection rates are the
mean of the sampling distribution of rejection rates
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obtained with 1000 realizations of N synthetic time series.
The specified value of the lag-1 autocorrelation coefficient
in Eq. (5.14) is close to the sample value of 7, in the UAH
and RSS 751 data (Table 5.1). Similarly, the noise
component of the synthetic x(#) data was scaled to

ensure x(z) had (on average) approximately the same
temporal standard deviation as the observed 7y

anomaly data. See Sect. 5.6 for further details

Vertical profiles of trends in atmospheric temperature
(panel A) and in actual and synthetic MSU temperatures
(panel B). All trends were calculated using monthly-mean
anomaly data, spatially averaged over 20°N-20°S. Results
in panel A are from seven radiosonde datasets (RATPAC-A,
RICH, HadAT2, IUK, and three versions of RAOBCORE;
see Sect. 5.2.1.2) and 19 different climate models.
Tropical Tssr and 77,0 trends from the same climate
models and four different observational datasets

(Sect. 5.2.1.3) are also shown. The multi-model average
trend at a discrete pressure level, << 4,,(z) >>, was
calculated from the ensemble-mean trends of individual
models [see Eq. (5.7)]. The gray shaded envelope is

s{< b,,(2) >}, the 26 standard deviation of the ensemble-mean
trends at discrete pressure levels. The yellow envelope
represents 265, DCPS07’s estimate of uncertainty in

the mean trend. For visual display purposes, 77 .0 results
have been offset vertically to make it easier to discriminate
between trends in 77,0 and Tgsr. Satellite and radiosonde
trends in panel B are plotted with their respective
adjusted 20 confidence intervals (see Sect. 5.4.1). Model
results are the multi-model average trend and the standard
deviation of the ensemble-mean trends, and gray and
yellow shaded areas represent the same uncertainty
estimates described in panel A (but now for layer-averaged
temperatures rather than temperatures at discrete pressure
levels). The y-axis in panel B is nominal, and bears no
relation to the pressure coordinates in panel A. The
analysis period is January 1979 through December

1999, the period of maximum overlap between the
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observations and most of the model 20CEN simulations.
Note that DCPS07 used the same analysis period for
model data, but calculated all observed trends over
1979-2004

The NOAA raw data as interpreted by three teams of
analysts—UAH, RSS, and UMd—and their resulting
trend lines. Note the difference in slopes of the trend lines
(Karl et al. 20006)

Note that the models are presented within the bounds

of two standard errors at the top of the figure, while the
four observational radiosonde datasets below are presented
as lone points, as are the satellite datasets on the side
(Douglass et al. 2008)

Note that the model realizations are all found within

two standard deviations of the RSS trend, thus
demonstrating the compatibility of the satellite data

and various models (Santer et al. 2008)

Estimates of the equilibrium climate sensitivity (“ECS”)
based on various independent lines of evidence
summarized by Knutti and Hegerl (2008) (Modified
from Mann 2014 Scientific American)

Shown in the above is the D’Arrigo et al. tree-ring-based
NH reconstruction (blue) along with the climate model
(NCAR CSM 1.4) simulated NH mean temperatures
(red) and the “simulated tree-ring” NH temperature
series based on driving the biological growth model

with the climate model-simulated temperatures (green).
The two insets focus on the response to the AD 1258
and AD 1809+1815 volcanic eruption sequences. Also
shown in the insets are the results (dashed magenta)
when the volcanic diffuse-light impact is ignored

(From Mann et al. (2012a))

Ensemble of hemispheric tree-ring temperature
reconstructions derived from available regional tree-ring
composites resampled to account for predicted age model
errors. Shown are the raw composite based on the
D’Arrigo et al. (20006) tree-ring data (green), Monte Carlo
surrogate reconstructions (8000 in total—blue curves),
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and GCM simulation (red). Insets: Expanded views of the
response to the AD 1258/1259 and AD 1815 eruptions
responses showing the 10 coldest surrogates (b/ue) for

each eruptions and the 2 and 4 sigma significance
thresholds for cooling (dashed black). Shown also for

AD 1815 eruption is the recently back-extended
instrumental NH land temperature record of

Rohde et al. (2013) (black). Centering of all series is

based on a 1961-1990 modern base period

(From Mann et al. (2013)) 187
Tree-ring records across the AD1258 eruption.

The three D’Arrigo et al. regional series that begin

before AD774 (Coastal Alaska, Tornestraesk,

and Taymir), along with the Icefields series for

reference, are shown on their original time scale

(a) and age-adjusted (b) in a way consistent with our
hypothesis. The Icefields series is unaltered, the Coastal
Alaska series is shifted four-years older (-0.6%), and

the Tornestraesk and Taymir series are both shifted one
year older (-0.1%) (From Rutherford and Mann (2014)) 193
Change (%) in winter precipitation mid-twenty-first
century (2041-2070) vs. late-twentieth century
(1971-2000) from simulations with the HadCM3
AOGCM (a) (/efi) downscaled using the BCSD method
(1/8° resolution) and (b) (right) in the original HadCM3
model which was run at a spatial resolution of 2.5° latitude
by 3.5° longitude (Graphics by Seth McGinnis and Joshua
Thompson, NCAR, using data acquired from:
heeps://esgeet.llnl.gov:8443/index.jsp for raw HadCM3
data; htep://gdo-dep.ucllnl.org/downscaled_cmip3_
projections/dcplnterface.html for BCSD data) 204
Change in total precipitation (expressed in %) at 936
stations in (a and b) cold season (NDJFM) and (c and d)
warm season (MJJAS) and for 2046-2065 or 2081-2100
relative to 1961-2000 derived from statistical downscaling
of 10 AOGCMs (BCCR-BCM2, CCCMA-CGCM3,
CNRM-CM3, CSIRO-MK3, GFDL-CM2, GISS-Model
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E-R, IPSL-CM4, MIUB-ECHO, MPI-ECHAMS5, and
MRI-CGCM2) (Schoof et al. 2010)

Regional histograms for the ensemble mean difference in
seasonal precipitation 2046-2065 v 1961-2000 at each
station based on downscaling of 10 AOGCMs
(BCCR-BCM2, CCCMA-CGCM3, CNRM-CM3,
CSIRO-MK3, GFDL-CM2, GISS-Model E-R,
IPSL-CM4, MIUB-ECHO, MPI-ECHAMS5, and
MRI-CGCM2) (Schoof et al. 2010). The upper panels
show the results for the warm season (M]JJAS), and the
lower panel shows results for the cool season (NDJAM).

The frequency denotes the percentage of stations in a given

region that show a ratio of a given magnitude. If the
Fraction of the historical value is 1 the historical and
future periods have equal precipitation totals

Transect of terrain height (m) along, approximately, 40 °N

from 95 °W westward to the California Central Valley in
the regional climate models (RCMs), at five different
resolutions. A few geographic landmarks are labeled

for reference. Longitude labels at the bozrom are valid for
the AOGCMs only, as the transect paths in the RCMs
vary from those in the AOGCMs due to differences in
model map projections and model grid cell sizes. Paths
of the transects from the west coast to about 100 °W

are given in the lower right panel of Fig. 8.5

Terrain height (m) for model grid cells at four different
horizontal resolutions. Paths for the transects shown in
Fig. 8.4 are given in the lower right panel. AOGCM
transect paths are represented by the pink line, while

the 2-km and 10-km RCM paths are given by the

solid black line, and the 50-km RCM path is represented

by the dashed gray line. Differences in the paths are a result

of differences in map projections and grid cell sizes
An MPAS Voronoi hexagonal mesh centered over North

America, configured with 10,242 grid cells with an 85-km
horizontal resolution in the fine-mesh region and a 650-km
resolution in the coarsest region. (Fig. 10 from Skamarock

etal. 2012)
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11 RCM + 2 HR-AGCM ensemble mean 2-m temperature
change from 1971-1999 to 2041-2069 for December—
January (DJF), March-May (MAM), June—August (JJA),
and September—November (SON)

Left column: 11 RCM + 2 HR-AGCM ensemble mean
precipitation change from 1971-1999 to 2041-2069.
Right column: The number of simulations (out of 13)
that project an increase in precipitation

Dynamically downscaled seasonal-mean surface air
temperature change (2041-2060 minus 1981-2000)
from the CCSM4 downscaled by WRF to 2-km in °F
(Fig. 7 from Hall et al. 2012)

The percentage (right) and variance (leff) of different
factors contributing to the total uncertainty under a given
emissions scenario averaged across the domain of North
America. Terms PRED, RCM_R, GCM, Internal, and
Interaction represent contributions from statistical
downscaling, choice of RCM, choice of AOGCM,
internal variability simulated by the AOGCM, and
interactions terms combined, respectively

(From Li et al. 2012, Fig. 6)

A comparison of GCM and Mt. Pinatubo

(From Houghton 2009, 123)

Average surface temperatures compared with GCM

with anthropocentric and natural forcing and with

GCM with only natural forcing (From Randall et al. 2007)
(70p) A model of the climate with the sun (§%),

clouds (C*), a lake (L*), and trees (T*) that takes some
boundary conditions (B*) and forcing (F*) to predict
several quantities (P1*, P2*%), bottom) the corresponding
target system, with the main difference that it includes
more that the model (e.g., mountains (M)) and only some
parts are observed (P1) but not others (P2). The question
is whether we confirm (a) the model (equation, structure),
(b) its prediction, (c) the relationship between the two, or
a combination, e.g., the model structure being sufficiently
similar to the target such that P1* is an adequate

estimate of P1
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Policy tableau, showing the effect of different possible
interventions under different scenarios. These frequency
histograms might in this case measure simulated global
warming by 2100 under different not-implausible
simulator configurations, but more generally they

would measure losses, inferred from simulated
distributions for weather in 2100. Please note that

these histograms are completely fictitious!

Projections and uncertainties for global mean temperature
increase in 2090-2099 (rel. to 1980-1999 avg.) for the six
SRES marker scenarios (Source: IPCC AR4 WG1 2007)
Equilibrium Climate Sensitivity (ECS) estimated from
observational constraints (Bindoff et al., Fig. 10.20b,
IPCC AR5 WGI 2013, p. 925)

Calculation of prospective damages from business-as-usual

climate changes (From Fig. 5b, Burke et al. 2015, p. 4)
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